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Welcome to 1st IMEKO TC19 International Workshop on Metrology for the Sea 
 

“Learning to measure sea health parameters” 

 

On behalf of the Organizing Committee, we cordially welcome you to the 1st IMEKO TC19 International 
Conference on Metrology for the Sea (MetroSea).  

 

The Sea is the medium that allowed people to travel from one continent to another using vessels and even 
today despite the use of aircraft. It has been acting also as a great reservoir and source of foods for all living 
beings. However, for many generations it served as a landfill for depositing conventional and nuclear 
wastes, especially in its deep seabeds and there is a race to exploit minerals and resources, different from 
foods, encompassed in it. Its heath is a very challenge for the survival of all humanity since it is one the 
most important environmental components targeted by the global warming. 

 

So, “Learning to measure sea health parameters” is a challenge for the whole humanity. This is underlined 
by the growing interest for the marine sciences. In this field new technologies and analysis techniques have 
recently improved the combined use of numerical approach and metrology systems to get more detailed 
marine data. For example, advances in computer science, data acquisition and modelling, new 
spectrometric techniques, analysis and remote sensing have encouraged interactions among these 
scientific disciplines based on measurement data and marine data interpretations.  

 

The benefits of a multidisciplinary approach have reduced the level of uncertainty in marine technical 
studies. The 1st IMEKO TC19 International Workshop on Metrology for the Sea aims to gather people who 
work in developing instrumentation and measurement methods for the sea. Attention is paid, but not 
limited to, new technology for sea environment monitoring, metrology-assisted production in sea industry, 
ship component measurement, sensors and associated signal conditioning for the sea, and calibration 
methods for electronic test and measurement for marine applications. It is also an “imprint” of 
IMEKO Technical Committee 19 which is dedicated to environmental measurement. 

 

The first edition of MetroSea will be held at University of Naples “Parthenope”. It was an obvious choice, 
due the fact that this University is one of the most important and old Italian Institution dealing with the 
sea. As a matter of fact, University of Naples “Parthenope” was founded in 1920 as the Royal Naval 
Technical Institute of the Kingdom of Italy. Initially, its purpose was to be a "support" institute for the 
promotion of studies aimed at improving maritime economy and naval technology. In the 1930s it was 
further enlarged and improved, and its name was changed to Istituto Universitario Navale. Finally, after a 
deep and wide reformation in the last years it was transformed in University of Naples “Parthenope”. 

 

We are sure that the universally recognized beauty of Naples will be a perfect frame for this prestigious 
conference. It is, in fact, a further occasion, not only to meet old friends and new people from all over the 
world, but, moreover, to engage with them a continuous comparison directed to make wider the views on 
the technological progress of Metrology for the Sea.  

 

The MetroSea organization was a complex task due to the large and increasing interest of our research and 
application areas. Efforts from many people were required to shape the technical program, arrange 
accommodation, manage the administrative aspects, and set up the social functions. We like to take this 
opportunity to thank all and each of them. We like also to thank the public and private organizations that 
supported the meeting in different ways. Special thank to Italian Navy for the official support to the event 
and the attending of Italian Navy experts to the Technical Program. 



 

The MetroSea Technical Program consists of 16 oral, poster and demo sessions scheduled over two days. 
The technical program encompasses several events and activities. With the wide range of technical sessions 
covering the many fields of metrology for the sea we are happy to welcome you to the variety of technical 
presentations that await you this year.  

 

Thanks to all of the Technical Program Committee members and the reviewers who have contributed to 
make this outstanding program possible. We received 92 abstracts from all over the world. We wish to 
highlight that the papers published on the Proceedings of the Workshop will be included in Scopus and 
Compendex data bases. All contributions have been peer reviewed on the basis of an abstract and 
acceptance was based on quality, originality and relevance. Accepted papers have been published in the 
Workshop Proceedings and expanded versions of presented papers are eligible for publication, on 
Measurement Journal (Elsevier) and Acta IMEKO.  

 

The keynote speeches will be held by experts in the field of metrology for the sea; Prof. Michele Scardi, 
from Tor Vergata University Rome, Italy, will speak about Measuring marine ecosystems: challenges from 
the Marine Strategy EU Directive, Prof. Pierre-Marie Poulain, Istituto Nazionale di Oceanografia e di 
Geofisica Sperimentale - OGS, Italy will present The New Frontiers in In-Situ Ocean Observing Systems. We 
are honoured to have them as plenary speakers and thank them in advance for coming to our conference 
to share their knowledge and experiences with us.  

 

Furthermore, attendees have the possibility to follow tutorials about the role of measurements for the sea 
that will be held on October 11. In particular, three sessions will be offered on: 

 SATELLITE OCEANOGRAPHY, Maurizio Migliaccio, University of Naples "Parthenope", Italy; 

 MULTIBEAM SWATH BATHYMETRY, FROM METHOD TO APPLICATION, Francesco Chiocci, Sapienza 
University of Rome, Italy; 

 SURVEYING IN ITALY: NATIONAL STANDARDS, Nicola Marco Pizzeghello, Italian Hydrographic 
Institute, Italian Navy, Italy. 

 

The technical programme includes a visit to the R/V Vettoria oceanographic boat of the Stazione Zoologica 
Anton Dohrn used for scientific research in coastal oceanography. It will be possible to see the onboard 
equipment used by researchers to study the physical, chemical and biological characteristics of the sea. 

 

With the aim of providing a common ground for researches to share their findings about the metrology for 
the sea, the conference includes a significant number of Special Sessions. A first reason is that so many are 
the application fields of the metrology for the sea that a single track could have been too much dispersive. 
A second reason is that, in spite of a centralized research address definition, a spontaneous aggregation of 
well-focused themes has been gathered, with specific aim of providing a forum of dedicated debate very 
close to the single research field. Therefore, some application-oriented Special Sessions have been 
organized. We wish to thank the organizers of these Special Sessions for their cooperation and support to 
the conference organization.  

 

Some Awards will be assigned; 

- Best Paper Award, The Giuseppe Bottiglieri Shipping Company S.p.A. dedicates the Best Paper 
Award to the memory of Prof. Felice Cennamo. The award consists of a model of one of Bottiglieri 
naval vessels type Post -Panama bulkcarrier (cargo ships of 94000 tons capacity that may to transit 
through the new Panama Canal). 



- Best Paper Presented by a Young Researcher, this award is offered by Rotary Club Napoli Posillipo 
D2100 – Italy, it will be given for the best paper authored and presented by a researcher younger 
than 35 years in age. 

- Best Poster Award, it will be assigned to a paper presented as a poster. The poster must be 
presented by one of its Authors. The award is sponsored by CoNISMa. 

- Best Demo Award, To highlight the importance of the Demo Session, an award will be given for the 
best demo presentation. The award is sponsored by the Italian Associations of researchers in the 
field of electrical and electronic measurements (GMEE) and mechanical and thermal measurements 
(GMMT). 

 

The 1st International IMEKO TC19 Workshop on Metrology for the Sea is about to begin. You are now in a 
position to enjoy the fellowship of colleagues and experts and to pass free time in natural and artistic 
beauties. It is up to you to appreciate the conference worth! Be critical! We, metrologists, sea experts, 
engineers, colleagues, and friends, all know that this is the best way to improve quality, and to achieve 
lasting excellences. 
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October 12, 2017 - Keynote Speaker 

 
The New Frontiers in In-Situ Ocean Observing Systems 

 
Pierre-Marie Poulain 

Istituto Nazionale di Oceanografia e di Geofisica Sperimentale - OGS, Italy 

 

 
Dr. Pierre-Marie Poulain obtained his Ph. D. in Oceanography from the University of 
California San Diego in 1989. After a postdoc at the University of Miami, he worked 
as a physical oceanographer for a NATO research laboratory, for the Naval 
Postgraduate School and finally for an Italian state-funded research institute (OGS). 
Since his graduate studies Dr. Poulain’s research activities have been focused on the 
monitoring of ocean circulation and water mass properties using mobile 
autonomous instruments, such as drifter, profiling floats and gliders. He has 
published the results on his studies on ocean dynamics in more than 100 research 
papers in peer-reviewed journals. At OGS, Dr. Poulain is coordinating the drifter and 
profiling float programs in the Mediterranean and Black Sea in order to guarantee 

an efficient and sustained observational array based on freely-drifting instruments. 

Dr. Poulain is an operational partner of the Global Drifter Program since its infancy in the late 1980’s. In 
2014, Dr. Poulain was appointed as the Chairman of the Management Committee of the Euro-Argo ERIC, an 
European research infrastructure and important contributor to the international Argo program. 

 
  



October 13, 2017 - Keynote Speaker 

Measuring marine ecosystems: 
challenges from the Marine Strategy EU Directive 

 
Michele Scardi 

Tor Vergata University of Rome, Italy 
Vice President of CoNISMa 

 

 

Michele Scardi (Napoli, 11/1/1956) is associate professor of Ecology at the Tor Vergata 
University (Rome, Italy). He authored about 150 scientific papers and is a member of 
the Editorial Board of Freshwater Biology (Wiley), Ecological Informatics (Elsevier) and 
Scientific Reports (Nature Publishing Group). Moreover, he has also been a guest 
editor for Ecological Modelling (Elsevier). 

From 2007 to 2011 he has been a member of the Italian National Scientific Committee 
for Antarctica and from 2016 is vice-president of CoNISMa. Since February 2012 he has 
been appointed as expert for the implementation of the Marine Strategy Framework 
Directive by the Italian Ministry of the Environment. His present research activities 

include ecological applications of neural networks and other machine learning techniques, phytoplankton 
primary production models, methods for assessment of ecosystem status and development and application 
of data analysis techniques in ecology. 
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WORKSHOP PROGRAM

Thursday, October 12

General Track – PART I

Room: University of Naples "Parthenope", Hall n.1
Chairs: Pasquale Daponte, University of Sannio, Italy

Matias Carandell Widmer, Universitat Politècnica de Catalunya, Spain

1 Comparison between image analysis techniques for boat shape measurements
Sofia Catalucci, University of Nottingham, UK
Roberto Marsili, University of Perugia, Italy
Michele Moretti, University of Perugia, Italy
Gianluca Rossi, University of Perugia, Italy

7 A High Accuracy Attitude System for a Tailless Underwater Glider
Enrico Petritoli, Università degli Studi Roma Tre, Italy
Fabio Leccese, Università degli Studi Roma Tre, Italy

Session on Multidisciplinary observation systems - PART I

Room: University of Naples "Parthenope", Hall n.5
Chairs: Fabio Conversano, Stazione Zoologica Anton Dohrn of Naples, Italy

Paolo Favali, Istituto Nazionale di Geofisica e Vulcanologia, Italy

13 Seasonal changes in coastal fish assemblages by multiparametric video-observatory monitoring
E. Fanelli, ENEA Marine Environment Research Center, Italy
V. Sbragaglia, Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), Germany
E. Azzurro, ISPRA STS, Italy
S. Marini, ISMAR -CNR, Italy
J. del Rio Fernandez, Universitat Politècnica de Catalunya (UPC), Spain
D. Toma, Universitat Politècnica de Catalunya (UPC), Spain
J. Aguzzi, ICM-CSIC, Spain

17 Inter-comparison of HF radar wave measurements in the Malta-Sicily Channel
Arianna Orasi, Italian National Institute for Environmental Protection and Research, Italy
Marco Picone, Italian National Institute for Environmental Protection and Research, Italy
Aldo Drago, University of Malta, Malta
Fulvio Capodici, University of Palermo, Italy
Adam Gauci, University of Malta, Malta
Gabriele Nardone, Italian National Inst. for Environmental Protection and Research, Italy
Roberto Inghilesi, Italian National Institute for Environmental Protection and Research, Italy
Joel Azzopardi, University of Malta, Malta
Anthony Galea, University of Malta, Malta
Giuseppe Ciraolo, University of Palermo, Italy



22 The Italian Fixed-point Observatory Network for marine environmental monitoring – IFON
M. Ravaioli, ISMAR CNR, Italy
C. Bergami, IBAF CNR, Italy
F. Riminucci, Consorzio Proambiente Sc.r.l., CNR, Italy
S. Aracri,Consorzio Proambiente Sc.r.l., CNR, Italy
S. Aliani, ISMAR CNR, Italy
M. Bastianini, ISMAR CNR, Italy
A. Bergamasco, IAMC, Italy
C. Bommarito, ENEA, Italy
M. Borghini, ISMAR CNR, Italy
R. Bozzano, ISSIA CNR, Italy
F. Brunetti, ISMAR CNR, Italy
C. Cantoni, ISMAR CNR, Italy
E. Caterini, ISMAR CNR, Italy
V. Cardin, Istituto Nazionale OGS, Italy
C. Cesarini, CLU srl, Italy
R.R. Colucci, ISMAR CNR, Italy
E. Crisafi, IAMC, Italy
A. Crise, Istituto Nazionale OGS, Italy
R. D’Adamo, ISMAR CNR, Italy
C. Fanara, Istituto Nazionale OGS, Italy
A. Giorgetti, Istituto Nazionale OGS, Italy
F. Grilli, ISMAR CNR, Italy
L. Langone, ISMAR CNR, Italy
M. Lipizer, Istituto Nazionale OGS, Italy
M. Marini, ISMAR CNR, Italy
S. Menegon, ISMAR CNR, Italy
T. Minuzzo, ISMAR CNR, Italy
M. Miserocchi, ISMAR CNR, Italy
E. Partescano, Istituto Nazionale OGS, Italy
E. Paschini, ISMAR CNR, Italy
F. Pavesi, IREA CNR, Italy
P. Penna, ISMAR CNR, Italy
S. Pensieri, ISSIA CNR, Italy
A. Pugnetti, ISMAR CNR, Italy
F. Raicich, ISMAR CNR, Italy
A.G. di Sarra, ENEA, Laboratorio di Osservazioni ed Analisi della Terra e del Clima, Italy
A. Sarretta, ISMAR CNR, Italy
K. Schroeder, ISMAR CNR, Italy
T. Scirocco, ISMAR CNR,Italy
A. Specchiulli,ISMAR CNR, Italy
G. Stanghellini, ISMAR CNR, Italy
A. Vetrano, ISMAR CNR, Italy



28 Underwater acoustic calibration standards for frequencies below 1 kHz: current status of EMPIR "UNAC-
LOW" project

S. Buogo, CNR-INSEAN, Italy
S. Mauro, CNR-INSEAN, Italy
J.F. Borsani, Istituto Superiore per la Protezione e la Ricerca Ambientale, Italy
S. Curcuruto, Istituto Superiore per la Protezione e la Ricerca Ambientale, Italy
A. Biber, TÜBİTAK-MAM, Underwater Acoustics Laboratory, Kocaeli, Turkey
A.C. Corakçi, TÜBİTAK-MAM, Underwater Acoustics Laboratory, Kocaeli, Turkey
A. Golick, TÜBİTAK-MAM, Underwater Acoustics Laboratory, Kocaeli, Turkey
S. Robinson, National Physical Laboratory,United Kingdom
G. Hayman, National Physical Laboratory,United Kingdom
S. Barrera-Figueroa, Dansk Fundamental Metrologi A/S, Denmark
M. Linné, Totalförsvarets forksningsinstitut, Sweden
P. Sigray, Totalförsvarets forksningsinstitut, Sweden
P. Davidsson, Totalförsvarets forksningsinstitut, Sweden

34 Sea Surface Temperature monitoring in Italian Seas: analysis of long-term trends and short-term dynam-
ics

M. Picone, ISPRA, CN-COS, Italy
A. Orasi, ISPRA, CN-COS, Italy
G. Nardone, ISPRA, CN-COS, Italy

Session on Autonomous Moving Monitoring Systems in Oceanography

Room: University of Naples "Parthenope", Hall n.2
Chairs: Pierre-Marie Poulain, OGS, Italy

Enrico Zambianchi, University of Naples "Parthenope", Italy

39 An Autonomous Imaging System for Argo Floats
Simone Marini, Institute of Marine Sciences, National Research Council of Italy, Italy
Lorenzo Corgnati, Institute of Marine Sciences, National Research Council of Italy, Italy
Carlo Mantovani, Institute of Marine Sciences, National Research Council of Italy, Italy
Mauro Bastianini, Institute of Marine Sciences, National Research Council of Italy, Italy
Ennio Ottaviani, On Advanced Industrial Research s.r.l., Italy
Emanuela Fanelli, 3Marine Environment Research Centre, Italy
Jacopo Aguzzi, Instituto de Ciencias del Mar, Spain
Annalisa Griffa, Institute of Marine Sciences, National Research Council of Italy, Italy
Pierre Marie Poulain, National Institute of Oceanography and Applied Geophysics, Italy

44 ISME trends: Autonomous Surface and Underwater Vehicles for Geoseismic Survey
Gianluca Antonelli, ISME - University of Cassino and Southern Lazio, Italy
Filippo Arrichiello, ISME - University of Cassino and Southern Lazio, Italy
Andrea Caiti, ISME - University of Pisa, Italy
Giuseppe Caslino, ISME - University of Genova, Italy
Giovanni Indiveri,ISME - University of Salento, Italy
Lorenzo Pollini, ISME - University of Pisa, Italy
Enrico Simetti, ISME - University of Genova, Italy

Session on Biological Measurements at Sea and in the Sea

Room: University of Naples "Parthenope", Hall n.2
Chairs: Raffaella Casotti, Stazione Zoologica Anton Dohrn of Naples, Italy

Gérald Grégori, Aix Marseille Université, France



50 Real-Time microbial concentrations by automated on-line flow cytometry for marine coastal monitoring
Raffaella Casotti, Stazione Zoologica Anton Dohrn of Naples, Italy
Cecilia Balestra, Stazione Zoologica Anton Dohrn of Naples, Italy
Mark Van Dijk, Stazione Zoologica Anton Dohrn of Naples, Italy
Augusto Passarelli, Stazione Zoologica Anton Dohrn of Naples, Italy
Jürg Sigrist, Department of Environmental Microbiology, Switzerland
Frederik Hammes, Department of Environmental Microbiology, Switzerland

54 Phytoplankton dynamics by autonomous high-frequency flow cytometry from a floating buoy in the Gulf
of Naples

Mark Van Dijk, Stazione Zoologica Anton Dohrn of Naples, Italy
Augusto Passarelli, Stazione Zoologica Anton Dohrn of Naples, Italy
Fabio Conversano, Stazione Zoologica Anton Dohrn of Naples, Italy
Raffaella Casotti, Stazione Zoologica Anton Dohrn of Naples, Italy

58 A new automated flow cytometer for high frequency in situ characterisation of heterotrophic microorgan-
isms and their dynamics in aquatic ecosystems

Tina Silovic, Aix Marseille Université, France
Gérald Grégori, Aix Marseille Université, France
Mathilde Dugenne, Aix Marseille Université, France
Melilotus Thyssen, Aix Marseille Université, France
François Calendreau, Aix Marseille Université, France
Thibaut Cossart, Aix Marseille Université, France
Harrie Kools, Cytobuoy, Netherlands
George Dubelaar, Cytobuoy, Netherlands
Michel Denis, Aix Marseille Université, France

Session on Underwater Measurement for 3D Characterization of Subsea Objects
Room: University of Naples "Parthenope", Hall n.1
Chairs: Enrico Primo Tomasini, Università Politecnica delle Marche, Italy

62 Evaluation and comparison of non-contact measurement techniques for the observation and shape recon-
struction of sessile benthic organisms

Rachele Napolitano, Università Politecnica delle Marche, Italy
Massimiliano Guarneri, ENEA, Italy
Maria Cristina Gambi, Stazione Zoologica Anton Dohrn of Naples, Italy
Enrico Primo Tomasini, Università Politecnica delle Marche, Italy

68 Procedures and Technologies for 3D Reconstruction with Divers of Underwater Archaeological Sites and
Marine Protected Areas

Luca Panebianco, Università Politecnica delle Marche,Italy
Silvia Zingaretti, Università Politecnica delle Marche,Italy
Nicolò Ciuccoli, Università Politecnica delle Marche,Italy
Corentin Altepe, Università Politecnica delle Marche,Italy
S. Murat Egi, Galatasaray University, Turkey
Fiorenza Micheli, DAN EURope Reseach Department, Italy
David Scardozzi, Università Politecnica delle Marche, Italy

74 Development of a laser scanner for analysis of vast submerged archaeological areas
Barbara Davidde Petriaggi, Istituto Superiore per la Conservazione ed il Restauro, Italy
Gabriele Gomez de Ayala, Italy

Session on Multidisciplinary observation systems - PART II
Room: University of Naples "Parthenope", Hall n.5
Chairs: Fabio Conversano, Stazione Zoologica Anton Dohrn of Naples, Italy

Paolo Favali, Istituto Nazionale di Geofisica e Vulcanologia, Italy



78 Obsea, a marine sensors testing site for metrology
Matias Carandell Widmer, Universitat Politècnica de Catalunya, Spain
Albert Garcia-Benadì, Universitat Politècnica de Catalunya, Spain
Joaquin del Rio Fernandez, Universitat Politècnica de Catalunya, Spain

Friday, October 13

General Track - PART II
Room: University of Naples "Parthenope", Hall n.1
Chairs: Salvatore Gaglione, University of Naples "Parthenope", Italy

83 Vessel attitude estimation by camera sensors
Antonio Angrisano, Giustino Fortunato University, Italy
Silvio Del Pizzo, Parthenope University of Naples, Italy
Salvatore Gaglione, Parthenope University of Naples, Italy
Salvatore Troisi, Parthenope University of Naples, Italy
Mario Vultaggio, Giustino Fortunato University, Italy

89 Enhanced pseudorange weighting scheme using local redundancy
Antonio Angrisano, Giustino Fortunato University, Italy
Silvio Del Pizzo, Parthenope University of Naples, Italy
Salvatore Gaglione, Parthenope University of Naples, Italy
Salvatore Troisi, Parthenope University of Naples, Italy
Mario Vultaggio, Giustino Fortunato University, Italy

Session on Acquisition, Processing and Interpretation of Marine Geology Data – PART I
Room: University of Naples "Parthenope", Hall n. 5
Chairs: Claudio Pellegrini, National Research Council, Italy

Elena Romano, Isprambiente, Italy

95 Gathering different marine geology data (seismics, acoustics, sedimentological) to investigate active fluid
seepage (AFS) in the southern region of the central Mediterranean Sea

Daniele Spatola, University of Malta, Malta
Aaron Micallef, University of Malta, Malta
Attilio Sulli, University of Palermo, Italy
Luca Basilone, University of Palermo, Italy
Gualtiero Basilone, Institute for Coastal Marine Environment, CNR, Italy

101 Measuring growth structure of reef frameworks in Mediterranean deep-water coral-topped mounds
Alessandra Savini, University of Milano-Bicocca, Italy
Marco Taviani, ISMAR, CNR, Italy
Fabio Marchese, University of Milano-Bicocca, Italy
Agostina Vertino, University of Milano-Bicocca, Italy
Cesare Corselli, University of Milano-Bicocca, Italy
Marie-Claire Fabri, IFREMER, France
Andrè Freiwald, Forschungsinstitut Senckenberg, Germany
Jozee Sarrazin, IFREMER, France

104 Signal denoising using the Stationary Wavelet Decomposition
Eleonora Stefanutti, Università degli Studi Roma Tre, Italy
Fabio Bruni, Università degli Studi Roma Tre, Italy



111 Morpho-sedimentary setting and evolution of Marettimo Valley (Egadi Islands, Sicily) during middle-late
Quaternary: interaction between sea level changes and oceanographic circulation

Mauro Agate, University of Palermo, Italy
Stella Tamburrino, Institute for Coastal Marine Environment, CNR, Italy
Attilio Sulli, University of Palermo, Italy
Francesco Placenti, Institute for Coastal Marine Environment, CNR, Italy
Mario Sprovieri, Institute for Coastal Marine Environment, CNR, Italy
Claudio Lo Iacono, National Oceanographic Centre, UK
Salvatore Passaro, Institute for Coastal Marine Environment, CNR, Italy

POSTER SESSION
Room: University of Naples "Parthenope"
Chairs: Fabio Leccese, Università degli Studi Roma Tre, Italy

Giannetta Fusco, University of Naples "Parthenope", Italy

117 Precision, accuracy and sources of errors in multibeam data acquisition and processing for a correct
interpretation of the backscatter data (both from seafloor and water column)

Sara Innangi, Istituto per l’Ambiente Marino Costiero, IAMC-CNR, Napoli, Italy
Renato Tonielli, Istituto per l’Ambiente Marino Costiero, IAMC-CNR, Napoli, Italy

123 Multi-parametric Sensor Network for Water Quality Monitoring
Ján Saliga, Technical University of Kosice, Slovakia
Imrich Andráš, Technical University of Kosice, Slovakia
Linus Michaeli, Technical University of Kosice, Slovakia
Dušan Kocur, Technical University of Kosice, Slovakia
Pavol Galajda, Technical University of Kosice, Slovakia
Miloš Drutarovský, Technical University of Kosice, Slovakia
Ludmila Macekova, Technical University of Kosice, Slovakia

127 A High Accuracy Navigation System for a Tailless Underwater Glider
Enrico Petritoli, Università degli Studi Roma Tre, Italy
Fabio Leccese, Università degli Studi Roma Tre, Italy

133 Morphometric measures to assess the maturity of the submerged drainage basins. The case of the Taranto
Canyon upper reach

A. Meo, University of Sannio, CoNISMa, Benevento, Italy
F.L. Chiocci, University Sapienza, CoNISMa, Rome, Italy
M.R. Senatore, University of Sannio, CoNISMa, Benevento, Italy

138 Morphological and morfometric analysis of bed forms in the Bonifacio channel (Mediterranean occiden-
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Abstract – The aim of this paper is to define 

performances and metrological characteristics of 

simple and economical photomodelling techniques for 

boat shape measurements, an innovative technique 

developed recently. Compared with the technique 

based on a Creaform ScanGo 50 structured light 3D 

scanner with metrological certification, the 

investigation wants to verify the potential of this 

recent technique and to be as reference for 

photomodelling performance metrological evaluation. 

 I. INTRODUCTION 

Based on the same principles of photogrammetry, 

photomodelling permits the economical and fast 

reconstruction of three-dimensional models from the 

simple acquisition of photographic images. The results 

are 3D point clouds, sets of x,y,z coordinates that 

represent the first form of the object surveyed [1].  

Since photomodelling is strictly related to photographs, it 

is possible to call 3D point clouds as pixel clouds, 

because each pixel of an image corresponds to a point of 

the cloud, thus preserving the chromatic characteristics of 

the object surveyed [2].  

The design of the boats involves complex free-form 

geometric shapes, very difficult to measure, and model 

with traditional measurement methods.  Photomodelling 

and scanning data allow creating precise 3D models that 

can be used by naval designers, architects and engineers 

to ensure the quality of interior and exterior construction, 

as well as for design, simulation and inspection purposes. 

 II. TEST PERFORMED 

Object of the survey is a Beneteau First 456/s boat, 

1984, with 3 cabin all with toilets, engine Yanmar 55 cv, 

14 m length (Fig.1). 

The measurements has been performed on the driving 

seat area, by using photomodelling technique and the 

Creaform 3D scanner, on the same surface (Fig.2). 

 

 

 

 
Fig. 1. The Boat. 

 

 
Fig. 2. Driving seat area. 
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At first, the survey has been performed using the 3D 

scanning system (Fig.3); target stickers have been applied 

randomly to facilitate the capture process, due to the 

autosimilarity of the surface pattern. 

 

 

 

 
Fig. 3. Boat surface scanning by Creaform ScanGo 50. 

 

The survey carried out by the photomodelling technique 

included a totality of 20 images, loaded in three different 

dedicated software: Agisoft Photoscan, Visual SfM and 

Autodesk Remake. Each instrument is different because 

of their time data processing, difficulty of use, accuracy 

and precision of results [3]. Furthermore, the applications 

proposed are both open-source and commercial software. 

 III. DATA PROCESSING 

The 3D data processing is the same for each software: 

the first operation is the manipulation of the 3D point 

cloud. The next step is the creation of three-dimensional 

model, called “triangulation”: starting from the input data 

vertices, edges and faces are generated. The result 

obtained is a set of coordinates, which is converted into a 

polygonal surface [4, 5, 6]. With editing software as 

MeshLab and Geomagic Studio, it is possible to perform 

manual editing of data, merge, scale, align different 

surfaces, creating a three-dimensional surface with the 

aid of different algorithms [7, 8, 9] (Fig.4, Fig.5, Fig.6). 

 

 
Fig. 4. Surface 3D model and point cloud by Agisoft 

Photoscan. 

 

 
Fig. 5. Surface 3D model and point cloud by Visual SfM. 

 

 

 
Fig. 6. Surface 3D model by Autodesk Remake. 
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 IV. COMPARISON 

After the alignment of the edited models, the research 

concerned the comparison between TEST 3D models, 

realized by the photomodelling software, and a 

REFERENCE model. It has been chosen as reference, the 

surface reconstructed by the scanning system [10, 11, 12]. 

Geomagic Qualify is the software used for the 

comparison, through algorithms, which provide variances 

and deviations between geometric entities in the space. 

The comparison involved the creation of 2D and 3D maps 

of the deviations, from which it was possible to derive a 

matrix in .CSV format of the spatial coordinates x,y,z of 

models points, test and reference ones and the values of 

the mutual distances for each pair of points. 

After the manual and automatic alignment between the 

models, a spectrum of 15 intervals of values has been set: 

-10 and +10 mm deviation is the range of acceptability; 

the range between -1 and +1 mm is the optimum 

correspondences between the test and reference points.  

As it is clear from the various elaborate graphs, the best 

result is the comparison with the TEST model of Agisoft 

Photoscan (Tab.1, Fig.7). The results obtained with 

Visual SfM are close to the previous ones (Tab.2, Fig.8). 

On the contrary, Autodesk Remake highlight the 

differences in terms of precision and accuracy of each 

software, especially the second one. Autodesk Remake is 

a simple software, which can be used by every kind of 

users, and it does not elaborate significant results (Tab.3, 

Fig.9). After the comparison, the next step is to upload 

the data into MATLAB, processing the data in histograms 

of frequency, absolute values of deviations and curves of 

the probability density (Fig.10). 

 
Fig. 7. Maps of deviation distribution (Agisoft 

Photoscan). 

 

Table 1. Agisoft Photoscan. 

Deviations 

distribution 

Number of 

points 

n>10 

8.5<n<10 

7<n<8.5 

5.5<n<7 

4<n<5.5 

2.5<n<4 

1<n<2.5 

(-1)<n<1 

(-2.5)<n<(-1) 

(-4)<n<(-2.5) 

(-5.5)<n<(-4) 

(-7)<n<(-5.5) 

(-8.5)<n<(-7) 

(-10)<n<(-8.5) 

n<(-10) 

1536 

1463 

2605 

5926 

13862 

25336 

41193 

59806 

41812 

20400 

13607 

10720 

5914 

2082 

3499 

 

 

Max +/- : 54.381 / -63.689 mm 

Average +/- : 2.652 / -3.080 mm 

Mean value of the distance between TEST/REFERENCE 

models: -0.27303 mm 

Standard Deviation: 3.9393 mm 

Mean value of all differences +-devstd:  

(3.6663,-4.2124) mm 

Number of measured points: 249761 

 

 

 

 
Fig. 8. Maps of deviation distribution (Visual SfM). 
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Table 2. Visual SfM. 

Deviations 

distribution 

Number of 

points 

n>10 

8.5<n<10 

7<n<8.5 

5.5<n<7 

4<n<5.5 

2.5<n<4 

1<n<2.5 

(-1)<n<1 

(-2.5)<n<(-1) 

(-4)<n<(-2.5) 

(-5.5)<n<(-4) 

(-7)<n<(-5.5) 

(-8.5)<n<(-7) 

(-10)<n<(-8.5) 

n<(-10) 

1550 

1802 

2400 

4144 

8631 

40056 

73095 

74819 

28267 

19176 

10287 

6002 

5847 

6623 

23918 

 

 

Max +/- : 51.380 / -22.958 mm 

Average +/- : 2.271 / -4.750 mm 

Mean value of the distance between TEST/REFERENCE 

models: -0.81653 mm 

Standard Deviation: 4.9616 mm 

Mean value of all differences +-devstd: 

(4.1451,-5.7781) mm 

Number of measured points: 306617 

 

 

 
Fig. 9. Maps of deviation distribution (Autodesk 

Remake). 

 

 

Table 3. Autodesk Remake 

Deviations 

distribution 

Number of 

points 

n>10 

8.5<n<10 

7<n<8.5 

5.5<n<7 

4<n<5.5 

2.5<n<4 

1<n<2.5 

(-1)<n<1 

(-2.5)<n<(-1) 

(-4)<n<(-2.5) 

(-5.5)<n<(-4) 

(-7)<n<(-5.5) 

(-8.5)<n<(-7) 

(-10)<n<(-8.5) 

n<(-10) 

10136 

2956 

2745 

2526 

3104 

3367 

3837 

4168 

3118 

3924 

4520 

5298 

5873 

4188 

13311 

 

 

Max +/- : 27.726 / -45.905 mm 

Average +/- : 7.499 / -7.730 mm 

Mean value of the distance between TEST/REFERENCE 

models: -1.2971 mm 

Standard Deviation: 8.772 mm 

Mean value of all differences +-devstd: 

(7.4748,-10.0691) mm 

Number of measured points: 73071 

 

 
Fig. 10. Probability density diagram. 

 

Table 4. Tot number of measured points. 

Agisoft Photoscan 249761 

Visual SfM 306617 

Autodesk Remake 73071 

 

 

A "measure" is a range of values, acquired with the 

purpose of controlling a process, perform the calibration 

of an instrument or allow the physical understanding of a 

partially known phenomenon [13, 14, 15]. 

Binding to this assertion, to further support the 
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experimentation, the same obtained 3D models have been 

imported into the multi-paradigm numerical computing 

environment MATLAB. Through the elaboration of 

chromatic maps (Fig.12), which identify the volumetric 

error distribution and the distance between the closest 

point-to-surface of the meshes composing the models, it 

has been possible to compare the reference and tests 

three-dimensional surfaces through an algorithm. This 

algorithm is based on a modified function based on a well 

known ICP (Iterative Closest Point) approach, which 

minimize the distance between two dispersion of 

multidimensional points, i.e. the two point cloud to be 

registered and compared, respectly labeled as Reference 

Point Cloud (RPC) and Measured Point Cloud (MPC). 

The algorithm works through an iterative process, and it’s 

goal is to minimize the value of a global goal function. In 

this case the global function as been developed as the 

global volumetric error (GVE), calculated as the sum of 

volumes of the single prismatic element, as shown in 

Fig.13. 

 
Fig. 11. Volumetric error distribution and Box Plot: 

Agisoft Photoscan, Visual SfM and Autodesk Remake. 

 

Table 5. Volumetric error distribution. 

Agisoft Photoscan 
Mean=5.6638 mm3 

STD=19.5801 

Visual SfM 
Mean=7.8655 mm3 

STD=10.4855 

Autodesk Remake 
Mean=54.5649 mm3 

STD=223.882 

 

 
Fig. 12. Chromatic maps: Agisoft Photoscan, Visual SfM 

and Autodesk Remake. 

 

 
Fig. 13. Triangular mesh distance (mm): ICP function 

(Iterative Closest Point) 
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The approach in terms of volumes instead of the classic 

point-to-point distance gives an improved information:  

the value of GVE takes in account the size of the element 

of the triangulated meshes. Flat areas with large mesh 

size have a larger weight than areas characyerized by a 

small mesh size. This behaviour is characteristic of 

volumetric approach. For each comparison, the algorithm 

has elaborated box plot statistical diagrams and 

volumetric error distribution graphs (Fig.11). 

It’s possible to notice that the volumetric error 

distribution is quite similar to the behavior of point-to-

point approach, due to the high regularity of mesh sizing 

of both reconstructed surfaces. 

 V. CONCLUSIONS 

Metrological characteristics of simple and economical 

photomodelling techniques for boat shape measurements 

has been investigated. The surfaces generated by the 

photomodelling techniques and generated by a structured 

light 3D scanner with metrological certification has been 

registrated in order to investigate the alignment error due 

to a poor geometry reconstruction. Geomagic commercial 

software has been used in order to register the point cloud 

measured and analyze the error distribution. A tailored 

software in MATLAB enviroment has been realized in 

order to modify the target of registration algorithms 

through the global volumetric error calculation. The 

photomodelling process performed by three softwares has 

been compared and results shows different performances, 

in terms of deviation distribution of distances and in 

terms of volumetric errors. 
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Abstract — The Guidance and Control system is a 

critical part of the design of a drone. This paper 

explains the study of a high accuracy attitude system 

for the SQUID TUG, a Tailless Underwater Glider 

drone. As the vehicle does not have movable surfaces, 

the entire manoeuvring system is geared to the 

buoyancy system and the centre of gravity 

displacement. We will examine the control system for a 

tailless AUV (Autonomous Underwater Vehicle) 

without any movable control surfaces embedded in the 

hydrodynamic flow whose actuators may require 

"waterways" through the hull. 

Keywords — Accuracy, Attitude, SQUID, TUG, 

Tailless, Underwater, Glider, AUV. 

I. INTRODUCTION 

The instrumental exploration of the underwater world 

often requires that high depths data should be collected 

over a continuous period of time that can go from a few 

weeks to several months. For this reason, normal AUVs 

are unsuitable because of their too short endurance; the 

ROVs (Remotely Operated underwater Vehicle) do not 

allow a high operative range and therefore require the 

constant presence of a supporting ship.  

One of the first solutions adopted was ALACE, a drift 

buoy that could suitably adjust its operational depth: once 

it reached the surface, it transmitted the data collected to 

the Argos satellite system [1]. 

The need to get rid of the randomness of the currents, 

and an ever-expanding miniaturization of electronic 

components, have led to the natural development of the 

underwater gliders.  

An underwater glider is an Autonomous Underwater 

Vehicle (AUV) that, changing its buoyancy, moves up and 

down in the ocean like a profiling float [2]. Unlike a float, 

an underwater glider uses hydrodynamic wings to convert 

the vertical motion to horizontal, moving forward with 

very low power consumption. Fig. 1 shows the example of 

our AUV called SQUID. 

 

 

 

While not as fast as conventional AUVs, gliders using 

buoyancy-based propulsion increase the range and the 

endurance compared to motor-driven vehicles, may extend 

the mission to months, and to several thousands of 

kilometres of range [4]. 

An underwater glider follows an up-and-down, 

sawtooth-like profile through the sea, providing data on 

temporal and spatial scales unavailable to previous types 

of AUVs [6], 7, 8, [9]. 

II. SQUID’S ARCHITECTURE 

As Fig. 2 shows, the SQUID is a tailless sub glider: the 

 

Fig. 1. SQUID TUG (Tailless Underwater Glider) 

prospective view. 

 

Fig. 2. Fuselage section (cutaway). 

7



IMEKO International Conference on 

Metrology for The Sea 
Naples, Italy, October 11-13, 2017 

cylindrical fuselage (hull) has a constant section (22 mm 

external diameter approx.), with an elliptical dome on the 

nose and a hydrodynamic fairing in the tail.  

The fuselage (hull) is made out of Aluminium 6061-T6: 

it has excellent joining characteristics, good acceptance of 

applied coatings and combines relatively high strength, 

good workability and high resistance to corrosion. 

The wings are made of Ultem 1000 (Polyetherimide high 

density polymer) has a high dielectric strength, inherent 

flame resistance and extremely low smoke generation; 

furthermore, it has high mechanical properties and 

performs in continuous use to 170 °C.  

The vehicle has no movable control surfaces embedded 

in the hydrodynamic flow whose actuators may require 

possible "waterways" through the hull. 

A. Fuselage 

The fuselage is composed by five coaxial cylindrical 

compartments (or bays): 

 Payload Bay: the nose cone has and elliptical shape 
(prolate hemispheroid) and contains the 
(customizable) payload and the ancillary systems, 
e.g. based on the new Raspberry system  [10], [11], 
[12][13], [14]. The front section (up to the first 
bulkhead) is all an empty space that can be filled with 
all the instrumentation needed up to a diameter of 400 
mm. This peculiar radome allows accommodating 
any type of electromechanical sensor. If an active 
sonar is required, an appropriate version of the 
radome is available. The second part of the bay 
accommodates all the ancillary services such as 
payload power packs, thermal control, and other 
instrumentation recording and storage devices 

 Navigation and communications bay: contains the 
Glider Integrated Control System (GICS), the INS 
(Inertial Navigation System) platform and the radio 
communication systems (Global Positioning System-
GPS, Iridium RTx and HF emergency beacon). The 
GICS oversees all the functions of navigation, 
guidance and vehicle control. In the run-up phase, the 
AUV receives its position via Global Navigation 
Satellite System-GNSS (which cannot be done if 
immersed), and connects itself to the Iridium 
communication satellite system, provides its own 
position to the user and downloads the navigation or 
payload. Then if necessary, get new program parts 
and run them. In case of recovery from the support 
ship there is a beacon in HF band to facilitate the 
homing. 

 Battery bay: contains the battery pack and the 
servomotors to trim and regulate pitch and heading 
(yaw) of the AUV. The batteries are mounted on a 
special support (cradle) and actuated by servomotors 
(controlled by the OBC) that allow the 
forward/backward scrolling (for pitch control) but 
also the right/left tilt for intrinsic direction control 
(see Fig. 3). 

 Buoyancy Control Bay: it contains the buoyancy 
motor and the oil tank. It provides to balance the 
system longitudinally by adjusting the level in the 
reservoir. The bay also supports bulkhead load. The 
buoyancy motor has the task of pumping oil into the 
bladder and, in the event of a serious emergency, if 
ordered by the OBC, it can swell the bladder to the 
maximum in order to reach rapidly the surface. 

 

Fig. 3. Cutaway of Pitch-Heading control system (mock 

up arrangement). 

 Hydrodynamic fairing: it contains the oil bladder. 
It is open to the water and provides a slender shape to 
the AUV. The fairing has the task of not disturbing 
the hydrodynamic flow of the fuselage and closing 
the fuselage in closure. In any case, it can withstand 
considerable loads: for this reason, there are several 
reinforcements. It also protects the bladder from the 
flow and its dynamic loads, which could deform it. 

B. Wing 

The wing has a high aspect ratio with no dihedral and 
a swept of Λ = 30°: his thickness is constant. 

 

Fig. 4. The Eppler E838 Hydrofoil aerofoil. 

The aerofoil is symmetric, type Eppler E838 Hydrofoil 

aerofoil (see Fig. 4): it was intended for use at high 

Reynolds’ numbers; the foil is optimized for use as a 

hydrofoil wing and at low speeds of the AUV expresses its 

best lift/drag rate. The choice of such a thick profile is due 

to two factors: first, the wing is subjected to considerable 

loads due to the aspect ratio despite the speed remains 

modest. The second is that in such a thick section it is 

possible to accommodate a hollow tubular aluminium spar, 

which increases flexural rigidity. 

Each wing tip is provided with a Küchemann carrot [15] 

and a symmetric winglet [16] in order to increase lateral 
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stability and to reduce drag by partial recovery of the tip 

vortex energy. A Karman aerodynamic fitting connects the 

wing to the fuselage [17]. 

III. CONTROL SYSTEM 

The drone control system is extremely simple [18]: to 

vary the buoyancy of the vehicle, is sufficient that the 

buoyancy motor pumps the oil into the bladder: so to the 

overall volume increases and the drone begins to float. In 

order to dive the glider, it is necessary to reduce the amount 

of oil in the bladder [19]. 

For the pitch setting, is necessary to move the battery 

pack (and therefore the centre of gravity CG) forward or 

backward [20]. However, in order to control the heading, 

[21] it is necessary to tilt the pack at a certain angle [22]. 

C. Buoyancy System 

In order to reduce the force required to actuate the oil 

piston, which pushes the oil in the bladder at high depth, is 

necessary to reduce the piston surface (diameter) and 

increase the stroke. So, the buoyancy engine resembles to 

a “shotgun” [23]. 

The evaluation of the buoyancy B of the drone is made 

considering the buoyancy of the naked glider [24] (as a 

rigid body) and the variable component due to the bladder 

and the buoyancy motor [25]. So, the total buoyancy force 

(see Fig.5) on the glider is: 

𝑊𝑇𝑂𝑇 = 𝑊𝐷𝑊− 𝐵𝐺𝐵 − 𝐵𝐵𝐵  

where: 
𝑊𝑇𝑂𝑇 = Net total “weight” in the water 

𝑊𝐷𝑊 = Dry Weight of the glider 

𝐵𝐵𝐵 = Buoyancy of the oil bladder. 

𝐵𝐺𝐵 = Buoyancy of the naked glider. 

 

 

 

 

 

 

 

Fig. 5. Pitch balance. 

A. Pitch Control System 

We now consider the attitude of the drone with a pitch 

angle ϑ (see section) 

For the balance of the forces on the Z axis we have: 

 

∑𝐹𝑧 = 𝑊𝐵𝑃 + 𝑊𝑂𝑇 + 𝑊𝐺𝐵 + 𝐵𝐺𝐵 + 𝐵𝐵𝐵 = 0 

where: 
𝑊𝐵𝑃= weight of the battery pack. 

𝑊𝑂𝑇 =  weight of the oil tank. 

𝑊𝐺𝐵 = weight of the naked glider. 

At the equilibrium we have: 

 

∑𝑀𝑌 = (𝑙𝐵𝐴 + 𝑧𝐵𝐴 tan 𝜃)𝑊𝐵𝐴 + 𝑙𝑂𝑇𝑊𝑂𝑇 + 𝑙𝐺𝐵𝑊𝐺𝐵

− 𝑙𝐺𝐵𝐵𝐺𝐵 − 𝑙𝐵𝐵𝐵𝐵𝐵 = 0 

 

For the position of the Centre of Buoyancy CB and the 

Centre of Gravity CG we have:  

the Centre of Gravity on the X axis is defined as: 

 

𝐶𝑋
𝐺 =

𝑙𝐵𝐴𝑊𝐵𝐴 + 𝑙𝑂𝑇𝑊𝑂𝑇 + 𝑙𝐺𝐵𝑊𝐺𝐵

𝑊𝐵𝐴 + 𝑊𝑂𝑇 + 𝑊𝐺𝐵

 

 

the Centre of Gravity on the Z axis is defined as: 

 

𝐶𝑍
𝐺 =

𝑧𝐵𝐴𝑊𝐵𝐴

𝑊𝐵𝐴 + 𝑊𝑂𝑇 + 𝑊𝐺𝐵

 

 

the Centre of Buoyancy on the X axis is defined as: 

 

𝐶𝑋
𝐵 =

𝑙𝐺𝐵𝐵𝐺𝐵 + 𝑙𝐵𝐵𝐵𝐵𝐵

𝐵𝐺𝐵 + 𝐵𝐵𝐵

 

the Centre of Buoyancy on the Z axis, (by definition): 

 

𝐶𝑍
𝐵 = 0 

D. Heading Control System 

To obtain a variation of the heading of the vehicle, due 

to the absence of the tail, rudder or ailerons, is necessary 

to move the centre of gravity around of the X axis [26][27]. 

At the equilibrium, for the roll φ angle we have for the 

roll forces balance (see Fig.6): 

 

𝜑 =
𝑧𝐵𝐴 cos 𝛼 𝑊𝐵𝐴

𝑍𝐺𝐵(𝑊𝐺𝐵 + 𝑊𝑂𝑇) + 𝑍𝐵𝐴𝑊𝐵𝐴

 

 

In static conditions, if we move the WBA, the only effect 

is the increase of the φ angle [28].  

When the AUV is “gliding” (i.e.: diving in constant 

speed) the effect is totally different: the up-going wing 

increases the local angle of attack αATT so the lift and the 

drag increases while the down-going wing reduces the 

angle of attack, the lift and the drag, producing a rolling 

(also called 'banking' [29]) moment about the aircraft's 

longitudinal axis.  

In our case, the nose of the drone rotates to the up-going 

wing [30]. 
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Fig. 6. Roll forces balance. 

In particular, the roll motion is characterized by an 

absence of natural stability; in fact, there are no stability 

derivatives that generate moments in response to the 

inertial roll angle [31] (see Fig.7).  

A roll disturbance induces a roll rate, which is only 

cancelled by water viscosity: this takes place with 

insignificant changes in some sideslip and a yaw rate [32]. 

 

Fig. 7. Banking effect. 

IV. DYNAMIC VERTICAL FORCES BALANCE 

In this section, we consider the drone diving (or 

emerging), at constant speed (see Fig. 8) [33]. 

 

 

Fig. 8. Dynamic vertical forces balance (immersion 

and emersion phases). 

At the equilibrium, the dynamic on the vertical plane is, 

at constant speed: 

𝑊𝑇𝑂𝑇
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + �⃗� + �⃗⃗� = 0 

The expression for the Lift is: 

𝐿 =
1

2
𝜌𝑣2𝑆𝐶𝐿 

According to the E838 characteristic “Cl vs. Alpha” (see 

Fig. 9) when the angle of attack αATT = 0° (is null) the CL 

is zero so the lift force L is null [35].  

This shows that the drone cannot progress horizontally 

at constant speed (straight and level): the only mission 

profile allowed is a sawtooth curve [36]. 

 

 

 

 

 

 

 
 

 

Fig. 9. Eppler E838 Hydrofoil characteristics 

(Re=106). 

V.  CONCLUSIONS 

From the analysis made, it is clear that it is not possible 

to separate the buoyancy control system from the attitude 

control system as the motion equation directly affects the 

lift force and hence on the pitch. In addition, the speed 

during the banking is directly proportional to the lateral 

displacement angle of the Centre of Gravity and the rate of 

descent. 

Given the above, w.r.t. previous similar systems, our 

shows the following novelties:  

 the attitude system control is optimized for a Tailless 
Underwater Glider with a non-negligible wingspan: 
the wide wing surface allows a smooth glide slope 
and an excellent operational range; 

 the AUV has no movable control surfaces in the 
hydrodynamic flow: so the actuation of the attitude is 
based only on the variation of buoyancy and the 
displacement of the centre of gravity.  
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Abstract – Multiparametric cable video-observatories 

can offer a great opportunity for the simultaneous 

monitoring of biotic and abiotic components of an 

ecosystem, responding to the monitoring strategic 

needs of the EU Marine Strategy Framework 

Directive (MSFD). Here, we used images and 

oceanographic/atmospheric data provided by North-

western Mediterranean OBSEA cabled observatory as 

EMSO shallow water (i.e. 20 m depth) testing-site to 

highlight seasonal variations in coastal fish 

assemblages and identify the key environmental 

drivers. Significant variation was observed in fish 

composition across the seasons of 2014 in response to 

wind direction, sun azimuth, air temperature, and 

chlorophyll a (i.e. recorded in situ and by satellite one 

month before the real observation). Our results 

highlight the importance and power of 

multiparametric biological and environmental 

monitoring on the benthopelagic coupling to rule 

temporal changes in coastal fish communities.  

 I. INTRODUCTION 

Fishes have been used as indicators of environmental 

changes, in short and large temporal and spatial scale, due 

to their capacity of being very mobile and able to search 

better conditions [1, 2]. Therefore, long-term monitoring 

of fish communities is receiving increasing attention to 

assess anthropogenic impacts on marine ecosystems such 

as pollution [3], marine bioinvasion [4] or temperature 

increase [5], among others. However, consistent 

difficulties in sampling is biasing our understanding of 

species composition and abundance changes at seasonal 

level. Traditional methods (e.g. trawling or other fishing 

gears, visual census, or AUVs and ROVs), present 

different frequency shortcomings. For example, trawling 

is highly destructive for habitats, but also for accessory 

by-catch, benthic communities and the seabed [6]. 

Secondly, the quantity and frequency of collected 

oceanographic data is often insufficient to describe how 

species behavioural reaction affects animal presence into 

our sampling areas, in turn constraining our perception of 

local biodiversity [7]. Fish behaviour should be tracked 

with non-invasive and long-term monitoring tools at high 

time frequency (i.e. minutes to hours), in order to link the 

variability in perceived fish assemblage with concomitant 

environmental changes [8]. The recent development of 

multiparametric cabled video observatory technology is 

allowing the long-term monitoring of fish communities 

with the great advantage in eliminating the inevitable 

disturbance of sampling activity [9, 8], being capable of 

record and transmit data in real-time through fibre optic 

cabled connected to shore [10].  

Within this context, we used image data provided by the 

North-western Mediterranean coastal-cabled video-

observatory OBSEA of the EMSO network (European 

Multidisciplinary Seafloor and water-column 

Observatory, http://www.emso-eu.org/), to analyse 

seasonal variations in a coastal (20 m depth) fish 

assemblage. Fish counts recorded continuously every 30 

min for the year 2014) were integrated with 

oceanographic and meteorological data acquired 

simultaneously. Thus, our main aims are i. to identify 

seasonal patterns in fish assemblage structure and ii.  to 

determine which environmental factors are mostly 

responsible of such changes.  

 II. MATERIALS AND METHODS 

 A. Experimental setting 

The Western Mediterranean Expandable SEAfloor 

OBservatory (OBSEA; www.obsea.es) is a cabled video 

platform located at 20 m depth within the Colls i 

Miralpeix Natural Interest Region, 4 km off Vilanova i la 
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Geltrú (Catalonia, Spain) (Fig. 1) [8]. Images were 

recorded automatically at 30 min frequency during 

continuously the 24-h,  throughout 12 months (from the 

1st of January to the 31st of December) of 2014. Detailed 

methodology was presented in [11]. 

 

Fig. 1. Map of the location of OBSEA and a picture of 

the structure with focus (white circle) on the 

videocamera. 

 B. Environmental parameters recordings 

Several environmental parameters have been monitored: 

i. oceanographic measures by CTD; ii. Chlorophyll-a 

plus turbidity levels by a fluorimeter and a turbidimeter, 

respectively; iii. atmospheric records (temperature, 

irradiation, quantity of rain, wind speed, sun elevation, 

azimuth and the photophase duration) by the 

meteorological central placed nearby. Additionally, 

satellite data on Chlorophyll-a concentration recorded 

from three to one month before and simultaneously to 

actual data and Sea Surface Temperature (SST) were also 

downloaded from http://giovanni.gsfc.nasa.gov/giovanni/. 

 C. Data analysis  

A preliminary check for differences between day vs. 

night assemblages was carried out by ANOSIM analysis  

and as the day assemblages resulted significantly 

different from night assemblages, with greater abundance 

and diversity, the analyses were focused on daylight 

assemblage. The original matrix was first averaged to 

periods of five days each, in order to reduce the number 

of zeros in the matrix and to minimize the presence of 

very rare fishes. Bray-Curtis similarity indices were 

calculated on log-transformed species abundance data to 

define relationships of the faunal composition across 

months [12]. On this multivariate matrix, a 

PERMANOVA (Permutational Multivariate Analysis of 

Variance, [13]) was performed. Then, DIVERSE and 

SIMPER analyses were carried out on factor month in 

order to highlight species richness for each month and the 

most typifying species, respectively. Finally, a PCO was 

carried out to visualize the separation among months. 

In order to identify which environmental variables drive 

monthly changes, a DISTLM model [14] was run on 

abiotic data. Before the analysis a Draftsman plot was run 

and only those variables which were not not auto-

correlated (Pearson’s correlation, r< 0.70) were retained 

for the analysis. All statistical analyses were carried out 

with PRIMER6&PERMANOVA+ [12, 13]. 

 III. RESULTS 

 D. Changes in community composition and 

environmental control 

Overall, the fish daylight assemblage significantly 

differed among months (pseudo-F11,70=9.92, p<0.001 and 

Table 1 for pairwise comparisons).  

Table 1. PERMANOVA pairwise comparisons. 

Groups t  Groups t 

Jan-Feb 1.54* Jul-Aug 2.12** 

Feb-March 2.18** Aug-Sep 1.58
ns

 

Mar-Apr 0.94
ns

 Sep-Oct 1.70
ns

 

Apr-May 2.30** Oct-Nov 2.35** 

May-Jun 2.01* Nov-Dec 2.33** 

Jun-Jul 2.09** Dec-Jan 2.65** 
ns=not significant; *=p<0.05; **=p<0.01 

 

July was the month which showed the highest diversity in 

terms of species richness (S= 20) and H’ index (H’=2.1), 

while from January to April richness varied aorund 14-

15. According to SIMPER analyses (Table 2), few fishes 

typified each month assemblage with Oblada melanura, 

Diplodus vulgaris, D. sargus, Spicara maena, Scorpaena 

sp., Spicara maena and Coris julis being the dominant 

throughout the year. O. melanura was the most typifying 

species in winter months, The apogonid Apogon imberbis 

was dominant only in November fish assemblage. 

Consistently, PCO results showed the separation of 

species according to months, with Scorpaena sp. mostly 

linked to January and February and D. vulgaris to late 

summer-early autumn months (Fig. 2). 
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Table 2. Typifying species for each month with relative 

abundance (Av. Ab.) and cumulative contribution 

(Cum%) to the similarity according to SIMPER results 

the Average similarity 8Av. Sim.)for each month is also 

reported..  

Jan Av. sim.: 60.67   July Av. sim.: 61.87 

Species Av.Ab. Cum.% 

 

Species Av.Ab. Cum.% 

Omel 0.7 40.55 

 

Dvul 0.97 25.92 

Scorp 0.34 61.11 

 

Cjul 0.47 42.31 

    

Cchr 0.45 53.8 

    

Dsar 0.36 64.97 

Feb Av. sim.: 72.36 

 

August Av. sim.: 74.85 

Scorp. 0.87 36.76 

 

Dvul 1.5 38.7 

Omel 0.77 70.78 

 

Dsar 0.79 54.71 

    

Cchr 0.49 65.27 

March Av. sim.: 62.86 

 

Sep Av. sim.: 67.81 

Dvul 1.25 39.02 

 

Dvul 2.04 44.57 

Omel 1 63.64 

 

Dsar 0.84 63.96 

April Av. sim.: 74.42 

 

Oct Av. sim.: 78.41 

Omel 1 33.53 

 

Dvul 2.76 49.44 

Dvul 1.06 62.8 

 

Dsar 0.77 60.79 

May Av. sim.: 73.98 

 

Nov Av. sim.: 54.71 

Dvul 1.72 46.11 

 

Dvul 1.05 23.58 

Omel 0.52 58.75 

 

Omel 0.67 38.5 

Cjul 0.38 68.7 

 

Aimb 0.42 52.38 

    

Smae 0.69 65.09 

June Av. sim.: 68.77 

 

Dec Av. sim.: 49.77 

Dvul 1.17 26.15 

 

Smae 1.23 29.97 

Smae 1.27 48.46 

 

Cchr 0.91 58.75 

Cchr 0.76 64.78   Omel 1.39 80.06 

Species legend: Aimb= Apogono imberbis; Cjul= Coris julis; 

Cchr= Chromis chromis; Dvul=Diplodus vulgaris; Dsar= D. 

sargus; Omel=Oblada melanura; Scorp= Scorpaena sp.; 

Smae=Spicara maena. 

Month legend: Jan=January; Feb=February; Sep=September; 

Oct=October; Nov=November; Dec= December 
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Fig. 2. PCO by month of the fish assemblage in 2014, 

with overlaid vectors of most typifying fishes according to 

SIMPER analysis. 

Finally, the DISTLM highlighted six variables 

(Chlorophyll-a recorded one month before the real 

observation - Chla_1mo; air temperature - airT; azimuth; 

solar irradiance; chlorophyll a recorded by the OBSEA 

sensor - Chla-ob and wind direction - wind dir), as the 

main drivers of fish assemblage structure throughout the 

year (Table 3). Overall those six variables explained 42% 

of the total variance.  

 

Table 3. Results of DISTLM model. 

Variable R
2
 Pseudo-F 

Chla_1mo 0.24 21.67*** 

air T 0.32 7.81*** 

azimuth 0.35 3.25** 

solar irradiance 0.38 2.79* 

Chla ob 0.4 2.57* 

wind dir 0.42 2.20* 

 

 IV. DISCUSSION 

An important goal of underwater faunistic surveys is to 

know which species could be present in long-term and 

continuous video-observations [15]. Here, we highlighted 

dominant species, their pattern pf seasonal variation and 

key controlling environmental drivers. The environmental 

drivers here found to structure changes in fish 

communities were surprisingly more related to variation 

in the atmosphere than in the water column (i.e. wind 

direction, azimuth, air temperature). As far as concerns 

the wind forcing, it causes by interplaying with 

temperature, water stratification, which influence the 

depth of the thermocline and in turn the composition of 
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fish assemblages. Finally, the link between surface 

production and fish production has been widely 

demonstrated [16], but reasonably changes in fish 

assemblages were delayed (one month in our case) with 

respect to variation in primary production at surface [17]. 

Our data and ecological monitoring protocols are 

essential for the sampling strategies within the framework 

of the MSFD (EU 46/2008). The simultaneous recording 

of environmental variables offered by cabled 

observatories such as the OBSEA, fully fit within the 

Ecosystem-based management approach for marine 

biological resources proposed by the MSFD. 
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Abstract – The CALYPSO HF radar network is a 
permanent and fully operational observing system 
currently composed of four CODAR HF stations. The 
system is providing real-time hourly maps of sea 
surface currents and wave data in the Malta-Sicily 
Channel since 2012. 

The present work aims to compare significant wave 
height from HF Radar, numerical models and satellite 
altimeter data. 

This is the first time that this set of wave data are 
analysed since the four HF radars were installed 
between 2012 and 2015.  

Results suggest that CODAR HF Radar wave data 
are a reliable source of wave information even in case 
of extreme events, providing an avenue to improve 
and complete the offer of services deriving from the 
CALYPSO system.  

Comparisons of HF radar data with both numerical 
sea wave model and satellite altimeter data confirm 
agreement, in particular for radar measurements in 
the annular sectors within the central range-cells 
which are also characterized by a more reliable and 
homogeneous temporal behaviour. 

 
Keywords: wave parameters, HF radar, wave models, 

satellite altimeter, Malta-Sicily Channel 

 I. INTRODUCTION 
Wave buoys are among the most reliable instruments for 
in situ measurements of the offshore and coastal wave 
climate. These observation platforms are probably still 
the most used and trusted method for wave measurement, 
providing information at a single fixed point; on the other 
hand the setting up of wave buoys comprises problems 
because of the time effort, the costs and the permissions 
needed for their installation. 
Although the radar altimeter and the Synthetic Aperture 
Radar (SAR) suffer the large temporal resolution of the 
satellite products, these data can partially fill the spatial 
gap in describing the time and spatial evolution of the 

wave field [1]. Ground based remote sensing instruments 
(high frequency-HF and microwave X-band radars) 
provide directional wave spectra at a high temporal 
resolution, but the area covered by these instruments is 
restricted. Results are provided in quasi real time with a 
spatial resolution that depends on the allocated bandwidth 
and antenna design, and varies from 250 m up to 15 km 
[2].  
All of the illustrated wave measurements do not allow 
singularly a detailed and continuous monitoring of the 
wave field.  
Significant improvements of numerical wave models over 
the past years have been made and they have become a 
very powerful tool in ocean wave forecasting. However 
the lack of good-quality boundary conditions, and of 
wind forcing fields and bathymetry data results in the 
discrepancies of model results [3]. Moreover, in coastal 
areas where the physical processes caused by the 
interaction between waves, currents and the bottom 
become important, the spatial wave properties are 
strongly variable, and model uncertainty increases.  
In such a dynamic environment, HF radar measurements 
can play an essential role to considerably increase the 
knowledge of these complex physical processes and their 
interactions [4]. Some recent works investigated the 
assimilation of HF radar data in numerical wave models, 
such as Wavewacth III [5] and the SWAN model [6], 
providing satisfactory improvements particularly for 
significant wave height estimations during high sea 
states. 
The near-real time data provided by HF radar can be of 
assistance to many operational activities and the synoptic 
measurements of both currents and wave heights would 
allow the characterization of wave-current interactions, 
which have been found to play an important role in wave 
resource estimates [7].  
However, while HF radar surface currents are considered 
reliable measurements, which are routinely used for 
oceanographic studies and for operational services, the 
inversion of the second-order part of the Doppler 
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spectrum into meaningful wave data is an area of active 
research, and the validity of the HF radar wave products 
is still under study.  
The measurement of surface sea currents is therefore the 
primary activity of the majority of HF radars installed 
worldwide, which have accordingly been optimized for 
this purpose as reported by several studies on coastal 
processes using HF radar-derived surface currents [eg. 8].  
The credibility of HF radar wave measurements is 
therefore still not supported by enough data assessments 
from radars adequately configured for such task. Without 
these data, and their validation against well established 
wave measuring techniques, it is not possible to identify 
the appropriate error bounds for the HF radar wave 
measurements and to advance their operational use as 
summarized in e.g. [9] and [2]. 
In the Mediterranean Sea, HF radar systems have been 
deployed in relatively few coastal areas, even though the 
number is rapidly increasing. 

With the partial financing by the EU under the 
Operational Programme Italia-Malta 2007-2013, the 
CALYPSO project and its follow-on activity has 
delivered a permanent and fully operational HF radar 
observing network capable of recording (in quasi real-
time with hourly updates) surface currents and wave data 
in the Malta-Sicily Channel [10]. The area of interest is 
shown in Fig.1.  

The availability of CALYPSO data is allowing new 
insights on the hydro-dynamical signals in the area 
especially on the mesoscale and sub-mesoscale variability 
[11]. The combination of HF radar data to numerical 
models supports applications to optimise intervention in 
case of oil spill response as well as for search and rescue, 
security, safer navigation and improved meteo-marine 
forecasts. CALYPSO data can also support the 
operational monitoring of sea conditions in critical areas 
like the proximity to ports. In this framework, as a first 
attempt, the comparison between significant wave height 
data from the four CALYPSO HF radars, an operational 
WAM model and three altimeter satellites has been 
performed to evaluate and independently corroborate the 
reliability and accuracy of using HF radar measurements.    

 II. MATERIAL AND METHODS 

 A. The study area 
The topography and bathymetry of the Maltese Islands 
influences the flow of water in the central area of the 
Strait of Sicily [12]. This flow corresponds to the 
constrained passageway connecting the western and 
eastern Mediterranean sub-basins which is characterised 
by a complex bathymetry with wide continental shelves, 
deep and shallow channels as well as deep grabens.  
The study area is shown in Fig. 1 where the locations of 
the four HF radars and the circular concentric ranges 
(annular rings) of their wave measurements are indicated. 

 
Fig. 1. HF radar locations and their annular range 

cells 
In particular, the four HF radar stations are located at Ta’ 
Barkat and Ta’ Sopu on the northern Malta/Gozo 
coastline, and at Ragusa and Pozzallo harbours on the 
southern Sicilian shores. 
The wave climatology in the study area has been 
investigated by other authors that applied UK 
Meteorological Office (UKMO) Wave Model data sets 
generated between 1988 and 2002 [13]. The results 
indicate that significant wave heights are milder for the 
summer period when compared to the annual period. The 
predominant wave direction is from the north-west; 
waves from the south-east are also relatively frequent, 
while waves with directions from the south-east and 
north-east occur less frequently. 

 B. Data set 
Two twin combine servers (in Malta and in Sicily) 
elaborate and publish data to users through a dedicated 
quick-view and data access interface [14]. 
The data used in the study spans over three months, from 
December 2016 to February 2017, and comprises several 
climatologically relevant storms. 
The significant wave height at half-hour intervals are 
obtained by HF from close-in radar range sectors, each 
sector being approximately 1.6 km distant.  
The numerical WAM model data is derived from the 
ISPRA regional model which produces the main wave 
parameters over a grid having a spatial resolution of 1/60 
degrees and a temporal resolution of one hour. The WAM 
model has been validated against Italian RON buoys and 
a very good agreement is found as well at regional scale 
[15]. For this dataset the significant wave height, at one 
hour intervals, are obtained at the radar range sectors 
Satellite altimeter wave measurements are obtained by 
analysing the shape and intensity of the altimeter radar 
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Fig. 2. Time series of SWH from HF radar (black line), 

WAM model (red line) and altimeter data (blue dots) at 
Ta’ Barkat site, third annular rings. December 2016-
February 2017. 

 
beam reflected from the sea surface, and hence give only 
the significant wave height (SWH). Passes over the 
Malta-Sicily Channel from the Jason 2, Jason 3 and Saral 
Altika missions have been selected. To create a 
compatible set of near-simultaneous SWH data from 
satellite altimeter and HF radar data at 30km from the 
radar origin every 30-minute intervals were used.  

 C.  Data Analysis 
Time series plots of SWH from radar, model and 
altimeter data are produced and the main statistical 
diagnostics of MSE and BIAS are computed to evaluate 
the agreement between the different sources. Given that 
the radar data are available over different annular rings, 
each 1.6 km wide, it was important to investigate how the 
correlation between model, altimeter and HF radar SWH 
varies with distance from the radar origin. Thus, the 
Pearson correlation coefficients and RMS differences 
have been computed comprising the three sources of data 
at each available annular sector. 

 III. RESULTS 
For the sake of simplicity only results referring to Ta’ 
Barkat site are reported because a similar behaviour has 
been found at the other three sites. 
Fig. 2 displays the time series plot of SWH from radar, 
model and altimeter data in correspondence of the third 
annular ring. It reveals the very good agreement of SWH 
provided by the different data sources, even in case of 
extreme waves. Indeed, the detection of extreme events is 
well performed both in terms of forecasting and 
observations; this demonstrates that both HF radar and 
WAM model data could be useful to alert services for 
marine operators (not always verified for the altimeter, 
due to the less temporal resolution).    

Table 1. Main statistical parameters for SWH radar and 
SWH wam model agreement evaluation. Ta Bark. site 

Annular 
rings 

MSE BIAS Correlation 

1 0.643 0.654 0.824 

2 0.444 0.784 0.813 

3 0.437 0.827 0.801 

4 0.496 0.803 0.794 

5 0.581 0.779 0.784 

6 0.674 0.758 0.773 

7 0.686 0.758 0.774 
 

Table 2. Main statistical parameters for SWH radar and 
SWH altimeter agreement evaluation. Ta Bark. site 

Annular 
rings 

MSE BIAS Correlation 

1 0.255 0.677 0.875 

2 0.158 0.787 0.863 

3 0.066 0.798 0.943 

4 0.104 0.793 0.909 

5 0.149 0.785 0.88 

6 0.088 0.786 0.92 

7 0.133 0.761 0.875 
 

 
It is worth noting, for instance, the event from 17th to 

20th of December, when a storm occurred with a return 
period of 4 years, previewed by models and registered by 
the HF radar.  

During this event both radar and WAM model 
registered a value of significant wave heights of ~ 8 m, 
with WAM slightly underestimating the SWH.   
Table 1 and 2 list the main metrics accounting for the 
agreement between SWH values taking radar HF as 
reference one.  
MSE values vary with the distance from the radar origin; 
errors are lower not too far neither too close to the radar 
origin, i.e. the better agreement is achieved in the 
intermediate rings respect to the radar origin.  
BIAS values indicate the same spatial behaviour; 
moreover, BIAS values show a tendency of the HF radar 
to register higher values of SWH with respect to the 
WAM model, whereas the agreement with altimeter data 
seems to be higher. 
Correlations show very high values; in particular the 
agreement of SWH from HF radar and altimeter data is 
higher even if this result could be influenced by the lower 
points used for the comparison.  Again as an example, the 
correlation coefficient and RMS differences of the radar-
WAM and the radar-altimeter pairs are computed and 
plotted in Fig. 3 as a function of distance from the radar  
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Fig. 3. Correlation (solid line) and RMSE (dashed line) 

values, between WAM model and HF radar data (black 
line), altimeter and HF radar data (black line). Y-axis 
represents the distance from the radar origin at the Ta’ 
Barkat site. 
 
origin at the Ta’ Barkat site. 
The correlation between model, altimeter and HF radar 
SWH, is always high indicating a linear relation between 
the different sources of data. In particular, the correlation 
between HF radar and WAM model slightly decreases as 
the distance from the radar origin increases.  
RMS differences reveal that there is an optimal distance 
from the radar site for the relevance of the HF radar wave 
data, being most accurate at the intermediate distances 
from the coast and deteriorating both closer to coast as 
well as further offshore. These results can be similarly 
extended to the other radar stations even though it is 
noticed that the HF radar wave data are subject to 
differing interfering noise in the signal depending on the 
station. 

 IV. CONCLUSIONS 
The study confirms that CODAR HF radar data are a 
reliable source to describe sea wave conditions in quasi 
real-time. This opens the way to the use of HF radar in 
the delivery of added value services that integrate sea 
conditions in support to safer navigation and operations at 
sea, as well as for more precise nowcasting services 
including conditions of adverse and extreme weather 
situations. In addition, the strong correspondence 
between the WAM model and the HF radar data, suggest 
that the latter could be used to specifically calibrate 
numerical wave models (or assimilate them). Further 
analysis will assess the more detailed performance of HF 
radar across different bands of sea wavelengths and 
different wave heights. Other further investigations will 
focused on other wave parameters, such as wave period 
and direction. It is also expected to extend the study by 
direct correlation to wave buoy measurements. 
 
 
 

REFERENCES 
[1] L. Fu, A. Cazenave,  “Satellite Altimetry and Earth 

Sciences: A Handbook of Techniques and 
Applications”, Academic Press, Nov 9, 2000. 

[2] L.R. Wyatt, J.J. Green, A. Middleditch, “HF radar 
data quality requirements for wave measurement” 
Coast. Eng., 58, 2011, pp. 327-336.  

[3] T. JustinThomas, G.S. Dwarakish, “Numerical 
Wave Modelling – A Review”, Aquatic Procedia, 
Vol. 4, 2015, pp. 443-448. 

[4] F Capodici, G Ciraolo, S Cosoli, A Maltese, G 
Mallandrino, 2014, The synergy of water quality 
and sea surface currents data in determining the 
spatio-temporal evolution of large-scale circulation 
features. Proc. of SPIE Vol. 9239, 923927-1 - 
923927-10. 

[5] J. Waters, L.R. Wyatt, J. Wolf, A. Hines, “Data 
assimilation of partitioned HF radar wave data into 
Wavewatch III” Ocean Model., Vol.72, 2013, 
pp.17-31. 

[6] L.A. Siddons, L.R. Wyatt, J. Wolf, 2009, 
Assimilation of HF radar data into the SWAN wave 
model, J. Mar. Sys., Vol. 77, 2009, pp. 312-324. 

[7] M.R. Hashemi, S.P. Neill, “The role of tides in 
shelf-scale simulations of the wave energy 
resource”, Renewable Energy, Vol.69, Sep 2014, 
pp. 300-310. 

[8] J.D. Paduan, L. Washburn, “High-frequency radar 
observations of ocean surface currents”, Annu. Rev. 
Mar. Sci., Vol.5(1), 2013, pp.115–136. 

[9] G. Lopez, D.C. Conley, D.M. Greaves, 2016. 
“Calibration, Validation, and Analysis of an 
Empirical Algorithm for the Retrieval of Wave 
Spectra from HF Radar Sea Echo”, J. Atmos. 
Oceanic. Technol., Vol.33(2), 2016, pp. 245-261.  

[10] A. Drago , G. Ciraolo, F. Capodici, S. Cosoli, M. 
Gacic, P.-M. Poulain, R. Tarasova, J. Azzopardi, A. 
Gauci, A. Maltese, C. Nasello, G. La Loggia  
“CALYPSO – An operational network of HF radars 
for the Malta-Sicily Channel”, Proceedings of the 
Seventh International Conference on EuroGOOS 
28-30 October 2014, Lisbon, Portugal, Edited by H. 
Dahlin, N.C. Fleming and S. E. Petersson. First 
published 2015. Eurogoos Publication no. 30. ISBN 
978-91-974828-9-9 

[11] S. Cosoli, A. Drago, G. Ciraolo, F. Capodici, “Tidal 
Currents in the Malta-Sicily Channel from High-
Frequency radar observations”, Cont. Shelf Res., 
Vol. 109, 2015, pp. 10–23 

[12] A. Drago, R. Sorgente, A. Olita, “Sea temperature, 
salinity and total velocity climatological fields for 
the south-central Mediterranean Sea”, MedSudMed 
Technical Documents, 2010, pp.14-35. 

[13] Scott Wilson Kirkpatrick and Co. Ltd. “Malta 
Significant Wave Height Study”, 2003, pp. 43  

[14] J. Azzopardi, R. Tarasova, A. Gauci, A. Drago, 
“The CALYPSO HF-Radar Data Interface”, Rapp. 
Comm. Int. Mer Medit., 2013, 40, p844 

[15] M. Casaioli, F. Catini, R. Inghilesi, P. Lanucara, P. 
Malguzzi, S. Mariani A. Orasi, “An operational 

20



forecasting system for the meteorological, and 
marine conditions in Mediterranean regional and 
coastal areas”, Adv. Sci. Res., Vol. 11, 2014, pp. 11-
23. 

21



IMEKO International Conference on 
Metrology for The Sea 

Naples, Italy, October 11-13, 2017 

 

The Italian Fixed-point Observatory Network for 

marine environmental monitoring – IFON 

State of the art and upgrades during the Italian flagship project 
RITMARE (2012 – 2016) 

M. Ravaioli1, C. Bergami1-2, F. Riminucci1-3, S. Aracri4, S. Aliani5, M. Bastianini4, A. Bergamasco6,  
C. Bommarito7, M. Borghini5, R. Bozzano8, F. Brunetti10, C. Cantoni9, E. Caterini9, V. Cardin10, C. 

Cesarini11, R.R. Colucci9, E. Crisafi6, A. Crise10, R. D’Adamo12, A.G. Di Sarra7, C. Fanara10, A. 
Giorgetti10, F. Grilli13, L. Langone1, M. Lipizer10, M. Marini13, S. Menegon4, T. Minuzzo4, S. 

Miserocchi1, E. Partescano10, E. Paschini13, F. Pavesi14, P. Penna13*
, S. Pensieri8, A. Pugnetti4, F. 

Raicich9, A. Sarretta4, K. Schroeder4, T. Scirocco12, A. Specchiulli12, G. Stanghellini1, A. Vetrano5 

 

1 ISMAR CNR, Via Gobetti 101, 40129 Bologna (IT) 
2 IBAF CNR, Montelibretti (IT) 
3 Proambiente Consortium S.c.r.l., CNR-AdR, Via Gobetti 101, 40129 Bologna (IT) 
4 ISMAR CNR, Tesa 104, Arsenale Castello 2737/F, 30122 Venezia (IT) 
5 ISMAR CNR, Forte SantaTesera Pozzuolo Lerici La Spezia (IT) 
6 IAMC CNR, Messina (IT) 
7 ENEA, Laboratorio di Osservazioni ed Analisi della Terra e del Clima, Roma - Palermo (IT) 
8 ISSIA CNR, Via de Marini 6, 16149 Genova, (IT) 
9 ISMAR CNR, AREA Science Park ed. Q2, SS 14 km 163.5, Basovizza, 34149 Trieste (IT)) 
10 OGS, Borgo Grotta Gigante 42/C, 34010 Sgonico Trieste (IT) 
11 CLU srl, Via Togliatti 17/c Castelfranco Emilia, Modena (IT) 
12 ISMAR CNR, Via Pola 4, 71010 Lesina (IT) 
13 ISMAR CNR, Largo Fiera della Pesca, 60125 Ancona (IT) 
14 IREA CNR, Sede di Milano, Via Bassini 15, 20133 Milano (IT) 
*Corresponding author: pierluigi.penna@ismar.cnr.it 

 
 

Abstract – The Italian Fixed-point Observatory 

Network (IFON) integrates well-established ocean 

infrastructures managed by various national research 

institutions (CNR, OGS, and ENEA). The 

implementation of this network was one of the aim of 

the SP5-WP3 of the Flagship Project RITMARE. In 

the first four years of the project, the state of art of 

the 15 operative sites has been completed and 2 more 

stations are operative from 2015-2016. For each site, 

the technical characteristics and methods of 

transmission have been described, and for some sites, 

several upgrades were accomplished in order to 

develop, integrate, and consolidate the network. 

Periodically, oceanographic cruises for the 

maintenance and implementation of the sites were 

carried out. 

After the definition of the minimum requirements, the 

criteria for the validation of physical and 

biogeochemical data were determined. They include a 

selection of existing rules, procedures and 

recommendations on automatic data Quality Control 

(QC), and their validation in Near Real Time (NRT). 

These procedures are intended to unify the validation 

criteria of the parameters collected daily from the 

network and to provide the scientific community with 

a homogeneous and comparable set of data of the 

Italian seas. Within the WP3, a relocatable observing 

system for emergencies at sea was implemented. Some 

new instruments were bought and some others were 

upgraded. In addition, the IFON was enriched with an 

air-sea observatory in Lampedusa Island with a new 

buoy deployed during summer 2015. 
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 I. INTRODUCTION 

The Italian Fixed-Point Observatory Network (IFON) 

integrates the well-established ocean infrastructures  

managed by numerous national research institutions  [1]. 

Within the framework of the Italian Flagship Project 

Ricerca Italiana per il mare (RITMARE), the main aims 

of Work Package 3 (WP3, Italian scientific network of 

fixed sites for sea observation) were the development, 

integration and consolidation of IFON. WP3 was part of 

SubProject5 (SP5), which focused on observation 

systems for the Italian seas with the goal of reinforcing 

and combining them following the concepts of ‘integrated 

network’ and ‘observatories’. The main target of WP3 

was to create a common, validated IFON database 

accessible both within the IFON network and for external 

users following the rules proposed in the RITMARE data 

policy [2].  

 II. THE ITALIAN FIXED-POINT OBSERVATORY 

NETWORK (IFON) 

IFON integrates 15 fixed monitoring systems, with 

another one operative from 2015, and an oceanographic 

transect (Senigallia–Susak; Figure 1), providing 

multidisciplinary monitoring of coastal and deep marine 

environments, with high temporal resolution, for a 

number of marine and atmospheric variables. Next 

section shows a brief description of the different systems 

and sites. The locations and parameters measured by the 

systems are listed in Ravaioli et al., 2016 [1]. 

 A. MAMBO meteoceanographic buoy (Norther Adriatic) 

The Environmental Operative Monitoring (MAMBO), 

operative since 1998, is located at the outer limit of the 

Marine Protected Area of Miramare (Gulf of Trieste) over 

a bottom depth of 18 m and provides near real time 

(NRT) data acquired at a half-hour frequency. The system 

is equipped with surface meteorological sensors  to 

measure atmospheric pressure, air temperature and 

humidity, wind speed and direction, and incident PAR 

radiation, and oceanographic sensors to measure 

temperature, salinity, dissolved oxygen and pH at both 1 

and 10 m depth, and pCO2, turbidity and chlorophyll-a at 

10 m depth. MAMBO is part of the coastal marine 

observatory site of the Gulf of Trieste which also includes 

a biological time-series station which is sampled on a 

monthly basis for the acquisition of biological and 

biogeochemical data. 

 B. PALOMA mast platform (Norther Adriatic) 

The Advanced Platform Oceanographic Laboratory  

Adriatic Sea (PALOMA) mast platform is located 12 km 

offshore in the centre of the Gulf of Trieste at a bottom 

depth of 25 m. The system acquires meteorological data, 

atmospheric CO2 concentration at 10 m above the mean 

sea level, seawater pCO2, temperature, salinity dissolved 

oxygen at 3 m water depth, and temperature at 15 m and 

24 m depths. Atmospheric CO2 is acquired every 2 h, 

seawater pCO2 every 6 h and the other parameters  every 

10 to 15 min. The site has been implemented with a focus 

on air-sea CO2 fluxes and instrumental data are 

integrated with monthly ship surveys to measure the 

inorganic carbon species and the main biogeochemical 

parameters along the water column[3].  

 C. Acqua Alta oceanographic tower (Norther Adriatic) 

The Acqua Alta oceanographic tower is located 15 km 

offshore of Venice in the northern Adriatic Sea, at a 

bottom depth of 16 m. The platform is fully equipped 

with a large set of autonomous instrumentations that  

acquire atmospheric, hydrological and oceanographic 

data with several meteorological stations and sensors  

(including different measurement systems of waves  and 

currents). At the site, biological and chemical 

measurements are routinely acquired, with periodic 

sampling of the water column. 

 D. S1-GB dynamic pylon and E1 meteoceanographic 

buoy (Norther Adriatic) 

The S1-GB dynamic pylon (Ex S1 buoy) is located 5 

km offshore of the Po River delta, over a bottom depth of 

21.3 m. The station acquired meteorological data at 8.5 m 

above the mean sea level and oceanographic data at 1.6 m 

(superficial level) and 18 m (deep level) depths. The S1-

GB pylon is located in a key monitoring area for studying 

the interaction between the northern Adriatic Sea and the 

Po River [4]. The E1 buoy is located 4 km offshore of 

Rimini City, over a bottom depth of 10.5 m. The station 

E1 accommodates meteorological instrumentation at 2.5 

m above the mean sea level and oceanographic sensors at 

two water depths: 1.5 m and 8 m. The E1 site is a key 

monitoring point for studying hypoxic and anoxic events 

in the north Adriatic Basin and for validating "ocean 

colour" satellite observation with in situ data [5]. Both the 

stations are autonomous and equipped with data-loggers, 

NRT transmission devices and a power systems. 

 E. Senigallia–Susak Transect and Tele–Senigallia pylon 

(Central Adriatic) 

The section from Senigallia to Susak Island (Central 

Adriatic) has been periodically surveyed since 1988 in 

order to collect Conductivity, Temperature and Depth 

(CTD) data and samples for dissolved oxygen and  

Nutrient   analyses [6]. 

The Tele–Senigallia pylon is located at the western edge 

of the Senigallia–Susak transect. It is  equipped with a 

meteorological station and several oceanographic sensors 

at water depths of 2 m, 5 m and 12 m. The joint system is 

in a key area to observe near-coastal processes 

(upwelling, stratifications, biological productivity) and 

the water masses transiting to or from the northern 

Adriatic. 
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Fig. 1. Map of the site location of the Italian Fixed-Point 

Observatory Network (IFON), modified from Ravaioli et 

al., 2016. [1] 

 F. Gargano pylon (Southern Adriatic) 

The Gargano pylon is a coastal buoy located in the Gulf 

of Manfredonia (southern Adriatic Sea) at about 10 

nautical miles from the coast at a bottom depth of 17 m. 

The Gargano pylon is equipped with a data-logger, a 

meteorological station, a sea-surface temperature sensor 

(2 m depth), a CTD probe and oxygen-turbidity-

chlorophyll, CDOM sensors at 5 m depth and a current 

meter at 17 m depth.  

 G. E2M3A observatory (Southern Adriatic) 

The E2M3Aobservatory is located in the deepest part 

of the southern Adriatic. It is a two-component array, 

composed by a surface buoy allowing real-time data 

transmission and a subsurface mooring. The E2M3A is 

equipped with physical and chemical sensors at different 

nominal depths (2, 15,350,550, 750, 900, 1000, and 1200 

m) and acoustic current profilers located at 320 m and 

1200 m. The observatory has been deployed with the aim 

of monitoring air-sea interactions and the physical as well 

as biochemical properties of the water mass, as well as 

investigating the convective events  in the open sea [7].  

 H. Moorings BB and DD (Southern Adriatic) 

Two subsurface moorings, located in the Bari canyon 

(site BB) and on a sediment wave field (site DD) along 

the dispersal path of the descending north Adriatic Dense 

Water (NAdDW), have been deployed for the long-term 

monitoring of the dense water cascading able to transfer 

sediment, O2, nutrients and organic compounds to the 

benthic ecosystems of the deep southern Adriatic. 

Mooring instrumentations  are self-recording (data in 

delay mode) and get serviced twice a year. 

 I. Kobold platform (Straits of Messina) 

The Kobold platform is a prototype to study the 

potential of extracting energy from marine currents. The 

plant is moored at 25 m depth in the Straits of Messina, 

Italy, where tidal currents are the strongest in the 

Mediterranean Sea. The Kobold platform hosts an 

automatic monitoring system including a meteorological 

station, a sea surface temperature sensor and an Acoustic 

Doppler Current Profiler (ADCP) that provides  NRT data 

to the turbine controller. 

 J. Moorings in the Corsica and Sicily Channels and the 

‘Yo-Yo’ profiling buoy system 

The Corsica and Sicily Channels are monitored by 

three underwater stations: CORS01, located at the 

Corsica Channel sill at a depth of 450 m (established in 

1985), and C01 and C02, located at the western Sicily 

Channel sill, between Sicily and Tunisia, on the Sicilian 

side at a depth of 350 m  (C01) and on the Tunisian side 

at a depth of 530 m (C02). The moorings were first 

deployed in 1993. They are equipped with single point 

current meters, ADCPs and fixed CTD probes, and 

provide long-term monitoring of surface and intermediate 

water mass exchanges through the channels, along with 

their hydrological characteristics. Mooring 

instrumentations are self-recording (data in delay mode) 

and get serviced twice a year. In June 2013 and for about 

four months, the CORS01 was the test site for an 

autonomous profiling buoy system named ‘Yo-Yo’, 

transmitting daily hydrological vertical profiles in NRT 

through the built-in Iridium transceiver.  In November 

2014 the Yoyo system was installed in C01. However the 

strong currents crossing the Sicily Channel are a serious 

issue for profiling autonomous devices. For this reason 

presently the system has again been relocated to the 

Corsica Channel. 

 K. W1M3A multidisciplinary observatory (Ligurian Sea) 

The W1M3A observatory is constituted of a spar buoy 

and a subsurface mooring close by and it is moored in the 

Ligurian Sea (seabed of 1200 m, 80 km from the coast). 

Its position and structural characteristics make the system 

ideal for conducting air-sea interactions studies. The fixed 

platform monitors a complete set of near-surface 

meteorological parameters on a long-term basis, as well 

as physical and biogeochemical variables form the 

surface down to the ocean interior (0–1000 m depth).  All 

measurements collected by the sensors installed on the 

surface buoy are transmitted ashore in NRT [8]. 

 L. Sciacca beacon and Lampedusa air-sea Observatory 

(Sicily Channels) 

The Sciacca elastic beacon was installed at the end of 

October 2014 in the Sicily Channel, 10 nautical miles 

offshore the Sicily coasts at a bottom depth of 54 m and 

became operative in 2015. The onboard instrumentations 

included a meteorological station, several oceanographic 
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sensors and a suite of radiometers. Unfortunately after a 

collision in June 2015, the structure suffered significant 

damage both to the emerged and the submersible part. 

This has led to the loss of the entire structure.  
South of the Sicily Channel, close to the island of 

Lampedusa, an elastic beacon was setup in August 2015 

to investigate the air-sea interactions and the water 

column.  The Oceanographic Observatory (bottom depth 

of 74 m) also complements atmospheric observations 

carried out at the Atmospheric Observatory on the island 

of Lampedusa (http://www.lampedusa.enea.it), about 15 

km North-East of the buoy.  The Lampedusa 

Oceanographic Observatory hosts instruments to measure 

the surface energy budget, including a meteorological 

station, sensors for ocean temperature at various depths, 

and a CTD.  In addition, part of the instruments which 

were expected to operate on the Sciacca beacon, and in 

particular the suite of radiometers for the ocean colour at 

two depths and at the surface, have been transferred to the 

Lampedusa beacon.    

 M. Relocatable systems 

A relocatable observation system consists of a number 

of moorings equipped with oceanographic instruments 

suitably configured in terms of sampling quote and data 

acquisition frequency. They can be properly deployed in a 

study area to capture the maximum spatial and temporal 

variability in order to solve a specific problem, whether it 

is of a scientific nature or a natural or anthropic event, 

more or less catastrophic (eg. Haven disaster, Genoa 

flood, Cinque Terre flood, Panarea thermal vents, 

Stromboli tsunami, etc.). The deployment, in a specific 

area, of several moorings, that acquire high-resolution 

data, may serve to monitor, on a preventative basis, the 

oceanographic properties of the site, in order to better 

define the final configuration and location of the mooring 

to best capture variability scales to determine the 

representativeness of data before investing in long-time 

series. 

 III. QUALITY ASSURANCE / QUALITY CONTROL 

(QA/QC) 

The IFON network is  implemented in order to ensure 

high-quality real-time observations based on common 

procedures (sensor calibration, quality control – QC  and 

quality assurance - QA) for all the variables included in 

the essential ocean variables (EOVs) [9]. The application 

of common real time QC procedures for all fixed 

observing sites of the IFON network ensure a high 

quality of data distributed to users through exchanges at 

the national and international levels  [10]. 

 IV. DATA MANAGEMENT 

 A. The database IFON RITMARE-SP5 

The creation of the IFON has created the need to build 

a data repository infrastructure to support the RITMARE 

portal to handle Near Real-Time (NTR) data provided by 

moorings, floats and glider (Figure 2). The collected data 

are made accessible through standards and formats 

proposed by the Open Geospatial Consortium (OGC) and 

compliant with the US Integrated Ocean Observing 

System (IOS). Data are collected in a NetCDF format 

coded according to international standards compliant with 

OceanSites encoding and are made available through a 

web data server THREDDS (TDS). The latter guarantees 

the use of standard protocols such as OPeNDAP, OGC 

WMS and WCS. The repository implements some 

features of the COPERNICUS In-situ TAC as receiving 

NRT data in NetCDF-CF, providing a portal access point 

in real time [11] 

 

 
Fig. 2. Structure schema of the RITMARE portal of 

Italian Fixed-Point Observatory Network (IFON). 

 B. Towards an integrated system of interoperable and 

diffused data  

In the context of the collaboration between RITMARE 

SP5 and SP7 (Interoperable Infrastructure for the 

Observation Network and Marine Data), the software 

package GET-IT (Geoinformation Enabling ToolkIT) 

starter kit has been adopted [12]. The application was 

developed starting from open source packages with the 

addition of packages developed for project needs. It 

offers an interface for data management, sharing, 

visualisation and (optionally) download through OGC 

standard web services for the following data categories: 

1. maps or layers (spatial data). It permits to public and 

visualize spatial data (vector or raster). It use the web 

application GeoNode with customization for project 

needs. It provides the principal operations: upload data, 

data storing, styling and sharing data through standard 

services (WMS, WFS, WCS). 

2. observations coming from different sensor types 

(buoys, glider, mooring, meteorological sensors, etc.). It 

uses an open-source solution based on Sensor Web 

Enablement (SWE) specifications, like implemented by 

52° North (52N) project. It provides the operations to 

upload observation data, data storing and data 

management on a Data Base Management System, 

sharing observation on the web (through standard SOS 
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Fig. 3. Web interface of the portal rmm.dati.ismar.cnr.it 

 

interface). 

3. documents (text files, spreadsheet, images, etc.). 

One of the main function of GET-IT is the metadata 

editing tool named EDI that permits to create, edit and 

read metadata about uploaded data (spatial data, 

observation data and documents) to describe data in a 

national and international standard way. 

 C. In-situ meteo-marine observation systems ISMAR 

Adriatic Sea: an integration experience 

A big effort has been made in ISMAR (Institute of 

Marine Sciences  of the Italian National Research 

Council)  for the creation of an in-situ observational 

network able to: gather data from a distributed network; 

allow an efficient visualization of time-series data; access 

and share harmonised data through interoperable and  

 

standard services. During the last years, the need for a 

unique visible access point for the ISMAR observational 

network emerged from various research projects and, in 

particular, in the project RITMARE, in the Italian Long-

Term Ecological Research network (LTER-Italy) and in 

the projects JERICO and JERICO-NEXT. This is also 

related to the request, by various European-funded 

projects, that data should be made discoverable, 

accessible and sharable using standards formats and 

services (NetCDF, ODV, SOS, …). 

More in general, the ISMAR observational network 

aims to ensure archiving and storage of the historical time 

series data of the Institute (useful to long-term research 

and climate changes research) and to provide an efficient 

and convenient support for the operational model 

(through real-time data streams). These goals are 

achieved through harmonization of data management, 

using standard formats and interoperable services and 

creating a unique access point (rmm.dati.ismar.cnr.it) for 

visualizing and accessing real-time and archived data 

from ISMAR fixed-point stations. [13]. 

 

 V. CONCLUSIONS AND PERSPECTIVES 

Next steps for the developments and maintenance of the 

IFON network include: 

 

1.To support marine observatories and marine 

technologies laboratories in strategic areas of the 

Mediterranean Sea, encouraging who acquire "data";  

2. To develop shared database of relevant marine data, 

also in relation to the Marine Strategy Framework 

Directive (MSFD), encouraging data sharing between 

research groups and bodies; 

3. To design a national web portal shared between all the 

institutions involved, for an interoperable and dis tributed 

database, consolidating actions towards an open access 

policy and the assignment of DOI to datasets;  

4. To maintain connection with the Italian and European 

Long Term Ecological Research Networks (LTER-Italy 

and LTER-Europe) and with the Research Infrastructure 

LifeWatch-ERIC; 

5. To be competitive and to create connections, at the 

European level, with other infrastructure and initiatives 

(e.g.: FIXO3, JERICO-NEXT, EMODnet, Copernicus, 

OceanSITES, ICOS-ERIC, EMSO-ERIC, Danubius, 

etc…); 

6. To contribute to the establishment of integrated 

ecological observatories into key areas, such as the 

Northern Adriatic Sea and the Gulf of Naples  (sites of the 

LTER-Italy network); 

7. To be competitive with appropriate services and tools, 

so that answer to key questions on climate changes, risks, 

prevention, sustainability, etc ... 

8. To consolidate the relationships with industry, small 

and medium-sized enterprises, by promoting Start-ups 

and offering services to end users, managers and citizens; 

6. To propose an observatory infrastructure recognized at 

the national and European levels. 
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Abstract – “UNAC-LOW” is an ongoing project under
EURAMET's  EMPIR  programme  whose  aim  is  to
develop  the  European  metrological  capacity  in
underwater  acoustics  for  the  calibration  of
hydrophones and autonomous noise recording systems
for frequencies below 1 kHz.  The project will provide
an  improved  framework  to  underpin  the  absolute
measurement  of  underwater  sound  in  support  of
regulation and EU Directives for which traceability is
currently  lacking.  Methods  for  the  calibration  of
hydrophones  and  autonomous  recording  systems  in
the  frequency  range  from  20  Hz  to  1  kHz  will  be
developed  and  validated  by  comparison
measurements  between  the  project  partners.  Long-
term operation of the calibration capabilities will be
ensured  by  each  partner,  to  provide  a  coherent
metrology  strategy  for  Europe  within  this  field.
Current  activities  regarding  the  design  and
preparation of calibration setup are here described, in
view  of  round-robin  calibrations  and  validation
scheduled for year 2018.

 I. INTRODUCTION

“UNAC-LOW”  [1]  is  an  ongoing  project  funded  by
EURAMET  under  the  EMPIR  programme  [2].  The
project started in May 2016 and will last 3 years, with 6
EU partners participating from 5 States that face all major
European  seas  (see  Fig.  1).  The  project  is  led  by
TÜBİTAK Marmara Research Center (MRC) of Turkey,
whose  Underwater  Acoustics  Laboratory  of  MRC-
Materials Institute is assigned as a Designated Institute in
the  field  of  underwater  acoustics  for  Turkey.  Other
partners are 2 National Metrology Institutes (NPL, DFM)
and 3 external partners (CNR, ISPRA, FOI). The project
consortium  is  supported  by  a  number  of  collaborators
ranging  from  metrology  institutes  and  agencies  to
manufacturers and service providers.

Fig. 1. UNAC-LOW consortium and collaborators

The  goal  of  the  project  is  to  develop  the  European
metrological capacity in underwater acoustic calibration
for  acoustic  frequencies  below  1  kHz,  by  providing
traceable measurement capabilities to meet the need for
calibration of hydrophones and autonomous underwater
acoustic  noise  recording  systems.  The  project  will
develop the scientific and technical research capabilities
in the field within Europe, and will provide an improved
metrology  framework  to  underpin  the  absolute
measurement  of  sound  in  the  ocean  in  support  of
regulation and EU Directives such as the Marine Strategy
Framework Directive (MSFD), for which traceability is
currently lacking.

There is an increased need for absolute measurements
of sound in the ocean driven by ongoing concerns about
the  environmental  impact  of  human  activity,  together
with the emerging needs of industry and oceanographic
science.  The  anthropogenic  sources  of  most
environmental concern radiate most of their sound energy
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in the frequency range between 20 Hz and 1 kHz, and
there is a direct and urgent need for traceable calibration
of hydrophones in this frequency range. Moreover, given
the  technology push  provided  by  the  development  and
increasing  commercial  availability  of  autonomous
recorders,  which  combine  hydrophones  and  acquisition
and data storage capabilities, there is also an urgent need
to  develop  traceable  measurement  capabilities  for
calibration of these instruments, for which no standards
have been developed yet.

 II. PROJECT OBJECTIVES

This  project  addresses  the  following  scientific  and
technical objectives:

1. To develop  traceable  measurement  capabilities
for  calibration  of  both  hydrophones  and
autonomous recorders,  for frequencies  between
20 Hz and 1 kHz covering the 63 Hz and 125 Hz
third-octave bands as required by the EU MSFD
guidelines;

2. To  develop  an  individual  strategy  for  each
participant  for  long-term  operation  of  the
developed  measurement  capabilities  including
regulatory  support,  research  collaborations,
quality schemes and accreditation,  contributing
to development of a coherent metrology strategy
for  Europe  within  this  field  and  significantly
increasing the research capacity in the field.

The  project  will  develop  and  validate  appropriate
measurement methods for the calibration of hydrophones
in  the  frequency  range  from  20  Hz  to  1  kHz.  At  the
conclusion of the project, at least two of the hydrophone
calibration methods selected from those described in the
scientific literature or the related international standards
will be implemented into new calibration systems. These
will be validated by comparison measurements between
the project  partners.  Through this work, traceability for
absolute  measurement  of  sound  in  the  ocean  using
hydrophones will  be provided across  the EU countries,
with  project  partners  offering  calibration  services  from
their established facilities to their neighboring countries.

The calibration methods developed in this project will
provide  the  ability  to  determine  the  key  acoustic
performance  characteristics  of  the  recorders,  including
the  self-noise  of  the  hydrophone  and  system,  the
hydrophone  and  system  sensitivities.  The  newly
established  methods  to  calibrate  autonomous  noise
recorders will be implemented by the project partners and
services offered to stakeholders in neighboring countries,
with  recommendations  given  to  technical  standards
committees including ISO TC43 SC3 and IEC TC87 for
preparation of related standards.

Each partner will develop a strategy for the long-term
operation of  the calibration capability developed in the
project. This will include establishing regulatory support

and research collaborations, as well as appropriate quality
schemes and accreditation. 

Also, each partner will develop a strategy for offering
calibration services from their established facilities, both
to their own country, and to neighbouring countries. The
individual  strategies  will  form  part  of  a  coherent
metrology strategy for Europe within this field, discussed
and  agreed  within  the  EURAMET  community  of
NMIs/DIs via the EURAMET TC-AUV.

 III. PROJECT DESCRIPTION

The  project  lists  four  workpackages  (WP1 to  WP4),
each  split  into  Tasks  and  Activities.  All  experimental
activities  are  included  in  two workpackages,  WP1 and
WP2, that proceed in parallel with a similar layout and
timetable.

WP1 deals with calibration of hydrophones and is led
by project coordinator  TÜBİTAK. Participants are DFM,
NPL and FOI.

WP2  deals  with  calibration  of  autonomous  noise
recorders and is led by NPL. Participants are TÜBİTAK,
CNR, ISPRA, and FOI. 

The  other  WPs  include  activities  by  all  partners  to
ensure  proper  dissemination  of  results.  As  a  further
means for knowledge transfer, output of the project will
be  used  to  extend  existing  training  courses  already
offered by some partners,  and to create new courses in
different European areas.

 A. Tasks and Activities

Both WP1 and WP2 are made of three sequential tasks:
one for the review and selection of existing devices and
calibration methods, one for the design and preparation of
calibration  setup,  and  one  for  the  execution  of  round-
robin experiments and for validating their results. During
the desing and preparation task, each group of partners in
WP1 and  WP2 is  free  to  use  their  choice  of  devices,
either already available or to be rented or purchased, to
implement  their  methods  and  to  establish  a  calibration
setup. The autonomous noise recorders will be typical of
the  more  commonly  encountered  designs  and  will  be
capable of different configurations, either with or without
a hydrophone fixed to the recorder body. The developed
setups will be then employed in subsequent round-robin
tasks with only one device, provided by the task leader, to
be  circulated  among the  participants.  From the  results,
uncertainty  budgets  will  be  prepared  and  the  total
uncertainty  will  be  calculated,  with  1  dB  target
uncertainty for hydrophones. Comparison tests will also
be conducted between the calibration setups and results
will  be  used  to  estimate  the  equivalence  of  national
measurement  standards for hydrophones within the low
frequency range between 20 Hz and 1 kHz.

Throughout the overall 36 months duration, 6 meetings,
hosted by each partner, and one Stakeholder Conference
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are planned, with the latter to be held in autumn 2018.
Deliverables are output at the end of major tasks in form
of documented calibration procedures,  field reports and
guidelines.  A Documented  strategy  report  will  also  be
produced after project end in April 2019. 

Table 1 summarizes WPs and Tasks with their start and
end months.

Table 1. Summary of project timetable. H = hydrophones,
AR = autonomous recorders.

WP.Task Task description Start End

1.1 (H) Review of methods for low
frequency calibration

May
2016

Oct
2016

2.1 (AR) Review of  marine
autonomous noise recorders

May
2016

Oct
2016

1.2 (H),
2.2 (AR)

Design and preparation of
calibration setups

Sep
2016

Oct
2017

1.3 (H),
2.3 (AR)

Experiments and validation
of the setups

Sep
2017

Apr
2019

3.1
3.2
3.4

Strategic development
Knowledge transfer

Uptake and exploitation

May
2016

Apr
2019

3.3 Training Oct
2017

Apr
2019

4.1-3 Project management May
2016

Apr
2019

 IV. CURRENT PROJECT STATUS

The project  is near half of its duration. The first two
operative  tasks  dealing  with  review  of   existing
calibration  methods  and  of  available  autonomous
recorders  have  been  completed  with  no  delay.  The
following tasks regarding the design and preparation of
calibration setups have been nearly completed, with only
some  minor  delay  due  to  procurement  of  autonomous
recorders, either to be purchased or rented according to
each  partner's  choice.  Details  of  the  calibration  setups
will  be  discussed  among  partners  in  the  next  project
meeting to be held in October 2017 at DFM.

In the following paragraphs, the current status is given
for  activities  related  to  hydrophones  (WP1)  and
autonomous recorders (WP2).

Regarding  the  calibration  of  hydrophones,  two
calibration methods, among those included in the existing
standard [3], have been selected for the experiments: the
comparison  method  in  a  coupling  chamber  and  the
standing wave tube method.

In addition, other  complementary  activities  are  under
way at  NPL to  evaluate  other  methods for  frequencies
below  1  kHz.  These  additional  methods  include  an
extension of free-field calibration using signal modelling

techniques  [4],  the  absolute  method  by  a  laser
pistonphone [5,6], and the vibrating column method [7].
These  studies  are  mostly  funded  by  other  projects  but
their outcomes will be highly valuable also for the present
project.

 A. Calibration of hydrophones with a coupling chamber

The first method for hydrophone calibration is realised
by  inserting  the  device  under  test  and  a  calibrated
reference receiver into a closed chamber together with a
sound  source,  therefore  exposing  both  receivers  to  the
same acoustic  pressure.  The reference  may be  either  a
microphone or a hydrophone, depending on whether the
chamber  is  air-filled  or  water-filled.  As  the  acoustic
frequency  is  increased,  the  pressure  field  inside  the
chamber  becomes  nonuniform,  the  reference  and  the
device  unter  test  are  subject  to  increasingly  different
pressure levels and the method is no longer accurate. This
happens  when  the  acoustic  wavelength  approaches  the
same order of magnitude of the chamber size. To extend
this upper frequency limit, that for an air-filled chamber
is of a few hundred hertz, water-filled chambers may be
used that allow an upper frequency limit beyond 1 kHz,
in agreement with project requirements. However, liquid-
filled chambers  require the acoustic  compliances  of  all
boundaries  (chamber  wall,  hydrophone boot,  cables)  to
be calculated as they cannot be neglected compared with
that of water. Another difficulty arises from air bubbles
that may easily remain trapped inside the chamber. For
these  reasons,  an  air-filled  chamber  has  been  designed
and produced where the souce drives a small air cavity so
that  the  acoustic  pressure  is  the  same  for  both  the
reference and the device under test. With this design, a
standard  microphone can be used as  a  reference  and a
miniature loudspeaker as a source (see Fig. 2 for details).

Fig. 2. Pre-design layout of the coupling chamber for
calibration of hydrophones with the comparison

method.
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Initial  tests  on  the  designed  chamber  have  been
performed  between  20  Hz  and  1.2  kHz  using  a
Bruel&Kjær  8104  as  a  hydrophone  under  test,  a
calibrated Bruel&Kjær 4160 microphone as a reference,
and a micro-speaker type CDS-15118B-L100, used in cell
phones and miniature headphones, as a sound source. The
acoustic pressure of the source in air near its surface was
estimated to be approximately 1 kPa for a typical radiated
acoustic  power  of  0.1  W,  under  plane  wave
approximation. The first results confirmed a good SNR
and  essentially  flat  response  below  1  kHz,  with  only
some  minor  deviation  below  50  Hz  due  to  electrical
loading  of  the  measurement  instrumentation.  As  an
example of comparison with independent calibration data,
calculations for 250 Hz yielded a sensitivity of -206.65
dB re 1V/Pa with estimated uncertainty of  ±1 dB, in
agreement with reference sensitivity of (-206.2 ± 0.7) dB
obtained by free-field method at 1 kHz.

 B. Calibration of hydrophones using a standing wave 
tube

The second method for hydrophone calibration is based
on  the  standing  wave  tube  method  [3]  and  has  been
implemented  by  FOI  using  a  USRD  C100  calibration
unit.  This  unit  is  made of  a  cylindrical  cavity  with an
oscillating membrane mounted at  the bottom for  sound
generation.  The  cavity  is  filled  with  water  and  the
hydrophone is placed  approximately at  the tube center.
As  a  device  under  test,  a  HTI-96  hydrophone  was
connected  to  a  Wildlife  Acoustics  SM2M  submersible
recorder unit. Hydrophone voltage readout was done after
completing the measurement session from its internal SD
memory  card,  using  a  Matlab  script  to  automatically
detect  signals  for  each  frequency  and  their  respective
amplitudes.

With  this  setup,  test  calibrations  for  frequencies
between 100 Hz and 1 kHz were  done by comparison
with a B&K 8104 reference hydrophone. Typical results
are  shown  in  Fig.  3:  agreement  with  the  factory
calibration of the HTI-96 equal to -164.5 dB re 1V/Pa is
confirmed for frequencies up to about 700 Hz. The reason
for the large deviations observed for frequencies between
800 Hz and 1 kHz is currently under investigation.

 C. Review of autonomous recorders

Activities  regarding  autonomous recorders  have  been
initially focused on the review of their characteristics that
are relevant for low frequency calibration.

While  there  are  differences  in  the  design  of
autonomous underwater acoustic recorders,  their overall
configuration  is  broadly  consistent,  with  each  device
comprising  a  hydrophone,  possibly  with  an  integral
preamplifier, connected to an electronics body containing
an  amplifier,  analogue-to-digital  converter  (ADC),  data
storage media and batteries to power the unit. 

Fig. 3. Results of a test calibration of a HTI-96
hydrophone connected to a SM2M recorder using the

standing wave tube method.

All recorders may be broadly categorised in two main
configuration types, according to whether the hydrophone
cable is hard wired to the recorder body, or attached to it
via a detachable electrical connector. Each configuration
type  brings  its  own  difficulties  for  low  frequency
calibration.

In  the  first  configuration  the  recorder  must  be
calibrated as one system while the hydrophone is attached
to  the  device.  This  can  pose  particular  calibration
challenges for  free-field calibration where sound waves
interacting  with  the  body  may  influence  the  measured
sensitivity. If the hydrophone is not detachable from the
body,  a  common  feature  with  this  configuration,  low
frequency  pressure  calibration  may  also  be  made
logistically  difficult  because  the  entire  body  must  be
supported  when  inserting  the  hydrophone  into  a
calibration chamber.

The second configuration type offers the possibility to
calibrate  the  hydrophone  separately  from  the  recorder
body.  In  some  respects,  this  simplifies  the  calibration
because  the  influence  of  the  recorder  body  on  the
performance  is  minimised.  However,  in  this  case  the
separate calibrations of the hydrophone and recorder must
be  combined  to  form the  overall  system sensitivity. In
doing this, the overall system sensitivity may not just be
the  simple  product  of  the  hydrophone  and  recorder
sensitivities, and care must be taken to take into account
any electrical loading effects.

For  an  autonomous  recorder,  the  following
characteristics  need  to  be  established  in  the  frequency
band of interest:

• System sensitivity
• System self-noise
• System dynamic range
• Directional response
• Frequency response
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System  sensitivity  includes  the  preamplifier  gain,
which  may  take  quite  different  values  according  to
whether  background  noise  or  noise  from  a  high-
amplitude  source  is  to  be  measured,  in  order  to  avoid
signal  degradation  due  to  poor  signal-to-noise  ratio,
clipping or nonlinearity. 

The system self-noise is the electrical noise originating
from  the  hydrophone  and  recording  system.  The
equivalent sound pressure noise-floor of a recorder is the
lowest  sound pressure  amplitude  that  can  faithfully  be
represented with the device. To achieve acceptable signal-
to-noise  ratios,  the  system self-noise  (expressed  as  the
equivalent  bandwidth  noise  pressure  level)  should  be
ideally at least 10 dB below this lowest signal level. It has
been  noted  that  not  all  the  commercially  available
systems would be suitable for use in the measurement of
very low level ambient noise in conditions near Sea State
zero or Wenz minimum level (see Fig. 4).

Fig. 4. Noise floor of three commercially available
measurement systems compared with Sea State zero

and Wenz minimum level (reprinted from [8]).

The measuring system response also needs to be linear
over  the  full  dynamic  range,  requiring  that  the  system
sensitivity be constant over the full range of measurable
sound pressure. Systems with dynamic ranges in excess
of 60 dB are preferred for measurement of high amplitude
impulsive sources. As the dynamic range is related to the
number  of  levels  in  the  analogue-to-digital  conversion,
this implies that the system should feature at least a 10-bit
ADC.

Autonomous recorders are normally required to possess
an  omnidirectional  response.  For  a  recorder  with  a
hydrophone that is widely separated from the body, this is
generally  satisfied  for  frequencies  up  to  20  kHz.
However,  many  of  the  commercially  available  devices
consist  of  a  hydrophone mounted either  directly  to  the
recorder body or close to it via a relatively short cable.
The recorder body is typically an air-filled cylinder that
can scatter the acoustic signal and cause perturbation of

the  response  at  kilohertz  frequencies.  It  has  been
demonstrated  that  at  kilohertz  frequencies  the
recorder/hydrophone combination is not omnidirectional,
and hence the sensitivity varies with angle of incidence,
making  the  determination  of  the  correct  sensitivity
challenging [9].

Although autonomous systems may be simply required
to have a flat frequency response in the frequency range
of interest to within an accepted tolerance (such as a 2 dB
tolerance  in  ISO  FDIS  18406),  calibration  of
hydrophones  and  measuring  systems  would  allow  to
correct  for  their  variations  in  sensitivity  with  better
accuracy. 

If the recorded data are already processed into one-third
octave  bands  before  the  correction  for  hydrophone
sensitivity is  applied, and the hydrophone sensitivity is
not  flat,  care  should  be  taken  since  a  constant  value
across the band cannot be assumed.

A flat system sensitivity within the desired frequency
range requires an adequate sampling rate of the ADC. A
flat response also yields a uniform phase response which
enables  to faithfully represent  the acoustic signal  when
peak-sound  pressure  or  the  waveform  shape  are  to  be
measured.

The effect of the proximity of the recorder body may
influence  the  system  frequency  response,  due  to  a
combination of the direct and reflected waves that causes
interference. This problem is most acute for narrow-band
signals  received  from  a  specific  direction  at  kilohertz
frequencies,  and  less  severe  for  measurements  of
underwater  sound  in  one  third  octave  bands,  where  a
degree  of  frequency  averaging  of  the  sensitivity  will
occur.

 D. Calibration methodologies for autonomous recorders

For  systems  where  the  hydrophone  can  be  detached
from  the  recorder,  the  hydrophone  may  be  calibrated
independently  using  one  of  the  methods  described  in
previous  sections.  However,  in  this  case  the  recorder
system  must  also  be  calibrated  by  electrical  signal
injection and a separate procedure must be developed for
this purpose. The two sensitivities must then be combined
to provide the overall system sensitivity, that may not just
be  the  simple  product  of  the hydrophone  and  recorder
sensitivities due to electrical loading effects. These latter
are  typical  of  certain  types  of  recorder  which  are
compatible with a range of different hydrophone models.

The method of low-frequency pressure calibration in an
air-filled closed chamber has already been demonstrated
to  be  applicable  for  autonomous  recorders  in  the
frequency range from 20 Hz to 315 Hz [8] and has been
selected to be adopted in the project. This method has the
disadvantage  of  only  exposing  the  hydrophone  to  the
acoustic  field,  so  any  effects  from  the  body  of  the
recorder will be unknown and need to be evaluated using
free-field methods.
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Free-field conditions ideally require a medium that is
free of reflecting boundaries, which is very demanding to
be realised in a laboratory tank below the kilohertz range
[10].  The solution adopted by partners  involved in this
project is to use a larger volume of water for calibration
such as a lake or reservoir so that a longer echo-free time
is obtained for the measurements. At NPL, an open-water
facility  is  available  to  support  free-field  recorder
calibration. The facility is  a fully instrumented floating
laboratory situated on a freshwater reservoir with 20 m
depth, allowing free-field measurement down to around
200  Hz.  Similarly,  FOI  have  a  mobile  measurement
facility  on  the  ice  sheet  that  forms  over  the  Hornavan
Lake, Arjeplog, in Lapland, Sweden. The facility offers a
maximum depth of 220 m and is covered by an ice cap of
between 0.8 m and 1.0 m in March. The facility supports
routine  measurements  down  to  50  Hz.  CNR-INSEAN
owns a facility with exclusive access to the Nemi Lake
near  Rome,  a  natural  lake  with  about  1.5  km  mean
diameter and 34 m depth. This site is routinely used for
acoustic  measurements  on marine systems and offers  a
mild climate with little precipitation and wind for most
time  of  the  year,  a  background  noise  below Sea  State
zero,  and  absence  of  any  other  man-made  activity.
Finally,  ISPRA  can  have  access  to  Bracciano  Lake,
another natural lake 30 km north of Rome with about 8
km diameter and 150 m depth, that also exhibits moderate
climate changes and minimal noise level. All these open-
water sites will be used in round-robin experiments to be
performed during year 2018.

In addition to the self-noise of the measuring system
itself,  data measured  using free-field methods in  open-
water sites can also be contaminated by noise originating
from the platform or method of deployment.  The more
common sources of platform and deployment noise that
have  been  identified  are:  flow noise,  cable  strum (low
frequency  vibration  due  to  currents),  mechanical  noise
from debris and mooring cables, water surface heave and
agitation.  To minimise  these  noise  components,  proper
guidelines and draft field reports are being produced for
preparation,  deployment  and  retrieval  of  autonomous
recorders by the involved partners.

In addition, the diffuse field calibration method shall
also be investigated. This method has been demonstrated
in air  by DFM for microphones  [11] and recently  in  a
laboratory  water  tank  by  VNIIFTRI  (Russia)  for  a
receiver  attached  to  a  towed  body  or  recorder  in  one
third-octave band levels [12, 13]. This approach accounts
for  the  measured  sound  wave  that  is  incident  on  the
hydrophone as well as the measured sound that has been
scattered  off  the  recorder  body.  NPL  will  investigate
diffuse field methods in the NPL facilities as part of the
project.
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Abstract – The aim of this paper is to give an overview 

of the various elements that contribute to the 

observation of Sea Surface Temperature in Italian 

Seas. Long term time series are collected since the 19th 

century but are affected by a large systematic errors. 

Despite the lack of accuracy, their contribution to the 

analysis of trends is fundamental into the climate 

change context. On the other hand, recent systematic 

observations are more accurate and continuous in 

space and time. Short term time series better define 

the status of the temperature during the last years in 

term of variability and dynamics. 
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 I. INTRODUCTION 

Sea Surface Temperature (SST) is one of the most 

important physical parameter in marine climatological 

studies. It is a relevant predictor of a number of 

meteorological variables, such as parameters of general 

circulation and windstorm formation, it is fundamental in 

climate modelling, for studying earth heat balance, and to 

detect atmospheric and oceanic circulation patterns and 

anomalies, moreover it is critical in the evaluation of the 

biological component. Quality of long time series is 

variable, several different methods of measuring have 

been used over the years through different instruments 

including ships, buoys, coastal platforms, or 

oceanographic tools. Datasets are often limited in space 

and time, especially at the beginning of the twentieth 

century and during the world wars. In the last decades, 

quality of in situ and remote sensed data has improved 

significantly in parallel with the increase of marine 

observations and a large number of studies have been 

implemented in order to investigate the long term SST 

changes and the effects of spatial variability over the 

marine system. 

Long term time series are extracted from the International 

Comprehensive Ocean–Atmosphere Data Set (ICOADS; 

[1]). It represents the most complete and heterogeneous 

existing collection of surface marine data, based on 

records from ships, buoys and other platform types. It 

includes 2°x2° gridded monthly data (“ICOADS 2 

Degree”) extending from 1800 forward and 1°x1° grid 

data since 1960 (“ICOADS 1 Degree”).  

Since 1900, time series in Mediterranean Sea appear 

almost complete. The observations are heterogeneous 

because over these years the spatial and temporal 

coverage is variable, in some case extremely poor. 

Furthermore different measuring methods have been used, 

each with different characteristics, instrumentations and 

practices. This critical point introduces a bias in long-

term analysis and trend evaluations that could dominate 

the uncertainties [2]. 

The largest systematic errors are found in the firsts 

decades since 1940s, when SST measurements were 

mostly made using buckets or with “not well identified” 

practices [3]. These measurements are taken from ships 

and in some cases SST values could be misallocated and 

misassigned. The following decades present weaker 

issues, in particular when the observed SST is the 

temperature of the engine-room cooling water intake. 

Several works have been implemented in order to 

homogenise data ([4], [5], [6]) and the last releases of 

ICOADS introduce quality control procedures that take 

into account these suggestions [1]. 

The weak points highlighted in “ICOADS 2 Degree” are 

mitigated in “ICOADS 1 Degree”. This dataset starts 

from 1960 up to 2016, when modern techniques of 

observation and an increasing number of fixed and drifted 

platforms improve data coverage and accuracy. So it is 

characterised by complete and almost correct information 

on monthly mean SST. 

The increased spatial resolution allows to describe better 

the complexity of semi-enclosed basins typical of the 

Italian seas, which physical conditions are influenced by 

the orography of the coast. Although this improvement, 

the measurements along the coastal areas are still affected 

by lack of accuracy. 

 
Fig. 1.  SST Time Series from 1800 
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In ISPRA (Italian Institute for the Environmental 

Protection and Research) systematic in-situ SST 

measurements started from the mid-nineties, with the 

upgrading of marine monitoring networks already 

collecting several meteorological and physical parameters 

along the Italian coasts. 

The Italian tide-gauge monitoring network (Rete 

Mareografica Nazionale - RMN, [7]) is composed by 36 

measuring stations mainly located in the harbours. The 

sea temperature is measured through a sensor located at 

1.0m depth. The Italian data buoy network (Rete 

Ondametrica Nazionale - RON, [8]) consists of 15 

instruments in open sea. Buoys are moored 

approximately at the 100m bathymetry and the gauge is 

positioned below the hull (about 1.0m under the sea 

level). 

During the last years, both networks continuously 

collected SST data, measured through a thermistor. 

Different kind of errors related to malfunctioning 

temperature thermistors, interferences on transmission 

and uncalibrated sensors are often difficult to detect from 

isolated stations. Additional information from other 

datasets can help significantly to identify such problems.  

Quality control checks are applied to these data and 

periodic maintenance activity is performed on monitoring 

gauges in order to reduce outliers and gaps. 

The development of satellite and remote systems allows 

to improve the spatial resolution of SST observations. 

However, without reference to in situ measurements most 

satellite-based SST products will contain large-scale 

biases due to varying atmospheric composition and 

imperfect instrumental calibration [2]. 

In the framework of Copernicus program, the CNR MED 

Sea Surface Temperature provides daily gap-free maps 

(L4) at 0.0625 degrees resolution over the Mediterranean 

Sea. The data are obtained from infrared measurements 

collected by satellite radiometers and statistical 

interpolation. The Mediterranean L4 operational products 

have then been validated using in situ SST measurements 

from drifting buoys, covering two years of data (2010–

2011) [9]. This dataset represent the state of art and 

probably it is the best calibrated and validated SST 

dataset available. 

 II. MATERIAL AND METHODS 

 A. Long-term SST series 

The “ICOADS 2 Degree” monthly mean SST dataset 

starts in 1850. However data used in this study start from 

1900 up to present days covering over about 120 years. 

Data are restricted to the Italian Seas (latitude 35°N-46°N, 

longitude 7°E-20°E) and the two principal basins, 

Tyrrhenian and Adriatic, are  analysed separately.  

In the selected period, the dataset counts 2.5% of missing 

values gathered in small gaps during the world wars 

(1917-1918 and 1940-1943).  

Since the well-known limitations of this dataset, only a 

qualitative evaluation of standard thirty-year periods 

(1900-1929; 1930-1959; 1960-1989) in terms of SST 

distribution has been performed. Series of deviation from 

the mean SST in 1960-1989 have been computed and 

compared with the measurement of 2016. 

The temporal trend of the whole SST series has been 

analysed by fitting a local polynomial regression in order 

to evaluate the temperature variability over the years 

respect to the mean level. 

 B. Short-term SST series 

RMN tide gauges SST data involved in the analysis start 

from 2000 up to 2014. Respect to the ICOADS datasets, 

this kind of data could reproduce the local variability of 

SST allowing to describe the dynamic of the parameter 

along the coast. Furthermore, the analysis of the stations 

belonging to the same sea helps to detect typical basin 

regimes over the years. A representation of these time 

series is presented in order to individuate the local and 

general behaviour of the main basins. 

CNR-MED SST data are available from 2008 up to 2016. 

This set of data is very useful to extrapolate spatial and 

temporal dynamics at different scales (local, regional, 

basins, seasonal, annual, etc.). At the moment, these 

series have limited temporal span and it affects a long 

term analysis. However it could represent the target for 

future long term studies. 

The spatial distribution and anomalies of the SST are 

calculated in order to provide climatology and to 

investigate relevant phenomena at different spatial and 

temporal scales. On the other hand, maps of frequencies 

of moving window minimum and maximum SST values 

have been reported. These plots are useful to show areas 

mainly exposed to extreme values. 

 C. Comparison of SST time series 

The comparison of presented long-term and short-term 

spatial SST series is affected by a number of limitations, 

in particular:  

- the different spatial resolutions: all spatial 

datasets have different resolution and the 

extrapolation of in situ data on regular grids and 

vice versa could introduce great bias. 

- the different temporal domain: in particular the 

most informative dataset (CNR MED) is limited 

a few years of measures and this limits a 

comparison with long-term ICOADS datasets  

- the well known limitations of ICOADS 

measurements already described. 

For these reasons, in order to perform a possible 

comparison, only the two datasets “ICOADS 1 Degree” 

and “CNR-MED” have been selected starting from 2008. 

Boxplots of residuals between ICOADS and CNR-MED 

sets have been drawn for the Tyrrhenian and the Adriatic 

Sea to highlight the different temperature distributions in 

the two basins.  

Moreover the linear regression of the residuals versus the 

seasonal variability has been performed. To define the 

seasonal component, three variables have been introduced: 

- Cold season (December, January, February, 

March) 
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- Warm season (June, July, August, September) 

- Mild season (April, May, October, November) 

The estimated coefficients, while statistically significant, 

have been used to correct the time series and trends. 

Clearly, this is a preliminary analysis and it should be 

upgraded with longer time series. 

 III. RESULTS 

 A. Long-term SST series 

Thirty-year period distributions of deviation from the 

monthly mean SST in 1960-1989 have been reported in 

Fig. 2. The differences between the first period (1900-

1929) and the others are relevant, especially from August 

to January when the distance between mode distributions 

is about 1°C. The distance between monthly mean values 

in 2016 and the past years is even more significant. These 

differences are higher in winter (1.4°C from referring 

level) and close to zero in summer. 

SST Trend in Tyrrhenian Sea is shown in Fig. 3. Respect 

to the whole average SST (about 19°C), there is a cooling 

of 0.5°C in 1970-1990, while a warming of 0.9°C during 

the last 10 years. 

 B. Short-term SST series 

Annual means of sea surface temperature in the period 

2001-2014 are computed from RMN observations, and 

reported as difference from the mean SST in 2000. The 

distribution of these values (Fig. 4) for five measurement 

stations (Civitavecchia, Napoli, Palinuro, Palermo, 

Cagliari) shows a large interannual variability, 

emphasised for stations influenced by warm and cold 

circulations coming from the western Mediterranean sea. 

For all gauges, the period 2011-2014 is the warmest, with 

maximum in 2014 (+0.7°C respect to SST in 2000). 

Fig. 5(a) shows the average spatial distribution of SST in 

2008-2015 and Fig. 5(b) the anomaly field in 2016 with 

respect to previous period. The total anomaly is +0.14°C 

with warmest areas around the western Mediterranean sea, 

the Ionian Sea and the Strait of Bonifacio.  

Using a moving window of 1x1 degrees, frequency of 

maximum and minimum are detected and reported in 

Figures 6. Maximum in Fig. 6(a) are mainly concentrated 

in particular areas along the coasts and in the central 

Tyrrhenian and Ionian Sea. Similarly, minimum SST 

values in Fig. 6(b) are located along shore in 

correspondence of the major river mouths, and distributed 

along a passageway between Strait of Messina and Strait 

of Bonifacio. 

 C. Comparison of SST time series 

Despite the bias related to different sources of data, 

ICOADS 1 Degree and CNR-MED datasets present a 

good agreement. 

Annual boxplots of monthly mean SST residuals  (Fig. 7) 

allow to describe different regimes in Adriatic and 

Tyrrhenian Sea. 

 
Fig. 2. Thirty-year periods of monthly means SST 

distribution in Tyrrhenian Sea. Red dots refer to monthly 

means of 2016 (ICOADS 2 Degree dataset) 

 
Fig. 3. Trend in Tyrrhenian Sea (ICOADS 1 Degree 

dataset) 

 

Fig. 4. SST Annual means distributions in Tyrrhenian Sea 

(RMN dataset) 
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(a)  

(b)  

Fig. 5. SST spatial distribution in 2008-2015 (a) and 

anomaly in 2016 (b) (CNR-MED dataset) 

 

While in the Tyrrhenian Sea residuals are more 

homogeneous with medians positive but close to zero, on 

the other hand, in Adriatic Sea the same values are spread 

with positive and higher median than in the Tyrrhenian 

Sea.  

The analysis of the time series suggests the need of 

introduce the seasonal component because the ICOADS 

dataset overestimate colder temperatures and 

underestimate warmer ones. Table 1 reports the 

coefficient estimates of a linear regression where 

residuals are the predictors and seasons are regressors. 

This relation has been used to process the whole time 

series since 1960 in order to calibrate the trend analysis 

already presented in Fig. 3. 

All estimates are highly significant except to the warm 

season in Adriatic Sea and are positive in cold and mild 

seasons while negative in the warm one. In particular in 

the Tyrrhenian Sea, estimate values are lower, confirming 

a good agreement between the two datasets in open seas. 

On the other hand, higher values in Adriatic estimates 

suggest the difficulty in ICOADS dataset to represent the 

variability of SST in semi enclosed basins. 

(a)  

(b)  

Fig. 6. Frequency distribution of moving window 

maximum (a) and minimum (b) of SST (CNR-MED 

dataset) 

It is possible to extend this result to the trends shown in 

Fig. 8. While the correction in Tyrrhenian Sea is minimal, 

in the Adriatic Sea it is more relevant and approximately 

of 0.5°C. 

 

Table 1. Coefficient estimates of linear model between 

residuals (SSTICOADS-SSTCNR-MED) vs seasons. 

Tyrrhenian Sea 

Season Estimate Std. Error Sig. Level 

Cold 0.25824 0.06372 <0.001 

Warm -0.31482 0.06372 <0.001 

Mild 0.17424 0.06372 0.01-0.001 

Adriatic Sea 

Season Estimate Std. Error Sig. Level 

Cold 1.1079 0.1183 <0.001 

Warm -0.2108 0.1183 0.05-0.1 

Mild 0.6997 0.1183 <0.001 
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Fig. 7. Annual boxplots of monthly mean SST residuals 

(ICOADS 1 Degree - CNR-MED datasets) 

 

Fig. 8. Trends from ICOADS 1 Degree (black) and 

calibrated SST time series (red) 

 IV. CONCLUSIONS 

The study is an attempt to use multiple data source, with 

different spatial and temporal resolution, in order to 

describe significant SST regimes in Italian Seas.  

Despite the different characteristics of data involved in 

these analyses and the limits highlighted, the SST series 

present a good agreement.  

As expected, a better agreement is evident in Tyrrhenian 

Sea due to the homogeneous hydrographical conditions 

typical of the open sea basins. On the other hand, the 

performance in the Adriatic Sea reflects the complexity of 

local dynamics in semi-enclosed basins related to the 

orography and the freshwater inputs. 

More work is required to extend results to all Italian seas 

and to confirm evidences. It is fundamental to carry on 

with a rigorous SST monitoring in the following years 

from multiple sources in order to have a better calibration 

of the past decades and to have correct trend estimation. 
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Abstract – The Argo Float programme is a valuable
instrument for monitoring the deep sea at global scale
in space and time. Argo Floats equipped with imaging
devices  are  candidate  to  become  a  new  monitoring
tool  for  studying  macro-  and  mega-  fauna  in  large
areas and for extended periods,  potentially providing
monitoring results never attained before.

 I. INTRODUCTION

The Deep-Sea (>200 m depth) encompasses 95% of the
ocean  volume being  largely  unexplored  and  presenting
important  challenges  for  a  highly  science-based
management of services [1]. Presently, networks of multi-
parametric  cabled  observatories  are  effective  tools  for
acquiring  physical  and  bio-chemical  information  about
the deep sea, for extended periods of time [2]. 
In  such  a  technological  development,  video/image
acquisition devices are shedding new light on ecosystems
exploration and monitoring, disclosing important data on
species  behaviour  and  spatio-temporal  variation  of
richness and evenness  [3]. Nevertheless, the monitoring
action is strictly limited to the seabed and in particular to
the area surrounding the observatory itself, thus limiting
the acquisition of information to small areas of interest.
In contrast, the Argo Float Programme in the last 15 years
collected  almost  1.5  millions  of  water  column profiles
down to 2000m depth all over the World Oceans [4] and
at present more than 3800 floats are monitoring the deep
sea,  as  shown  in  Fig.  1.  Traditionally,  the  Argo  Float
profilers  are  equipped  with  instruments  for  the
measurement  of  physical  quantities  like  temperature,
water  conductibility and salinity.  Recently new devices
have been designed and experimented for the acquisition
of  ecological  data  as  for  example  the  chlorophyll  and
dissolved oxygen [4].
Despite of these new technological  advances,  very few
attempts have been made for equipping the Argo Floats
profilers  with  imaging  devices  capable  of  monitoring
high complexity pelagic ecosystem components such as
the deep macro- and mega- fauna, whose monitoring is
strategic at a global scale being at the core of important
services such as fisheries.
Within  this  context,  the  GUARD1  imaging  device  [5]

was appropriately designed to be installed on board the
Argo  Float  profilers  for  the  image  acquisition  and
recognition of the macro- and mega- fauna populating the
water column [6][7]. Both the hardware and the software
components of the GUARD1 have been tested in several
application  contexts  and  experimented  on  board  an
ARVOR I vertical  profiler  and  installed on the Acqua

Alta oceanographic tower [8], as described below. 

 II. THE GUARD1 IMAGING DEVICE

The  GUARD1  imaging  device,  was  specifically
designed  as  a  stand-alone  system  capable  of
automatically  process  and  recognize  the  content  of
underwater images. It  is equipped with its own lighting
system  and  it  is  capable  to  run  image  processing
algorithms  for  the  automate  recognition  of  fishes  and
macro-  and  mega-  gelatinous  zooplankton  (i.e.  jellies).
The relevant content extracted from the acquired images
is encoded as textual information and stored on board the
system or transmitted through a dedicated communication
device.  A  detailed  description  of  the  hardware  and
software components of the device are presented in  [6]
[7].
A new image acquisition CMOS-based sensor, controlled
by  a  Field  Programmable  Gate  Array  (FPGA),  is
currently under development with the double goal of (i)
sensibly  reducing  the  power  consumption  and  (ii)
incorporating image coarse-filters on board the FPGA, in
order to automatically discard the not relevant images.

Fig. 1: Spatial distribution of the Argo Floats vertical 
profilers.
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A PICO 96063 SBD Iridium transceiver is under test for
transmitting  the  textual  encoding  of  fishes  and  jellies
abundance  time  series,  extracted  by  the  recognition
algorithms. In order to allow the data communication, the
GUARD1  was  equipped  with  an  iridium  antenna
appropriately  reinforced  with  resin  for  resisting  to  the
deep-sea high pressure and with a specifically designed
wet/dry sensor for triggering the communication from the
sea surface.
Beside  the  textual  information,  the  GUARD1 can  also
transmit the acquired images, if appropriately resized and
downgraded. For example, Fig. 2 shows two examples of
gray level images scaled to 200 x 150 pixels and encoded
through the JPEG protocol with quality 10. Fig. 2a) has a
size of 610 Bytes, while Fig. 2b) has a size of 789 Bytes.
These images need 3 and 4 SBD messages respectively
(240 Bytes each) in order to be transmitted.

 III. THE GUARD1 EXPERIMENTED ON BOARD AN
ARGO FLOAT

In  the  performed  experiment,  the  GUARD1  was

configured  only  for  acquiring  images,  without  the
execution  of  the  recognition  algorithms  and  without
performing any communication of data.
The vertical profiler used was an ARVOR-I configured to
reach a depth of 300 m. The experiment was performed in
2014,  south  of  Sardinia  and  lasted  for  about  3  days,
where 3 cycles  of 24 hours each were executed by the
Float. The GUARD1 was housed into a glass sphere and
installed on the Argo Float through specifically designed
clamps as shown in  Fig. 3. 
A total of 4020 images were acquired (one image every 2
min.) and although the majority of them do not contained
any relevant subject, five of them contained specimens of
jellies.  Moreover,  three  images  acquired  from  the  sea
surface contained plastic debris.

 IV. AUTOMATED IMAGE RECOGNITION

Several  experiments  were  performed  for  assessing  the
recognition performance of the algorithms developed for
the  GUARD1  imaging  device  as  discussed  in  [7].
Recently,  an  experiment  for  testing  the  acquisition  of
images  along  the  water  column  and  for  testing  the
performance  of  the  image  recognition  algorithms  were
performed at the AcquaAlta oceanographic tower in the
gulf of Venice [8].
In  these  test,  images  were  acquired  every  10  minutes
from February 1st to May 20th. 2017 and the automated
recognition  was  focused  both  on  fish  and  ctenophora
detection and counting.
The supervised machine learning approach based on the
Genetic  Programming  presented  in  [7]  was  used  for
training  a  binary  classifier  that  returns  1  if  the  input
region of the analysed image contains a relevant subject
(i.e. fishes or ctenophora), 0 otherwise. 
Both  the  training,  validation  and  testing  phases  were
performed  in  the  laboratory  and  not  on  board  of  the
imaging device.

 A. Automated Fish recognition

During  the  acquisition  period,  12331  image  were
acquired by the imaging device. The 10% of these images
(i.e.  1233  images),  were  randomly  sampled  from  the
whole datset for defining the training and the validation
set  used  for  learning  the  automated  fish  recognition
algorithm.
The validation performance of the image classifier were
estimated  by  computing  the  average  and  standard
deviation of Accuracy: ACC = (TP +TN) / ( TP +FN +FP
+TN ), the True Positive Rate TPR = TP / (TP +FN) and
False Positive Rate FPR = FP / (FP +TN),  where TP, FP
and TN represent True Positive, False Positive and 

Fig. 2: Two examples of images ready to be transmitted 
through the SBD Iridium protocol.

Fig. 3: The GUARD1 Imaging device on board the 
ARVOR I profiler.
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True Negative recognitions respectively (Table 1).

Table1. Mean and standard deviations (SD) of of the
validation performance indicators. ACC=accuracy; TPR=

true positive rate; FPR= false positive rate.

Mean SD

ACC 0.94 0.04

TPR 0.95 0.05

FPR 0.07 0.05

The images not involved into the training and validation
phase (i.e. 11097 images) were used for testing the learnt
automated fish classifier.
Some examples  of  automated  fish recognition obtained
during the test phase are shown in Fig. 5, where the red
boxes contain the detected relevant subjects.

The  recognition  algorithm  was  then  used  for  the
automated  extraction  of  the  daily  fish  abundance  time
series in the reference period, as shown in Fig. 4.

 B. Automated Ctenophora recognition

Tests  was also performed for  assessing the  recognition
performance for the ctenophora specimens. The body of
these organisms is very transparent and can be correctly
detected only if the water turbidity is very low. For this
reason the experiment was restricted only to the images
acquired in the month of February 2017. These images
were  used  for  training,  validation  and  testing  of  the
automated classifier. 
Within this period 2688 images were acquired, and after
the  visual  inspection,  145  ctenophora  specimens  were
counted.  The  visual  inspection  of  the  images  was
performed through the use of an image enhancement tool
specifically  developed  for  incrementing  the  contrast  of
the ctenophora  specimens.  The  Fig.  6 shows an image
containing  a  ctenophore  (left)  and  the  corresponding
enhanced image (right). 

Fig. 5: Some examples of automated fish recognition

Fig. 4: Daily fish abundance time series automatically extracted from the automated recognition algorithm.

Fig. 6: Example of an image of a ctenophore (left) and 
the corresponding enhanced image (right).
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The 50% of the images acquired in the reference period
was  used  for  the  training  and  validation  phase,  the
remaining  images  was  used  for  testing  the  automated
learnt ctenophora classifier. Analogously to the automated
fish recognition assessment,  the validation performance
are shown in Table 2.

Table2. Mean and standard deviations (SD) of the
validation performance indicators for the automated

ctenophora classifier. ACC=accuracy; TPR= true positive
rate; FPR= false positive rate.

Mean SD

ACC 0.90 0.06

TPR 0.81 0.2

FPR 0.08 0.07

Also in this case,  the automated classifier was used for
extracting  the  daily  abundance  time  series  of  the
ctenopora from the images not used in the training and
validation phase, as shown in Fig. 7. 
Coherently with the low TPR (and high SD) shown in
Table 2,  Fig.  7 shows that  several  specimens  were  not
detected, probably due to their small size and to the very
transparent body.

 V. CONCLUSIONS

As human impacts and global climate change accelerates,
one of the most urgent tasks for the coming decades is the
development  of  technologies  for  continuously  tracking
and accurately predicting biological responses, in order to
provide  solid  guidelines  for  management  and

conservation. In this context, measuring the deep pelagic
biodiversity  at  different  scales  in  time and  space  is  of
strategic  importance  for  the  management  and
conservation of important services. These goals can also
be  achieved  by  coupling  the  global  monitoring
capabilities  of  the  Argo  programme  together  with  the
technological advances provided by the Computer Vision
and  the  Pattern  Recognition  communities,  as  proposed
through the use of imaging devices like the GUARD1. In
this case an array of Argo Floats insisting on a specific
basin, like for the examples discussed in  [9][10], would
allow  for  the  study  of  large  areas  and  for  extended
periods,  potentially  providing  monitoring  results  never
attained before.
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 I. ABSTRACT 

The paper presents the recent and ongoing activities of 

the Italian Center named ISME on the use of Autonomous 

Surface Crafts (ASCs) and Autonomous Underwater 

Vehicles (AUVs) for geoseismic survey. In particular, the 

paper will focus on the technologies and the algorithms 

developed in the framework of the H2020 European 

Project WiMUST. 

 II. INTRODUCTION TO THE WIMUST PROJECT 

The Interuniversity Center on Integrated Systems for 

the Marine Environment (ISME) is an Italian Institution 

that involves a set of Universities (ISME-Nodes) that 

actively work in the field of marine robotics and acoustic 

systems. Among the set of activities, ISME has been 

recently involved in different research projects were 

ASVs and/or AUVs have been used to acquire data for 

oceanographic missions as geoseismic survey or adaptive 

sampling. 

Concerning the geoseismic survey, ISME is 

coordinating the ongoing H2020 Research and Innovation 

Action funded by the European Commission (Work 

Programme 2014 - 2015, LEIT- ICT, 5. Leadership in 

enabling and industrial technologies - Information and 

Communication Technologies) named Widely scalable 

Mobile Underwater Sonar Technology (WiMUST); in 

particular, prof. Giovanni Indiveri from ISME node 

Lecce is the coordinator of the project.  

The project is a 36 months Research and Innovation 

Action (RIA) having as main objective to design and the 

test of a system of cooperating Autonomous Underwater 

Vehicles (AUVs) for geotechnical surveying operations, 

see [1-3]. To this aim, the WiMUST action involves four 

Academic Partners (ISME, IST, CINTAL, UH) and 5 

Industrial Partners (Graaltech, EvoLogics, CGG, Geo 

Marine, Geosurveys). In particular, the main goal of the 

project is to develop robotic technologies exploiting 

Autonomous Underwater Vehicles for geotechnical 

surveying and geophysical exploration by mean of 

seismic acoustic surveys. http://www.wimust.eu/ 

Seismic acoustic surveys at sea are methods for the 

exploration of the sea bottom and sea subsurface for 

applications that span from the geophysical domain (e.g. 

oil&gas) to the geotechnical domain (e.g. civil and 

commercial applications, underwater constructions). The 

survey is traditionally performed using a surface vessel 

carrying one or two powerful acoustic sources, named 

sparkers, and towing a set of surface streamers equipped 

with several hydrophones to record acoustic signals. The 

sparkers generate seismic waves by intermittently 

releasing electric pulses that produce low frequency 

sound waves. Such waves travel towards the sea floor and 

are reflected back to the streamer hydrophones. The 

speed with which waves return to the surface, registered 

with the hydrophones, provides valuable information 

about the properties of the Earths subsurface. 

 

 

Fig. 1 Sketch of the WiMUST system. 

The WiMUST project aims at expanding and improving 

the functionalities of current cooperative marine robotic 

systems by effectively enabling distributed acoustic array 

technologies for seismic surveying. Indeed, the WiMUST 

system is composed of two ASVs carrying a sparker each, 

and by a small fleet of AUVs towing streamers equipped 

with hydrophones to acquire sub-bottom profiling 

acoustic data. The AUVs towing the streamers can be 

envisioned as an acoustic array that, by mean of  the 

autonomous and coordinated motion among ASVs and 
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AUVs, can have an adaptive variable geometry. Indeed, 

by actively controlling the geometry of the robot 

formation, it becomes possible to change the shape of the 

acoustic array antenna, according to the needs of the 

considered application.  

The resulting operational flexibility holds potential 

advantages, as it allows improving the seabed and sub-

bottom resolution and obtaining sidelobe rejection at 

almost any frequency and for any plane. The availability 

of the proposed system, other than improving the quality 

of the acquired data, also greatly facilitates the operations 

at sea, thanks to the lack of physical ties between a 

surface ship and the acquisition equipment. On the other 

side, the loss of the towing system introduces high 

complexity due to the needs of ad-hoc cooperative 

navigation and control architecture for the team of ASVs 

and AUVs, as well as the establishment of an acoustic 

communication network. Moreover, the hydrophones’ 

positions, needed for acoustic data processing, can not be 

easily computed as in the case of surface surveys since 

the AUVs while diving can not rely on GPS.  

 III. ISME ACTIVITIES IN THE WIMUST PROJECT  

The project is actually at the third year, where most of 

the hardware and software components have been 

developed, and where the focus of the project is on the 

system integration. Among the overall activities of the 

WiMUST project, the contributions of ISME (nodes of 

Lecce, Genova, Pisa and Cassino) can be identified in the 

following activities. 

 A. DEVELOPMENT OF AN AUTONOMOUS 

CATAMARAN 

The ISME Genova node has designed and realized the 

ULISSE platform, i.e. the second generation of 

autonomous surface vehicles, following a previous design 

created for a private company in 2015. ULISSE is a 3 m 

long and 1.8 m wide catamaran, built in fiberglass (see. 

Fig.1). Two carbon fiber bars keep the two hulls together. 

The catamaran is propelled by two commercial electric 

motors, of 2 kW electrical power and about 50% 

propulsive efficiency. The catamaran has been designed 

capable to transport payloads up to 200 kg. 

Both hulls have a dedicated compartment, accessible 

through a waterproof hatch, which hosts the necessary 

electronics for control, as well as the batteries. The rest of 

the hull space is used by a pump system that controls two 

ballast tanks, which can be used to regulate the pitch of 

the vehicle and its draft depending on the payload 

mounted on it. 

The vehicle has been designed with the possibility of 

maximum reconfigurability. In fact, along both hulls 

there is an aluminum Bosch Rexroth profile, which can 

be used to fix custom decks hosting the necessary 

payload for the mission at hand. 

In the stern side of the vehicle, two connector boxes 

allow to turn on and off the system and recharge the 

batteries. Furthermore, an additional power connector is 

available to power up payloads, with around 600 W 

available. Fig. 2 shows the vehicle “naked”, without any 

payload or decks mounted. 

 
Communication with the base station goes through a 

standard 5 GHz communication system, which proved 

sufficient for the distances that were so far tested (around 

300 m). The first engineering tests have shown that the 

vehicle was capable of a speed of around 4 m/s (about 8 

knots) when the propeller were commanded at about 

75%. It is therefore estimated that the maximum 

achievable speed is around 10 knots. Furthermore, the 

two motors allow for a differential control of the 

catamaran and thus the vessel can turn on the spot. The 

maximum rotational speed on the spot is around 25 deg/s.  

 
Fig. 3. ULISSE during WiMUST deployment. The 

acoustic sparker can be seen in the middle part. The two 

acoustic modem transducers can be seen near the bow. 

In the WiMUST project, ULISSE was tasked with 

carrying one of the two acoustic sparkers. The sparker 

itself has been mounted with a clamp system, exploiting 

the two carbon fiber bars, in the middle part of the 

vehicle, in such a way to be at least 30 cm below the 

water level. The sparker can be seen in Fig. 3. The 

sparker is powered by a power supply, that charges high-

voltage capacitors (4 kV) necessary to create the spark. 

The power supply has been mounted in a dedicated deck 

 
Fig. 2. ULISSE with no payload mounted. 
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just under the roll bar hosting the antennas, in the stern 

side, as can be seen in Fig. 4.  

 

   

Fig. 4 Ulisse ISME Autonomous Catamaran.  

The power supply is in turn powered by two 

motogenerators, which have been fixed in a second deck 

in the bow side of ULISSE. This second deck also hosts a 

movable pole that is lowered manually to deploy the 

acoustic modems transducers. Still in Fig. 3., the two 

modems transducers can be seen near the vehicle’s bow. 

The bow deck also hosts an additional waterproof case, 

which contains the modem electronics and an Ethernet 

switch, which connects the two modems and the sparker 

triggering electronics to the onboard network and to the 

outgoing 5 GHz connection. 

The catamaran is capable of autonomously navigating on 

the base of information from onboard sensors, as GPS, 

IMU, compass, and of the information exchanged with 

other network nodes (using wi-fi for surface nodes and 

acoustic modems for communication with underwater 

nodes). 

 B. SYSTEM INTEGRATION AND MOTION 

CONTROL ALGORITHMS FOR CATAMARAN 

AND FOLAGA AUVS 

ISME is responsible for the overall system integration of 

the WiMUST project, that involves software and 

hardware integration of the different components of the 

system, i.e. the different type of autonomous vehicles 

(Delfim Catamaran from IST, ULISSE catamaran from 

ISME, 4 Medusa AUVs from IST, 4 Folaga AUVs from 

ISME and Graaltech), the acoustic communication 

devices, the streamers with hydrophones and the sparkers. 

Thus, the system integration deals with issues as: 

mechatronic integration of the sensing payloads and the 

communication devices on board the AUVs; software 

integration of the modules concerning group navigation 

and coordination; software integration of communication 

protocols and strategies to manage two acoustic 

communication networks (medium frequency for acoustic 

localization and high frequency for seismic data quality 

control), and a wi-fi network for the communication on 

the sea surface; hardware and software integration of the 

sparkers with the ASV catamarans. The overall system 

will be validated through experimental tests at sea (two 

integration weeks have been already performed in Sines, 

Portugal in November 2016 and July 2017). For the final 

experiments, the autonomous vehicles constituting the 

WiMUST system will need to perform cooperative 

guidance, navigation-localization and control by 

implementing the solutions and methods derived in the 

action. In particular, the WiMUST vehicles will need to 

exhibit a sufficient degree of autonomy and intelligence 

in controlling the required formation while concurrently 

performing operational tasks related to the level of 

individual power supply, intra-vehicle distance, and 

quality of service of vehicle-to-vehicle communication. 

To manage the fleet of AUVs and ASVs composing the 

WiMUST system, a range based localization strategy and 

a formation control algorithm have been developed by the 

colleagues from IST to make the system navigate in 

preassigned formation (see Fig. 5).  

 

 

Fig. 5 Computer animation of a WiMUST mission towing 

streamers. 

In this context, ISME activities has been focused on the 

development of low level motion control strategies for 

the ULISSE catamaran and  for the Folaga AUVs towing 

streamers (see Fig.6). In particular, the Folaga are 

torpedo-like AUVs that, for the WiMUST purposes, have 

been equipped with a central payload to tow a streamer of 

hydrophones of a length of about 10 meters and to get 

online the acoustic data acquired with the hydrophones. 

 

 

Fig. 6 Folaga AUVs towing streamers with hydrophones 

The motion control software of both the ULISSE 

catamaran and the Folaga AUVs have been enhanced 

with a control mode, in the framework of the ROS-based 
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(Robotic Operative System), that regulates the speed of 

advancement in a particular direction, taking into account 

the value of the current, which is estimated with the 

observer proposed in [4]. 

 C. AUV-STREAMER LOCALIZATION 

ALGORITHMS  

In the WiMUST scenario, the geoseismic acoustic survey 

is performed having a (manned or autonomous) surface 

vessel carrying a source of acoustic signals, named 

sparker, and a team of AUVs towing a streamer each. The 

speed with which the waves generated from the sparker 

reach the sea subsurface and return to the hydrophones 

provides valuable information about the properties of the 

Earths subsurface. For a proper post-processing of the 

acoustic data, there is the need to know the hydrophones’ 

positioning; however, the absence of a localization 

infrastructure requires the development of a strategy to 

estimate the hydrophones’ positioning from the available 

set of information.  

 

Fig. 7 Sketch of the localization problem 

To the purpose, the ISME Cassino developed a 

localization strategy for the AUV-streamer system that, 

beyond using the data from navigation sensor of the 

AUV, as gyroscope, compass, Inertial Measurement Unit, 

USBL (as in [5]), it also makes use of information 

gathered from acoustic signals generated for the 

geoseismic survey. Indeed, considering that the sparkers 

and AUVs can be equipped with acoustic modems with 

atomic clocks that allow precise synchronization, it is 

possible to use the direct time of arrival of the acoustic 

signals from the sparker to the hydrophones to compute 

range measurements. In particular, in the proposed 

localization strategy, range measurements from sparker to 

each hydrophone (see Fig. 7) are collected and fused with 

AUV on board navigation sensors to estimate the overall 

system state using an Extended Kalman Filter.  

To the purpose, the dynamic model of the AUV-streamer 

system (see Fig. 8) has been firstly derived considering 

the AUV as a fully-actuated rigid body, and the streamer 

as a serial chain of rigid links with a spherical unacutated 

joints in correspondence of each hydrophone as [6].  

 

Fig. 8 Picture of Medusa AUVs towing a streamer with 

hydrophones 

 

 

 

Fig. 9 Modeling of AUV-streamer system 

The underwater dynamics of each rigid body has been 

modelled following the approach in [7]. In particular, the 

parameters of the dynamic model of the AUV have been 

defined on the basis of the Folaga Vehicles 

characteristics, i.e. a 2m-length torpedo shaped AUV, 

used for the WiMUST project purposes; the streamer, 

instead, has been modeled as a set of almost neutrally 

buoyant thin cylindrical elements connected via 

unactuated spherical joints. Hydrodynamic terms and 

drag coefficients have been chosen accordingly to the 

effective geometry of the system, and on the basis of the 

common velocity regimes of the WiMUST system (i.e. 

cruise velocity about 1 m/s). Given the large dimension 

of the overall system state, the direct and inverse dynamic 

functions, needed for both numerical simulations of the 

system dynamics and for the computation of the 

prediction terms of the EKF, have been developed 

referring to the Newton-Euler recursive procedure used 

for industrial manipulators [8]. The overall localization 

has been extensively tested in numerical simulations in 

Matlab environment, considering the case of single and 

multiple sparkers, and considering the AUV equipped 

with different set of navigation sensors. Moreover, the 

localization algorithm has been tested using data gathered 

from the experimental tests performed in Sines, Portugal 

(Nov. 2016) for the WiMUST project purposes. A 

preliminary study on the feasibility of the localization 

strategy of the AUV-streamer system considering the 

availability of range measurement from the sparker has 

been investigated in [9]; however, that study was based 

on the use of an instantaneous set of sensor data, thus 

assuming the systems static. We then extend such work 

by considering the system dynamic [10] and then 
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building the equation of the AUV-streamer dynamic 

model, by deriving the EKF equations for the considered 

system, by performing numerical validations on 

trajectories and not anymore on instantaneous 

configurations, and by integrating data from experimental 

tests in the numerical validation. 

The acoustic signals collected with the hydrophones were 

stored in the format of SEG-Y files, i.e. the standard 

format for storing geophysical data. Specifically, the 

SEG-Y file contains a set of traces for each hydrophone, 

where a trace represents the progress of the acoustic 

signal in a time slot of predefined length and time 

synchronized with the acoustic source. By post 

processing the SEG-Y file, beyond studying the sea 

subsurface from the signal reflections, it is also possible 

to extract the range measurement from the sparker to 

hydrophones by computing the direct time of arrival of 

the acoustic signal (i.e. the time to reach the hydrophone 

without reflection on the sea bottom). Fig. 10 show an 

example of the range data extracted from the SEG-Y file 

and filtered out of a set of outliers following a threshold 

base approach. 

 

 

Fig. 10 Range measurements from the sparker to the 

hydrophones collected from geoseismic acoustic data 

Such data have been used in the following case study, 

together with the AUV’s GPS measurements, to perform 

a realistic simulations of the localization approach 

performance. The GPS readings of the experiment with 

the AUV have been used as desired trajectory for a 

simulated AUV, where a basic PI controller has been used 

as a low-level dynamic control law.  

Fig. 11 shows the actual and the estimated position of the 

AUV and of the hydrophones while the AUV followed 

the desired path and the range measurements from the 

sparker were used. The norm of the positioning 

estimation error for each hydrophone is plotted in Fig.12. 

From the figure it can be noticed that, as can be expected, 

the estimation error decreases from the large initial error 

value, it keeps relatively low values with oscillations due 

to the process and measurement noise, and it keeps 

highest values for the farthest hydrophone from the AUV. 

 

Fig. 11 Plot of the desired trajectory (red), and few 

snapshots showing the AUV and hydrophones real and 

estimated positions 

 

 

 Fig. 12 Plot of the desired trajectory (red), and few 

snapshots showing the AUV and hydrophones real and 

estimated positions 

 IV. CONCLUSIONS 

In this paper we presented the advancement stage of the 

advancement stage of the the H2020 European Project 

WiMUST, with a specific focus on the contribution of the 

Italian Center on Integrated Systems for the Marine 

Environment. In particular we focused on the use of 

Autonomous Surface Vessels and Autonomous 

Underwater Vehicles for geoseismic survey. It is expected 

that the use of the WiMUST system will be beneficial in a 

vast number of applications in the fields of civil 

engineering and oil & gas industry, where seabed 

mapping, sea floor characterization, and seismic 

exploration play a key role. 

It is worth remarking that, beyond the geoseimic survey 

application discussed in the framework of the WiMUST 

project, ISME is also involved in other research activities 

concerning sampling missions by mean of AUVs and 

ASVs. As an example, ISME was involved in the FP7 

European project named CO
3
AUVs, it is actually 

performing research on adaptive sampling [11] and it will 

be involved in a project with CMU Doha starting in 2018 
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on the use of team of marine surface vessels and aerial 

vehicles for monitoring in marine environment. 

 

 V. ACKNOWLEDGEMENT  

This work has received funding from the European 

Union’s Horizon 2020 research and innovation 

programme under the grant agreement No. 645141 

(WiMUST project). 

REFERENCES 

[1]  Al-Khatib, H., Antonelli, G., Caffaz, A., Caiti, A., 

Casalino, G., de Jong, I.B., Duarte, H., Indiveri, G., 

Jesus, S., Kebkal, K., Pascoal, A., and Polani, D. 

(2015b). “Navigation, guidance and control of 

underwater vehicles within the widely scalable 

mobile underwater sonar technology project: an 

overview”. In 4th IFAC Workshop on Navigation, 

Guidance and Control of Underwater Vehicles 

NGCUV 2015 Dedicated to the memory of 

Professor Geoff. Roberts, volume 48, 189-193 

[2] Al-Khatib, H., Antonelli, G., Caffaz, A., Caiti, A., 

Casalino, G., de Jong, I.B., Duarte, H., Indiveri, G., 

Jesus, S., Kebkal, K., Pascoal, A., and Polani, D. 

(2015a). “The widely scalable mobile underwater 

sonar technology (WiMUST) project: an overview.” 

In Proceedings of MTS/IEEE Oceans '15, 1-5. 

Genova, Italy. 

[3] Antonelli, G., Arrichiello, F., Caffaz, A., Caiti, A., 

Casalino, G., Volpi, N.C., de Jong, I.B., De Palma, 

D., Duarte, H., Gomes, J.P., Grimsdale, J., Indiveri, 

G., Jesus, S., Kebkal, K., Kelholt, E., Pascoal, A., 

Polani, D., Pollini, L., Simetti, E., and Turetta, A.. 

“Widely scalable mobile underwater sonar 

technology: an overview of the H2020 WiMUST 

project.” Marine Technology Society Journal 

(Research Initiatives in Europe: Cooperation for 

Blue Growth), 50(4). Guest Editors: Andrea Caiti, 

Giuseppe Casalino and Andrea Trucco., vol. 50,n.4, 

pp. 42--53, 2016 

[4] Aicardi, M., Casalino, G., Indiveri, G., Aguiar, A., 

Encarnaçao, P., & Pascoal, A. (2001, June). A planar 

path following controller for underactuated marine 

vehicles. In Ninth IEEE Mediterranean Conference 

on Control and Automation, Dubrovnik, Croatia. 

[5] F. Arrichiello, H. K. Heidarsson, and G. S. 

Sukhatme, “Opportunistic localization of underwater 

robots using drifters and boats,” in 2012 IEEE 

International Conference on Robotics and 

Automation, May 2012, pp. 5307–5314 . 

[6] J. E. Cochran, M. Innocenti, T. S. No, and A. 

Thukral, “Dynamics and control of maneuverable 

towed flight vehicles,” Journal of Guidance, Control, 

and Dynamics, vol. 15, no. 5, pp. 1245–1252, Sep 

1992. 

[7] T. Fossen, Marine Control Systems: Guidance, 

Navigation and Control of Ships, Rigs and 

Underwater Vehicles. Trondheim, Norway: Marine 

Cybernetics, 2002 

[8] B. Siciliano, L. Sciavicco, L. Villani, and G. Oriolo, 

Robotics: Modelling,Planning and Control. Springer, 

2009. 

[9] F. Arrichiello, G. Antonelli, and E. Kelholt, “Shape 

estimate of a streamer of hydrophones towed by an 

autonomous underwater vehicle,” IFAC-

PapersOnLine, vol. 49, no. 23, pp. 181 – 186, 2016. 

[10] F. Arrichiello, S. Sarkar, S. Chiaverini, and G. 

Antonelli, “Dynamic modelling of a streamer of 

hydrophones towed with an autonomous underwater 

vehicle,” in acceted for publication in Modelling and 

Simulation for Autonomous Systems, 2017. 

[11]  Caiti, A and Casalino, G and Simetti, E., “A task-

priority based control approach to distributed data-

driven ocean sampling,” OCEANS 2016 MTS/IEEE 

Monterey, 1-7, 2016 

 

49



IMEKO International Conference on 
Metrology for The Sea 

Naples, Italy, October 11-13, 2017 

 

Real-Time microbial concentrations by automated 

on-line flow cytometry for marine coastal 

monitoring 

Casotti Raffaella
1
,  Balestra Cecilia

1
, Van Dijk Mark

1
, Passarelli Augusto

1
, Sigrist Jürg

2
, Hammes 

Frederik
2
 
 

1 
Stazione Zoologica Anton Dohrn, Villa Comunale, raffaella.casotti@szn.it, 

cecilia.balestra@szn.it, mark.vandijk@szn.it, augusto.passarelli@szn.it
 

2 
Department of Environmental Microbiology, Eawag – Swiss Federal Institute for Aquatic Science 

and Technology, Dübendorf, Switzerland, frederik.hammes@eawag.ch 

 
Abstract –Marine microbes are ubiquitous and play a 

fundamental role in shaping the oceans as we know 

them, through key processes such as photosynthesis 

and biogeochemical cycles. Their monitoring requires 

sampling at the correct time and space, since they 

show high turnover rates and patchy distributions. We 

have used two on-line flow cytometry systems to 

monitor marine microbes in the coastal area of the 

Gulf of Naples, as a proof-of-concept that this 

technology can represent a useful tool for real-time 

alert systems of water biological quality. Bacterial and 

picophytoplankton concentrations are proposed as 

general indicators of water quality, the first step 

necessary to assess the effects of changes in 

environmental conditions, to be followed by in-depth 

analyses of community composition for presence of 

pathogens or other indicators. During the survey we 

could detect hotspots of high bacterial concentrations 

located in areas of discharges of untreated urban 

wastes or subject to riverine inputs. In general, 

bacterial abundances were inversely correlated to 

salinity, suggesting that they use organic matter of 

terrestrial origin for their growth. The technological 

approach used represents a useful and fast method to 

monitor coastal areas also in the context of the 

European Directive 2008/56/EC, aimed at assessing 

and improving European marine waters quality. 

 

 I. INTRODUCTION 

Marine microbes are highly dynamic and react very fast 

to variations in ecosystem properties so as to acute 

pollution events 
[1]

. In order to catch these reactions and 

to establish their causes, high-frequency accurate 

measurements are needed. Most methods used to monitor 

marine microbes suffer from low reproducibility, long 

times for responses and high demand for labor. Flow 

cytometry offers a solution to these constraints, allowing 

fast, accurate and reproducible counts of marine 

microbes, and in fact, it has been widely used in marine 

ecology studies 
[2]

. Flow cytometry is an ataxonomic, 

single-cell-based method using scatter and fluorescence 

to discriminate and count cell types. While 

photosynthetic microbes can be analyzed directly due to 

autofluorescence of photosynthetic pigments, non-

autofluorescing microbes (such as heterotrophic bacteria) 

need to be stained before analysis. The staining step 

requires sample manipulation and incubation times that 

are needed for a proper assessment of cell concentrations 
[3]

.  

In environmental sciences, automated flow cytometry 

has been used for autofluorescent microbes 
[4, 5]

 and for 

heterotrophic bacteria after staining 
[6]

. We have 

combined these two approaches by using the CytoSense 

(Cytobuoy bv) for the online analysis of phototrophic 

microbes and the onCyt automated flow cytometer 

(onCyt Microbiology AG) as described in 
[7]

, connected 

to the on-board pump of an oceanographic vessel while 

sailing, demonstrating that high spatial resolution 

monitoring of microbes distribution at surface is feasible 

and provides useful first-hand information that can be 

used as a rapid and real-time indication of water quality. 

  

II. MATERIALS AND METHODS 

Sampling was realized on June 19th, 2017 on board the 

RV Vettoria. The surface water was pumped by the boat 

pump through an online thermosalinographer (SBE45 

Microthermosalinograph, SeaBird Electronics) to 

measure temperature and salinity and an online 

fluorometer for total fluorescence (Cyclops7, Turner 

Design interfaced with a databank). Then the water ran 

through a sampling device (Cytobuoy bv), splitting the 

flow through the CytoSense flow cytometer (Cytobuoy 

bv) and the onCyt on-line flow cytometer 
[7]

 in sequence. 

The CytoSense was set to analyse samples every 2 min, 

while the onCyt could analyse samples every 13 minutes 

(due to the staining time), corresponding to a sample 
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every 1 km, approximately and depending on the boat 

speed. Discrete samples for conventional flow cytometry 

were taken every 10 minutes at surface so to validate the 

onCyt counts using conventional flow cytometry. These 

samples were fixed, frozen and analyzed later in the lab 

after staining with SYBRGreen, as described in 
[8]

. From 

the CytoSense, counts of Synechochoccus sp 

(cyanobacteria), picoeukaryotes (mixed population of 

size 1-3 microns), naneukaryotes (size 2- 10 microns) 

were obtained, while the onCyt provided concentrations 

of non-fluorescent, mainly heterotrophic, bacteria.  

 II. RESULTS AND DISCUSSION 

While for autotrophic picoplankton (Synechococcus spp. 

cyanobacteria and picoeukaryotes) a comparison with 

conventional flow cytometry has been shown already 

(
[4,5]

), for the heterotrophic bacteria the onCyt system has 

been used in freshwater systems, therefore its use in 

marine waters still had to be tested. For this reason, we 

have adapted our staining protocol (as in 
[8]

) to 

accommodate the needs of the onCyt, in terms of 

incubation temperature and time. In order to achieve 

proper measurements, the samples were added a mix of 

paraformaldehyde and glutaraldehyde (1% and 0.05% 

final concentrations) before staining in presence of EDTA 

50 mM. Cell counts obtained with the CytoSense and the 

onCyt were significantly and strongly positively 

correlated with counts obtained by conventional flow 

cytometry as shown in Fig. 1. For the bacteria, this holds 

true both for counts and for subpopulations (High Nucleic 

Acid, HNA and Low Nucleic Acid, LNA, Fig.1 c and d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Validation of data obtained by CytoSense, onCyt and 

conventional flow cytometry (Verse). a) correlation of cyanobacterium 

Synechococcus counts b) correlation of total heterotrophic bacteria 
counts c) cytogram of heterotrophic bacteria obtained by the onCyt d) 

cytogram of heterotrophic bacteria obtained by the Verse. 

 

Once on board, the two flow cytometers were connected 

to the sampling line of the boat, after the 

thermosalinographer. The seawater was then split into 

two lines, one to the CytoSense, the other to the onCyt. 

Both instruments acquired the samples at the same time. 

Fig. 2 shows the track of the boat and the values of 

temperature, salinity and fluorescence collected during 

the cruise. Two areas with low salinity were evident, one 

close to the harbor (Torre Annunziata) and the other in 

the area influenced by the Sarno river (Sarno). The first is 

located in correspondence of a broken collector of urban 

wastes, one mile from the coast. The second is in 

correspondence of the Sarno river, who crosses several 

agricultural and urban areas before discharging in the 

Gulf of Naples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

Fig.2 a) temperature, b) fluorescence from chlorophyll, c) boat track, d) 
salinity. The arrows indicate the site with lower salinity, Torre 

Annunziata (above) and Sarno (below) 

 

Total bacterial concentrations showed peaks in 

correspondence of these two areas, the first (Torre 

Annunciata) with the highest concentration of 1.5 x 10
6
 

cell ml
-1

, the second (Sarno) with 1.4 x 10
6
 cell ml

-1
 (Fig. 

3). While the HNA were dominant in Torre Annunziata, 

both HNA and LNA were present at Sarno site (not 

shown), indicating a shift in community composition 

along the sampled track. HNA and LNA in fact, are now 

recognized as belonging to different bacterial clusters, 

eventually representing the same larger clades but with 

different taxonomical units (
[9]

), and not, as previously 

thought as more (HNA) or less (LNA) active bacteria 
[9]

. 

 

 
 
Fig.3 Sample track (on the left) and total heterotrophic bacteria 
concentrations (right) in cells x ml-1 
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Samples taken at the Sarno site have shown presence of 

E. coli, indicator of recent faecal contamination, but not 

at the Torre Annunziata site (Milva Pepi, pers. Comm.), 

indicating the importance of further bacteriological 

analyses before properly assessing a risk for human 

health only based on total bacterial concentrations. The 

same is true for toxic algae, where taxonomical 

identification alone does not always correspond to 

presence of toxins that has to be proven using other 

appropriate detection methods. 

 

The autotrophic microbial components also showed a 

clear separation between the two areas, with the 

cyanobacterium Synechococcus dominating the southern, 

and picoeukaryotes and cryptophytes the northern areas 

(Fig. 4). This also confirms previous observations 

showing that the prokaryotes (cyanobacteria) respond to 

different environmental cues than the larger eukaryotes 

(picoeukaryotes and cryptophytes) and that the latter are 

generally responsible for the peaks in total chlorophyll 

(as from the fluorescence patterns, Fig. 1b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4 Sample track (on the left) and a) Synechococcus b) 

picoeukaryotes c) Cryptophytes concentrations in cells x ml-1 

 

 III. CONCLUSIONS 

Automated high frequency flow cytometry proves to be 

a cost-effective, fast method for the detection of marine 

microbes, allowing real-time measurements of cell 

concentrations to be correlated with environmental 

factors, in order to be interpreted and potentially used as 

markers of water quality and pave the way to further 

intervention. Microbial communities, in turn, and 

heterotrophic bacteria in particular, appear to be useful 

markers of changed environmental conditions, that need 

to be considered and included in water quality assessment 

such as those sought by the European Directive 

2008/56/EC, which aims at reaching a Good 

Environmental Status (GES) for all European waters 

within 2020.  

Caution must be adopted, though, since total bacterial 

cell numbers may not further reflect a risk for human 

health, in terms of pathogenicity or toxicity. However, 

flow cytometry may represent a valuable method for a 

first screening, highlighting potential critical sites in real 

time, to be further monitored and controlled by other 

methods.  
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Abstract – A CytoSub (Cytobuoy bv) scanning flow 

cytometer has been operating for 2 months on a 

floating buoy at a coastal site in the Gulf of Naples, 

measuring phytoplankton concentrations every 2 

hours. The system was connected to an elastic 

beacon which provided power and data 

transmission to the onshore station by wifi. A user-

interface was build using R software to automate 

the data analyses and identify significant cell 

clusters. Several clusters of autofluorescing 

phytoplankton were identified, based on different 

distributions of optical parameters such as scatter 

and fluorescence. All clusters showed both rapid (in 

term of days) and gradual (weeks to months) 

changes in concentrations during the deployment 

period. Each cluster showed peak of more than 

twice and up to ten cell numbers within one or few 

days, rapidly disappearing. This can be due to the 

internal dynamics of the population, including 

vertical migrations, and also to advection of water 

masses passing by the buoy site. These data 

highlight the importance of high-frequency 

measurements of cell abundances, due to the 

intrinsic rapid reactions of phytoplankton to 

environmental variability and represents a useful 

tool to detect sudden blooms of species that may 

represent a hazard for the ecosystem or even human 

health.  

 

 

Introduction 

The key role of phytoplankton at the base of the food 

web in the marine ecosystem and in the global carbon 

cycle 
[1]

 makes it of high importance to monitor their 

abundances and cell properties and to understand and 

possibly predict their dynamics in terms of the overall 

community, and also of functional groups within it. 

Accessibility to sampling sites, time and resources 

needed for conventional sampling, as well as the harsh 

conditions at sea for instrumentation, hamper 

observations at the appropriate time scales, particularly 

in coastal areas, where variability often occurs in a 

narrow boundary between water masses along the coast 
[2]

.  

In this particular study, a proof of concept is 

presented for autonomous in situ monitoring of the 

phytoplankton community dynamics at relative high 

frequency (every 2 h) by means of scanning flow 

cytometry from a buoy system. The flow cytometer is 

part of a larger and complex monitoring system 

operating in the Gulf of Naples and equipped with 

several probes for meteorological and oceanographic 

data. 

 I. METHODS 

An automated, submersible high-frequency, scanning 

flow cytometer (SFCM), CytoSub (Cytobuoy B.V., 

Woerden, NL), was used from March 29
th

 to May 17
th

, 

2016, placed inside a dedicated buoy, connected by 

cable to an elastic beacon equipped with solar panels, 

WIFI connection to land, and environmental parameter 

sensors (Fig. 1). The system was located offshore in the 

Gulf of Naples, Italy, within the coastal zone of Naples, 

an area of interest due to its social-economic relevance 

in terms of tourism and fisheries and the environmental 

impact on the ecosystem introduced by the dense 

urbanization in the region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Left, scheme of the floating buoy (yellow square) 

connected to the main elastic beacon. Right up, 

pictures of the elastic beacon and the floating buoy 

(arrow). Right, down, blow up of the floating buoy 
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hosting the CytoSub. 

 

The CytoSub is equipped with a 488 nm 100 mW blue 

diode laser and detectors for scatter (forward and 

sideward), and red, orange and yellow fluorescence. It 

is designed to handle the majority of the phytoplankton 

size spectrum 
[3]

 and samples directly from the 

surrounding seawater. Samples were scheduled to be 

recorded every two hours using overlapping 

measurement protocols to cover all phytoplankton size 

classes. Here we show data from the pico (1 to 5 m 

ESD, Equivalent Spherical Diameter) and nano (5 to 

20m ESD) fraction. The size determination of the 

CytoSub being prone to errors, these sizes are to be 

considered only indicative. The CytoSub in this 

configuration could not detect cyanobacteria 

Prochlorochoccus cyanobacteria due to their dim 

fluorescence and small size at surface. 

The data was analyzed manually, using the dedicated 

clustering software, Cytoclus3, provided with the 

instrument. Due to the large amount of measurement 

files (475 for less than two months), gate definitions 

were drawn based on the position of the clusters in a 

handful of samples (~10), spread over the time series, 

followed by a bulk export.  

Successively, the data was analyzed with a clustering 

model incorporated into a user-friendly interface 
[8] 

built by us using R and the Shiny package
[4,5]

 to 

automatically batch-analyze large sets of CytoSub data. 

The routine used builds upon the work described in 
[6] 

which uses the FlowPeaks clustering algorithms
[7]

. The 

current version uses a limited amount of parameters 

from the CytoSub to cluster the data; FL Red Range, 

FL Orange Range and SWS Length (all log 

transformed). Signal Range is the signal maximum 

corrected for the minimum.  

First, an artificial mixed sample was created by 

subsampling n particles at random from each 

individual file in the dataset to obtain a total of 100.000 

particles. The representative training sample was then 

clustered with the FlowPeaks model described in 
[6]

, 

after which the main “noise” populations were 

removed by the user (noise defined as non-

phytoplankton particles and instrument/electronic 

noise).  

In the second clustering stage the cleaned training 

sample was clustered again to separate and identify the 

clusters. Large clusters that were cut into smaller ones 

were grouped together by assigning the same name to 

the. Once the clusters were identified, a random forest 

model (1000 iterations) was ran for both stages of 

clustering. The trained model was then used to process 

all individual files, followed by concentration 

calculations. Identified clusters have been grouped 

successively into larger groups for ease of 

representation of the concentrations. 

The values for multipliers h0 and h of the variance 

matrices S0 and S, and tolerance values Tol are shown 

in Table 1.  

 

 Tol H0 h 

Round 1 0.10 0.05 1.5 

Round 2 0.05 0.05 1.3 
Table 1: parameter settings of the FlowPeaks model 

Model results were compared with the manual 

clustering to ensure their validity. The concentration of 

Synechococcus and the summed concentration of all 

picoeukaryotes followed the same pattern over time, 

had an R
2
 > 0.98, but were on average, respectively, 

0.39% lower and 6.26 % higher. The difference for 

picoeukaryotes is mostly due to the model separating 

clusters at the boundary between noise and cells while 

the manual clustering was drawn at a safe distance 

from the noise.  

 

 II. RESULTS 

The clusters identified by the clustering routine are 

shown in Fig. 2. Based on this analysis time dynamics 

of cyanobacteria Synechococcus, belonging to 

picophytoplankton, total picoeukaryotes, 

nanophytoplankton and total cryptophytes (pico and 

nano- sized algae showing orange fluorescence from 

phycoerythrin pigment) could be monitored in time at 

the fixed station.  
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Fig. 2. Upper panel: 3D plot of red vs orange vs scatter 

showing all the 59 clusters identified after the second 

round of the Flowpeaks clustering of R. Lower panel: 

merging of clusters into the different groups described 

in this paper (Synechococcus, picoeukaryotes 1, 2 and 

3 (P1, P2, P3), cryptophytes, nanoplankton (nano) and 

larger phytoplankton (larger). 

 

Data from the pilot 2-months deployment of the 

CytoSub during late spring 2016 shows a number of 

peaks in the concentrations of the different clusters 

(Fig. 3). 

 

 

 
 

 

Fig. 3. Cell concentrations (cell ml-) of Synechococcus 

(Syn), total picoeukaryotes (picoeuks), the three 

subpopulations of picoeukaryotes (PicoEuk1, 2 and 3, 

cryptophyes (Crypto), nanophytoplankton (nanoEuk) 

and larger phytoplankton (MicroEuk) during the 

sampled period. 

 

 Around the 7
th

 of April the majority of eukaryotic 

clusters rapidly increased in concentration by a factor 2 

to 10. The increase was not simultaneous, resulting in 

an overall increase in concentration by a factor 4 for 

the entire picoeukaryotic community, which took less 

than a day to establish itself, followed by a decrease 

over the next 4 days.  

A second increase in abundance could be observed 

from the 15
th

 of April onwards. This increase was 

observed for all clusters, including Synechococcus and 

the nano- and micro- eukaryotes. The build-up of this 

peak occurred over a longer period (7 days) and 

reached higher particle concentrations than the earlier 

peak.  

Towards the end of the recorded period, shortly after 

the collapse of the main ‘bloom’, concentrations again 

increased, this time most strongly for picoeukaryotic 

clusters 2 and 4 and the micro eukaryotic group.  

 III. DISCUSSION 

These preliminary results show the feasibility of high-

frequency monitoring of phytoplankton at a coastal 

fixed station, following the work by 
[9,10]

. It also 

confirms the usefulness of flow cytometry as a sensor 

for plankton monitoring to be used in coastal 

observatories.  

The automated routine, while still under 

development, used for the analysis is very useful when 

dealing with such large datasets where full manual 

analysis (file by file) is simply not feasible and needs 

to be further tested and expanded in order to benefit 

from its full potential. This includes, but is not limited 

to, incorporating more relevant parameters recorded by 

the CytoSub to reduce the number of clusters created 

by the algorithms (Fig. 2). Here only three parameters 

were used in combination with a very high sensitivity 

(model parameter settings for Tol, h and h0) in order to 

isolate the rare populations, resulting in breaking large 

clusters up into smaller ones. 

 

 Despite this, the results from the automated model 

compared well to the concentrations of the manual bulk 

export analysis for the dataset discussed in this paper, 

which was also the case for a comparison on a much 

smaller dataset that was manually analyzed file by file 
[12].

 

Data show how dynamic the concentration of the 

overall phytoplankton community is in the Gulf of 

Naples, as well as that of individual clusters within the 

community. Despite the gaps in the recording due to 

technical problems with the instrumentation, the 

collected information is more detailed than that 

collected by regular weekly sampling at a nearby 

station, and shows how small, short lasting peaks in 

abundance occur frequently, as well as it evidences a 

longer lasting high abundance period characterized by 

a more gradual build-up and decline.  

The site monitored being very close to the coast, 

comparison with a more offshore station (LTER-MC) 
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located two miles offshore and sampled weekly by the 

Stazione Zoologica Anton Dohrn 
[11]

. will be necessary 

in order to assess the contribution to the general 

dynamics of the Gulf and possibly add information 

thanks to the high frequency of sampling. 

The presented data will be extended with analysis of 

data from dedicated Cytosub measurements of nano- 

and micro- plankton, which will provide more detailed 

information on this fraction of the phytoplankton, as 

well as the recorded environmental data to link the 

observed dynamics to environmental driving factors.  

 IV. CONCLUSIONS AND OUTLOOK 

The results presented here illustrate clearly how 

dynamic the concentrations of populations within the 

phytoplankton community are on the short temporal 

scale. The peaks in phytoplankton abundance show an 

increase by multiple factors and can be short-lived as 

seen here. These variations would not be observed with 

regular weekly sampling. Also, this data shows the risk 

of over- or underestimating phytoplankton abundance 

based on sampling at relatively infrequent intervals. 

Having overcome the growing pains with the complete 

system in terms of technical issues and user 

experience, in the immediate future the CytoSub will 

be deployed again in the buoy at Naples as well as a 

second system in the neighboring bay of Bagnoli to 

record a more complete dataset for a longer period. In 

the meantime further improvements will continue as 

well as further development of automation of the data 

analysis with the use of clustering algorithms. 
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Abstract – Heterotrophic microorganisms represent 

the main consumers and mineralisers of the organic 

matter in the ocean as well as in inland waters. These 

organisms are in strong interaction with 

phytoplankton and higher trophic levels and may 

react quickly to environmental changes. In contrast 

with phytoplankton, due to the lack of photosynthetic 

pigments they do not naturally emit fluorescence, 

which makes more complex their analysis by flow 

cytometry, and consequently, their dynamics at short 

time and spatial scales are poorly documented. To fill 

this gap and extend high frequency observation 

capacity of flow cytometry (FC) to heterotrophic 

microorganisms, an automated staining module was 

designed and now equips a Cytosense flow cytometer 

to perform in situ automated sampling and analysis. 

Here we describe the first results got with this device 

and demonstrate the capacity of this new FC 

instrument to analyse heterotrophic prokaryotes 

dynamics at high frequency. In a successful 

experiment, this prototype yielded an extensive data 

set generated by automated analyses run every 2 

hours over 7 days in the frame of a mesocosm 

investigation addressing natural marine communities.  

 I. INTRODUCTION 

 

In aquatic environments, one can distinguish 

autotrophic phytoplankton on one side and heterotrophic 

microorganisms on the other side, both compartments 

known to play a major role in aquatic ecosystem 

functioning. Phytoplankton communities  are the major 

responsible for primary production. They respond very 

quickly to environmental changes, even at the hour scale 

[1], and the automated high frequency sampling and 

analysis was evidenced as a crucial need to address their 

dynamics. The development of the first automated flow 

cytometers about 20 years ago, such as the Cytosense 

instruments (Cytobuoy, b.v..) allowed investigation of 

 phytoplankton dynamics based on a single cell approach 

in almost real time while  addressing their short-term 

variability that was previously out of reach by more 

conventional methods [2][3][4][5][6]. Heterotrophic 

microorganisms such as prokaryotes (bacteria) represent 

the main consumers and mineralisers of the organic 

matter in the ocean as well as in inland waters. Small 

predators such as nanoflagellates and small ciliates are 

also known to be very important in controlling both 

phytoplankton and bacteria abundances (top-down 

control) and transferring matter and energy to higher 

trophic levels. These microorganisms are in strong 

interaction with phytoplankton and may also quickly 

react to environmental changes. In contrast with 

phytoplankton, they do not naturally emit 

autofluorescence recordable by flow cytometry, which 

makes their analysis more complex. Their dynamics at 

short time and spatial scales are poorly documented. To 

fill this gap and extend the high frequency observation 

capacity of flow cytometry (FC) to heterotrophic 

microorganisms, an automated staining module (SM) was 

jointly designed by MIO and Cytobuoy company in order 

to be implemented on a modified version of a Cytosense 

flow cytometer (Cytopro) optimised for small 

particles. The SM features were combined with those of a 

Cytosense to match requirements for the sampling of 

fresh or sea water, staining with an accurate volume of 

fluorescent dye, and incubation, mandatory to observe by 
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flow cytometry heterotrophic microorganisms and 

particularly, heterotrophic prokaryotes (HP).  
In this study we present the first results obtained from 

two experiments conducted with the SM coupled to the 

new Cytopro version. It demonstrates its suitability for 

the high frequency automated analysis of HP abundance 

in aquatic  environments. This achievement makes a real 

breakthrough in aquatic microbiology since  there is no 

other available commercial instrument than the Cytopro 

with the capacity to analyse heterotrophic 

microorganisms at high frequency and at the single cell 

level. 

 II. MATERIALS AND METHODS  

 

A. Mesocosm experiment 

 

A mesososm experiment with natural marine microbial 

communities  was monitored during 7 consecutive days 

during the PIANO experiment (CNRS-LEFE grant). 

Seawater was pumped at about 5 m depth in the Bay of 

Marseille, and brought back to the laboratory where it 

was placed in a mesocosm (450 L) installed in a 

dedicated container, with both temperature and irradiance 

controled. Once in the container, the water was driven 

thanks to a peristaltic pump into a loop on which various 

instruments have been installed to monitor the biology 

and the environmental parameters (T,S) and peerform 

some discrete sampling (for nutrients analysis, 

microscopy counts). The seawater was thus pumped from 

the mesocosm container to an intermediate tank from 

where subsamples were collected either by a Cytosense 

for phytoplankton analysis or by the Cytopro for HP 

analysis (Fig 1). Samples for both analyses were  

Fig. 1.  Instalation of Cytosenses in MIO 

experimental container 

 

analysed every 2 hours. The complete dataset built during 

this experiment, together with phytoplankton and HP 

counts, will be described in more detail in another article. 

  

B. A new staining module 

 

The staining module is a new device developed to enable 

automated staining of a given sample volume confined in 

a loop during the appropriate incubation time before its 

transfer to the Cytosense flow chamber for the usual FC 

analysis. It also includes a system to flush and clean the 

tubing in order to avoid intercontamination between 

samples and remove the free dye in suspension. Due to 

the required incubation time (in general about  20 to 30 

min), the automated analysis of heterotrophic 

microorganisms may be scheduled up to every half hour 

or more. 

 

C. Cytopro flow cytometer 

 

The Cytopro coupled to the SM was set to collect and 

stain water samples every 2 hours. Upon its collection 

from the intermediate tank,  the sample was sent to the 

staining loop of the SM were SYBR Green I 

(Invitrogen™) was added drop by drop from a small dye 

container  (up to final concentration 1:10,000 

volume/volume). The sample-dye mixture was 

homogeneised by a continuous looping in the tubing of 

the loop. It was subsequently incubated for a time 

determined by the operator (15 min in this case) and 

afterwards automatically pumped into the Cytopro flow-

chamber. In order to avoid the contamination of the 

sheath liquid by the fluorescent dye, a new chemical filter 

has been designed and implemented on the sheath 

pathway in order to catch the free fluorescent molecules 

remaining in suspension after the samples have been 

mixed with the sheath liquid. This step is mandatory as 

on this automated flow cytometer the sheath liquid is 

recycled and obviously crosscontamination between 

samples must be avoided. All the operations were under 

the control of the CytoUSB software implemented with 

new features to pilot the SM. After each measurement, a 

cleaning cycle was initiated by CytoUSB in order to flush 

the SM with the sample water to avoid inter-

contamination. Steps including a cleaning solution 

(mixture of bleach and ethanol) were also implemented in 

order to remove the dye in the tubing. The raw FCM data 

files generated by the Cytopro were analysed with the 

custom software CytoClus that enables batch processing 

of large data sets. Trigger for data acquisition was 

performed on the the yellow green fluorescence. Gating 

of the heterotrophs was done on a cytogram total 

Sideward scatter (SWS) vs total Yellow Green 

fluorescence signals (Fig 2). Sample flow rate was set up 

at 0.55 mm
3
s

-1
. Acquisition was set up to 2 min. 
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Fig.2.  Cytogram of Total SWS vs total Yellow Green 

fluorescnece (gated cluster indicate heterotrophic 

nanoflagellates) 

 

 

D. Epifluorescence microscopy 

 

Samples for enumeration of heterotrophic nanoflagellates 

(HNF) were fixed with formaldehide (final concentration 

2%),  after which they were filtered on 0.6 µm 

polycarbonate filters and stained with 4,6-diamidino- 2-

phenylindol (DAPI) (0.5-mg-ml
−1

 final concentration) for 

10 min [9]. HNF cell counts were performed with the 

Olympus (BX61) epifluorescence microscope of the 

PRECYM platform of the M.I.O, equipped with a 100X 

objective and a cooled CCD digital camera (RETIGA 

SRV, QImaging, USA). Images were recorded by using 

ImageProþ software (MediaCybernetics,USA). 

 

 

 III. RESULTS 

 

A. Staining module validation  

 

The initial validation of the staining module was 

conducted by MIO through comparisons of staining and 

counting by using the conventional approach, i.e. (i) 

manual staining, incubation on a bench in the dark at 

room temperature, and analysis with a FACS Calibur 

(Becton dickinson) flow cytometer, and (ii) staining the 

sample within the loop of the SM, then analysing it after 

15 min incubation with the Cytopro. Once validated, the 

process was automated by Cytobuoy by including the SM 

control within the CYTOUSB software 

 

B. Enumeration of heterotrophic microorganisms with 

the Cytopro  

 

The Cytopro analyses of the mesocosm microbial 

community done during 7 consecutive days showed 

stable staining and countings of heterotrophic 

prokaryotes. The measurments of HP abundances 

revealed shift in their counts between day 1 and day 3 

(Fig 3), while at the same time we observed the 

appearance and increase in abundance of another 

population, potentially identified as their predators due to 

their higher sideward scatter and yellow green 

fluorescence intensities. Sideward scatter is related to the 

size, shape and structure of the particles. Yellow green 

fluorescence is related to the amount of fluorescent dye, 

correlated to the nucleic acid content. 

 

 
 
Fig.3.  HP and HNF dynamic (abundances per ml  during days) 

 

Microscopy observations identified this new population 

as heterotrophic nanoflagellates (HNF) (Fig 2). HNF 

microscopy counts gave good comparison with the flow 

cytometer (data not shown), which was confirmed with 

Pearson test (R=0.89, p<0.0001). 

 

 IV. DISCUSSION AND CONCLUSIONS 

 

The reported Cytopro experiment addressed for the first 

time the dynamics of a natural microbial community 

including HP and HNF conducted during 7 consecutive 

days. The automated HP abundance analysis revealed a 

shift in their abundance between day 1 and  day 3, while 

at the same time the increase of another heterotrophic 

group was evidenced, identified as small predators (HNF) 

by microscopy. The innovation brought by this study 

resides in the successful use of a new generation of 

commercial flow cytometer model coupled to a staining 

module prototype to perform the automated  in situ HP 

analysis at high frequency and remotely controlled during 

extended time periods (days-to-weeks). A commercial 

version of the staining module is ongoing and should be 

released very soon. 

The capability to investigate heterotrophic prokaryotes 

and heterotrophic nanoflagellate increase the range of 

microorganisms that can be investigated directly in situ, 

automaticaly and at high frequency. This capacity should 

offer new insights on the structure, dynamics and thus 
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functioning of the microbial network. 

Subsequently to the PIANO experiment, the Cytopro and 

its SM were placed on a scientific research vessel for the 

PEACETIME (ProcEss studies at the Air-sEa Interface 

after dust deposition in the MEditerranean sea) cruise in 

the Mediterranean Sea. The seawater was continuously 

pumped from subsurface along the ship track. Both 

Cytopro and SM were remotely controlled and operated 

from land by a MIO scientist thanks to satellite 

connection to perform both phytoplankton and bacteria 

analyses at high resolution in the Mediterranean Sea. The 

reported preliminary results demonstrate that Cytopro is 

suitable for investigating dynamics of both phytoplankton 

and heterotrophs in aquatic ecosystems at high temporal 

resolution over several weeks. Although in the PIANO 

case study we used two Cytosense flow cytometers to 

address abundances of both heterotrophs and autotrophs,  

the Cytopro is able to analyse both, staining or not the 

samples.  

There is no doubt that with the technical improvements 

that a prototype requires, the Cytopro will offer a 

powerful instrument to explore the dynamics of the 

aquatic  microbial compartment. For instance, the 

implementation of two dye containers is already on going 

to perform viability tests using the nucleic acid double 

staining (NADS) protocol [8]. 

The staining module attached to the Cytopro represents a 

real breakthrough in  aquatic microbiology. Indeed, on 

top of providing in real time a complete picture of the 

microbial compartment dynamics, it also enables the use 

of viability or physiological dyes [7][8] and thus opens 

the way to a more complete picture of the microbial 

compartment structure, dynamics and thus functioning.  
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Abstract – The idea underlying this proposal is to 

understand the exploitability of scanning technologies 

for studying and observing the shape variability of 

marine sessile benthic organisms with particular focus 

on corals. This is a preliminary study in order to 

compare the different systems, laser-based and 

photogrammetric techniques, for 3D shape 

reconstruction and color information. The approach to 

the study has been schematized by using several 

solutions, with the aim to investigate performance in 

terms of operation, process reliability, quality and 

metric accuracy of 3D models obtained by processing 

with image-based techniques. The investigation 

involves the use of a pool to build laboratory tests 

characterized by different complexity of structures 

(especially in terms of size and shape) in an underwater 

environment. Results show the difference between 3D 

models obtained by a 3D color laser scanner prototype 

(RGB-ITR) developed in ENEA ArtVisLab (Frascati) 

and standard commercial cameras. The difference in 

terms of color is highlighted. 

 I. INTRODUCTION 

Habitats are multilayered entities, with diverse and 

abundant sessile organisms such as macrophytes and 

invertebrates. Usually, this organisms have a complex 

morphology and 3D structure and they represent habitat 

formers for other associated plant and animals 

(engineering species) [1]. In hard bottoms, such organisms 

are represented mainly by sessile colonial invertebrates, 

such as sponges, anthozoans (corals and gorgonaceans) 

and bryozoans. One of the main ecological role of these 

habitat formers is to modify the bottom topography and to 

increase the architectural complexity and the biodiversity 

at different scales. In addition, many of such engineering, 

or bioconstructor species, especially among scleractinian 

corals and sponges, are quite plastic in their morphology 

and have the capacity to change their shape according to 

local environmental conditions [2]. While in some case 

they also represent species sensitive to climate changes 

and therefore bioindicator of water warming, and can 

register past climatic events in their skeletons [3, 4]. For 

these reasons, there is the need to study populations and 

assemblages of sessile habitat-former organisms (mainly 

anthozoans) to describe the modification they made to the 

bottom topography and their ecological implications, with 

the use of underwater 3D sensors developed to operate in 

air conditions. This paper is part of a larger project and its 

aim is to provide raw 3D data that have to be post-

processed to obtain metric 3D information. In addition to 

the metric accuracy of the examined objects, in this context 

the colorimetric information are a very important aspect 

still not widespread in underwater applications. The best 

colorimetric measurement system to capture the 

spectroscopic properties of each submerged object is 

investigated. 

 

 
 

Fig. 1: An example of coral reef with sessile organisms 

 II. STATE OF THE ART 

3D shape reconstruction of underwater targets has to meet 

some basic requirements [4]:  

 Capability of working in cloudy waters, in non-

uniform lighting conditions and with external 

objects that could interfere with the scene framed 
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(e.g. external objects projecting shadows or 

obscuring the target);  

 Capability of investigating relatively large areas 

 Fast and easy-to-do processing of data acquired 

in situ.  

In the state of the art, several methods for recovering 3D 

information of an underwater scene are described. They 

can be generally classified, according to the technology 

and measuring principle used, into active and passive 

techniques [5]. Active optical methods use radiations 

(normally light) that act as a probe for the surface. 

However, it should be taken into consideration that not all 

these methods provide colorimetric evaluation, structural 

morphology and distribution, at the same time. 

Sonar-based detection of underwater objects is an 

example of an active one. This method is widely used in 

underwater measurements but it is best suited for long 

distances of measurement (which implies less spatial 

resolution). It is usually rely on multi-beam sonar systems 

[6]. The set of echo signals corresponding to a number of 

very narrow beams is received and recorded during a 

single ping. The beams have different transmission angles 

and each beam gives the possibility to calculate the 3D 

coordinates of the seabed surface. However, this method 

can not provide color information.  

Underwater laser scanner system is another active 

method, which uses a trigonometric approach [7]: the 

sensor sends a laser line to the object surface, and an 

optical sensor receives the return signal. It is based on 

scattering principles similar to active sonar, but it provides 

better measurement accuracy. Indeed, measurements from 

dense laser point clouds will in general be much more 

accurate than those taken from relatively sparse sonar 

point clouds. Additionally, laser systems are not affected 

by confined spaces prone to acoustic echoes. The sensor 

head can be mechanically rotated in order to capture a 

series of adjacent profiles of the object and obtain a 3D 

point cloud of the target surface. Although they need to be 

combined with a camera to integrate the distance 

measurement of the target points with the color 

information [8]. The propagation model of light radiation 

in water is the main issue in using laser scanner techniques 

on underwater applications. Light is not transmitted 

through water as well as in air, and the effective range of 

laser systems is significantly higher in most of terrestrial 

applications rather than in underwater environment. 

For what concern passive optical methods, they are able 

to reconstruct the 3D shape from photographic images, 

without interacting with the object [9]. In this case, 

artificial light is only used to illuminate the scene. Most of 

photogrammetric techniques use the Structure from 

Motion (SfM) algorithm, which reconstructs the 3D 

structure of the scene from a sequence of monocular views. 

This method represents a cheap solution for 3D shape 

measurements in underwater applications. However, such 

approach presents some limits related to cloudy waters, 

untextured grounds and excessively dark environments. 

This study presents an assessment of photogrammetric 

techniques in comparison to a novel laser-based approach 

for coral surface reconstruction.  In the frame of this work, 

the color 3D models are acquired by RGB-ITR Laser 

Scanner prototype to evaluate the terrestrial scanner 

features for detecting subsea objects. This underwater laser 

systems integrate the distance measurement of the target 

points with the color information of the object using 

amplitude modulation of three monochromatic laser 

sources (red, green and blue wavelength) [10]. The result 

of the combination of these two data is a very high-precise 

distance and color measurement. This results are compared 

with photogrammetric 3D data and evaluated from a 

qualitative and metric perspective also in relation to the 

characteristics and peculiarities of the detected objects. 

 III. MATERIALS AND METHODS 

Three samples with different shape complexity were 

tested for this study: a marine sponge, named Ircinia 

Campana, was the low complexity target; while a natural 

white coral rock branch, named Pocillopora, and a red 

coral, named Corallium Rubrum, were respectively used 

for the medium and high complexity. Moreover, in the 

experimental laboratory two different technologies were 

used for data capture and image-based techniques for data 

processing. 

 A. RGB-ITR Laser Scanner  

RGB-ITR (Red Green Blue–Imaging Topological Radar) 

system is the 3D color laser scanner prototype realized by 

ENEA laboratories. The system is characterized by three 

monochromatic laser sources at 650 nm (red), 532 nm 

(green), 450 nm (blue) wavelengths. Amplitude of each 

wavelength are modulated with a high and a low 

frequency, first one to obtain a higher precision 

measurement in a smaller range and the second one to 

measure the distance in a bigger range, between the center 

of the optical head and the target [10]. The simultaneous 

collection of distance and color information are extracted 

respectively through phase-shift and amplitude of back-

reflected waves by the target surface. In detail, the distance 

information is derived from equation (1): 

𝐷 =  
𝑣Δ𝜙

4𝜋 𝑓𝑚
                                    (1) 

Where fm is the modulation frequency, Δϕ the phase 

difference between the reference modulating wave and the 

signal back-reflected by the target, and v the light speed in 

the medium [11]. 

Calibration system is obtained by moving a certified 

white target (Spectralon STR-99-020, diffuse reflectance 

99%), at several distances and striking it with the three 

laser sources. The normalized image is given by the ratio 

between the amplitude value of the three wavelengths 

reflected by the target surface and the calibration target 

(Fig. 2). 
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Fig. 2: Calibration curves of each channel, obtained 

illuminating the white target with the three laser beams 

of RGB-ITR system.  

 

This system is used to benefit from the prototype to 

expand the terrestrial scanner features for detecting objects 

in the water. In this context, the refractive index of the 

water is considered in distance equation (2): 

𝐷 =  
𝑣Δ𝜙

4𝜋𝑛𝑓𝑚
                                (2) 

Where:  n = 1.33. 

An accurate digitization of two submerged sample, the 

Corallium Rubrum and the Pocillopora, was performed in 

May 2016 by means of the RGB-ITR laser scanner. The 

first one was immersed in an aquarium filled with 

relatively clean water and a black background to avoid 

laser dispersion was used. In this case, light waves had to 

pass three different kind of medium (air-glass-water). The 

second one was immersed in a matt bucket to avoid 

dispersion due to glass, with the laser pointed 

perpendicularly in the bucket. In this way, the laser 

devolved directly into the water and there was no the air-

glass interface. They were both placed about 1.70 meters 

from the centre of the optical head. With software 

packages developed in ENEA [11], it was possible to start 

scanning by setting the scene capture parameters with Scan 

System interface (Fig. 3, a): 

The three lasers were modulated with a high frequency 

of 190MHz and a low frequency of 10MHz.The acquired 

data was processed with Itr Analyzer interface (Fig. 3, b), 

which enabled 3D point cloud reconstruction. The 

procedure of image processing is: 
 “Open ITR project” to select and load the project 

file; 

 “Image normalizer” to change the range of pixel 

intensity values by means of the calibration using 

the white target (Fig. 4); 

 “Complete mesh” to visualize the 3D object; 

 “Create mask” to select thresholds from 

histogram of the3D object; 

 “Export mesh” to save the mesh in PLY format 

with texture; 

 “Register mesh” to register two mesh with 

different angles of the same scene. 

With the open source system, called MeshLab, the 

object's surface was edited, cleaned and filtered. 

 

 
 

Fig. 3: (a) Scan System interface; (b) Itr Analyzer 

interface. 

 

 
 

Fig. 4: An example of normalized image of the scene at 

5m in air, by RGB-ITR system. 

B. Photogrammetry 

In the other way, photogrammetry provides metric 

information, such as shape, size and location of real objects 

by measuring and interpreting photographic images. When 

objects are acquired at a distance less than 300 m from the 

camera, it is possible to define photogrammetry as “close-

range”. In this study, a multi-image approach has been 

used. The process was divided into two main phases:  

1) Calibration, necessary to correct both mechanical and 

optical systematic errors of the photographic device. 

2) Acquisition and processing phase, in which the 

multiple images from different positions was captured 

and the transformation from 2D image coordinates to 

the corresponding 3D world coordinates was started, 

characterizing the shape and size of the detected 

object. 

Camera calibration in the context of three-dimensional 

machine vision is the process of estimating the internal 

camera geometric and optical characteristic (intrinsic 

parameters)and the 3-D position and orientation of the  

camera frame relative to a certain world coordinate system 

(extrinsic  parameters) [12]. To calibrate the camera, it was 

necessary to take multiple images of a calibration pattern 

from different angles: a typical calibration pattern is a 

checkerboard. The checkerboard was affixed to a flat 

surface, at approximately the same distance from the 

camera as the objects to be measured and the size of a 

square was 15 mm (Fig. 5). It were used about 20 images 

of the pattern from several positions to obtain position and 

orientation coordinates (Fig. 6), focal length information, 

main point position (x0, y0), and some additional 
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parameters used to model errors due to, for example, lens 

distortion [13]. 

 

Fig. 5: Detected points, checkerboard origin and 

reprojected points 

 
 

Fig. 6: Extrinsic parameters visualization 

 

After calibration, accurate 2D photos around the 

submerged objects from multiple view were needed in 

order to estimate imaging distances and color 

informations. The experimental setup included the 

following waterproof cameras: COOLPIX AW100 and 

GoPro Hero 3. Data was collected with this two different 

digital cameras and several grip modes (number of images, 

grip distances, different resolutions) to compare the 

performance of cheap underwater cameras for metric 

applications. The images obtained by the first camera has 

pixel dimensions of 1024 x 768, a resolution of 300 dpi, 

focal length of 5 mm and a color depth of 24 bits. Second 

camera has pixel dimensions of 4064x2704, a resolution of 

72 dpi, focal length of 2.77 mm and a color depth of 24 

bits. Main difference between two cameras is in the 1700 

wide-angle lens of GoPro, corresponding to a wider 

viewing angle.  

Cameras were positioned in a test pool at about 10 cm 

from the target and the scene was illuminated by ambient 

light. 3D dense point cloud, mesh and texture were 

generated by means of the commercial software ©Agisoft 

PhotoScan Professional product using Structure from 

Motion (SfM) approach [14]. The SfM algorithm provides 

the structure of the scene, through the position of the 

numerous matched features, in addition to camera 

positions and internal calibration parameters. 

The procedure of image processing and 3D model 

construction is: 
 “Camera calibration” to insert manually the 

camera parameters; 

 “Align photos” to identify and match a sparse set 

of points between the images; 

 “Build dense cloud” to match and build a dense 

set of points; 

 “Build mesh” to obtain polygonal surface from 

point cloud; 

 “Build texture” to apply textures on the mesh. 

 

 
Fig. 7: Photogrammetric 3D reconstruction procedure 

schematized 

 IV. RESULTS 

 The image processing provided the accurate 3D object 

reconstruction.  

Corals reconstructed by RGB-ITR system are 

characterized by high resolution and high contrast. During 

the acquisition phase, some external factors difficult to 

control such as interference due to aquarium glass or to the 

presence of water, may alter the 3D relief information. It is 

possible to see the Corallium Rubrum model (Fig. 8b) 

affected by the refraction due to both glass and water, and 

the Pocillopora (Fig. 8d) affected only by water refraction. 

The distance measured is more accurate in the second case 

than the first one. In general, the 3D models are 

geometrically loyal to the reconstructed object. For what 

concern the color information, it was not possible to insert 

the white target into water, so the color range of the models 

is not correctly calibrated. Table 1 shows the acquisition 

times, number of vertices and faces characterizing the 

surface and the distances between optical head and targets. 

 

 

(a)                                  (b) 

     

                             (c)                                 (d) 

Fig. 8: Corallium Rubrum in aquarium (a) and 3D model 

(b);Pocillopora in a bucket (c) and 3D model (d) 
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For what concern photogrammetric results, there are 

substantial differences in reconstruction, depending on the 

different kind of camera used. Fig. 9 shows the Ircinia 

Campana model obtained by COOLPIX AW100 (a) and 

GoPro (b) cameras.  

 

(a)                                  (b) 

Fig. 9: Differences between Ircinia Campana scanned by 

COOLPIX (a) and GoPro cameras (b) 

In particular, it is possible to see the lower resolution of 

the model obtained by the GoPro. In fact, the mesh is 

poorly defined, without qualitatively satisfactory results. 

On the contrary, the COOLPIX provides an accurate 3D 

shape reconstruction. Furthermore, color properties 

present some limits related to different environmental 

lighting. In detail, this effect is highlighted on Ircinia 

Campana scanned by COOLPIX, which presents different 

color shades. For each structure with different complexity, 

number of photos acquired by cameras, shooting distance 

and number of vertices and faces characterizing the surface 

are described in Table 2 and Table 3. 

Table 1. RGB-ITR summary results 

Target Time 

(min) 

Distance 

(cm) 

 N0 

vertices  

N0 

faces 

Pocillopora 85 170  313171 476705 

Corallium Rubrum 50 170  450861 577058 

 

Table 2. COOLPIX summary results 

Target N0 

photos 

Distance 

(cm) 

 N0 

vertices  

N0 

faces 

Ircinia Campana 40 18  90366 84659 

Pocillopora 46 8  90822 23549 

Corallium Rubrum 25 10  16566 31736 

 

Table 3. GoPro summary results 

Target N0 

photos 

Distance 

(cm) 

 N0 

vertices 

N0 

faces 

Ircinia Campana 37 21  70753 128057 

Pocillopora 44 10  23447 45913 

Corallium Rubrum 42 15  18015 34617 

 

The differences between the two scanning systems are 

shown in Fig. 10.  

 

                (a)                          (b)                           (c) 

 

                (d)                          (e)                           (f) 

Fig. 10. Comparison between Corallium Rubrum and 

Pocillopora scanned by RGB-ITR (a,d),COOLPIX 

AW100 (b,e) and GoPro Hero 3 (c, f) 

It is clear that the RGB-ITR color information is not 

affected by external light noise while 3D relief is 

influenced by other external factors, such as interference 

due to aquarium glass and waterborne.  In comparison, it 

is possible to see that the same corals reconstructed by 

photogrammetric technique are influenced by external 

illumination and has a lower resolution.  

Number of vertices and faces characterizing the surface 

obtained by means of the different techniques are shown in 

Table 4. In the case of laser scan, these values are higher 

than those achieved by means of photogrammetric scan. 

However, this does not prove that a greater number of 

vertices and faces are indicative of better scanning. In fact, 

more frames of the scene could increase the number of 

vertices and faces of the 3D model. 

Table 4. Comparison between number of vertices and 

faces of the Corallium Rubrum obtained by different 

scanning techniques 

Scanning techniques  N0 

vertices 

N0 

faces 

RGB-ITR laser 

scanner 

 450861 577058 

Photogrammetry 

(COOLPIX AW100) 

 16566 31736 

Photogrammetry 

(GoPro Hero 3) 

 18015 34617 

 V. DISCUSSION AND CONCLUSIONS 

According to results, RGB-ITR system for structural and 

colorimetric reconstruction has a better performance than 
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photogrammetry in underwater environment. The 3D laser 

point cloud is more accurate than photogrammetric point 

cloud. However, light is not transmitted in water as well as 

in air and the performances of this laser system is worse in 

underwater environment than in terrestrial applications. In 

addition, the long acquisition time of the system is a 

drawbacks for the scuba divers. Moreover, a color 

calibration system is necessary to study for underwater 

applications. 

In the same way, the principle of underwater 

photogrammetry does not substantially differ from that of 

terrestrial or aerial photogrammetry. However, also in this 

case, it is necessary to take into account certain elements 

that may cause disturbance, as the refraction of the diopter 

water-glass [15]. The measurement accuracy in 

underwater 3D reconstruction is considerable lower than 

in air measurements mainly for one reason. The reason of 

such lower performances has to be found in target 

illumination issues: it is necessary to illuminate the 

measurement object using more light than what could be 

done in the air. However, the real advantage of using 

photogrammetry in underwater surveys in comparison 

with the use of other techniques consists in its simplicity 

of implementation, its lower acquisition times than RGB-

ITR, the diversity of potential results and the relatively 

cheap cost. 

The research of the best underwater scanning technique 

to perform accurate measurements of volume, surface area 

and other morphometric measurements of three-

dimensional biological objects, without removing them 

from the sea, represents a valuable contribution to the 

conservation of current marine flora and fauna. 

Photogrammetry is more appropriate for rapid low-cost 

surveys, while RGB-ITR is more suitable for intensive 

detailed analyse of surface that requires three-dimensional 

model of community structure, which is analyzed in the 

laboratory and archived for future reference.  

REFERENCES 

[1] Bressan, G., Chemello, R., Gravina, M. F., Gambi, M. 

C., Peirano, A., Cocito, S., ... & Tursi, A. (2009). Altre 

principali biocostruzioni. In: Relini G. Biocostruzioni 

Marine. Elementi di architettura naturale. Ministero 

dell’Ambiente e della Tutela del Territorio e del Mare, 

Museo Friulano di Storia Naturale-Comune di Udine. 

[2] Casado-Amezua, P., Gasparini, G., & Goffredo, S. 

(2013). Phenological and morphological variations in 

the Mediterranean orange coral Astroides calycularis 

between two distant localities. Zoology, 116(3), 159-

167. 

[3] Peirano, A., Morri, C., Bianchi, C. N., Aguirre, J., 

Antonioli, F., Calzetta, G., ... & Orrù, P. (2004). The 

Mediterranean coral Cladocora caespitosa: a proxy for 

past climate fluctuations?. Global and planetary 

Change, 40(1), 195-200. 

[4] Dappiano, M., & Gambi, M. C. (2004). New data on 

occurrence of thermophile Scleractinia (Cnidaria, 

Anthozoa) in the Phlaegrean Island (Ischia, Procida, 

Vivara, Gulf of Naples), with special attention 

to. Biogeographia, 25. 

[5] Cocito, S., Sgorbini, S., Peirano, A., & Valle, M. 

(2003). 3-D reconstruction of biological objects using 

underwater video technique and image 

processing. Journal of Experimental Marine Biology 

and Ecology, 297(1), 57-70. 

[6] Bianco, G., Gallo, A., Bruno, F., & Muzzupappa, M. 

(2013). A comparative analysis between active and 

passive techniques for underwater 3D reconstruction 

of close-range objects. Sensors, 13(8), 11007-11031. 

[7] Kulawiak, M. A. R. E. K., & Łubniewski, Z. B. I. G. 

N. I. E. W. (2014). 3D imaging of underwater objects 

using multibeam data. Hydroacoustics, 17. 

[8] Gillham, J. (2011). Underwater sonar and laser 

measuring an experimental comparison. G Robotics 

Inc. 

[9] Abdelhafiz, A. (2009). Integrating digital 

photogrammetry and terrestrial laser scanning. 

Techn. Univ., Inst. für Geodäsie und 

Photogrammetrie. 

[10] Shortis M., Harvey E., Abdo D., et al. A review of 

underwater stereo-image measurement for marine 

biology and ecology applications. Oceanography and 

marine biology: an annual review, 47:257-292, 2009.  

[11] De Dominicis L., Terrestrial and Subsea 3D Laser 

Scanners for Cultural Heritage Applications, Rivista 

bimestrale ENEA, 2012. 

[12] Guarneri M., Ferri M., De Collibus G. Fornetti 

Francucci M. Nuvoli M. Ricci R. (2012), Remote 

colorimetric and structural diagnosis by RGB-ITR 

color laser scanner prototype, Advances in Optical 

Technologies, 1-6 2012, 

[13] Tsai, R. (1987). A versatile camera calibration 

technique for high-accuracy 3D machine vision 

metrology using off-the-shelf TV cameras and 

lenses. IEEE Journal on Robotics and 

Automation, 3(4), 323-344. 

[14] Capra, A., Dubbini, M., Bertacchini, E., Castagnetti, 

C., & Mancini, F. (2015). 3D reconstruction of an 

underwater archaelogical site: Comparison between 

low cost cameras. The International Archives of 

Photogrammetry, Remote Sensing and Spatial 

Information Sciences, 40(5), 67 

[15] Fraser, C. S. (2001). Photogrammetric camera 

component calibration: A review of analytical 

techniques. In Calibration and Orientation of 

cameras in Computer Vision (pp. 95-121). Springer 

Berlin Heidelberg. 

 

 

 

 

67



IMEKO International Conference on 
Metrology for The Sea 
Naples, Italy, October 11-13, 2017 

 

 

Procedures and Technologies for 3D 
Reconstruction with Divers of Underwater 

Archaeological Sites and Marine Protected Areas 
Luca Panebianco1, Silvia Zingaretti1, Nicolò Ciuccoli1, Corentin Altepe1,3, S. Murat Egi4,5, Fiorenza 

Micheli5, David Scaradozzi1,2 

1Dipartimento di Ingegneria dell’Informazione, Università Politecnica delle Marche, Ancona, Italy 
2LSIS, CNRS, UMR 7296, Marseille, France 

3Bogazici Underwater Research Center, Istanbul, Turkey 
4Galatasaray University, Computer Engineering Department, Istanbul, Turkey 

5DAN EURope Reseach Department, Roseto, Italy 
6Hopkins Marine Station, Stanford University, Pacific Grove (CA), USA 

 
Abstract – Underwater monitoring and exploration 
actions are fundamental to preserve natural habitats 
and submerged cultural heritage, but researchers have 
to face high costs related to technology and staff to 
carry out researches in this troublesome environment. 
As a partial solution to these problems, Citizen Science 
has been incrementally employed by the scientific 
community but, to effectively make the most of it, it is 
mandatory to design two components: a generic-
scenario procedure that describes the steps to perform 
before, during and after the survey and tailored 
technologies to acquire, gather, process and visualize 
the environmental data. In this work, a procedure 
tested in different underwater missions, that is the 
enhancement of a precedent one, and technologies that, 
arranged in a pipeline, carry out all the process from 
data acquisition to output visualization are presented. 
The procedure and technology were tested in tailored 
tests aimed to guarantee the validity of the 
technologies. 

 I. INTRODUCTION 

The marine environment is well known to be very 
important from different point of views. For example, it is 
fundamental to sustain a high number of life species and 
human activities but, at the same time, its sea bottom is 
rich of artifacts of ancient and more contemporary human 
history, so its preservation provides benefits to the whole 
society and it constitutes a basic need for the mankind. 
Archaeologists conduct surveys looking for historical 
areas, to catalogue the distribution of material culture over 
regions, to extract information or test hypotheses about 
past cultures, and to analyze the impact of human activities 
on archaeological heritage. For biologists, it is therefore 
essential to monitor factors and indicators to evaluate the 
effectiveness of Marine Protected Area (MPA) 

establishment and management, and to put in place 
adaptive measures to address emerging challenges such as 
climate change. Therefore, for these researcher groups it is 
fundamental gathering and accessing a wide amount of 
robust and georeferenced data from the underwater 
environment, performing widespread surveys among 
different years. However, these measures are often too 
expensive in terms of personnel, time and instrumentation 
to be carried out by a single research group.  

In the recent years, to reduce the time and costs for those 
types of marine research, many scientists started to exploit 
Citizen Science in their activities (see [1], [2], [3], [13] and 
[4]). Citizen Science studies and projects enlist members 
of the general public in the collection, categorization and 
analysis of data with or under the direction of professional 
scientists or institutions.  

The engagement of such non-specialist volunteers 
brings to many positive consequences: the access to 
manpower sufficient to conduct extensive and long-term 
surveys, large financial savings and an increase in the level 
of public awareness of ecological problems through active 
participation in ecological survey work. Citizen Science 
projects regarding the marine environment are particularly 
successful thanks to the fact that diving is nowadays a 
mass leisure activity, that involves millions of people from 
all over the world. 

This kind of research, requires tailored procedures to 
conduct the survey and technologies employed by divers 
to efficiently manage the data acquired.  

In this paper, a refactoring of a successful previous 
methodology, with an insight for the exploitation of 
Citizen Science, and low cost and easy-to-use 
technologies, that aim to integrate all the different steps of 
processing of data will be introduced. 

The rest of the article is structured as following: in 
Section II the survey procedure adopted previously is 
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presented and some critical aspects are discussed. Section 
III presents the refactoring of the previous methodology 
that is now employed. Section IV presents the data pipeline 
that has been considered to allow to obtain visual-enriched 
results from the data acquired from the marine 
environment and which technologies are involved in this 
process. Section V presents some tests performed during 
different sea trials by volunteer divers that exploited the 
presented survey procedure and technologies. Finally, in 
section VI some results and considerations are marked in 
account for future developments of the procedure and the 
technology involved. 

 II. PREVIOUS SURVEY PROCEDURE CONSIDERED 

In the Green Bubbles project, one task of the engineering 
partnership is to investigate and suggest new technologies 
to gather data in the most automatic and efficient way, with 
the possibility of enrolling recreational divers. To use, in 
efficient way, autonomous devices for untrained divers 
rigorous protocols with strict procedures, easily to teach, 
are needed.  This problem can be related to what happened 
at the end of nineties, when the underwater geomatics 
techniques started to benefit of robotics technologies but 
found not trained field operators. During last decades, 
authors, within many European Projects partners, tailored 
the following winning methodology for measuring and 
documenting archeological sites [5]. After some years of 
application, nowadays this process has been proven robust 
and viable to be extended and employed in different 
scenarios and research areas.  

The original archeological protocol was usually 
composed of nine different steps (with some of them 
repeated more times), briefly described as Area Choice, 
Site Localization, Site Cleaning, Site Positioning, Artifact 
Cataloging (Point Of Interest Cataloging), Sea-Bottom 
Reference System Adding, Site Surveying, Site Restitution 
and Site Exploration. 

These are some considerations and issues that were 
brought in consideration during the years: 

 Too tailored for archeological purposes: the kind 
of scenario where the methodology was applied 
was related exclusively to underwater archeology. 
It is possible to notice, in fact, that some phases 
(such as Site Cleaning and Artifact Cataloging) are 
not mandatory in other scenarios and additional 
phases could be required in different cases. The 
new proposed methodology must be viable for 
researches conducted by any kind of marine 
scientists that need to acquire large amount of 
underwater data, providing different procedures for 
different scenario that follows, overall, the same 
methodology; 

 The surveys were performed exclusively by 
researchers and professionals: to fully exploit the 
potential of Citizen Science, volunteer divers must 
be introduced in the process. This consideration 

implies tailored briefing sessions and tutorials, that 
should be viable to the wider number of people 
possible; 

 The instrumentation was too specialized: the type 
of instrumentation was limited to professional 
underwater cameras, ROVs and USBL tracking 
devices. These technologies are usually costly to 
buy and maintain (for example, a supply vessel 
could be necessary to deploy and recover a ROV). 
A partial solution can be found for example in [6], 
[7], [8] and [9], where autonomous vehicles are 
exploited to lower the overall costs of an 
underwater mission.  

 No training was involved in the process: the people 
involved in the research were already able to use 
the instrumentation, so no training phase was 
designed and implemented. In new scenarios, 
divers are not scientists or initially aware of the 
technology that they must be able to master in a 
short time. This aspect conditions mainly the 
requirements of the technology involved in the 
process, that should be easy to use and user 
friendly. 

Because of these considerations, a reworking of the 
procedure used until now and of the technologies 
employed is suggested to improve the overall spread and 
ease of application of it in a generic underwater scenario. 

 III. PROPOSED GENERAL METHODOLOGY FOR 
GEOSPATIAL MEASURING AND 

DOCUMENTING UNDERWATER AREAS 

The above-mentioned consideration made necessary a 
refactoring of the previous procedure, with these main 
objectives:  

 To define a set of procedures applicable in general 
underwater inspection and research scenarios 
carried out by scientists and volunteer divers; 

 Exploitation of Citizen Science as a tool to decrease 
costs and leverage the awareness of the 
cultural/biological heritage of the marine 
environment; 

 Insert in the methodology a specific phase for 
training and feedback evaluation to allow a 
continued improvement of the methodology; 

The proposed methodology is composed by three main 
phases: 

 Pre-Survey: this phase is conducted by marine 
scientists. This phase is usually made one time for 
each site. These are the actions that are taken: 
o Investigation Area Choice: in this phase an 

interesting area is chosen and proper 
documentation is collected; 

o Site Preparation: this phase is different for each 
type of mission scenario and different 
procedures are designed. In a scenario of 
archeological survey for 3D documentation, for 
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example, some steps of the previous procedure 
are applied such as cleaning of the site and 
artifact cataloging; 

o Site Localization: in this phase the survey area 
is organized in different zones called “sites”. 
Each site area is localized by means of GPS 
coordinates.  

o Mission Profile Creation: for each site or for 
groups of sites, different mission profiles are 
created. A mission profile is defined by a unique 
name, a list of tasks to process and a site or a list 
of sites where the mission will be performed. 
Each task is defined by a time limit and a list of 
actions to perform. An action is an atomic 
procedure that the diver must perform (such as 
“go-to”, “shoot a photo”). This allows to 
scientists to limit and formally define the 
number of action that must be trained to the 
divers. 

 Survey (repeated more times): in this step the 
volunteer divers are introduced in the process. It is 
divided in these phases: 
o Training: the volunteer divers are introduced to 

the technology that they will use during the 
survey.  It is mainly divided in two phases: 
firstly, an explanation is given by means of 
slides or oral presentation that introduces the 
features and operation of the devices, then there 
is a dry hands-on with a simulation of different 
procedures; 

o Mission Profile Briefing: the volunteer divers 
are introduced to the mission profile that they 
will follow. After the overall scenario is 
introduced, the list of different actions that can 
be requested together with some suggestions are 
described. These tips are usually a mix of 
previous knowledge and feedback received 
from previous surveys; 

o Survey: the actual survey is performed. During 
this phase, the data are acquired by the devices 
carried-on by the divers; 

o Data Gathering: just after the dive, it is 
mandatory to store ultimately the acquired data, 
attached with all the information related to the 
performed mission; 

o Survey Feedback: feedback is received from 
divers to exploit weaknesses related to the 
technologies and to the process. This is 
performed in the form of interviews after the 
dive or surveys. 

 Post-Survey: in this step the data is processed and 
validated.  
o Data processing: in this phase the data is 

processed by automatic tools to transform raw 
data in images in higher-value outputs such as 
3D reconstructions and enriched maps; 

o Survey and Data Validation: finally, the 
scientists will be able to review the data to 
validate it, to perform further researches or to 
take specific actions. To increase awareness and 
sense of participation of the divers, collected 
and processed data is usually available to them.  

 IV. EMPLOYED TECHNOLOGIES 

The proposed procedure must be integrated with 
technologies that aid the phases where volunteer divers are 
involved. In fact, in the Survey and Post-Survey phases the 
data must be processed through a pipeline that can be 
synthetized by four important steps:  

 Acquisition: in this phase, the environmental data is 
acquired by a device and temporary stored. Each 
data must correspond to a specific class of data. A 
fundamental information that must be attached to 
each entry is the timestamp, that allows in the 
following step to synchronize data; 

 Gathering: in this phase, all the data acquired from 
a single device, that performed a single mission, is 
uploaded and stored ultimately. In this phase, the 
representation of the information is standardized: 
for example, a GPS position is defined by a couple 
of floating-point expressed data, where the first is 
the latitude and the second is the longitude; 

 Elaboration: in this phase, through tailored 
algorithms, the input data is transformed to the 
required output; 

 Output Visualization: in this phase, a device can 
download the enriched and elaborated data in order 
to show it to the end-user by means of proper 
applications. 

Using this formalization will be useful to introduce 
requirements and validation indexes easy to implement on 
expert management tools with the aim of design site study 
and preservation actions. Some of the requirements that 
can be highlighted to evaluate hardware technologies 
could be for example:  

 Easy-to-use and easy-to-master: the designed 
equipment should be employed efficiently by an 
unaware user in the less time possible. This can be 
achieved also by means of well-known 
technologies such as smartphone, tablet and user 
friendly GUI; 

 Modular: a modular design helps to decrease the 
amount of knowledge necessary to use a different 
version of the same technology and the amount of 
time to design it; 

 Low-Cost: lower the costs, while increasing the 
overall performance and robustness of data 
acquired, can help many researchers to improve 
their studies by using better technologies. 

Before develop a systematic tool for design intervention 
actions, authors concentrate their work on providing the 
scientific community of an easy-to-use, low cost tools for 
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automatic data survey and site documentation. 
In this paper two are the main technologies designed to 

fulfill the steps of the previous pipeline: DocuScooter 
([10]) and DiRAMa ([11]). The first can take care of the 
acquisition and output visualization phases, while the latter 
can gather the underwater data and elaborate it, performing 
for example a 3D reconstruction from the acquired images. 

 A. DocuScooter 

DocuScooter is an innovative tool able to equip different 
types of commercial underwater scooters to acquire 
heterogeneous data from the marine environment. This 
instrument has been developed in the context of the H2020 
Green Bubbles European project. The structure of 
DocuScooter is shown in figure 1: 

 

 

Figure 1: DocuScooter architecture 

It is defined as a three-layer structure composed by: 
 User Interface Unit: composed by an Android 

tabled with a tailored application that can manage 
the DocuScooter and a subsystem that acts as a 
bridge between the underwater tablet and the rest of 
the device by means of a Wi-FI connection. To 
decrease the overall cost, this unit is optional; 

 Motherboard Unit: composed by a custom 
electronic board that manages the data exchange in 
the DocuScooter. It is equipped with an LCD 
screen to show some information about the ongoing 
mission, buttons to provide interaction with the 
system and some exclusive sensors such as a depth 
and temperature sensor; 

 Payload Units: this layer is composed of an array 
of compatible COTS (Component-Off-The-Shelf) 
that the diver wants to attach to the DocuScooter 
and control from the underwater tablet or with 
buttons and LCD of the Motherboard Unit. At the 
moment, these are some of the available devices: 
underwater Wi-Fi sport cameras (from Intova, 
GoPro and Kodak), underwater lights, external 
batteries and other sensors for environmental 
monitoring.  The COTS are connected to the system 
by means of a microcontroller that uses a common 
protocol shared between the different Payload 
Units; 

One of the newly designed Payload Unit is a surface 

buoy able to estimate, through tailored algorithms, the 
underwater position of the diver during the survey ([12]). 

The requirements for its design were:  
 High modularity: different scenarios need different 

Payload Units. Because of this, these devices are 
engineered to be connected, disconnected or 
swapped in the system without compromising its 
functioning; 

 Low-cost: to be easily employed by researchers and 
by the diving industry, it is necessary to decrease 
costs by exploiting COTS component. This allows 
the end users to use their own equipment as much 
as possible and to exploit the overall lower price of 
commercial equipment; 

 High extensibility: in order to provide a facilitated 
way to add new compatible devices in the system 
an effort has been channeled to define a well-
documented and easy-to-use interface to provide 
access for a wide range of different COTS. In fact, 
it is mandatory to respect only the power supply 
voltage, the protocol used to communicate through 
the system and the connector; 

 50m depth rated: the developed hardware is 
designed to be used for extended periods of time at 
a maximum depth of 50mt, that is the maximum 
depth achievable by commercially-available 
underwater cases of sport cameras. 

 B. DiRAMa 

DiRAMa is a platform designed for image acquisition 
and three-dimensional reconstruction of submarine 
environments.  

The principal innovation brought by DiRAMa is the 
integration of multiple heterogeneous knowledge 

concerning the marine and underwater habitats using 
tested and reliable COTS component. This project aimed 
at providing greater data processing, implementing 3D 
reconstruction algorithms on an external server; this 
expands the list of possible results with a three-
dimensional model of the area explored.  

The outcomes can be stored in the most common three-
dimensional formats like PLY (Polygon File Format), OBJ 
+ MTL, DA (Collada), and PDF. A schematic 
representation of DiRAMa is shown in figure 2.  

It is possible to recognize five different components: 
 Mobile acquisition device: any suitable device (Pc, 

tablet, smartphone, smart-camera) able to send 
photos and other environmental data to the web 
server; 

 PHP/HTML5 Web server: this component can 
receive the data from different devices of different 
users, communicates with the 3D Engine Module 
and can show the results to end users; 

 3D Engine Module and Database: this component 
implements complex reconstruction algorithms to 
perform the 3D reconstructions. Moreover, it 
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manages the internal database where information 
and results are stored; 

 Cloud Manager: this component implements a 
notification server in order to inform the end users 
about the status of the ongoing elaboration; 

 Home navigator: any suitable device that can 
download and visualize the output data from the 3D 
reconstruction and other processes. The 
DocuScooter is an example of Home Navigator 
device, but a series of API are designed to provide 
easiness to access to a wide range of devices. 

 

 

Figure 2: DiRAMa architecture 

 V. TESTS AND RESULTS 

The proposed procedure and technologies have been 
tested in a validation environment at Hopkins Marine 
Station, Monterey, California, USA.  

The technology was already tested by expert staff to 
perform 3D reconstructions in previous sea tests ([10]). 
The tests during these trials were focused on two topics: 

 Receive feedback from divers about the 
maneuverability of the hardware and about the 
effectiveness of the GUI of the User Interface 
Unit. During the mission briefing, the divers were 
instructed to perform different actions during the 
survey. These tests will be evaluated by 
comparing the list of required commands and the 
list of actions done through a log file and direct 
feedback from the divers; 

 Receive high value 3D reconstructions and other 
data from the marine environment (depth, 
temperature) from scientists trained quickly. 
These tests will be evaluated by considering the 
output 3D reconstruction. 

During each mission, also other important parameters 
will be acquired through DocuScooter such as depth, water 
temperature, orientation data from the onboard IMU and 
the GPS position. 

The team working on the DocuScooter development 
defined two types of mission profile: the first aimed to 
perform different type of actions with the DocuScooter 
such as “start/stop mission”, “shoot photo”, “start/stop 
video” and “turn on/off lights”. This mission profile aims 
to evaluate the ability of volunteer divers to master quickly 

the hardware and the effectiveness of the training. The 
second mission profile was about the acquisition of images 
to perform a 3D reconstruction of relevant sediments. This 
latter mission requires slow, controlled and repetitive 
movements around the object, to acquire enough images to 
perform the 3D reconstruction,  

Other scientists, untrained on the technology that they 
had to use, were introduced to the DocuScooter and to its 
usage and to the mission that they had to perform. The 
divers, with just a 15-minute training (divided in oral 
presentation and simulated hands-on), could fully use the 
platform and perform all the requested actions to begin the 
survey. After the dive, the images acquired were uploaded 
to the DiRAMa web server to perform the final 3D 
reconstruction and feedback was received from divers by 
means of an interview. 

For the first type of mission, good results were received: 
from the logs, all the requested actions were performed 
correctly by the divers and feedback was received from the 
divers as suggestions to improve the handling of the 
DocuScooter. For the second type of mission, however, we 
found out issues about the 3D reconstructions caused by 
the low quality of images captured. In fact, the procedure 
of obtain good quality images for 3D reconstruction has 
shown to be very a complex task for an amateur. 

This occurrence highlighted problems and difficulties 
related to: 

 Training that was not enough exhaustive about the 
reconstruction procedure; 

 No feedback from the DocuScooter about the 
quality of image acquisition during the survey.  

In each mission, other data has been acquired to better 
document the survey such as the GPS position before 
starting the dive (figure 3) and the orientation data during 
the whole survey (figure 4). 

 

 

Figure 3: GPS track of one dive 

 VI. CONCLUSION 

In conclusion, the proposed procedure and developed 
technology has been successfully employed to perform 
different underwater surveys. 

Thanks to the feedback received from divers about the 
procedure and the technology, we started a process of 
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improvement of different phases of the procedure and 
about the technologies employed. 

Some planned updates related to the procedure consist 
of having a richer set of slides with media for better 
tutorials and tailored surveys to assess the performance of 
the proposed solution in different areas (tutorial, the 
procedure itself and the GUI of the tablet). The usage of 

the survey will be useful also to gather statistical data 
about the divers and the dives. 

In relation to the technologies, it could be useful to add 
some assistance algorithm to aid the acquisition of images 
for 3D reconstruction such as detect if the diver is moving 
too quickly or which movement he is performing by means 
of internal sensors in the tablet. 
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Abstract 

The need of documentation of wide archaeological 

submerged areas has been a stimulus for the 

development and implementation of a three-

dimensional scanning system providing accurate 

information about the dimensional data and 

chromatic values of the artefacts. 

The paper presents the work carried out on the 

underwater site of the “Villa con ingresso a protiro” in 

the Baiae Marine Protected Area, Underwater Park 

(Naples), in the frame of the ISCR “Restoring 

Underwater” Project, funded by MIBACT. 

Its extension is more than 10,000 square meters and 

the site lies at an average depth of 4 meters.  

The scanning systems currently in use offer excellent 

results, but in a large-scale context such as the “Villa 

con ingresso a protiro” they prove difficult to use. 

The low depth and poor visibility of the site make the 

photo-based systems (ortho-photo-mosaic) almost 

useless, since they would require many thousands of 

pictures, in bad light conditions; laser-scanning 

systems, on the other hand, are linked to a fixed 

position on the seabed and work properly on small 

surfaces. 

The development of a mixed system based on the 

triangulation measurements of the laser scanner and 

the optical structured light scanner has thus been a 

must.  

It is free of constraints, such as the seabed fixed 

position, and can be moved along the whole area and 

close to the desired target in order to obtain further 

accuracy and more detailed surveys. 

 

 

Introduction 

 

In the field of underwater archaeology, there is a 

need to document large submerged areas, as in the 

case of Ancient Baiae, in the Marine Marine Protected 

Area-Underwater Park (MPA-UP) of Baiae. The 

MPA-UP is located off the north-western coasts of the 

bay of Puteoli (Naples), in the littoral zone between 

the southern limit of the port of Baiae and the dock of 

Lido Augusto. This site is part of the coastal region 

known as Campi Flegrei, that has been characterized 

by a periodic volcanic and hydrothermal activity and 

has been subjected to bradyseism, namely gradual 

changes in the levels of the coast with respect to the 

sea level. Ancient Baiae was a bathing resort for the 

Roman aristocracy between the 1st century BC and 

the 4th AD; as a result of bradyseism, it began to sink 

into the water around the 3
rd

- 4
th

 century AD. The 

ancient city, now almost completely submerged, was 

famous for its luxurious seaside villas, public offices, 

baths, shops and coastal installations. The MPA-UP, 

which covers an area of about 176.6 hectares, not only 

safeguards the archaeological remains of the Roman 

city and the infrastructures of the roman harbor 

named Portus Iulius, but also represents an 

underwater area of great environmental value. The 

major environmental values of this area are related to 

a peculiar volcanic and deformational history. As it’s 

known, since antiquity this coastal region has been 

subject to the phenomenon of bradyseism, which may 

be positive or negative, and in its present state, the 

remains of the Roman Era are submerged at a depth 

ranging between 1 and 14-15m below the sea level. 

Over the last years, the Soprintendenza Archeologica 

di Napoli was the Managing Authority of the MPA-

UP, however recently this role moved to the Parco 

Archeologico dei Campi Flegrei as the new Managing 

Authority. Today the MPA-UP of Baiae has at least 

five itineraries open to the public, divers or non-

divers. This last type of tourists can visit the site on 

board of a glass-bottomed boat. The local diving clubs 

areauthorized by the Managing Authority to 

accompany the divers wishing to visit the submerged 

city. The underwater itineraries are 1) the 

Nymphaeum of Punta dell’Epitaffio, 2) the Villa con 

ingresso a protiro – Villa with vestibule, 3) the Villa of 

the Pisoni; 4) Portus Iulius; 5) the “Secca fumosa. 

Gabriele Gomez De Ayala started the development 
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of a three-dimensional scanning system applied to 

submerged cultural heritage in 2007; it was optimized 

through the years, and first employed by the ISCR in 

2011, in the frame of the “Restaurare sott’acqua - 

Restoring Underwater” Project.  

The Project, designed and directed by Roberto 

Petriaggi from 2001 to 2010, is now directed by 

Barbara Davidde Petriaggi and currently ongoing 

(http://www.iscr.beniculturali.it/pagina.cfm?usz=1&ui

d=69&idpro=4) and is funded by MIBACT. 

 A part of the Project was devoted to test tools and 

techniques to document the submerged archaeological 

remains in their real dimensions, their geographic 

location, and in the real aspect (color, surface 

characteristics, etc.). 

The ISCR invested important resources in the 

development of the three-dimensional underwater 

scanning systems, working with G. Gomez De Ayala to 

plan and document conservation works on 

underwater archaeological structures. In addition to 

the scuba laser scanning system, ISCR was interested 

in testing different systems of 3D documentation, such 

as the photogrammetry, used for the documentation of 

the San Pietro in Bevagna shipwreck (1). 

Also, a bath of the Villa con ingresso a protiro and a 

portion of the wall of the viridarium of the Villa dei 

Pisoni in Baiae has been surveyed with the University 

of Calabria, to document and monitor the 

experimental cleaning operations in Baiae (2) .  

 

 

The development of three-dimensional underwater 

Laser scanning systems in the Submerged Baiae. 

  

The first system developed was used to document 

the room paved with the opus sectile floor of the bath 

of Punta Epitaffio and to project the restoration work 

of it (3). The system was  based on triangulation with 

laser lamellar light; it was necessary that the laser 

emitter, the capture ccd sensors and the area to be 

detected were at known distances, and for this reason 

we created a frame with the shape of a cube, on the 

top of which were mounted the ccd sensors and the 

laser emitter and at the bottom of the cube there was 

the area to be detected. (fig.1) 

This system provided a very good resolution 

because, in order to obtain a higher degree of 

accuracy, it was able to reduce the thickness of the 

laser blade to the minimum required size. 

This system found its limits in some cases where 

areas larger of a few square meters needed to be 

detected. In this case it was necessary to align many 

single scans and to move the cube frame over the area 

to be detected several times. 

We then developed a second scanning system that, 

like the first one, consisted of a system based on 

triangulation, but in this case the whole system was 

mounted on a tripod and rotated around its axis 

allowing the survey of a larger scan area. However, it 

still was necessary to move the system and repeat the 

scans needed for large areas (4). 

In 2015, ISCR had the need to document and restore 

the remains of a republican Villa and the remains of a 

building with portico, a portion of the wider Portus 

Iulius. 

This building is characterized by several adjacent 

rooms enclosed by walls in opus reticulatum, some of 

which are still standing, while others have collapsed 

(5;6). 

 Here the authors decided to test a new scuba laser 

scanner called WIRscann -Warm Infra Red scanner. 

It was the need to scanning very large areas of the 

seafloor that brought to the development of this new 

laser, the WirScann system, which can effectively scan 

areas up to 1000 sqm. 

We tackled and solved the problem of obtaining an 

accurate survey, producing many scans and their 

complex alignment for the lack of reference objects 

(just sand) by creating a system based on structured 

light. 

We have created a pattern represented by a grid of 

known proportions and shape, projected through a 

strobe light on the surface to be detected, while at the 

same time a ccd sensor detects the grid deformation 

due to the shape of the area to be scanned; the 

detection is repeated 30 times per second. 

This new system allows us to move freely on the 

area to be detected from each angle, each of the 

individual 30 scans carried out every second is aligned 

to the following automatically and subsequently 

simplified as it is superimposed on the next for 90%. 

Many system variations have been made, such as 

the use of infrared laser light and the integration with 

a parallel acoustic system. (fig. 2) 

The system made possible to realize the three-

dimensional survey of a large area such as the one of 

the “Villa con ingress a protiro” - "Villa with protiro 

entrance" (Baiae), an area more than 10,000 square 

meters wide, characterized by walls from 2 to 150 cm 

high (figs. 3-4). 

It was possible to measure dimensions and 

orientation with centimeter accuracy (even 

millimeters where necessary), with the ability to re-

elaborate the information obtained (point cloud) to 

gain greater accuracy; about 80,000 pictures were 

used to create the texture of the three-dimensional 

model, and it was possible to handle this workload 

since the system takes only the portion of no overlap 

of each picture. 
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Conclusion 

 

The surveys made with the laser scanners proved 

very useful in designing and planning conservation 

activities, as well as in mapping the state of decay and 

degradation of the archaeological structures.  

 

The scanning systems currently in use offer excellent 

results, but in a large-scale context such as the “Villa 

con ingresso a protiro” or Portus Iulius y prove 

difficult to use. 

The low depth and poor visibility of the site make the 

photo-based systems (ortho-photo-mosaic) almost 

useless, since they would require many thousands of 

pictures, in bad light conditions; laser-scanning 

systems, on the other hand, are linked to a fixed 

position on the seabed and work properly on small 

surfaces. 

The development of a mixed system based on the 

triangulation measurements of the laser scanner and 

the optical structured light scanner has thus been a 

must.  

It is free of constraints, such as the seabed fixed 

position, and can be moved along the whole area and 

close to the desired target in order to obtain further 

accuracy and more detailed surveys. 
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Fig. 1. Cube frame of the first scanning system 

 

   Ffig. 2. Acoustic optical system  
 

 

 

 

 
 

 

Fig. 3. Orthogonal view of “Villa con ingresso a protiro” 

(Data capture and elaboration: Gabriele Gomez de 

Ayala). Copyright ISCR 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. A sector of the Villa con ingresso a protiro, with 

the black and white mosaic floor during restoration. 

(Data capture and elaboration: Gabriele Gomez de 

Ayala). Copyright ISCR 

 

 

 

 
 

 
Fig. 5. 3D model of a room of the bath of the 

“Villa con ingresso a protiro”. (Data capture 

and elaboration: Gabriele Gomez de Ayala). Copyright 

ISCR 

 

 

 

77



IMEKO International Conference on 
Metrology for The Sea 
Naples, Italy, October 11-13 2017 
 

OBSEA, a marine sensor testing site for 
metrology 

Matias Carandell Widmer1, Albert Garcia-Benadí1, Joaquín del Río Fernandez1 

1 SARTI Research Group. [Electronics Dept]. Universitat Politècnica de Catalunya (UPC). 

Rambla Exposició 24, 08800, Vilanova i la Geltrú. Barcelona. Spain.+(34) 938 967 200 

 
Abstract – Marine sensors needs to be tested in real 

and controlled environments in order to assure, both, 

proper functionality of the sensor and good enough 

measurements. Most of times is not enough testing on 

the lab. Field tests and an inter-comparison with similar 

sensors can help instruments manufactures, platform 

operators and scientist to validate instruments. This 

abstracts introduce OBSEA (Expandable Seafloor 

Observatory, www.obsea.es), a permanent underwater 

cabled seabed observatory located in front of the 

Catalan’s coast near Barcelona, at 20 m depth. Further, 

some of the current activities where the observatory is 

used as a test site for different experiments related with 

marine sensors metrology are presented. 

 I. INTRODUCTION 
Nowadays, science community is paying more attention 

at the sea because it is a huge storage of heat on the earth. 
Therefore, changes in the state of the seawater can produce 
modifications in the weather. To know the characteristics of 
the seawater, parameters as temperature, salinity, 
acidification among others are important. This necessity 
has been solved with oceanographic measurements, but the 
traceability of the instrumentation used in the marine 
science is particularly new. 

For this reason, the opportunities given by a permanent 
observatory in the real field can give worth to the studies in 
the metrological field 

 II. OBSEA 
OBSEA [1], [2] is an underwater observatory cabled to 

the coast with a 4 km hybrid cable that offer power and real 
time communication. It is placed in front of the coast of 
Vilanova i la Geltrú, near Barcelona, in a fishing protected 
area at 20 meters’ depth. 

 
 
 
 
 
 
 
 
 

The first remarkable strength of OBSEA’s observatory, 

as other cabled ones, is the capacity to feed a large range of 
instruments from the land with up to 3.6kW, and the high 
bandwidth communication link of 1Gbps uninterruptedly. 
That avoids the dependence of batteries and storage 
systems. Through an optical Ethernet network, 
oceanographic data is always available to monitor marine 
environment.  

Obsea offers a wide range of data produced by different 
sensors that should be acquired and treated in many 
different ways; multifunction is a must at underwater 
observatory systems. OBSEA largely achieves this 
function. As it can be seen at Figure 2, which is a real 
disposition of the observatory at June 2016, different 
instruments as AWAC’s, a seismometer, underwater ip 
cameras were connected at the same time. This shows its 
capability to feed the instruments, acquire, transmit and 
treat the data of all-them uninterruptedly. 

 

 
This underwater observatory is composed of 2 main 

nodes or junction boxes, each of it offers 8 instrument ports 
(data and power connection). Both are at 20 meter’s depth 

and at a distance of 150 meters one from the other. 
Connected to the first node there is the surface buoy. See 

Figure 3. It is another OBSEA’s strengths because it brings 

the possibility to deploy surface instruments. It has its own 
weather station and ip camera and there is the possibility to 

 

Figure 2 Components placed at OBSEA on June 2016 

 

Figure 1 Obsea structure 
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connect other instruments like the CTD, the oxygen and 
pCO2 sensors attached with an auxiliary buoy.  

OBSEA is located at the Mediterranean Sea and 
operations are done by scuba divers and small boats. 
SARTI-UPC members are always available for new 
deployments and to share their know-how [3], taking care 
of the installation through an online system of alarms from 
the land. 

  

 III. WORKS ON 
Nowadays, OBSEA-UPC is one of the test site 

observatories of EMSO-ERIC (http://www.emso-eu.org/). 
European Multidisciplinary Seafloor and water-column 
Observatory (EMSO) is a large scale sea research 
infrastructure of distributed fixed point observatories which 
serves marine science researchers, marine engineers, policy 
makers and the public. EMSO consists of ocean observing 
systems for the sustained monitoring of environmental 
processes and their final interactions. 

Being a test site at EMSO’s network has allowed 

SARTI group (Sistemes d’Adquisició Remota i Tractament 

de la Informació) from UPC to participate with OBSEA 
platform in many European research projects (FP7, H2020 
and EMRP) that are described below. 
A. FP7 calls 

In 2017, 2 European projects financed by FP7 ended 
their period;  Nexos (http://www.nexosproject.eu/) and 
FixO3 (http://www.fixo3.eu/).  

The main purpose of NeXOS [4] is to deploy new sensor 
systems that are multifunctional, integrated, profitable and 
compact in a wide range of applications (optical, acoustic 
and for a fishing ecosystem). That sensor systems must be 
deployed in both mobile and fixed platforms, and should 
contribute to the evaluation of the European ecological 
state and the Marine Framework Strategy Directive [5]. 
SARTI group has participated in the developing of several 
sensors. One of them consists in a passive acoustic 
monitoring system with capacity of processing the data. 
This is an intelligent digital hydrophone that offers directly 
sound, or alerts about underwater species movements 
without sending the raw data that weights a lot and takes a 

big bandwidth.  These hydrophones are being deployed 
these month, during the demonstrations phase of the 
project, both in underwater vehicles (glider) as SeaExplorer 
of Alsemar, buoys as the Estoc in the Atlantic Sea operated 
by Plocan or underwater observatories as OBSEA. In 
Figure 4 NeXOS underwater acoustic monitoring systemit 
can be seen 4 hydrophone units connected to the data 
concentrator (electronic box) that offers too an estimation 
of the arrival angle of the sound source. 

 
During FixO3 project, OBSEA has been used as a test 

service for different research project through TNA 
(Transnational Acces) calls. Different business or institutes 
have done some deployments at OBSEA under the 
coverage of FixO3 founding. SARTI team has participated 
in the integration of this equipment giving real data access 
and continued sensor monitoring. The seven FixO3 projects 
located at OBSEA platform are listed below: 

 ELCOMEDES [6]. The main objective was to 
perform different studies of corrosion in a real environment 
using a new potentiostat device (Figure 5). This new 
potentiostat had been designed to be connected in 
underwater observatories and to be operated remotely. 
Moreover, it could perform different test such as noise 
measurements or cyclic voltammetry. Furthermore, in order 
to achieve the objective, some electrode cells with different 
characteristics had been designed to be used with the 
potentiostat. 

 
 FishOut [7]. Dedicated to explore multispecies 

temporal variability, as a product of activity rhythms and 
environmental forcing and analyze prey-predator 
interactions. That would be done by deploying two 

   

Figure 5 Potentistat device. Three electrode cell with  

waterproof enclosure 

 

Figure 4 NeXOS underwater acoustic monitoring system 

 

 

 

Figure 3 OBSEA’s buoy 
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underwater cameras in a real scenario (OBSEA) with 
automated video imaging procedure to classify and count 
fishes. 

 
 SmartSea [8]. Consisting of testing GB MARETS 

(Galway Bay Marine and Renewable Energies Test Site) 
equipment in a real scenario (OBSEA) before the 
deployment in Galway. The steps were: to test the 
equipment in a hyperbaric chamber at OBSEA, to train 
SmartBay personnel on operation procedures and to 
compare the data collected with several similar instruments 
(Figure 7). 

 CISWE [8]. Nortek company wanted to try his 
equipment in a real scenario. The aim of the project was to 
study and made an intercomparison of data between two 
Nortek ADCP deployed during a long period of time at 
shallow water.  
 

 

Figure 7 Comparing the progressive vector path between 

three ADCP; AWAC Nortek (Sarto-UPC), Signature Nortek 

(CISWE) and Sentinel RDI (SmartSea) 

 UAMSync [9]. The aim of this study was to 
evaluate the performance of a communication system 
capable to trigger communication time stamps when frames 
access or exit the physical layer of the system.  Frame time 
stamping was necessary to perform accurate time 
synchronization between sensors in an underwater sensor 
network 

 upAUV. This project worked on validating the 
Autonomous Underwater Vehicles (AUVs) as current 
meters in different navigation modes. It took different 

moored ADCPs as reference. Also, it tried to see if AUVs 
provide new information about coastal upwelling 
processes. 

 SWHAD. Over the FixO3 founding, SWHAD 
aimed to deploy a hydrophone (acoustic array) at OBSEA 
observatory, shallow water, set up the measurement 
parameters, verify its long term endurance and test its 
correct data on this environment.  

B. H2020 calls 

UPC – SARTI group participates at the EmsoDev project 
((http://www.emsodev.eu/). The main objective of it is to 
catalyse the full operations of the EMSO distributed 
Research Infrastructure, through the development and 
deployment of the EMSO Generic Instrument Module 
(EGIM) [10], [11] EGIM will provide accurate, consistent, 
comparable, long-term measurements of ocean parameters, 
which are key to addressing urgent societal and scientific 
challenges. SARTI team leaded the test period of EGIM, 
which was deployed near OBSEA, at 20 meters’ depth, 

from December 2016 to April 2017.  
 

 
 

Figure 8 At left, EGIM system deployed at OBSEA 

surrondings and, at right, EGIM scheme 

JericoNext (http://www.jerico-ri.eu/) is a H2020 project 
which objective consists in strengthening and enlarging a 
solid and transparent European network in providing 
operational services for the timely and continuous and 
sustainable delivery of high quality environmental data. 
UPC contributed to the harmonization and “best practices” 

report [12] about underwater cabled observatories and has 
offered its infrastructure to Transnational Access (TNA) 
calls, in which it has received three purposes to be 
evaluated: 

 Evolul. Evologics, from Germany, brings different 
acoustic modems that will be deployed at seabed in order to 
characterize the error in the positioning study.  

 FoulStop. In this project, Ifremer (France) and 
UPC (Spain) pretend to study the biofouling activity in the 
lens of underwater cameras. 

 Advance. The ISMAR-CNR from Italy is 
interested in carry out a biologic monitoring study on 
Mediterranean shallow water. 

Finally, EmsoLink kick off meeting took place on April 
2017. SARTI group has the responsibility of apply 
different communication standards in order to facility the 
plug’n’play sensor operation in marine platforms, 

specifically at EGIM from EMSO. UPC has a large 
experience on this field and has a big background from 

     

Figure 6 FixO3 underwater acoustic monitoring system 
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NeXOS project. 
C. EMRP calls 

In the framework of “ENV 58. Metrology for essential 

climate variables” the project Meteomet2 has been 
developed. A new technique to perform traceable 
temperature measurements of the sea water profile and sea 
water surface is being studied, developed and applied to a 
real situation (OBSEA). This new thermometer consists on 
several Bragg gratings located at different points along an 
optical fiber, getting a thermometer based on distributed 
temperature sensor, that will be used to measure the sea 
water temperature profile (Figure 9 Scheme of the 
deployment of the Meteomet2 fibers). This technique will 
provide additional and valuable information about the 
evolution of the sea environment behavior [13]. 

 

 
D. National Founding 

 SARTI group is involved too in some national projects. 
Motivated by the eruption of El Hierro (2011-2012) and the 
Earthquakes at the Alboran sea has born the INTMARSIS 

project [14], [15]. The main purpose of it is to design and 
deploy a near real-time Seismic Station. INTMARSIS 
sytem is composed by an Ocean Bottom Seismometer that 
transmits data to the surface through a mooring line (Figure 
10). The communication is done thanks to an inductive link 
between the seafloor OBS and the surface buoy that sends 
packages each second. Then, from the surface, data is sent 
to the land with a GSM link. The advantages of this project 
is having near-real time data from a seafloor OBS but it’s 

limited by it is battery pack which it is designed to last for 
at least 3 months. 

 IV. STUDIES AVALAIBLE 
The variety of studies at OBSEA is large. From stability 

of the instrumentation, drift, biofouling action among 
others. Having data at real time and being operable easily 
by divers offers the possibility to evaluate the results and 
act accordingly in a short period. SARTI group is open to 
receive new challenges and offers their facilities to the 
scientific community.  
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Abstract –  
 
Vessel attitude is one of the most sensitive information 
in important operation. For instance, during ship cargo 
loading or discharge operation an un-accurate 
estimation of vessel attitude could compromise the 
safety of the procedure. Ship pith and roll parameters 
are directly measured by traditional sensors (bubble 
levels) or indirectly estimated from ship motion 
monitoring. Also inertial sensors, that provide a 
continuous attitude information, are actually used in 
offshore riser monitoring and dynamic positioning 
systems but not spread in all commercial ships. The aim 
of the proposed study is to provide vessel roll and pith 
using a cheap technology just widespread in shipping. 
This work presents the project of an embedded solution 
that uses visual information, captured by a consumer 
camera that “looks” the horizon. The camera system is 
constrained to the ship hull, while a computer unit is 
able to detect and track the horizon line, that fall within 
the image bounds. The paper describes how the 
horizon’s movements provide pitch and roll angles, 
furthermore, in order to perform an accuracy analysis, 
several static tests were carried out. 

 I. INTRODUCTION 
The information on a vessel “ego-motion”, its position 

and attitude, is of great interest for mariners in different 
ship operation and scenarios such as open sea, congested 
harbors and waterways. The knowledge of vessel attitude 
is important, for example, during cargo loading and 
discharging, and could ensure the safety conclusion of 
operation. Reliable estimation of the state of a 6-Dregree 
of Freedom body is a fundamental task in several 
disciplines; many authors employ Vision Navigation 
System (VNS) in their applications, even if this approach 
is still a challenging problem with several aspects to be 
explored. Specifically, the use of horizon detection for 
attitude determination is an old idea: Todorovic et al. [1] 
implement a computer vision solution, based on horizon 
tracking, for flight stability and autonomy of MAVs (Micro 
Air Vehicles).  

Other research groups, as well as single authors, have 
ongoing worked to this topic. Numerous approaches are 
able to detect the horizon with unsupervised systems. One 
of such approaches is based on the clustering of the image 

in two parts: the ground (or sea) and sky regions. The 
horizon line can be computed optimizing the clustering 
with statistical hypothesis [2-5]; another method uses a 
circular mask applied on the image that is invariant to the 
angles between horizon and x- axis of the image [6]. 
Another approach detects the horizon from a set of straight 
lines attained through the use of a pre-processed image 
followed by the Hough transform [7-9]. 

The recent developments in computer vision and wide 
availability of low cost hardware, that is getting smaller 
and smaller, are a consolidate team able to occupy a main 
role in any scientific and technologic field, from medicine 
to engineer. The navigation is not an exception, indeed, 
even if the technology is not completely ready, it’s getting 
to start the employ of artificial vision systems to support 
the traditional navigation systems e.g. in indoor navigation 
for mobile autonomous robot [10, 11], in terrestrial 
navigation [11] and aerial navigation [1, 7]. Such vision-
based systems are very lightweight so suitable to equip 
unmanned aerial vehicle, whose typical payload is 
extremely low. 

In this work, a new methodology is proposed to estimate 
the roll and pitch angles between a reference and a generic 
attitude. In such methodology the single frame of a video 
is considered as a central projection.  

The new approach is suitable for marine and aerial 
application: 

• safety purposes, the data can be included in a 
classical black-box recorder;  

• near-shore single-beam hydrographic survey 
performed with low cost systems, the attitude 
obtained can be used to correct the unavoidable 
errors due to roll and pitch angles; 

• augmented reality purposes, the horizon detection 
and the obtained roll and pitch can be overlaid on 
the display system to provide extensive 
information. 

Furthermore, the paper describes the system setup used 
to evaluate the performance and reliability of the 
methodology, comparing the obtained results with the 
solutions of two external systems: photogrammetric and 
INS ones. 

 II. HORIZON DETECTION 
The Inertial Measurement Units (IMU, accelerometers 

and gyroscope) are the most common sensors to compute 
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attitude, they have the advantages of high-rate and 
relatively small latency but can be subject to significant 
drift. On a ship is not requested the high-rate attitude 
information so the proposed vision system, that allows the 
extraction of a low frame-rate, precise and stable solution, 
is fully satisfactory.  

The visual system is composed by a consumer frame 
camera that is constrained to the ship and looks toward the 
horizon. In the method described below we assume that the 
images have been already corrected to take into account 
the geometric distortions of the camera. 

The proposed methodology can be separated into two 
distinct phases: 

1. Automatic Horizon detection; 
2. Roll and Pitch computation. 
In the first phase, the algorithm finds a straight line in the 

image relative to the marine horizon, by employing 
methods and procedures well-known in computer vision. 
The roll and pitch angles between a reference horizon and 
target horizon are evaluated in the second phase. Many 
horizon line detection methods for any scenario are known 
[12, 13], they can be divided into three categories: 

• Segmentation and Classification based algorithm;  
• 1D Edge Detection and Least Square based 

algorithm; 
• 2D Edge Detection and Hough transform based 

algorithm. 
The first category includes all the algorithms that employ 

a clustering method to find two zones within the image: 
sky-ground or sky-sea separated by a line, which will be 
considered the detected horizon line.  

In 1D Edge Detection and Least Square method the edge 
detection is the fundamental phase, indeed this approach 
finds the position of the maximal local edge for each image 
column. The optimal horizon line passes through the 
maximal local edges detected, and can be identified using 
the least-square method [13]. This method has a low 
computational complexity but many false maximal can 
generate wrong solutions. 

In marine scenario, the horizon line is usually 
straightforward, so the Hough transform allows to detect it 
in the image. The 2D Edge Detection and Hough transform 
method is based on sequential process that can be 
summarized in two basic steps:  

1) edge detection [14] on pre-processed image;  
2) application of the Hough transform [15] to edges map.  
The entire computational complexity of the method is 

strictly correlated to the density of Hough space. The 
approach described in this work is an enhanced version of 
a method already described [16] that employs a 
customized version of 2D edge detection and Hough 
transform.  

In the first step, the image captured by the camera, whose 
optical axis can be supposed parallel to the longitudinal 
axis of the ship, is submitted to a series of transformations 
and filtering by means of computer vision algorithms. 

The result is a black and white image called “edge map” 
(figure 1)  

 

 
Fig. 1. On the top the original image, while on the bottom 

its edge map. 
 
The Hough transform algorithm is applied in the second 

step to detect the longest straight line in the scene that 
should represent the instantaneous horizon. But in marine 
scenario several obstacles could be present in the images 
(like other ships or an irregular skyline due to coastline); 
these circumstances can create false horizons.  

To reduce the possibility of false-horizon detection an 
ad-hoc custom filter is applied to the edge-map”. 
Furthermore, all the horizon lines are usually characterized 
by a great image gradient magnitude and especially by a 
constant value of its direction along the entire line. For 
these reasons, the proposed algorithm chooses the line with 
the less variation of image gradient angle, among twenty 
possible candidate lines.  

Moreover, a mask image is used to specify the areas, on 
the camera frame, where components of vehicle like 
fuselage or hull are visible. Such parts could generate 
strong and straight edges on the image inducing false 
horizons. During the edge detection, the masked areas are 
rejected. 

 III. PITCH AND ROLL COMPUTATION 
The image processing presented in the previous sub-

section detects the horizon line within the image. This can 
be considered like a sensor front-end: the measure 
obtained by the “sensor” needs to be related to the camera 
roll and pitch angles and hence of the vessel attitude. 
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Fig. 2. An example of image masking during the video 

recording acquired on a ship. The red area is not 
processed. 

 
Of course, if the camera optical axis is parallel to the 

vessel longitudinal axis, a rotation of the horizon in the 
image is connected with roll movements. On the other 
hand a simple vertical shift is related with pitch 
movements; but both parameters cannot to be directly 
measured on the image. The developed algorithm needs to 
define a reference horizon, which corresponds to a ship 
reference attitude. The roll and pitch angles are computed 
as the attitude difference between a reference horizon to 
any other. 

The Euclidean geometry describes the world using a 3 
coordinates by three-dimensional vector X = [𝑥, 𝑦, 𝑧], as 
well as an image describes it as bi-dimensional 
representation: x = [𝑢, 𝑣]. 

The mapping between the world space and image space 
is described by the pinhole camera model and its equation: 

 
𝐱 = 𝐏𝐗   (1) 

 
where P is known as projection matrix, while the vector x 
and X are the coordinates of a generic point respectively in 
the image and world reference system, expressed into 
projective space. When a camera captures a picture, it 
performs such transformation. Of course, the 
transformation between two spaces is related to camera 
features, specifically, extrinsic and intrinsic parameters. 
The former is the orientation of the camera in the world 
space, is made up by the camera position and attitude, 
while the second one depends on internal camera 
parameters, such as the focal length and the pixel size; both 
are contained into the projection matrix [17] 

Further parameters have to be taking into account, as 
well, such as the image distortion caused by lens. 
Specifically, in this work the distortion parameters are 
previous determined by procedures of self-calibration 
[18]. Therefore, the algorithm employs such parameters in 
order to computes undistorted images. This latter step 
allows to preserve straight lines, between the world space 
and image one, and it helps the horizon detection. Indeed, 
the image is a bi-dimensional projective representation of 
real world, it preserves straight lines but not the angles 

(principal point excluded) [19], for this reason it’s not 
possible measure the angle directly on the image. 

In the first version of the system it was used an approach 
where the image is regarded as gnomonic azimuthal map. 
In this work, a rigorous and faster approach has been 
employed; it provides results with a significantly lower 
number of operations. Such approach is based on the 
analysis of the direction cosines. 

Let’s considerer the pinhole camera model, composed by 
camera frame and perspective center, the distance between 
the plane’s frame and perspective center is the calibrated 
focal length as shown in figure 3. 

 

 
Fig. 3. Two view of pinhole camera model in 3D. The 

distance between the Perspective Center and the image 
frame is the calibrated focal length. In green is marked the 
detected horizon and the respective attitude plane. 

 
Let’s assume a horizon, detected on image, as reference 

horizon (in figure 3 is colored in green), such line 
intersects the camera frame boundary in two points (RHR 
and RHL). The plane which passes through such points and 
the perspective center establish the reference attitude of the 
camera and therefore of the ship. 

A generic horizon, detected on image, intersects the 
camera frame boundary in two points as well, and 
therefore identifies the correspondent plane of attitude. 
Each plane can be expressed by the direction cosine of its 
perpendicular unit vector: the angle between the two 
perpendicular is a spatial angle that provides the attitude 
variation (figure 4). 

Supposing that the camera frame is located perpendicular 
to the longitudinal axis of the ship, the spatial angle can be 
easily divided into roll and pitch angles.  

 IV. EXPERIMENTAL TRIALS 
For the assessment of the proposed approach, several static 
trials have been carried out in order to validate the method 
and to estimate the achievable accuracies and precisions. 
The analysis on the quality of the results has been carried 
out by the comparison with a precise methodology 
(photogrammetry) and with a low-cost INS. The INS 
solution has been used as an alternative to the suggested 
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horizon solution, investigating their characteristics and 
hypothesizing their integration. 
 

 
Fig. 4. Spatial angle between the two unit vectors 

perpendicular to the horizon planes. 

 A. Testfield description  
The equipment used to evaluate the performances of 

proposed method is constituted by two plates with a set of 
photogrammetric circular targets. The lower plate is fixed 
whereas the high plate is movable (figure 5). The lower 
static plate supplies the photogrammetric reference 
system. The upper plate can assume several attitudes by 
means of a locking device that blocks it in a specific 
position, allowing the observation of the sensors on it. 

On top of upper plate were placed: a camera Nikon 
D7100 for recording a video of the horizon, an X-Sens 
MTi-G used as low-cost sensor for INS measurements and 
a steel calibrated bar. A laptop was used for the time 
synchronization of instruments, for data acquisition and 
video recording. 

In the first trial, the attitude angles between the fixed 
plate and the upper one, were detected by above-
mentioned methodologies. Such angles are considered as 
reference for the subsequent trials. Afterwards, the upper 
plate was rotated and locked in different casual positions 
forming considerable angles of roll and pitch with respect 
to reference position. 

The photogrammetric technique was employed to 
determine the precise coordinates of the circular target 
attached on the top of the two plates. A set of convergent 
images was acquired with calibrated camera for each trial 
(figure 6). The fixed plate allows to define the same 
reference frame for all photogrammetric acquisitions, 
whereas the calibrated bar located on the higher plate states 
the accurate scale. Procrustes transformation method has 
been used to evaluate the attitude difference between the 
first and the subsequent trials. for the targets placed on 
upper plate. The transform residuals are considered as 

figure of merit for the attitude accuracy. 

 
Fig. 5. System setup for the different sensors and 

definition of coordinate system. The movable plate 
simulates the movement of a ship, and therefeore are 
located all employed instruments. 

 
Low-cost IMU devices could be considered as a 

competitor system. In order to compare the proposed 
approach with such low-cost systems it was adopted 
inertial sensors based on MEMS (Micro-Electro-
Mechanical Systems) technology. Such devices are 
characterized by lightness, small size and low cost but with 
poor performance, hence the error would rapidly increase 
without applying a suitable technique to limit its growth. 
A static data collection has been performed and so it has 
been possible to apply the ZUPT technique for the whole 
data set, avoiding the typical performance degradation of 
INS solution [20]. 

A Nikon D7100 reflex camera was used as video 
recording device; the video file is sent as input data to a 
C++ software developed ad-hoc. Such software uses the 
OpenCV library as well to extract automatically the 
horizon line. Once that the detection is concluded the 
results are transferred in Matlab Environment to evaluate 
roll and pitch angle for each frame. A simple integrity 
value, based either on the gradient magnitude and its 
orientation along the horizon line, allows to assume if a 
line is to be considered as horizon or not. Afterward the 
roll and pitch angles are estimated using the over-
mentioned method. When a generic horizon is corrupted 
(the integrity value is zero) the attitude computation is 
skipped. 

 B. Results analysis   
The video tape of test was acquired during a winter day, 

in order to have a clear scenario with only few trouble 
elements; furthermore, the sunset moment was chosen to 
test the algorithm for high presence of light reflection on 
the sea waves. 

A calibrated Nikon D800 camera with a 35 mm lens was 
used for the photogrammetric survey. All the acquisitions 
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are composed by a dataset of at least 12 convergent images 
for each trial. The mean precision of the overall root mean 
square points for all acquisitions is 0.071 mm, that implies 
an accuracy on the angle computation less than 0.05 
degrees. The results provided by this method is taken as 
reference, due to the high accuracy achieved. 

The INS sensors are MEMS-based, therefore their 
performance degrade continuously and their errors can 
become very large (several degrees) in few seconds. The 
ZUPT approach helps to limit the aforesaid drift, bringing 
the angle precisions to less than 0.5 degrees. 

In the Horizon approach every frame recorded (25 per 
second) was processed with the algorithm above 
described. The accuracy obtained is less than 0.5 degrees 
and the results (figures 6 and 7) are quite stable.  

In terms of accuracy the INS and Visual solutions are 
comparable, while the precision the inertial one is slightly 
better and is more stable from trial to trial. 

Table 1- Statistical Parameters of trial 1 

Table 2- Statistical Parameters of trial 2 

Table 3- Statistical Parameters of trial 1 
The photogrammetric survey results, together with those 

ones coming from the other methodologies are reported, 
for three trials, in table 1-3. 

 
Fig. 6. Comparison of Roll angles evaluated with 

Photogrammetry, INS and Visual Horizon 

 
Fig. 7. Comparison of Pitch angles evaluated with 

Photogrammetry, INS and Visual Horizon 
 

  Trial 01 
 [deg] Roll Pitch 
Photogrammetry -13.79 -5.04 

INS Mean -13.74 -4.81 
SD 0.31 0.38 

 Accuracy 0.05 0.23 

Visual Horizon 

Mean -13.90 -5.35 
SD 0.48 0.81 

Accuracy 0.11 0.31 
% outlier 1.19 

  Trial 02 
 [deg] Roll Pitch 
Photogrammetry 20.47 5.61 

INS Mean 19.35 5.53 
SD 0.29 0.21 

 Accuracy -1.12 0.08 

Visual Horizon 

Mean 20.24 6.07 
SD 1.21 1.21 

Accuracy 0.23 0.46 
% outlier 4.49 

  Trial 03 
 [deg] Roll Pitch 
Photogrammetry -21.05 -750 

INS Mean -19.35 -6.93 
SD 0.30 0.35 

 Accuracy 1.70 0.57 

Visual Horizon 

Mean -20.99 -7.25 
SD 0.54 2.12 

Accuracy 0.06 0.25 
% outlier 3.23 
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The high dispersion of roll results in the visual horizon 
of the third trial is due to the above-mentioned condition 
of light reflections of the sun close to its sunset. It is also 
evident that the difference in the mean results between 
photogrammetry and INS increase with the growing of the 
roll angle. 

 V. CONCLUSION AND FUTURE DEVELOPMENT 
This work presents a new methodology to compute in 

quasi-real-time the attitude of the camera. Specifically, the 
roll and pitch angles are computed starting from the 
relative position between two detected horizons (one of 
them considered as reference). The proposed procedure is 
basically composed by two fundamental steps: automatic 
detection of the horizon line and computation of roll and 
pitch angles. The performed investigation provided 
competitive results compared to others methods, even with 
consistent light reflections of the sun on the sea surface. A 
custom filter developed ad-hoc on the edge map has 
improved the horizon detection in critical scenarios. 
Furthermore, the image processing was developed in low-
level programming languages, allowing to achieve the 
quasi real-time computation.  

The robustness showed by the proposed methodology 
during the inspections suggests an integration with INS 
measurements through a Kalman filter. Future 
development will concern: dynamic inspection in order to 
confirm the results of the static test fields analysis carried 
out; the use of infrared-camera in order to obtain 
measurements during the night and in low visibility 
condition. 
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Abstract - The absolute positioning is the most 

common GNSS operational mode, being used, for 

instance, by ships satellite receivers; it is based on 

pseudorange measurements and its functional model, 

relating measurements to unknowns, is well defined. 

On the other hand the stochastic model, describing the 

measurement error behaviour, is currently under 

investigation and could be used to reduce the position 

errors, by defining a suitable weighting scheme. In 

signal-degraded scenario, as high density traffic 

harbours or canals, a weighted approach is especially 

suited, because the pseudorange accuracies are 

significantly different, so equally weighting all the 

measurements would bring to large errors. 

The redundancy numbers are the diagonal elements of 

the redundancy matrix and they represent the degree 

of controllability of the measurements; a large 

redundancy number corresponds to a well-controlled 

measurement, while a small one corresponds to a 

leverage observation, with a high potential to 

influence the solution. 

In this work, the redundancy number is proposed as 

indicator, in addition to the largely adopted signal-to-

noise ratio and satellite elevation angle, for defining a 

weighting scheme, based on the concept of limiting the 

effect of leverage measurements. 

 

I. INTRODUCTION 

Global Navigation Satellite System (GNSS) navigation is 

critical in scenarios, where natural or artificial obstacles 

reduce the signal quality, producing gross errors on the 

measurements. Examples of such critical scenarios are 

narrow canals or crowded harbour, where the GNSS 

signals are typically affected by multipath interference 

and non-line-of-sight (NLOS) reception. The multipath 

interference happens when a signal is received through 

multiple paths; the multiple signals combination causes a 

distortion of the correlation function (between received 

and locally generated signals) and yields a range error up 

to several tens of meters [1]. The NLOS reception 

happens when the direct signal is blocked and only 

reflected signals are received; this phenomenon could 

yield range errors of km order [2]. 

Absolute or Single Point Positioning (SPP) is a 

widespread GNSS operational mode, being used by mass-

market receivers, mounted for instance in car navigation 

devices and smartphones [3-4] and often integrated with 

other sensors (maps, inertial sensors, vision systems). 

In critical scenario, GNSS devices are typically affected 

by blunders related to the aforementioned phenomena. 

The problem is commonly tackled in two ways: 

 using Receiver Autonomous Integrity 

Monitoring (RAIM) techniques, able to detect 

and reject blunders [5-6-7]; 

 using robust estimation techniques, able to 

absorb blunders effect [8]. 

 

In this work, alternatively, suitable weighting schemes, 

able to de-weight potentially dangerous measurements, 

are taken into account; some widespread measurement 

weighting schemes are reviewed and tested and an 

additional quality criterion is proposed in order to limit 

the effect of potential blunders. 

In literature, the GNSS measurements are differently 

weighted according to two quality indicators: satellite 

elevation angle and carrier-to-noise ratio.  

Satellite elevation (𝑬𝒍) is considered a measurement 

quality indicator because satellites at low elevation are 

usually noisier, due to typical behaviour of multipath and 

tropospheric errors [1]. 

The Signal-to-Noise ratio (S/N), or better the Carrier-to-

Noise ratio (𝑪/𝑵𝟎), is the ratio between the carrier power 

and the noise power per unit bandwidth and is usually 

expressed in decibel-Hertz; 𝑪/𝑵𝟎 is a measure of signal 

strength, so it is a suitable indicator of measurement 

quality [6]. 

The 𝑬𝒍 and 𝑪/𝑵𝟎 indicators are adopted individually or 

synergistically to define a model of measurement error 

variance; the measurements are usually weighted 

inversely to the modelled error variance. 

The measurements of a dataset do not equally influence 

the solution; indeed, some of them (called leverage 
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observations) have high potential to influence the 

solution, while others are less influent. Therefore, 

leverage observations are potentially critical, because if 

affected by a blunder they can yield large errors in the 

solution. It can be demonstrated that the concept of 

leverage observation is related to local redundancy one 

[9], which is well represented by the redundancy 

numbers, that are the diagonal elements of redundancy 

matrix.  

In critical scenario, the presence of blunders is very 

common and the geometry is often weak. In this context, 

if a blunder is present on a leverage observation, the 

solution could be strongly degraded.  

In this work, a weighting approach, taking into account 

the local redundancy, besides indicators 𝑬𝒍 and 𝑪/𝑵𝟎, is 

proposed and its effectiveness is verified in harsh 

environment. The strategy is applied to GPS only, 

demonstrating evident usefulness, but it can be simply 

generalized to multi-constellation case. 

In the following sections, the existing weighting schemes 

are described, then the weighting strategy based on local 

redundancy concept is defined, at the end the considered 

weightings are applied to real data and the results are 

discussed. The used data are collected in urban 

environment, which properly represent a critical scenario. 

 

 

II. WEIGHTING SCHEMES REVIEW 

Most of weighting schemes in literature are based on 

𝑪/𝑵𝟎, satellite elevation 𝑬𝒍 or both; the most commonly 

used are reviewed in this section. 

The most widespread variance models for GPS carrier 

phase, based on satellite elevation, depend on squared sin 

of El [10-11]; despite designed for carrier phase, they are 

simply adapted for pseudorange observation [12-13] as 

shown below: 

𝝈𝑷𝑹
𝟐 =

𝝈𝟎
𝟐

𝐬𝐢𝐧𝟐(𝑬𝒍)
    (1) 

 

where 𝝈𝟎
𝟐 is the pseudorange error variance. 

In [10], a variance model for carrier phase observation is 

proposed; it is re-used and adapted in [2] for pseudorange 

measurement. The model is exclusively based on 𝑪/𝑵𝟎 

and has the following form: 

𝝈𝑷𝑹
𝟐 = 𝒄 ∗ 𝟏𝟎−

𝑪/𝑵𝟎
𝟏𝟎    (2) 

 

where 𝒄 = 𝟏𝟎𝟒 m
2
 is a constant, defined empirically. 

In literature, few weighting schemes, based on both 

satellite elevation and 𝑪/𝑵𝟎, are available. In [14] a 

model, based on both satellite elevation and 𝑪/𝑵𝟎, 

designed for land navigation, is defined: 

𝝈𝑷𝑹
𝟐 = 𝒌 ∗

𝟏𝟎
−
𝑪/𝑵𝟎
𝟏𝟎

𝐬𝐢𝐧𝟐(𝑬𝒍)
   (3) 

 

The model (3) is clearly a fusion between the elevation-

based model (1) and the 𝑪/𝑵𝟎-based model (2). The 

constant k is 1 if the signal is received in line-of-sight 

(LOS) and 2 or +∞ if the signal is received after 

reflection by obstacles surrounding the antenna (NLOS); 

in [14], a fish-eye camera is used to distinguish LOS and 

NLOS signals. 

In this work, the constants included into the considered 

variance models are modified to obtain, in a particular 

condition, i.e. 𝑬𝒍 = 𝟗𝟎° and 𝑪/𝑵𝟎 = 𝟓𝟓 𝒅𝒃 − 𝑯𝒛, 

𝝈𝑷𝑹 = 𝟑 𝒎. 

 

 

III. REDUNDANCY MATRIX 

In absolute positioning mode, the measurement model is  

 

𝒛 = 𝑯∆𝒙 + 𝜺   (4) 

 

where 

𝒛 is the vector of measurements, defined as the difference 

between measured and computed (with a priori 

information) pseudorange, 

𝑯 is the design matrix, 

∆𝒙 is the state vector, containing the corrections to update 

the receiver coordinates and clock offset, 

𝜺 is the measurement error vector. 

The number of measurements is indicated as m, the 

number of unknowns as n; m is usually larger than n and 

the equation (4) is solved using least squares (LS) 

method. 

LS solution is: 

 

∆�̂� = (𝑯𝑻𝑯)−𝟏𝑯𝑻𝒛  (5) 

 

The residuals 𝒗, defined as the difference between the 

actual measurements and their estimated values (�̂�), are 

an indicator of the measurement mutual agreement [9]: 

 

𝒗 = 𝒛 − �̂� = 𝒛 − 𝑯∆�̂�  (6) 

 

It can be simply demonstrated that the relationship 

between the measurement errors 𝜺 and the LS residuals 

is: 

 

𝒗 = 𝑹𝜺   (7) 

 

The matrix 𝑹 is called “Redundancy Matrix” and can be 

obtained by the following expression: 

 

𝑹 = 𝑰 − 𝑯(𝑯𝑻𝑯)−𝟏𝑯𝑻  (8) 

 

The trace of the matrix 𝑹 is the total redundancy (or the 

degree of freedom) of the equation, that is (m-n); the i-th 

diagonal element 𝒓𝒊 of 𝑹 is called “redundancy number” 

and is the contribution of the i-th measurement to the 

total redundancy [15]. The redundancy number assumes 

values between 0 and 1. Small values of 𝒓𝒊 (near 0) 

correspond to measurements providing little contribution 
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to total redundancy and so hardly controlled; on the other 

hand, approximately equal values of 𝒓𝒊 are desirable, 

being every measurement controllable. 

Measurements with small 𝒓𝒊 values are leverage 

observations and have high potential to influence the 

solution; if a blunder or a large bias is present on a 

leverage observation, harmful effects can be evident on 

the positioning. In this context, de-weighting leverage 

observations could be a successful strategy, above all in 

difficult environments characterized by frequent gross 

errors. 

In table 1, an example of GPS geometry, in terms of 

satellite elevations (El) and azimuths (Az), is shown; 

from El and Az, the design matrix H and the redundancy 

matrix 𝑹 can be computed. The diagonal elements of 𝑹 

are the redundancy numbers. 

 

Tab. 1 – Example of GPS geometry, in terms of satellite 

elevation and azimuth 

PRN El [deg] Az [deg] 

2 12 30 

3 24 50 

5 45 80 

6 21 119 

9 65 130 

11 30 170 

17 81 190 

19 20 250 

22 19 282 

25 30 348 

 

 
Fig. 1 – Sky-plot of GPS satellite configuration; the total 

redundancy is 6 

 

In figure 1 the sky-plot of the satellite geometry, detailed 

in table 1, is shown; all the listed satellites are considered, 

so the number of visible GPS satellites is 10 and the 

PDOP value is 1.59. The total redundancy of the 

measurement model is (𝒎 − 𝒏) = 𝟔, therefore the 

average redundancy number is 0.6. The sky-plot is 

accompanied by the values of the redundancy numbers 

and it is evident that all the values are near the average. 

In figure 2 the sky-plot of the satellite geometry, detailed 

in table 1, is shown, but satellites with PRNs 17, 19 and 

25 are excluded; consequently, the number of visible GPS 

satellites is 7 and the PDOP value raises to 2.15. The total 

redundancy is 3, so the average redundancy number is 

about 0.43. The redundancy numbers are all around or 

above the average value, except the one corresponding to 

satellite 22, which is a leverage observation. From figure 

2, it is evident a geometric interpretation of leverage 

observation, for GPS absolute positioning, as a 

measurement corresponding to a satellite “isolated” with 

respect to the others. 

 

 
Fig. 2 – Sky-plot of GPS satellite configuration; the total 

redundancy is 3 

 

In case of multi-constellation approach, a redundancy 

number is null when a single satellite from a system is 

present. For instance in a GPS/Glonass combination, if 

there is only one GPS measurement and several Glonass, 

the redundancy number corresponding to the unique GPS 

observation is 0 and the observation is uncontrollable 

(because it is the only one able to estimate the receiver 

clock offset to GPS time). 

 

 

IV. CONTRIBUTION OF REDUNDANCY MATRIX 

TO WEIGHTING SCHEMES 

The diagonal elements of the redundancy matrix, the 

redundancy numbers 𝒓𝒊, represent the local reliability of 

the measurement model and so the controllability of the 

measurements [15]. 

Measurements with low 𝒓𝒊 are critical for the solution, 

because they can strongly influence it. For this reason, an 

effective weighting strategy should take into account for 

the redundancy number, above all in scenarios with high 

probability of blunders. 

In [16] the redundancy number is used, together with 

several other parameters, as an indicator of the 

measurement quality for robust estimation. In [6] the 

extra-diagonal elements of the redundancy matrix are 

used to evaluate the correlation among the measurements, 

in order to avoid erroneous blunder rejections. Recently, 

Falco et al. (2016) [17] adopted a purely geometric 

strategy to identify measurements which could strongly 

influence the solution, in order to de-weight them. 

In this paper, the information contained in the redundancy 

matrix are used to correct the original weighting matrix, 

which could be defined according to one of the methods 
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previously described. In general, the weight 𝒘𝒊, 

associated to the i-th measurement, is obtained inverting 

the corresponding pseudorange error variance 𝝈𝑷𝑹𝒊
𝟐 . 

The contribution of redundancy number to the weighting 

strategy could be introduced making 𝒘𝒊 is proportional to 

𝒓𝒊 as shown below 

 

{
 

 𝒘𝒊 =
𝒓𝒊

𝝈𝑷𝑹𝒊
𝟐 ,    𝒓𝒆𝒅𝒖𝒏𝒅𝒂𝒏𝒕 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒔

𝒘𝒊 =
𝟏

𝝈𝑷𝑹𝒊
𝟐 ,               𝒍𝒂𝒄𝒌 𝒐𝒇 𝒓𝒆𝒅𝒖𝒏𝒅𝒂𝒏𝒄𝒚

 

 

In case of lack of redundancy 𝒓𝒊 = 𝟎, so the weights must 

be computed simply inverting the measurement error 

variances. 

The strategy is tested on a multi-constellation static data 

collections, carried out in urban scenario, and 

demonstrate its efficiency in GPS only case, exhibiting 

significant improvements on positioning accuracy. 

 

 

V. TEST 

To demonstrate the benefits of including the redundancy 

number into a weighting scheme in difficult environment, 

a static data collection is carried out in urban scenario; 

specifically the test location is the “Centro Direzionale di 

Napoli” (CDN), a district of Naples (Italy) characterized 

by several skyscrapers. A specific point in CDN is 

surveyed with topographical methods, in order to 

determine its coordinates with mm order [18]. The used 

equipment consists in a NVS receiver, a single frequency, 

double constellation (GPS/GLONASS) and high-

sensitivity device, connected to a patch antenna; the 

device is placed on the defined point to collect 

pseudorange measurements for some hours and the 

collected data are processed in single point to test several 

weighting schemes. 

In figure 3 the considered point (indicated as P) is shown 

and the urban canyon scenario is evident. 

 

 
Fig. 3 – Test location 

 

The data collection was carried out on 1-st July 2016; the 

NVS receiver was placed on P point for about 2 hours. In 

figure 4 the number of GPS visible satellites and the 

corresponding PDOP values during the session are 

shown. 

 

 
Fig. 4 – Number of visible GPS satellites and 

corresponding PDOP during session 

 

The number of GPS visible satellites ranges between 0 

and 8, with an average of 6.4. The PDOP average value is 

about 2.7, with maximum and minimum respectively 

about 15 and 1.6. 

The GPS solution availability, defined as the time 

percentage where the solution can be computed (at least 4 

satellites should be visible), is about 99.3%. 

Despite the urban canyon scenario, the solution 

availability is high, owing to the use of a high-sensitivity 

receiver, able to acquire very weak signals. The rapid 

oscillations of the number of visible satellites, is due to 

frequent signal loss, typical of hostile environment. 

 

 

VI. RESULTS 

The weighting strategies described in section 2 are 

adopted to process data collected in urban scenario, in 

order to compare their performance. 

The considered configurations, implementing GNSS SPP 

with a distinct weighting scheme, are: 

- The baseline configuration with all 

measurements equally weighted, shortly 

indicated as EQW; 

- weights depending merely on 𝑬𝒍, as expressed 

by formula (1), shortly indicated as ELV; 

- weights depending merely on 𝑪/𝑵𝟎, as 

expressed by formula (2), shortly indicated as 

CN0; 

- weights depending on both 𝑬𝒍 and 𝑪/𝑵𝟎, as 

expressed by formula (3), shortly indicated as 

ELC. 

 

The figure of merits adopted for the comparison are the 

mean, RMS and maximum errors of both horizontal and 

vertical components of position. 
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In Table 2 the configuration performance are 

summarized. 

 

 

Tab. 2 – Figure of merits obtained with GPS only, using 

classic weighting methods 

  EQW ELV CN0 ELC 

Mean 

[m] 

Horiz. 16.0 10.4 15.4 5.9 

Vert. 18.2 12.9 17.6 5.8 

RMS 

[m] 

Horiz. 44.9 28.2 43.4 14.9 

Vert. 45.9 33.3 45.1 19.5 

Max 

[m] 

Horiz. 351.6 187.7 341.0 130.1 

Vert. 316.6 224.0 305.8 173.4 

 

The results obtained with the EQW configuration is 

clearly inaccurate; in fact, the errors, on both components 

and for each figure of merit, are very large owing to the 

frequent blunders in the dataset. The considered 

weighting schemes reduce drastically the errors; the 

model based uniquely on satellite elevation (ELV) show 

better performance with respect to the model based 

uniquely on carrier-to-noise ratio (CN0). The ELC 

scheme, considering both quality indicators, demonstrates 

significant improvements relatively to the other 

configurations. In particular, ELC RMS and mean errors 

are reduced, with respect to EQW ones, between 58 and 

68%, and the maximum horizontal and vertical errors are 

reduced respectively of 63 and 45%. The error reduction 

of ELC with respect to ELV configuration is 43% and 

55% on horizontal and vertical mean error, 47% and 41% 

on horizontal and vertical RMS error, 31% and 23% on 

horizontal and vertical maximum error. The error 

reduction of ELC with respect to CN0 configuration is 

62% and 67% on horizontal and vertical mean error, 66% 

and 57% on horizontal and vertical RMS error, 62% and 

43% on horizontal and vertical maximum error. 

The considered weighting schemes are augmented, using 

information embedded in the redundancy matrix as 

described in previous sections; the configurations using 

this information are shortly indicated as RDM. For 

instance, a configuration using the elevation-based model 

(1), augmented with redundancy matrix-based approach, 

is shortly indicated as ELV+RDM. In table 3 the 

performance of the configurations, obtained combining 

the considered classical weighting schemes with 

redundancy matrix information, are resumed. Moreover, 

in the table, alongside the errors, the percentage 

improvements, with respect to corresponding 

configurations without the use of redundancy numbers, 

are reported. It is evident that the introduction into the 

weighting schemes of information from redundancy 

matrix brings to significant improvements. The best 

configuration is ELC+RDM, characterized by horizontal 

mean, RMS and maximum errors respectively about 4.5, 

8.8 and 87.2 meters; the vertical mean, RMS and 

maximum errors are respectively 3.3, 11.4 and 115.9. The 

obtained performance of ELC+RDM configuration are 

very good, considering the strongly degraded scenario. 

 

Tab. 3 – Figure of merits obtained with GPS only, using 

classic weighting methods, augmented with information 

from redundancy matrix 

  
EQW 

RDN 

ELV 

RDN 

CN0 

RDN 

ELC 

RDN 

Mean 

[m] 

Horiz. 
14.0 

(12.2%) 

8.0 

(22.9%) 

13.3 

(13.7%) 

4,5 

(23.6%) 

Vert. 
15.5 

(14.9%) 

9.0 

(29.8%) 

14.7 

(16.6%) 

3.3 

(43.8%) 

RMS 

[m] 

Horiz. 
36.4 

(19.0%) 

18.1 

(35.7%) 

34.4 

(20.9%) 

8.8 

(41.1%) 

Vert. 
37.2 

(18.9%) 

22.8 

(31.6%) 

35.8 

(20.6%) 

11.4 

(41.7%) 

Max 

[m] 

Horiz. 
276.5 

(21.4%) 

121.1 

(35.5%) 

261.7 

(23.2%) 

87.2 

(33.0%) 

Vert. 
241.5 

(23.7%) 

154.7 

(30.9%) 

230.3 

(24.7%) 

115.9 

(33.2%) 

 

 

VII. CONCLUSIONS 

The main objectives of this paper are: to analyse the 

existing weighting strategies for GNSS absolute 

positioning and to assess the possible benefits of 

including the information embedded into the redundancy 

matrix to improve the existing weighting schemes. 

GNSS navigation is critical in environments 

characterized by probable presence of blunders among 

the observations, which could cause very large position 

errors. In this context, a measurement weighting scheme 

is essential, because it could limit the blunder effects. The 

existing schemes are based on measurement quality 

indicators as satellite elevation and/or carrier-to-noise 

ratio; so some schemes, described in literature, are tested 

in urban scenario (a typical critical environment), in order 

to compare their performance. The best results are surely 

obtained with the schemes based on both the 

abovementioned quality indicators. 

The redundancy matrix contains, on its diagonal, 

information related to the local redundancy, which 

indicates the measurement degree of controllability; a 

measurement with low local redundancy is difficultly 

controlled and, if affected by gross errors, it strongly 

influences the solution. In this work, a strategy is 

proposed in order to include the local redundancy into the 

existing weighting schemes; the approach consists in 

setting the measurement weights proportionally to the 

corresponding local redundancy numbers. In this way, the 

most influencing measurements (i.e. the leverage 

measurements) are de-weighted, limiting their effects on 

the solution. 

The proposed approach is tested on a 2-hour dataset, 

collected in urban scenario; GPS only configurations are 

analysed, but the analysis could be simply extended to 

multi-constellation case. The obtained results 
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demonstrate that the proposed weighting strategy 

effectiveness; indeed, for all the considered 

configurations the position errors are significantly 

reduced, applying the weighting scheme based on local 

redundancy numbers. The best results are obtained with a 

weighting scheme, including satellite elevation, carrier-

to-noise ratio and redundancy number, which allows a 

positioning with horizontal accuracy below 5 meters in a 

severely degraded environment. 
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Abstract – Active Fluid Seepage (AFS) at the seafloor 

is a global phenomenon associated with seafloor 

morphologies in different geodynamic contexts. 

Advances geophysical techniques have allowed 

geoscientists to characterise pockmarks, mounds and 

flares associated with AFS. We present a range of 

marine geological data acquired in the central 

Mediterranean Sea (northern Sicily continental 

margin, northwestern Sicily Channel and offshore the 

Maltese Islands), which allow us to identify AFSs. The 

AFSs are spatially distributed as clusters, aligned or 

isolated at different depths, ranging from few 

decametres offshore the Maltese Islands, up to 400 m 

offshore north Sicily and in the northwestern Sicily 

channel. Mounds have heights ranging from 2 to 15 m 

and form hummocky surfaces. Pockmarks with sub-

circular planform shapes and U/V-shaped cross-

sections are found in sizes ranging from 5 to 530 m. 

Gas flares occur on both the continental shelf and 

upper slope.  

 I. INTRODUCTION 
Fluid seepage is a phenomenon that characterises 

different geodynamic contexts, producing diverse types 
of seafloor morphologies [1]. Positive relief (e.g. mounds 
and mud volcanoes) or negative relief (e.g. pockmarks) 
morphologies [2], [3], [4], [5], [6], [7] result from gas 
seepages and fluid-rich, fine-grained sediment extrusion 
[8]. Occasionally, these morphologies are associated to 
active fluid vents (flares).  

Over the last 20 years, advances in tools for the 
acquisition of marine geology data have enhanced the 
knowledge of submarine areas globally. Several research 
projects, based on new very high resolution geophysical 
and sedimentological data, water samples, and imagery 
and videos acquired by ROV, have identified and mapped 
different kinds of AFSs and associated morphological 
structures in both active and passive continental margins 
[9], [10].  

AFVs have geological, biochemical and hazard 

implications. They also have a great economic 
importance as they are often linked to the large 
accumulations of sub-seafloor hydrocarbon deposits or to 
freshwater reservoirs. Finally, AFS have direct 
implications for the biosphere (e.g. growth and 
development of coral mounds, chemosynthetic 
communities and big shoals of fish), the hydrosphere 
(e.g. ocean acidification), and the atmosphere (e.g. 
contributing CH4 and CO2).  

In a number of small areas of the northern Sicily 
continental margin, the occurrence of mounds and 
pockmarks has been linked to AFSs [11]. In the eastern 
Sicily Channel, AFS and relative fluid escape features 
(e.g. pockmarks, mounds) have been reported across a 
wide depth range [10], [12].  

In the western Sicily Channel, AFS has only been 
investigated for Pantelleria Island and other small areas. 
Such manifestations are distributed along recent tectonic 
discontinuities, which are also known to have given rise 
to the emergence of Ferdinandea Island on the Graham 
Bank, where the degassing of fluids is rooted in depth, 
either aligned to the main trends of fault systems or 
linked to the neotectonic activity [12].  

Despite a general interest in the occurrence and 
location of fluid escape structures and AFS in the Sicily, a 
systematic study aimed at understanding the spatial 
distribution and inferring the general physical and 
geochemical features of the fluid vents from the seafloor 
at the present time is still missing so far.  

In this paper, we show the key geophysical techniques 
(both low and high resolution) and geochemical analysis 
by “scanning electron microscopy” (SEM) and (EDX) 
used for the investigation of sub-seafloor fluids in 
different parts of the central Mediterranean and the 
relation between AFS and structural and stratigraphic 
controls.  

 II. MATERIALS & METHODS 
Our study areas comprise different region of the middle-
lower continental shelf and upper continental slope from 
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offshore northwestern Sicily, northwestern/central region 
of the Sicily Channel and the region around the Maltese 
Islands, covering the bathymetric depth range of 5–1000 
m (Figure 1). 
 

 
Figure 1 Bathymetric map (source: EMODnet) of the 

central Mediterranean Sea, showing the principal 

morphological features (e.g. Adventure Bank (AB), 

Graham Bank (GB)) and the location of the study areas 

(orange boxes). The yellow star shows the position of the 

box corer collected during ACUSCAL 2015 Cruise. 

The study is based on different types of marine geology 
data acquired during the research cruises CARG (2001, 
2004), MAGIC (2009), CNR ACUSCAL (2015), and 
MALTA-GOZO (2016) on board the research vessels 
R/V Minerva1, and M/V Midas Express (Figure 1): 
- MBES data: an overall area of 2000 km2 seafloor 

was surveyed using two different hull-mounted 
Reson SeaBat 8111, the Reson SeaBat 8160, Reson 
SeaBat 7160 and Reson SeaBat 7125. Differential 
Global Positioning Systems (dGPS) by FUGRO 
SEASTAR provided positional data. During the 
survey, many vertical measurements of sound 
velocity profiles were performed with the CTD YSI 
CastAway and Navitronic Systems AS-SVP-25. The 
Multibeam data were acquired, stored and post-
processed by the Marine Geology &seafloor 
Surveying (University of Malta) and Marine geology 
Group of DiSTeM (University of Palermo) by 
accounting for sound velocity variations, and by 
implementing basic quality control. To obtain the 
final Digital Terrain Model (DTM), the images were 
produced with a footprint resolution appropriate to 
the depth. ArcGIS, Golden Software Surfer and 
Global Mapper were used to obtain 3D maps and 
DTM from the bathymetric data.  The seafloor slope 
gradient maps (Figure 2a) were generated using 
ArcGIS to facilitate the identification of the AFSs 
(pockmark and mounds). For each pockmarks, we 
have measured (using ArcGIS and Global mapper) 

and tabulated a number of morphometric parameters 
(such as diameter, depth, perimeter, surface, volume, 
plan-view shape, cross-section shape, water depth) 
with the aim to carry out a statistical analysis. 

- Multichannel seismic reflection records of “Zones C 
and G” by the Department of Industry of the Italian 

Government). The G Lines were acquired used an 
AirGun array with a capacity of 2000 m3 and 1600 m 
long streamer equipped with 96 groups, 15 
geophones per group, group interval of 25 m and an 
active section length of 50 m. The C Lines were 
acquired used an AquaPulse source and an array 
2400 m long.  Multichannel seismic reflection 
profiles were obtained from www.videpi.it and 
converted to SEG-Y format. This entailed merging 
all files, geo-referencing (using Datum WGS84, 
UTM33), and conversion using a Matlab script 
(image2segy).  

- High resolution seismic data: during the CARG 
cruise, a grid of Sparker profiles were acquired using 
a multi-tip sparker array, with a base frequency of 
around 600 Hz, at 12.5 m shot intervals. Data were 
received with a single-channel streamer with an 
active section of 2.8 m, containing seven high 
resolution hydrophones recording for 3.0 s two way 
time (TWT) at a 10 kHz (0.1 ms) sampling rate. Data 
processing included the following mathematical 
operators: Traces Mixing, Time Variant Filter, 
Automatic Gain Control, Time Variant Gain and 
Spherical Divergence Correction. The resulting 
signal penetration exceeded 400 ms (TWT) and the 
vertical resolution reached 2.5 m at the seafloor. 

- Very High Resolution seismic data: during MALTA-
GOZO cruise, 225 km of seismic reflection profiles 
have been acquired using a Boomer source. Data 
have been acquired at a speed of about 4 knots, using 
an inter-trace of ~1 m. The reflection signals have 
been collected with a pre-amplified streamer (oil 
filled) composed of eight piezoelectric elements 
connected in series with a 2.8 m active array. In 
order to minimise the spatial filtering produced by 
the hydrophones array, the streamer was towed near 
the source with a 5 m longitudinal offset and a 3.5 m 
lateral offset. The streamer was kept as shallow as 
possible to avoid destructive interference between 
reflected signals and multiple events from the 
air/water (ghost). The plate produces a theoretical 
minimum phase wavelet with an amplitude spectrum 
between 400 and 4000 Hz obtaining data with 
decimetric resolution. As the water depth in the 
investigation area was < 120 m, a shot rate of 2 
pulses per second was used. While, during MAGIC 
and CNR ACUSCAL cruise, a total length of 1054 
km of CHIRP lines were acquired simultaneously 
with MBES data.  

- The seismic lines were collected using a hull-
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mounted 16 transducer Teledyne/Benthos CHIRP III 
profiler with operating frequencies ranging between 
2 and 7 kHz and a trig rate between 250 and 750 ms, 
Tx power between 5 and 7, pulse length of 10 ms and 
a 30 or 42 db gain for a better visualization of data. 
The seismic reflection profiles were acquired and 
displayed using the “Communication Technology 

SWANPRO software”. The seismic data processing 
was performed by running the following routines of 
the Kingdom and Geosuite softwares: edit, muting, 
swell filter, digital filters, AGC, gain; they were 
successively interpreted by using seismostratigraphic 
analysis, which allowed depositional units 
characterized by seismic facies with different 
attributes to be distinguished. 

- Seafloor samples: in correspondence of the mounds 
or pockmarks, identified by very high resolution 
seismic lines, 14 box corer samples were collected 
during ACUSCAL cruise. Thirteen grab samples 
were collected during MALTA-GOZO cruise with a 
5 l modified Van-Veen Grab. These samples were 
described, photographed and sub-sampled on board. 
Positional information was determined with buoys 
and dGPS.  

Scanning electron microscopy for hard ground sample 
were performed using SEM (Scanning Electron 
Microscope) attached with EDX spectrometer unit, with 
accelerating voltage 10 K.V, at the Department of Earth 
and Marine Sciences, University of Palermo, Italy. 

 III.  MORPHOLOGICAL AND 
SEISMOSTRATIGRAPHIC FEATURES OF THE 

ACTIVE FLUID SEEPAGE 
The Sicily Channel is a mainly shallow water region of 

the central Mediterranean Sea comprising several 
morphological highs such as Adventure, Graham (-7 m), 
Nerita (-16 m), and Terrible (-20 m) Banks,  and Malta 
Plateau, as well as a number of elongated basin (e.g. 
Pantelleria, Linosa and Malta Graben and Gela Basin).  

We focused on the area comprising Adventure and 
Graham Bank and the region around the Maltese Islands. 

Northern Sicily continental shelf and continental slope 
are part of the continental margin that links the Sicily 
chain to the Tyrrhenian back-arc basin [11]. The size of 
the continental shelf from west to east increasing from 5 
to 8 km and is constituted by an internal and an outer 
shelf separated by a convex break-in slope located at 
about 70 m. The inner shelf showing a number of breaks-
in-slope in the 0-70 m depth interval has a gentle slope of 
0.6°- 1.0°. While, the outer shelf with a slope of 0.7°-1.3° 
has only a prominent break-in-slope located at -110/120 
m depth. 

Acoustic and seismic data highlight, in these three 
regions, the presence of a large spectrum of seafloor and 
subseafloor features of the shelf to slope system: 

A. NEGATIVE FEATURES 

In the three study areas, we have identified numerous 
negative-like features, at a depth ranging between 200 
and 320 m (in the northwestern Sicily Channel), between 
10 and 80 m (around the Maltese Islands) and between 
200 and 700 m (in the northern Sicily continental 
Margin) (Figure 2a).  

The identified negative-like features are circular or 
elliptical in plan-view and have a symmetric U/V-shaped 
cross-section (Figure 2b). In this paper, depressions are 
defined circular in plan view if Length/Width=1.0-1.2, 
and elliptical if Length/Width>1.2.  

Their size (axis, depth, surface and volume) was 
measured using the reconstructed slope maps, which have 
allow us an easy identification of them (Figure 2a).  

 

 
Figure 2 Slope map (a) of the northern Sicily Continental 

margin showing the presence of several circular 

depressions. The bathymetric profile (b) shows the cross-

section shape of six aligned circular negative-like 

features. The location is shown in Figure 1. 

 Around the Graham Bank (northwestern Sicily 
Channel), eighteen circular and elliptical depressions 
(GBD_1-18 in supplementary material), organised as two 
main clusters and as two isolated morphologies, occur, 
with their mean axis varying between 50 and 500 m in 
diameter. Their mean depression depth is 8 m (over the 
range 3-15 m) and their wall slope gradient is 3-4°.  

Around the Maltese Islands, we identified fifty-seven 
circular depressions (GCD_1-58 in supplementary 
material) distributed in three main clusters. Their mean 
axis is about 12 m in diameter and the wall slope gradient 
is 3-4°, while their mean depth is 4 m (over the range 3-
10 m).  

Finally, in the northern Sicily continental margin, we 
identified twenty-eight circular and elliptical depression 
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organised in five main arrays (SCMD_1-28 in 
supplementary material). These depressions have a mean 
axis of 400 m, mean depth of 20 m and wall slope 
gradient of 2-4°. Some of them appear contiguous with 
others depressions, forming an elongated channel in a 
uniform direction (Figure 2a). Other depressions are 
organised in clusters or are isolated. 

High and very high resolution seismic profiles (Boomer 
and CHIRP) crossing above these circular depressions 
show down-bending of the reflectors up to the seafloor 
(Figures 3a, b). Their sub-seafloor character consists of 
continuous reflectors with concave upward geometry 
accompanied by acoustic anomalies (Figures 3a, b). 

All measured size parameters have been tabulated in 
table (see supplementary material).  

 

 

 
Figure 3 a) Boomer profile acquired around the Maltese 

Islands showing a number of acoustic anomalies in the 

water column in correspondence of negative features. b) 

a boomer profile showing a circular negative-like feature. 

The location is shown in Figure 1. 

B. POSITIVE FEATURES 

The continental shelf and the upper continental slope in 
the Sicily Channel (both in the western region and around 
the Maltese Islands), as well as the northern Sicily 
continental margin, are characterised by several positive 
features (mounds), buried or outcropping, with different 
sizes and shapes, creating a very jagged seafloor and 
subseafloor (hummocky morphology)(Figure 4, 5b).  

In the Adventure Bank, northwestern Sicily Channel, 
there are numerous isolated, clustered or aligned mounds, 
on the western and southwestern flanks of the Graham 
Bank oriented about NW-SE and NNW-SSE forming 
mound ridges, extending as far as 600 m in length and 
reaching heights of 1.5-10 m.  

Around the Maltese Islands, 90 mounds (few meters 

high) form five main cluster oriented about NW-SE at a 
depth ranging between 12 and 90 m. 

In the northern Sicily continental margin, several small 
mounds are arranged predominantly along the N-S trend, 
being about 10 m high, 700 m long and 250 m wide. 

Both in the Sicily Channel and in the northern Sicily 
continental margin, we also identified a number of buried 
mounds often showing a transparent seismic facies 
(Figure 5a, b) and in some cases at the top of the mounds 
we identified also acoustic anomalies in the water column 
(Figure 5a, b).  

 

 
Figure 4 Chirp profile acquired in the Malta Plateau 

displaying the occurrence of three buried mounds 

showing acoustic anomalies (transparent seismic facies). 

The location is shown in Figure 1. 

C. ACOUSTIC ANOMALIES 

In the Sicily Channel (from west to east), several 
acoustic anomalies in the water column and in the sub-
seafloor have been recognised using high resolution 
seismic profiles.  

 

 

 
Figure 5 a) Chirp profile acquired in the north-central 

Sicily Channel showing the occurrence of a number of 

acoustic anomalies in the water column; b) Chirp profile 

acquired in the Adventure Bank showing the occurrence 
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of acoustic anomalies in the water column at the top of 

mound and buried mounds showing a transparent seismic 

facies, the yellow star indicate where a box corer has 

been collected during ACUSCAL 2015 Cruise. The 

location is shown in Figure 1. 

Large flares have been recognised at the top of the 
mounds in the Adventure Bank, in the northern flank of 
the Graham Bank and at the top of a number of 
seamounts and in northern region of the Sicily Channel 
(Figure 5a, b).  

Minor acoustic anomalies occur in correspondence to 
negative depressions or acoustic signals in the sub-
seafloor. They often consist of high-amplitude pyramidal 
acoustic anomalies extending from the seafloor to the sea 
level (Figure 3a).   

The dense network of CHIRP and multichannel seismic 
profiles reveal some localised blanked areas in the sub-
seafloor. In the Sicily Channel, we have identified a 
number of blanked areas showing a transparent seismic 
facies often associated with a conical shape in the water 
column (acoustic anomalies, Figures 5 and 6). 

 IV. SCANNING ELECTRON MICROSCOPY (SEM)  
The SEM and the EDX examination shows that O, S 

and Ba are the dominant elements in the studied sample, 
which suggests the presence of Barium Sulfate (Barite) 
(Fig. 2). 
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Figure 6 EDX spectrum of the hard ground sample 

collected at the top of a mound (Adventure Bank) showed 

in Fig. 5b.  

 V. INTERPRETATION 
The mapped and described submarine features are 

interpret to be signature of AFSs at the seafloor.  
The 103 identified circular or elliptical depressions 

identified and mapped in the three study areas are 
interpreted as pockmarks formed by emission of fluids 
from the seafloor [9], [13], [14]. Pockmarks are described 
as circular erosive structures with variable diameters and 

depths [1]. They have physical features (size parameters, 
shape) comparable to similar features with the pockmarks 
described in recent works in the central Mediterranean 
Sea [10], [11].  

The hydroacoustic anomalies observed in the CHIRP 
and in the Boomer profiles are interpreted as gas flares. 
Gas flares associated with vents of methane are well 
documented in different pockmarked region [11], [15]. 
The acoustic anomalies in the subseafloor are interpreted 
as possible gas chimneys.  These gas chimneys are 
usually linked to pull-down and disturbance of adjacent 
reflectors. We thus suggest that the transparent seismic 
facies shown in Figures 4b, 5 are due to a strong contrast 
in acoustic impedance probably associated with the 
presence of fluid (or gas) in the sedimentary multilayer.  

Roberts et al. 2006 suggest that “Slow-flux systems” 

are characterised by hardgrounds and mound-like 
buildups of authigenic carbonates.  

Morphobathymetric and seismostratigraphic analyses 
highlighted the occurrence of mound-like structures 
revealing AFS because: 

1) they have seismic features, shapes and sizes 
similar to the main mound-like structures 
described in different regions of the central 
Mediterranean Sea [10], [11];  

2) they show a transparent seismic facies typical of 
presence of gas or fluid in the sub-seafloor 
(Figures 3a, 4, 5b);  

3) they show at their top evidence of the gas chimney; 
4) the Scanning Electron Microscopy analysis and 

EDX spectrum showing the presence of barite 
suggest the occurrence of fluid emission from the 
seafloor supporting our interpretation of these 
positive features as active fluid seepage. 

 VI. CONCLUSIONS 
In the present work, we show and discuss the 

morphological, seismic and geochemical features of a 
number pockmarks, mounds, flares and gas chimneys, 
using different types of marine geological data combining 
high resolution acoustic data and seismic profiles (low 
and high resolution) with sedimentological and 
geochemical data acquired in the Northern Sicily offshore 
and in the Sicily Channel. The presence of these features 
comprise evidence of the occurrence of AFSs in the 
northwestern Sicily continental margin, northwestern 
Sicily Channel and in the Maltese Islands Offshore 
(central Mediterranean Sea).  
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Abstract – Framework building scleractinian Cold-
Water Corals (CWC) are able to form biogenic reefs 
in a number of geomorphic setting on continental 
margins, seamounts and oceanic banks. In this study 
we show the results obtained from a variety of 
mapping approaches (used at a range of scales) to 
map the distribution of CWC habitats in the northern 
Ionian Sea. A special focus is given to the analysis of 
ROV-based micro-bathymetry, that was pivotal for 
measuring, at metric resolution, the reef growth 
structure of a single, representative coral-topped 
mound of the region. 
 

 I. INTRODUCTION 
Multi-Beam Echo-Sounders (MBES) represent the 

most effective acoustic device able to provide a detailed 
representation of seabed geomorphology, defining the 
physical boundaries of those benthic habitats whose 
distribution in the vast deep sea is strictly associated with 
typical seabed geomorphologies [1, 2]. 

Seafloor geomorphologies are indeed increasingly used 
as proxies to predict the associated community of species, 
often representing surrogates for biodiversity in the deep 
sea [1, 3]. 

Our study shows the results obtained from a variety of 
mapping approaches to map the distribution of habitats of 
the Santa Maria di Leuca CWC province in the northern 
Ionian Sea [1, 4, 5, 6, 7] at various spatial scales. Here 
CWC growth contributed to a spectacular landscape 
dotted by more than 1000 sub-conical and elongated 
coral-topped mounds, located in water depths of 500-900 
meters [1, 2]. The integrated analysis of acoustic data 
collected at multiple spatial scales, associated 

geoscientific information, and benthos data (i.e. seabed 
samples and video inspections) were used to decipher the 
control that geomorphic processes have had, from the late 
Pleistocene to the present time, in determine the general 
distribution of coral-topped mounds in the surveyed area. 
In addition, we described the fine-scale morphology of 
the reef framework that shapes the summit and the north-
eastern flank of a single coral-topped mound, using a 
bathymetry data set obtained at metric resolution (i.e. 
microbathymetry).  

 II. MATERIALS AND METHODS 
The present work made use of a consistent acoustic 
dataset acquired through a number of European 
oceanographic expeditions (see [1] for details). The 
survey area crosses roughly 2000 km2 between 80 m and 
1400 m of water depth, off the south-eastern coast of 
Apulia. A geomorphological characterization of the 
whole area was provided by previous studies through the 
analysis and integration of multibeam bathymetry, Side-
Scan Sonar (SSS) mosaics collected at 4 sites, Sub-
Bottom Profiles [1, 2, 6], results from sediment samples 
analysis [4, 5, 8] and video footage obtained from ROV 
dives (i.e.: QUEST4000, [9]) and from the GAS-
SCIPACK module (equipped with cameras, see [10]), for 
a total of 10 sites visually investigated (namely MS01, 
MS02, MS03, MS03bis, MS04, MS04bis, MS05, MS06, 
MS07, MS08, ReefABC, Gallipoli-escarpment). Videos 
were analysed in order to identify coral-dominated 
macro-habitats, as described in [1].  
Discrete forms or areas shaped by a dominant process 
(i.e.: geomorphic units) were systematically mapped and 
results were integrated to the present-day knowledge on 
the distribution of different CWC habitats. At a finer 
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scale, a single coral-topped mound [2] was surveyed by 
means of a work-class ROV (Victor6000) equipped with 
a ResonSeabat 7125 and deployed from the R/V Pourquoi 
Pas? during the 2007 MEDECO Expedition (October 
2007). A DTM at a 1 x 1 m grid cell size was analysed, 
using basic geomorphometric techniques, including the 
Topographic Position Index (TPI), in order to emphasize 
how coral growth modified the original elevation and the 
morphology of the whole mound. 

 III. DISTRIBUTION OF CORAL-TOPPED MOUNDS 
As documented by previous studies and further 

supported by the geomorphological mapping provided by 
the present study, CWC bioconstructions are more 
abundant in association with sediment blocks originated 
by late Pleistocene mass-transport events. Sediment 
blocks form sub-circular to elongated mounds, 200m 
wide in average and from few meters to 25m high [2], 
and likely offered widespread suitable substrate for coral 
colonization during last deglacial time (i.e.: 13.4–11.4 cal 
kyr BP, according to the oldest dated coral fragment 
reported in [8 and 11]). 

Slide deposits typified by sediment blocks, occur 
exposed on the seafloor or partially/totally buried by 
recent sediments. When partially exposed (according to 
interpretation from high resolution seismic data), the slide 
deposits does not show a significant present-day (i.e. 
Holocene) sedimentary drape over the slide deposit, 
especially over those sediment blocks that rise from few 
meters to around 20 m from the surrounding seafloor.  

As documented by the occurrence of sediment drifting 
[4,6], bottom currents also impact the study area. A core 
of cold (= 12.92uC), less saline (38.64%), and 
oxygenated water of Adriatic origin flows in particular 
from the Otranto Channel (i.e. from NE) and moves in 
geostrophic balance along isobaths of 500–1,000 m in 
depth [12, 13], sweeping the seafloor and preventing 
sedimentation especially at the top of sediment blocks 
(that representing obstacles to bottom currents, constrict 
and accelerate the water flow). Present-day 
oceanographic conditions [12, 13], coupled with an on-
going uplift [14] of the margin (which reduced the 
accommodation space promoting low sedimentation rate) 
represent thus the most important geo-environmental 
controls that allow scleractinian corals to thrive on the 
upper and north-eastern slopes of a huge number of 
sediment blocks belonging to entirely and partially 
exposed slide deposits [1, 2, 5, 7].  

 IV. MORPHOLOGY OF REEF FRAMEWORK 
The micro-bathymetric grid (that includes the 

extension of a single coral-topped mound – Fig. 1) 
revealed two well-delineated zones composing the single 
surveyed mound, each one characterized by a distinctive 
morphology. The most striking zone is the north-eastern 
sector, that is distinctly marked at the summit by a rough 

surface that becomes gradually smoother at the mound 
base, toward the north-east (Fig. 1). As well documented 
in previous works, by video observations [2, 7], the rough 
seafloor is produced by a live biogenic reef framework; 
distinct coral-dominated macro-habitats were also 
mapped on high frequency side scan sonar data in [7].  
 

 
Fig.  1. (a) 3D view of the single coral-topped mound 
surveyed by means of a work-class ROV (Victor6000). 
The 3D view was obtained from the DTM produced by 
the ROV-based multibeam data collected during the 
MEDECO expedition, carried out on-board the R/V 

Pourquoi Pas? (October 2007). (b) The Topographic 
Positioning Index computed for the DTM shwon in (a): 

elevated areas are shown in red, whereas depressed 
areas are shown in blue. Inner radius:1 and outer 

radius:7. 

The rough surface produced by the coral framework is 
just apparently randomly articulated. The morphometric 
analysis showed a repetitive pattern, which consists in 
small scale ridges and troughs, elongated from the top to 
the mound base along a downslope direction (Fig. 1b). In 
addition, at the north-eastern mound base, single seafloor 
features can be distinguished and associated to coral 
colonies. From each of them and toward the top of the 
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mound, small-scale elongated and linear sedimentary 
reliefs (less than 1 m high and wide and few metres long) 
run parallel to each other and die out in few metres, 
forming sedimentary tails deposited immediately 
downstream of an obstacle, where the single coral colony 
represents the obstacle. 

 V. CONCLUSION 
The geomorphological mapping obtained at the 
mesoscale for the whole surveyed area, combined with 
the fine-scale dataset that illustrates the sedimentary 
setting of a single coral-topped mound in the northern 
Ionian Sea, gives new insights in the combined action of 
different geomorphic processes in providing suitable 
locations for coral growth. Results sheds in particular 
more light on the interaction between hydrodynamics, 
sedimentation and erosion, and on the importance of 
inherited morphologies (i.e.: Pleistocene sediment blocks) 
for coral growth in the region.  
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Abstract — We propose a method to denoise 1D 

experimental signals using wavelet transform. Noise 

affecting experimental signals is indeed a problem 

shared by many different scientific and engineering 

fields and a proper strategy of denoising, avoiding the 

loss of useful information embedded in the original 

signal, is often essential. This is especially true for 

spectroscopic data, where significant features may be 

hidden by noise or covered by undesired components, 

which are not related to the physical content of the 

signal. In particular, we have applied the Discrete 

Wavelet Transform (DWT) to infrared spectra 

collected at a synchrotron source, overcoming the 

limitations of other filtering strategies conventionally 

employed. The good results here obtained, and the 

other attempts presented in the recent literature, 

suggest that wavelet transform can represent a 

valuable tool, finding its ideal application in a number 

of many and diverse fields, including spectroscopy, 

marine science, meteorology, and engineering. 

Keywords — Wavelets, Stationary Wavelet 

Decomposition, SWD, DWT, signal denoising, 

filtering, infrared spectroscopy. 

I. INTRODUCTION 

Experimental signals are often tricky to study. Usually, 

major difficulties arise from a poor Signal-to-Noise Ratio 

(SNR) or from the presence of irrelevant components 

blending into the signal and making it difficult to extract 

significant information. Such components may be due to 

interfering physical or chemical processes not under 

control, imperfections of the experimental apparatus, or 

many other causes resulting in random and systematic (or 

coherent) spurious fluctuations of the signal recorded by 

the detector. During the last decades, several methods 

have been developed aimed to improve the quality of 

experimental signals, such as the Gaussian smoothing [1], 

the time averaging [2], the Fourier transform filtering 

procedure [3, 4], the median filter technique originally 

introduced by Tukey [5], the windowed smoothing 

algorithm based on moving average due to Savitzky and 

Golay [6], and others based on Artificial Neural 

Networks [7, 8]. Unfortunately, it is not unusual to deal 

with circumstances where all these conventional filtering 

methods are not effective. Although noise removal and 

SNR increase are goals achieved by almost all the most 

widespread filtering methods, it is much more difficult to 

find a strategy capable of properly removing undesired 

components from raw data and reliably retrieving the 

original signal. This turns out to be especially true in case 

of weak signals with a magnitude close to that of noise or 

with significant and undesired components of comparable 

magnitude [9, 10]. One of the most powerful tools 

recently introduced to overcome the limitations imposed 

by traditional filtering, smoothing, and denoising 

algorithms is the wavelet transform. Despite the wavelet 

transform is usually employed to analyse time series (see, 

among many, [11-13]), wavelet decomposition can be 

also successfully used for building up powerful filtering 

strategies of frequency or time signals, as proposed in this 

work and recently confirmed by other authors [14-16]. In 

particular, we have applied the Discrete Wavelet 

Transform (DWT) to filter a set of infrared (IR) spectra 

collected at the synchrotron SOLEIL (Saint-Aubin, 

France). The main goal of our experiment was to 

investigate the temperature and pressure evolution of 

vibrational features of water confined in a mesoporous 

silica matrix known as MCM-41. We focused on two 

vibrational bands: one due to the stretching motion of the 

water molecule OH bond, and the so-called connectivity 

band, arising from the collective motion and distortions 

of the hydrogen bond network. The effectiveness, 

versatility, and clear advantages offered by DWT are 

proven by its rapid spread among the scientific 

community, so much so that it is already finding 

extensive use in several applications, such as signal and 

image processing, data compression, pattern recognition, 

finance, detection of aircraft and submarines, study of the 

atmospheric turbulence layer and marine seismic data 

[17]. However, to the best of our knowledge, DWT is an 

original solution to the specific problem of spectra 

collected on a synchrotron beamline, as no alternative and 

efficient strategies have been proposed in the literature so 

far. Rather, when similar features have been identified in 

IR spectra (see, for instance, [18]), no specific solution 

has been proposed.  

The paper is organised as follows: in section II a brief 

description of the main properties of wavelet transforms 

is provided; section III describes the experimental 
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procedure and the filtering strategy applied to the IR 

spectra; section IV shows and discusses the results of this 

work; finally, section V draws the conclusions supported 

by our findings.  

II.  THE CONTINUOUS AND DISCRETE WAVELET 

TRANSFORM 

Wavelets are a relatively recent instrument developed in 

applied mathematics around thirty years ago [19, 20]. 

Their interdisciplinary origin (from engineering, physics, 

and mathematics) is the key to their success and wide 

applicability, as well as the reason that explains their 

appeal to scientists and engineers of many different 

backgrounds. The wavelet transform is similar to the 

Fourier transform, but with fundamental differences. 

Both are invertible and based on the decomposition of the 

signal in terms of orthogonal basis functions other than 

the original coordinates. However, while the Fourier 

transform basis sets consist only of sine and cosine 

functions, there exists an infinite number of “waves” that 

can be used as basis in the wavelet transform. In 

particular, each set of orthogonal basis functions can be 

obtained from a single function (the so-called “mother” 

wavelet) by shifts acting on time and dilations acting on 

frequency. Moreover, Fourier basis are completely 

localized in the frequency (transformed) domain but 

extend infinitely in the time (physical) domain, whereas 

the wavelet basis functions are dually localized (i.e. are 

finite) in both time and frequency domains. Roughly 

speaking, the wavelet transform is simply a series of 

band-pass filters with a known response function (i.e. the 

wavelet basis) of uniform shape and varying location and 

width. As a consequence, wavelet analysis comes across 

as particularly suitable to analyse localised variations of 

power within time series [21], which can be decomposed 

in the time-frequency space in order to determine both the 

dominant modes of variability and how those modes vary 

with time [22]. Thus it is not a coincidence that wavelet 

analysis is finding large and numerous applications in 

aerodynamics and fluid dynamics [23-25], geophysics 

[26-28], and meteorology [28-31]. 

Let us consider time and frequency as an example of 

physical and transformed spaces. From a mathematical 

point of view, the continuous wavelet transform (CWT) 

of a time signal      consists of a projection over a basis 

of compact support functions obtained by dilations and 

translations of a mother wavelet     , localised both in 

the physical and transformed spaces. The wavelet 

coefficients resulting from the signal decomposition are 

function of time   and scale  , which is inversely 

proportional to the frequency [28]. Therefore, the CWT 

of a time signal     ,        , can be defined as: 

       =  𝐶
𝜓

−
1
2 ∫   𝜏  ∗ (

 − 𝜏

 
)𝑑𝜏
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where 𝐶𝜓
−1 2

 is a constant characteristic of each wavelet 

function and  ∗   − 𝜏     is the complex conjugate of 

the dilated and translated mother wavelet     , with 

𝜏     and    . The wavelet function is also called 

wavelet kernel. The parameter   is the scale and measures 

the degree of compression, while 𝜏 is the translation 

parameter which determines the time location of the 

wavelet. If | |   , then the wavelet is compressed 

compared to the mother wavelet and corresponds mainly 

to higher frequencies. On the other hand, if | |   , then 

  is dilated and corresponds to lower frequencies. For 

examples and detailed description of the huge number of 

wavelet basis and functions commonly used, we refer to 

[32, 33]. Remarkably, the decomposition of a time series 

into basis functions is calculated for different segments of 

the time-domain signal at different frequencies. This 

point makes clear the main hallmark of the wavelet 

transforms: they offer “variable time-frequency” 

resolution, in contrast with Fourier transform which only 

offers frequency resolution. A discrete version of the 

wavelet transform can be also adopted to decompose a 

time signal     , where  =     is the discretized time 

variable, with   an integer index. According to [34], if 

the discretised scales    are arranged on a dyadic 

distribution, i.e.   =   , and the translations are multiple 

of the scale   , the orthonormal basis      can be 

expressed as: 

 [ ]
      =  −  2 (

 −    

  
) (2) 

Hence, the discrete wavelet coefficients,   
      , are 

obtained as: 

  
      = ∑      −         

+∞

−∞

 (3) 

The last equation tells us that, by varying the wavelet 

scale   and translating   along the localised time index  , 

it is possible to build up a picture showing both the 

amplitude of any feature versus the scale and how this 

amplitude varies with time.  

Some of the main advantages of wavelets can be 

summarized as follows: 

(a) since wavelets are simultaneously localised in time 

and frequency domains, they are adequate to analyse both 

stationary and non-stationary signals; 

(b) wavelet-based algorithms are computationally very 

fast; 

(c) given their ability to separate the fine details in a 

signal, wavelets allow multi-scale analysis. Smaller 

wavelets can be used to isolate very fine details, while 

larger wavelets can identify coarse details; 

(d) wavelets allow for signal compression or denoising 

without appreciable degradation. 

For a more general introduction to wavelet decomposition 

methods and a comprehensive review of mathematical 

aspects of wavelet transforms, the reader is referred to 

several recent monographs [19, 21, 22]. 

III. MATERIALS AND METHODS 

A. Experimental details: sample preparation and 

IR measurements 
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Infrared spectra were collected at the synchrotron 

SOLEIL (Saint-Aubin, France), exploiting the new high-

pressure/low-temperature set-up available at the AILES 

beamline. Two spectral regions were investigated: the 

mid-infrared region (MIR, 1000<ω<6000 cm
-1

, with ω 

the vibrational wavenumber) and the far-infrared domain 

(FIR, 50<ω<600 cm
-1

), also known as FIR. The 

investigated system was pure water (H2O) confined in 

MCM-41 substrate. MCM-41 is a silica porous matrix 

characterized by a highly regular structure (2D array of 

uniform hexagonal channels, arranged in a honeycomb 

type lattice), a monodisperse distribution of pore size 

with nanometric dimensions, a high hydrophilicity, and 

lack of swelling [35]. Our MCM-41 samples (with a pore 

diameter of 2.8 nm) appeared as a white powder and were 

synthesised by the Chemistry group of IMPMC 

(Université Pierre et Marie Curie, Paris), following the 

procedure described in [36]. After synthesis and 

calcination at 550°C, the hydration procedure was 

accomplished by exposing dry MCM-41 powder to a 

water-saturated environment inside a sealed desiccator at 

room temperature (~298 K). The time of exposure to 

water vapour was carefully set to achieve ~90% of pore 

filling. Pores were not fully filled to avoid water leaking 

out the pores due to the expected volume expansion of 

H2O upon cooling below the crystallization temperature. 

Measurements were performed by varying both pressure 

(less than 1 GPa) and temperature, which ranged from 

~140 K up to 293 K. Since all spectra were collected 

under pressure, a diamond anvil cell (DAC) was used as 

sample holder. The pressure calibration was performed 

by means of ruby chips loaded with the sample in the 

micrometre-sized hole between the diamond faces. In 

addition, few drops of oil (Fluorolube® in the MIR 

frequency region and Nujol in the FIR frequency domain) 

were inserted as pressure transmitting medium. 

Measurements were carried out using a Bruker IFS 125 

Fourier transform spectrometer (FT-IR) and all IR spectra 

were collected in transmission mode. A bolometer was 

used as detector, with a resolution of 2 cm
-1

 and 100 

scans per spectrum. The MIR region was investigated by 

means of a Globar lamp, in combination with a KBr beam 

splitter, whereas the infrared emission of synchrotron 

radiation was necessary to explore the FIR domain. The 

synchrotron light was used in combination with a 

composite Si beam splitter. Further details of the 

experimental set-up can be found in [37]. 

B. IR spectra analysis: wavelet denoising 

All IR spectra collected at the synchrotron SOLEIL on 

the AILES beamline were affected by large “oscillations” 

superimposed to the signal we needed to analyse, as 

shown in Fig.1. Such oscillations were likely due to 

multiple reflections of the incident radiation beam on the 

two windows of the sample container and/or in 

correspondence of the different interfaces present inside 

the sample. Attempts of removing these undesired 

components by means of conventional filtering methods 

(e.g. smoothing algorithms) were unsuccessful, as only 

the high frequency fringes due to statistical noise were 

correctly removed. The application of a Fourier filter did 

not give satisfactory results as well, because the 

unwanted oscillations were not truly periodic and could 

not be well expressed as a linear combination of sines or 

cosines. Therefore, we opted for the discrete wavelet 

transform. In particular, the strategy we adopted is the 1D 

Stationary Wavelet Decomposition (SWD) technique. We 

applied a version of the Mallat’s algorithm [38], 

performed by adapting the MATLAB
®
 dedicated toolbox 

to our specific problem. For the intrinsic characteristics of 

wavelet transform, discussed in the previous section, 

wavelet-based filtering can be performed on the scale and 

time simultaneously. This technique offers an important 

advantage over the traditional filtering methods, such as 

Fourier transform: it removes noise (or undesired features 

in the signal) at all frequencies and allows to isolate 

single events that have a broad power spectrum and 

multiple events that have different or varying frequency. 

Indeed, this is exactly what is required in the case of our 

IR spectra. A complete description of the basic steps of 

wavelet denoising is reported in [39], while a more in-

depth analysis of the advantages of wavelet transform 

compared to Fourier transform can be found in [17]. 

Denoising algorithm 

Generally speaking, the recorded experimental signal 

     is a discretized function that can be written as:  

    =           (4) 

where      is the part of the signal that must be 

extracted, embedding all the information we need to 

analyse, while      represents the signal components we 

intend to remove. In particular, if      is a low 

amplitude-high frequency component, it simply 

represents what is commonly addressed as “noise”. In our 

particular case,      also includes the pseudo-sinusoidal 

oscillations superimposed over the IR spectrum. The 

denoising algorithm here employed for removing      is 

Fig.1. Example of raw data in the MIR frequency 

domain. The recorded IR absorbance intensity presents 

some evident oscillations (highlighted in the inset B) 

superimposed to the signal containing information we 

were interested in. Inset A indicates very high frequency-

low intensity fluctuations resulting from statistical noise. 
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based on the reconstruction of the original signal by 

means of the discrete inverse wavelet transform (IWT) 

[40]. This is a “direct” filter because it is applied to the 

transformed data set, prior to back-transforming it to the 

signal (physical) domain. A block diagram of the adopted 

algorithm is displayed in Fig.2. Essentially, the DWT is 

used to convert a series a0, a1, …, am (the experimental 

signal) into two coefficient series: one low-pass series 

known as approximation and one high-pass series known 

as detail (d1,d2,…,dk), where the length of each series is 

   . This decomposition is then applied recursively to 

the detail series until the desired number of iterations is 

reached. In other words, the experimental signal, which 

must be a vector of  =    elements, is numerically 

transformed into two vectors with   −1 elements each; 

one vector contains the approximate coefficients, the 

other gets the detailed coefficients and serves as an input 

for each iteration. The unwanted signal components 

appear in the detail coefficients vector, hence they can be 

removed from the original signal by setting the detail 

coefficients related to those particular components to 

zero. Otherwise, the contribution of a specific component 

can be reduced by setting a proper threshold on the 

corresponding detail coefficients. The number of 

iterations indicates the level of the filter, i.e. the number 

of detail coefficients used for decomposition. Once the 

level of the decomposition is established, the inverse 

wavelet transform can be applied to the semi-processed 

data to get back the original signal which is now free 

from noise or any other undesired component. 

To ensure the generality of the adopted approach, we 

have checked that results presented in the following are 

independent of the specific choice of the wavelet kernel. 

As illustrated in the next section, the decomposition 

procedure described above appears to be particularly 

suited for our aims, since it allowed us to analyse the 

noise level separately at each wavelet scale and adapt the 

denoising algorithm accordingly, with no particular 

assumption on the structure of the original signal. 

 

IV.  RESULTS AND DISCUSSION 

Fig.3 shows an example of the application of the 

denoising wavelet-based algorithm, described in the 

Fig.2. Block diagram of the 1D Stationary Wavelet 

Decomposition (SWD) method. Downsampling means 

that only the even indexed elements are kept. The 

approximation coefficients (a1,a2,…,ak) are obtained by 

convolution with a low-pass filter, whereas the detail 

coefficients (d1, d2,…,dk) result from the convolution 

with a high-pass filter.  

Fig.3. In panel (a) there are (from top to bottom): the 

raw signal (red), the denoised signal as a result of the 

application of the SWD technique outlined in Fig.2 

(purple), and the residuals calculated as the difference 

between raw and denoised signal (yellow). In panel (b) 

all the coefficients (approximation and detail) of the 

wavelet decomposition are individually shown.  
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previous section, to a MIR spectrum. All coefficients are 

individually displayed: d1-d8, which represent the detail 

coefficients at the respective decomposition levels, and 

a8, that is the corresponding approximation coefficient at 

the highest decomposition level. 

We remind that our aim is not simply to remove the high 

frequency fringes due to statistical noise, but to identify 

and remove all components (with a lower frequency but 

higher intensity compared to statistical noise) giving rise 

to the large oscillations shown in Fig.1. 

Since the filtered signal was verified to be not dependent 

on the particular wavelet basis used for decomposition, 

we adopted the simplest wavelet kernel, i.e. the Haar 

function. In addition, a soft thresholding method [15, 41] 

was employed, establishing a denoising level equal to 7. 

The reason for this choice can be pinpointed looking at 

panel (b) of Fig.3: d8 does not look like noise but as a 

significant part of the signal; if it is removed from the 

reconstructed signal, some evident physical features 

would be lost. A good strategy to be sure of the selected 

level is to observe the residuals of the experimental raw 

signal and the reconstructed one: if just the noisy 

components have correctly been removed, the residuals 

are expected to be structureless. The detail coefficients 

reported in panel (b) of Fig.3 clearly show that levels 

from 5 to 7 represent the undesired large oscillations we 

want to remove, thus the corresponding coefficients were 

set to zero. On the other hand, levels from 1 to 4 simply 

reproduce the high frequency noise (statistical noise) that 

is possible to remove also with other denoising 

techniques. We do not have any strong reason to 

completely remove it. However, if we choose to delete 

even the statistical noise components, we can set the 

corresponding coefficients to zero; otherwise, we can 

define a threshold able to remove from those coefficients 

only the high amplitude oscillations occurring at the 

lowest wavenumbers. An example of the results obtained 

by applying to a MIR spectrum the SWD technique, with 

a signal decomposition approximated at the 7
th
 level of 

denoising, is shown in Fig.4 and Fig.5. Likewise, 

satisfying results have been obtained in the case of FIR 

spectra (data not shown). 

In general, the final result is expected to be dependent on 

the filtering level and on the threshold established for 

each level. However, the identification of the undesired 

components of our experimental signals was 

straightforward after wavelet decomposition. As a 

consequence, the choice of the filtering level was quite 

easy and unambiguous for our data. We notice that a 

convincing proof of the accuracy of the selected filtering 

level comes from the post-processing stage. After 

denoising, IR spectra were deconvoluted using a sum of 

Gaussian functions (data not shown). Since with a 

decomposition level equal to 7 we identified all the 

expected Gaussian components in the denoised signal, 

giving each component a reasonable physical 

interpretation, we can be confident that the filtering level 

was correct and that we have removed only the unwanted 

components without loss of information. 

As far as the results here presented are considered, the 

wavelet decomposition technique can be regarded as 

really powerful and easy to apply to treat noise in a huge 

number of experimental situations. Moreover, it offers 

high selectivity, stability, and good control and is not 

time-consuming. This last issue is of particular relevance 

when large signals or a large number of signals need to be 

processed, as in the present case of our IR spectra and in 

many other cases linked with marine and environmental 

science, meteorology and biology. 

V. CONCLUSIONS 

In this report we propose a wavelet-based decomposition 

strategy in order to clean up some IR spectra. Our 

Fig.4. Example of the application of the SWD technique to 

filter a MIR spectrum (297 K, 0.07 GPa). The raw signal 

originally recorded is shown as a red line. The black line 

represents the signal reconstructed after the filtering 

procedure (7
th

 approximation level). As can be noted, both 

the undesired oscillations and the statistical noise have 

been removed. 

Fig.5. The red line depicts the same signal shown in 

Fig.4, while the black line represents the denoised signal 

after the application of the same wavelet-based denoised 

algorithm, which has deleted all the undesired large 

oscillation superimposed to the original spectrum. The 

only difference, in this case, is the presence of the 

statistical noise: the corresponding detail coefficients 

have not been set directly to zero, but have been properly 

thresholded in order to be included in the reconstructed 

signal. 
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numerous attempts led us to hold it as the most rapid, 

versatile and reliable method to realise our purpose. In 

conclusion, wavelet denoising has made us capable to 

remove all undesired oscillations affecting the raw 

spectra in a fast and efficient way, achieving a 

satisfactory result that any other conventional technique 

has not provided. Given the efficiency, versatility and 

reliability of wavelet transforms, we believe that wavelet 

decomposition-based filtering methods are extremely 

promising in all cases where data are highly noisy or 

heavily affected by the presence of interfering signals. As 

a result, many other applications and research fields may 

take advantage of the benefits offered by the SWD 

technique. Therefore, although the method here proposed 

was tested only on infrared spectra collected at a 

synchrotron facility, it could be of great interest also for 

marine science community (e.g. oceanography, 

meteorology, ecology, biology, geology), as confirmed 

by other attempts recently appeared in the literature [42-

44].  
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Abstract – We present morphological and stratigraphic 
results coming from surveys acquired in a NNW-SSE 
trending submarine depression (Marettimo Valley) 
located in the Egadi Islands (western Sicily offshore). 
In this area the seafloor is characterized by both 
depositional and erosional features generated under a 
variety of sedimentary processes. 
We identified two seismic facies units that are 
correlatable to: A) the progradation of shallow water 
(coastal to offshore) deposits during forced-regression 
sedimentary process, and B) contourite drifts emplaced 
by geostrophic currents through the Marettimo Valley. 
This unusual association of very shallow water 
contourites and shelf margin deposits originates, 
during middle-late Pleistocene glacio-eustatic cycles, 
from enhanced sedimentary dynamics establishing 
mutual interaction between progradational growth of 
the margin and bottom current deposition. 
 

 I. INTRODUCTION 
Along the Mediterranean continental margins, insular 
sectors can display a very complex depositional pattern as 
result of the interaction between sea level changes, 
oceanographic processes and uneven sea floor 
morphology. We present morphological and stratigraphic 
results coming from integrated seismo-acoustic surveys 
acquired in a narrow (minimum width of 1.8 km, 30 km 
long) NNW-SSE trending submarine depression 
(Marettimo Valley) located in the Egadi Island 
Archipelago (western Sicily offshore; Fig. 1). This area is 
located along the pathway of the Levantine Intermediate 
Water current (LIW) which, coming from the eastern 
Mediterranean Sea, flows clockwise around the western 
Sicily margin. Moreover, in the archipelago, where a shelf-
to-slope system can be identified, the sea floor shows a 

very irregular morphological setting. This peculiar setting 
offers good opportunity to investigate as sea level change 
and oceanographic regime combine each other to control 
the morpho-sedimentary evolution of the margin during 
the middle-late Quaternary interval. 

 II. DATA AND METHODS 
We analyzed and interpreted a grid of middle-high 
resolution single-channel seismic reflection profiles 
recorded with different seismic sources: sub-bottom chirp, 
1 kJ sparker, 4.5 kJ sparker. Seismostratigraphic  
techniques and sequence stratigraphy principles has been 
applied to the stratigraphic interpretation. 
Morphological analysis has been performed using a 20x20 
m sized cell digital elevation model acquired by means of 
multibeam swath batimetry survey. During all the surveys, 
the vessel’s position was obtained by a DGPS system.  

 III. RESULTS 
A. Seismostratigraphic analysis of the outer shelf     
progradational units 
Along the eastern flank of the Marettimo Valley, the outer 
shelf consists of a stack of progradational units. The 
seismic profile of Fig 2 images two main progradational 
seismic units and a third one of smaller size interbedded 
between the main two. The following seismic facies 
attributes characterize these units: very thin oblique-
tangential clinoforms (up to 45 m high) associated with 
reflection-free or sparse chaotic seismic signals; inside 
both the main wedges, well-developed bottom sets display 
higher amplitude and lateral continuity than the foresets.  
In the lowermost and oldest progradational unit  (LPU) a 
small mound-shaped unit with chaotic seismic  

111



 

 

 
 
 
 
facies is interbedded between the bottom-set. The 
intermediate progradational unit (IPU) is the smallest one  

 
 
 
 
and displays very short oblique-parallel clinoforms with 
downlap lower termination. Inside the uppermost and  

Fig. 1 – Bathyetry of the Marettio Valley and carthography of the main morpho-sedimentary features. 
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younger one progradational unit (UPU), local erosional 
surface truncate the oldest bottom sets (Fig. 2). 
The lower boundary of these progradational units is 
represented by a downlap surface seawards passing to a 
conformity surface where bottoms sets are concordant to 
underlying seismic reflectors. The upper boundary 
corresponds to a sharp erosional truncation surface.   
Across the outer shelf, the three progradational units are 
separated by depositional units (A1 and A2) showing the 
following seismic facies: continuous, concave-upward 
reflectors with lens-shaped or mounded external geometry. 
These units display landward onlap termination on the 
outer boundary of the LPU and IPU. Moreover they 
display evident lateral variation of thickness: the lower one 
displays a gradual seaward increase of thickness, forming 
a mounded geometry beyond the shelf edge; the upper one 
displays a gradual seaward decrease of thickness. 
 
B. Morpho-stratigraphic analysis of upper slope 
depositional and erosional features 
Along the Marettimo Valley a series of depositional and 
erosional features has been detected. At the southern 
mouth of the valley a depositional unit is located, which 
shows a mounded external geometry with a maximum 
thickness of about 50 m (using a sound velocity in 
sediments of 1600 m/s) and maximum amplitude of about 
3000x6000 m (Fig. 3). The internal configuration is  
characterized by thin, continuous, convex-upward 
reflectors with an overall aggrading geometry. Besides an 
internal, faint, local erosional surface can be detected  
 
 
 
 
 
 
 
 

 
 
 
 
(Fig. 2), which separates two sub-units, with the lower one 
thicker. 
This mounded unit corresponds to the uppermost portion 
of the Pleistocene succession along the central sector of the 
Marettimo Valley. The upper boundary of this unit 
outcrops at the sea floor where it reaches the shallowest 
water depth of 135 m; the lower boundary is a conformity 
surface in the slope, lying up to 190 m below the sea level. 
Toward the Favignana shelf this conformity surface passes 
to an onlap surface (Fig. 2). Upward, along the flanks of 
the mound, the sea floor is scoured by two narrow erosive 
channels (Fig. 1): that one close to the Marettimo Island 
shelf margin turns around the shelf edge and it is the most 
incised of the two ones (the western flank is up to 40 m 
high); the channel close to the Favignana Island shelf is 
less incised (both flanks are up to 10 m high), NNW-SSE 
trending and it ends southwards where the contourite drift 
is attached to the shelf margin and is partially buries 
underneath the UPU wedge. 
In the central-northern sector of the Valley, some erosional 
features have been detected (Fig. 1): i) a blind depression 
with about NW-SE trending elliptical shape which is not 
completely filled by sediments; inside this depression the 
sea floor lies at about 375 m water depth; ii) northward of 
this depression a NW-SE trending erosive channel 400 - 
600 m wide, about 4 km long, is located, with 
asymmetrical flanks up to 40 m high; iii) moreover, along 
the sea floor of this northern sector, sharp erosional 
surfaces of small extension have been detected. 
Toward the North, another mounded depositional unit has  
been detected. It consists of thin, aggrading, convex 
upward horizons characterized by a slight upslope 
migration and a very small channel moat in the upper 
portion of the deposit. Towards the slope the horizons 
display onlap lateral termination highlighting an  
 
 

Fig. 2 – Single-channel (1 kJ Sparker source) seismic profile showing the stratigraphic setting of the eastern 
flank of the Marettimo Valley; seismic units and surfaces are illustrated in the text (see Fig. 1 for location).  
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unconformity surface, corresponding to the lower 
boundary of the mound, which overlay a growth 
sedimentary wedge that thickens toward the Marettimo 
Island slope, where a step of syn-sedimentary normal 
faults has been observed. The mound is buried beneath a 
0.1 s thick package of parallel horizons.        
 

 IV. DISCUSSION 

 A. Forced regression deposits 
Both seismic facies attributes and stratigraphic pattern 
suggest the sedimentary progradational wedges observed 
along the Marettimo valley flanks could be regressive  
depositional units formed in shallow water environments   
during  sea level falling stage and lowstand. These    
attributes are: the prograding internal configuration, which 
is common for coastal-to-inner shelf deposits; the low 
amplitude up to reflection free seismic facies, due to the 
high slope of the horizons (up to 25°, probably because of 
the coarse sediment size); the stratigraphic setting along 
the outer shelf where the most recent sedimentary outward 
accretion originated the present day shelf margin.    
 
 

 
 
 
 
 
Sedimentary successions with very similar features have 
been illustrated and also calibrated (see [1] and [2], among 
others), confirms this interpretation. In particular, our 
results document as the prograding wedges are coastal 
lithosomes (beaches or deltas) formed during subsequent 
erosive regression process forced by sea level fall and 
following lowstand stages, that can be correlated to 
middle-late Quaternary glacio-eustatic cycles.  

Peculiar features that characterize the shelf margin 
prograding wedge of the Marettimo Valley are (Fig. 2): i) 
the progressive seaward decrease of the clinoforms height 
and wedge thickess, as consequence of deposition of 
former bottomsets; ii) the erosional truncation of older 
bottomsets (in the youngest wedge), probably due to 
landward dip of the basal downlap surface. 

The two depositional units A1 and A2, interbedded 
between the three progradational wedges LPU, IPU and 
UPU, are interpreted as “healing phase” deposits 
accumulated during sea level rise stage, because of their 
stratigraphic setting and onlap landward terminations 
above the former, present day buried, shelf margin wedges 
(units LPU and IPU).  
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 B. Bottom current related deposits 
The overall morpho-stratigraphic characters of the 
sedimentary deposits detected along the upper slope inside 
the Marettimo Valley (external geometry, internal 
configuration, lateral terminations) and the close 
relationships with the related erosional features (moat 
channels and erosional surfaces), suggest that both the 
deposition of these units and the shaping of these features 
were controlled by bottom currents. 
Indeed, the following seismic features are similar to that 
ones already extensively illustrated, during the past few 
decades, for oceanic, deep water contourites by many 
studies (see Rebesco et al. (2014) for a review): the 
upwardly convex geometry of internal horizons on dip 
section with some evidence of moat features; the presence 
of internal, minor erosional surfaces; the upslope 
migration of internal horizons (only for the northern 
contourite drift). 
However, a main different feature of these shallow water 
contourites respect to that of deep oceanic basins is the 
size, since that they are much smaller and, moreover, they 
show a greater morphological variability even at short 
distances, as already illustrated by several Authors ([3], 
[4], [5]; among others) for other sectors of the 
Mediterranean Sea. In detail, very similar morpho-
depositional features have been illustrated by [6] 
southward of the Egadi Islands, not far from the Marettimo 
valley. 

As highlighted by [7], some seismic features shown by 
the contourite drift can be very similar to that of turbiditic 
deposits, but in the case of Marettimo valley we exclude a 
relationships with mass transport processes because of the  

 
 
 
 
 
 

absence of both a feeding system and the typical 
sedimentary features characterizing turbiditic deposits (as 
channel-levee complexes and depositional lobes). 
According to the summary of the different types of 
contourite drifts proposed by [7], the overall morpho-
stratigraphic features of the bottom current-controlled 
deposits, here illustrated, suggest the southern one can be 
classified as “confined mounded drift” and the northern 
one as “separated mounded drift”. 

Therefore, we suppose the described Marettimo Valley 
deposits are contourite drifts originated by long-lasting 
bottom currents flowing along the Egadi Islands upper 
slope. Due to the recent age of these deposits, we can 
interpret them in the context of the present day 

physiographic setting and water depth and taking into 
account the oceanographic regime under which they 
formed. Notwithstanding no detailed oceanographic data 
coming from this area are available, we suggest that the 
LIW, flowing counterclockwise along the western Sicilian 
margin, could originated the observed sedimentary 
features, by means of a modification of the flow as 
consequence of the lateral confinement caused by the 
Marettimo Valley. The latter could determine an 
acceleration of the LIW current moving to the North 
through the Valley. Preliminary hydrological measures 
acquired at the southern mouth of the Marettimo valley (F. 
Placenti, per. com.) don’t exclude the possibility that a 
very shallow portion of the LIW (along the Mediterranean 
margin, the LIW flows in a depth range between – 200 and 
– 400 m) could penetrate inside the Marettimo Valley 
during the highstand stage. On the contrary, it is very 
unlikely that this penetration could occur during the 
lowstand stage when the shallowest point of the valley is 
only about - 60 m deep. Moreover, stratigraphic 
relationships imaged by seismic profile document that the 
contourite deposits laterally pass to etheropic and coheval 
outer shelf deposits (units A1 and A2) that are interbedded 
between depositional units IPU and LPU and that 
accumulated during sea level rise. This observation 
supports the hypothesis that, the southern, confined 
mounded drift didn’t deposited during the lowstand 
interval. 

According to this hypothesis, we further suppose the 
uppermost portion of the LIW stream, as the current flows 
northward in the Marettimo Valley, undergoes a 
progressive acceleration as the Valley narrows, to a point 
in the central sector, where no more sediments can be 
accumulated, but only erosive or not depositional features 
are formed, such as the observed moat, erosional surface 
and blind depression. Following towards the northern 
mouth of the valley, the flow declines and favorable 
conditions for deposition of sediments transported by 
bottom current restore, giving rise to the northernmost 
drift.  
 

 V. CONCLUSIONS 
 
The complex middle-late Quaternary depositional 

pattern highlighted along the shelf-to-slope system of the 
Marettimo Valley reflects mostly the interaction between 
sea level change and bottom currents and its variability 
during time. In fact bottom currents create a flow energy 
that control the maximum quantity of sediments that can 
be accumulated and, thus, the accommodation space along 
the valley. According to our morpho-stratigraphic 
interpretation, this energy barrier acted in the Marettimo 
Valley only during the highstand intervals, when both 
bottom current penetrated into the Valley and its variable 
width have generated different type of depositional and 
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erosional structures. During the lowstand, the water depth 
inside the valley was too shallow to allow the flow of long-
lasting bottom curren. In these stages, the eastern flank of 
the Valley accreted outward by means of forced regression 
with the deposition of inner shelf to coastal regressive 
sedimentary succession. 

The close association of shelf margin regressive deposits 
with very shallow water contourite-like deposits must be 
taken into account in reconstruction of ancient deposits to 
highlight the possible existence of outer shelf-upper slope 
paleoenvironments characterized by peculiar 
morphological setting as insular archipelago  and 
submarine valley. The finding of the correlated facies 
association could be relevant for what concern 
paleogeographic and paleooceanographic reconstructions 
as well as the hydrocarbon exploration, because these 
successions could be sandy prone and may constitute good 
reservoirs. 
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Abstract – Acoustic methods for seafloor mapping 

have been widely developed over the last decades. In 

particular, the development of swath bathymetry has 

allowed the creation of detailed maps of seabed 

topography and acoustic backscatter data; these data 

have been used to infer sediment and habitat types. So 

the Multi-Beam Echo Sounder (MBES) is a tool that 

allows getting information about bathymetric, 

morphological and compositional characteristics of 

the seabed surface. In addition to this, MBES can now 

also discriminate the acoustic imaging of the water 

mass by recording sampled reflectivity measurements 

along each beam. Infact new hardware and software 

modules for MBES have been developed, allowing the 

hydrographic community to exploit a series of 

powerful means to acquire water column backscatter. 

The aim of this paper is to present different surveys 

conducted by IAMC to show some examples of 

acquisition and processing and the results obtained to 

a correct interpretation of the data.  

 

 I. INTRODUCTION 

 

Given the significant increase in accuracy and 

resolution of seabed imaging techniques, recent 

developments in sonar technologies provide new tools for 

seafloor exploration and data acquisition. Through a 

qualitative and quantitative analysis of acoustic 

backscatter, multibeam echo sounder (MBES) systems 

have been used to infer physical, geological and 

biological proprieties of the seafloor, such as surface 

roughness (e.g. [1–3]), sediment grain size (e.g. [4–8]), 

substrate type (e.g. [9,10]), and distribution of seagrass 

meadows and other biota (e.g. [11,12]). Seafloor 

backscatter intensity corresponds to the amount of 

acoustic energy scattered back from the seafloor toward 

the echosounder receivers after the interaction with the 

seabed. The backscatter signal received by MBES 

systems can be influenced by various variables, which 
can be categorized into system settings (e.g. power, gain, 

pulse length), acoustic propagation conditions (e.g. 

absorption and spreading loss), beam geometry (e.g. 

range, incident angle, footprint size) and seafloor 

properties [12]. Accordingly, in order to derive useful 

information about the substrate and geomorphology of 

the seabed, it is important that the received backscatter 

signal is fully corrected so that it is invariant to system 

settings, propagation conditions and beam geometry, thus 

all backscatter changes can be related only to seafloor 

properties [13]. It has been shown that the variation of 

backscatter intensity is related to sediment properties (e.g. 

[14–16]): fine sediments generally exhibit low 

backscatter intensity due to low sediment bulk density 

and low acoustic impedance contrast at the water–

sediment interface; whereas coarse sediments generally 

result in higher backscatter intensity given their higher 

bulk density, high acoustic impedance contrast and 

greater roughness of the sediment–water interface (e.g. 

[17,18]). Furthermore, it has been shown that, for sandy 

sediments, backscatter intensity decreases with mean 

grain size ([14]).   

  Each multibeam system logs the backscatter signal 

with different way and it’s possible divide three principal 

sources of backscatter (Fig. 1): 

-time series of backscatter strength per beam (Snippet 

for Reson and Beam time-series for Simrad system) 

-one value of average backscatter strength per beam 

(Beam Average) 

-two long time series of backscatter strength for each 

received ping (Sidescan-like with no angular information, 

Reson system)[19]. 

 

 
Fig. 1. Example of backscatter signal: from left to 

right: Snippet, Beam Average and the Sidescan-like  
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In the last years some multibeam systems are able to 

log the backscatter strength for the entire echo return 

along each beam, recording the acoustic response of the 

entire water column. This data are affected by 

contribution of the side-lobes, influence more or less 

intense depending on the geometry of the multibeam (Fig. 

2), and are difficult to manage for the gigabyte amount 

that are acquired in a few minutes. Furthermore the 

echoes can be contaminated from other sonars, propeller 

and engine noise, bubble wash-down, and so on (e.g., 

[20–22]   

 
In this work, we present a series of multibeam 

backscatter data acquisitions during different surveys and 

the relative data processing, both for the interpretation of 

the sea bottom and in the recognition of the schools of 

fish in the water column backscatter. 

 

 II. MATERIAL AND METHOD 

During the CARG Project – Geological and 

geothematic cartography (2004-2007), the IAMC of 

Naples acquired bathymetric and acoustic data along the 

Campania coast (e.g. Naples, Pozzuoli, Ischia and 

Procida islands), to realize geological and geothematic 

sheets on scale of 1:50000. The data were acquired in a 

range of 10-600 meters range depth.  For deeper 

acquisitions were used multibeam Reson SeaBat 8111 for 

bathymetric data, and SideScan Sonar Klein 2000 and/or 

3000 for acoustic image seabed. Instead for the shallow 

water acquisition (5-50m) were used the multibeam 

Reson SeaBat 8125, a 455 kHz MBES that provides sub-

centimetric depth resolution data. The SeaBat 8125 was 

utilized both bathymetric and backscatter data. The 

system insonifies a swath on the seafloor that is 120° 

across track by 1° along track. The receiver array forms 

240 individual beams 0.5 ° wide at the center of the swath 

(references). All vessels utilized for shallow water 

acquisition were equipped with a 12-channel Landstar 

Differential Global Position Systems (DGPS) and with an 

IxSea Octans 3000 that provide positioning data (sub-

meter accuracy) and attitude data (0.01° accuracy) to the 

navigation software. A Reson SVP-C sound velocity 

probe was installed near transducers, thus providing the 

real-time sound speed for the beam steering, a process 

that allows to examine the sounds coming from different 

angles simultaneously [23]. A sound velocity profiler, 

Reson PDS2000 software was used for positioning and 

for logging MBES data; during the acquisition the 

software receives data from the DGPS system and from 

the motion sensor and applies real-time corrections to the 

bathymetric data. During the system installation, the 

static positional offset were measured and a calibration 

(i.e. patch test) was carried out in order to measure and 

the correct for the dynamic sensor offsets. The survey 

lines were run parallel to the coast with an overlap of 

50% between adjacent swaths. Some filters were applied 

in the PDS2000 Acquisition Window to remove spikes 

during data logging, namely the quality filter, which 

rejects beams that do not meet the quality settings based 

on collinearity and brightness levels and the nadir filter, 

which rejects beams outside a defined port and starboard 

angles and the nadir. Bathymetric data so collected 

produced very high-resolution (20 x 20 cm grid cell) 

Digital Elevation Model (DEM). The Reson 8125 was 

able to log the backscatter data intensity according two 

methods: Snippet and Sidescan-like options (see Fig.1).  

Snippets are fragments of the complete signal envelope 

that aim to contain the seafloor backscatter from each 

beam (references). Bathymetry beams on the port and 

starboard sides (respectively 0-119 and 120-239 for the 

sonar used here) are combined to produce the Sidescan-

like images. The process combines adjacent pair of beams 

by averaging and then the averaged beams. The array of 

intensity values as a series of amplitudes, one for each 

sample interface for each Sidescan beam. In addition to 

computation differences, there is also a spatial difference 

between Snippet and Sidescan-like options: Snippet data 

range corresponds to the bathymetric data range, while 

Sidescan-like data include the whole acquisition range of 

MBES Central Unit, that includes the distance from 

transducer to the bottom and the range of the acquisition. 

This implies that the Sidescan-like data external parts 

out-of-range returns are included: null data have to be 

removed during the processing phases. For CARG 

Project was processed only the Sidescan-like data 

because at that time it was not possible to process the 

Snippet data. Available data were processed with Triton 

Elics suite programs, Isis ver. 6.6 and DelphMap 2.10. 

Smoothing the navigation data, adjusting the TVG (time 

Varied Gain), applying geometric and radiometric 

corrections (see [24] and reference therein, for a detailed 

description of geometric and radiometric corrections) 

and, finally, creating the acoustic mosaic, are the main 

steps on a processing workflow. This procedure is the 

same used for a standard Sidescan sonar data, except for 

TVG application and removing the external null-data. Isis 

software includes three options to apply TVG: Standard, 

Auto and Custom. The latter was used because it is 

possible to fine-tune the TVG settings. There are three 

independent controls expressed as a formula:  

 

{number}*log(R) + {number}*R+ {number} 

 

Where the unit R stands for range. During MBES 

acquisition the operator needs to modify some parameters 

 
Fig. 2. Example of water column backscatter data of 

the Simrad EM3002D 
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such as power and gain according to the depth changes, 

thus producing incorrect seafloor acoustic response; 

changing the {number}, Isis calculates the TVG curves to 

apply in order to minimize the acquisition parameters 

changes producing a well-blended final mosaic. The outer 

bands of each line, characterized by null-data, were 

manually removed by a generic image-editing software. 

Finally, a mosaic was created using cartographic 

software.  

In the years following 2007, different Snippet 

processing tools are available. One of the most recent 

ones will be described. The characteristics of the 

acquisition parameters are the same of the description 

above, while the multibeam in the last year was replaced 

with the most modern Reson SeaBat 7125 (400 kHz, 512 

beam 0.5° across-track beam width). This MBES 

performing an equidistant beam spacing mode, that 

provides uniform sounding density and maximizes usable 

outer swath, increasing system productivity.  Snippet data 

processing were carried out using FMGeocoder Toolbox 

(FMGT) in Fledermaus 7.6 version, made by QPS [25]. 

This software is able to account for system 

characteristics, analyses and visualize backscatter data 

from the MBES systems. The Snippet was corrected for 

receiver gain, transmit power, transmit pulse width, 

spherical spreading, attenuation in the water column, area 

insonification, beam patter, spekle noise, angular 

dependence and local slope. After corrections, the abrupt 

changes in the intensity of received signals disappeared in 

the backscatter image. To correct for the angular 

dependence of backscatter, FMGT produces an equalized 

backscatter mosaic. 

Regarding the Water Column Image (WCI), the data 

were collected during an oceanographic survey carried 

out in the Strait of Sicily to evaluate anchovy and sardine 

abundance and distribution. During the survey has been 

used the Reson SeaBat 7125 and the WCI data were 

acquired on single transects during pelagic trawls to 

visualize and isolate high-resolution 3-D fish schools and 

attempt a fist study on fish school shapes. Files were 

analyzed with FMMidwater of Fledermaus 7.0 of the 

QPS Company, designed to rapidly extract relevant water 

column objects from a range of sonar formats. A simple 

graphical user interface was used to perform threshold 

filtering on a number of key parameters to help extracting 

features of interests, such as fish schools. The reader can 

find short development illustrations of this approach in 

Appendix A of [26].  

 III. RESULTS AND DISCUSSION 

 

The sidescan-like processing was more time-

consuming than Snippet processing, due to all the 

corrections manually applied on each line and, in general, 

to the labor-intensive mosaicking (e.g., the cutting of the 

external data on each line). Nevertheless, the obtained 

seabed image is very similar to a classical Sidescan sonar 

mosaic. The main difference between standard Sidescan 

sonar and the Sidescan-like is that, in the first case, the 

instrument can be towed below the surface at the lower 

and constant altitude above the seafloor, whereas, in the 

second case, the instrument is at the surface, so its 

resolution decreases with increasing depth because of the 

signal attenuation. Moreover, in shallow water area the 

MBES produces a narrow swath than a conventional 

Sidescan sonar, so a shorter distance between acquisition 

lines is required. However, in this study, an instrument 

capable to produce both bathymetric and backscatter data 

was employed to save survey time, considering that both 

bathymetric and backscatter data were required. The 

figure 3 shows an example of a 20 cm resolution acoustic 

mosaic obtained around the peninsula of Nisida (Naples, 

Italy). We use a grey scale, where the high backscatter 

levels correspond to dark areas.  

 

 
 

The Snippet image contained less artifacts than the 

Sidescan image, particularly in the across-track direction. 

Infact the results of the processing of Snippet data show a 

good discrimination among acoustic facies and the 

reduction in morphological information, which can be 

seen in the figure 4.  

 

Fig. 3. An example of the Sidescan-like mosaic 

realized during the CARG project.  
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The lack of morphological information in the Snippet 

data compared to the Sidescan data, means that the two 

data layers must complement each other to construct the 

seabed map; in particular the sidescan-like mosaic has 

been useful to recognize and map the bedforms, and other 

morphological features as P. oceanica meadows. Whereas 

with the Snippet image it is possible to clearly define the 

boundaries of acoustic facies. Thanks to this 

characteristic and to better algorithms in processing, the 

Snippet is a good data to utilize automatic image 

classification. The figure 5 shows an example of a seabed 

image of Linosa island made by RSOBIA (Remotely 

Sensing Object Based Image Analysis). The data was 

acquired with the Reson Seabat 7125. RSOBIA is a new 

toolbox for ArcMap 10.x that segments the data layers 

into a set of polygons; each polygon is defined by K-

means clustering and region growing algorithm, thus 

finding areas, their edges and boundaries in the imagery. 

 

 
 

During the analysis of the WCI, about 200 schools 

where identified, as shown in the example of figure 6. 

Given that all multibeam data were acquired along with 

pelagic trawl catches, samples of the schools were taken 

aboard and fishes were identified, counted and weighted. 

According to such criterion, among the 200 schools 

identified in the WCI, 100 were sardine and 55 

anchovies. 

Fig. 4. Above the Sidescan-like mosaic, below the 

Snippet mosaic realized in the same area.    
Fig. 5. Seabed map of Linosa Island achieved with 

multibeam Reson Seabat 7125  
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 IV.  CONCLUSIONS 

 

 

Multibeam sonar systems are currently useful 

instruments for the characterization of the seabed, as they 

provide co-located bathymetry and backscatter data. In 

particular, in this paper we wanted to emphasize how the 

acquisition and the processing methodologies affect the 

final output. The most important thing is a good 

acquisition, from a proper installation (i.e. few vibration 

in the pole) to careful calibration, but above all to a 

correct use of the acquisition parameters such as power, 

pulse length and gain. So, the mosaic resulting must be at 

least noisy possible for a good seabed map. This is 

especially true in the use of automatic image 

classification, which provide objective and quantitative 

results. 

The application to WCI data allowed us to visualize 

and isolate high-resolution 3-D fish schools, attempting a 

first study on fish schools’ shapes. It was also possible to 

identify the species of fishes (in our case, anchovies and 

sardines) through trawl catches. In conclusion, the 

methods applied in this case study has produced 

interesting and novel results and 3-D shapes of fish 

schools with high resolution, because we used an 

instrument created for hydrographic survey, with over 

200 number of beam and with 0.5° beam angle across 

track. The management of these data still is not simple, 

but the progresses that can be obtained with these 

instruments in both fishery and scientific research, which 

can have a great importance for fish stock management. 

Finally, such comments on the WCI, can be considered 

even in other scientific fields, e.g. detection of gas 

plumes, estimation of suspended sediments and 

improvement of wrecks least-depth determination.   
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Abstract –Water quality in the sea especially around 
the mouths of rivers is greatly affected by the quality 
of river water bringing polluting agents. The paper 
presents a possible solution of wireless sensor network 
for river water quality monitoring. The network has 
been developed with support of EU as a pilot project. 
It consists of 10 buoys carrying sensors, short and 
long distance communication systems and two central 
control nodes processing sensed data and perform 
their visualization and storage. Moreover, the central 
nodes perform SMS and email alerting and 
administration of whole network. The developed 
system was tested in river at the Slovak Hungarian 
border. 

 I. INTRODUCTION 
Water quality (WQ) in the sea, especially around the 

river mouths and deltas is greatly affected by the quality 
of river water. The river water may be polluted by many 
chemical, physical and other agents originated in man- 
made activities such as industry, agriculture and everyday 
living. To protect the sea ensuring acceptable quality of 
water in rivers plays very important role. In other words, 
the responsibility of sea water quality is not only task for 
countries with direct access to the sea but for all countries 
around the world. 

With a view of unifying Europe, WQ regulations have 
to be harmonized with water policy in compliance with 
the Water Framework Directive (WFD) [1]. Due to WFD 
an integrated approach on basin of rivers with respect to 
water quality management and monitoring is pursued in 
the individual European countries [2] and will be 
mandatory in the future. Remote sensing technology for 
water quality monitoring is a valuable tool how to obtain 
continuous information on the processes taking place in 
the surface waters. For example, new technology and 
instrumentation automatic stations are effectively used in 
quite a number of networks not only in Europe [3], [4], 
but also worldwide [5].  

Because of missing any study about WQ remote 
sensing in Slovakia, the project “Wireless Sensor 

Network for wAter QaUAlity Monitoring” (WSN-
AQUA) for an early warning system of river water 
pollution was initiated within the Hungary- Slovakia 
Cross-border Co-operation Programme established 
between the BME - Infokom Company (BME) and the 
Technical University of Kosice (TUKE). The goal of this 
project was to develop automated station that will 
monitor several water parameters on a selected river.  

In this paper we present the concept of the network, 
digital sensors and front-end electronics of the developed 
sensor node (buoy) as well as results achieved during 
pilot run. 

 II. CONCEPT OF THE NETWORK 
The main requirements on the network were: 1) 

multisensor and multimode system, 2) sensor nodes with 
minimal energy consumption, 3) reconfiguration 4) real 
time processing of acquired data with alerting option, 5) 
optional data processing with automatic protocol 
generation, and 6) data storage and accessing in cloud. 

A. Sensor nodes 
The developed network consists of 10 buoys carrying 

multi-parameter Ponsel sensors. The sensor system 
integrates Ponsel PHEHT (gel probe) sensor, which 
measures pH, redox, and temperature, Ponsel C4E (4-
elektrodes probe), which measures conductivity and 
Ponsel OPTOD (luminescent optical technology), which 
measures dissolved oxygen [6]. The buoys contain also 
the supporting electronics, controller, power source using 
photovoltaic cell and communication subsystem. The 
block diagram of buoy node electronics is shown in Fig. 
1, the realized buoy in Fig. 2 and its interior in Fig. 3. 

The robust waterproof (with IP68) digital sensors are 
connected to the MCU electronics by standard Modbus 
RS485 bus. This approach allows us to extend easily the 
functionality of the node by adding new digital sensors in 
the future. The following Ponsel digital sensor’s features 
were preferred: 1) low power consumption with auto-
shutdown capability, 2) internal sensor temperature 
compensation, 3) conformity with international water 
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quality monitoring standards [7], [8] and [9], 4) operation 
configurable by external MCU master, 5) storage of 
calibration constants in the sensor embedded flash 
memory. 

 

 
Fig. 1. Block diagram of the sensor node in buoys. 

 

 
Fig. 2. Buoy with sensors on the river Ipel. 

 

  
Fig. 3. Sensor and the interior of a realised buoy. 

 
The implemented control software fully supports low 

power node operation. We developed control software in 
C using PC platform with Modbus RS485 adapter. Our 
software was than ported to the custom MCU hardware in 
cooperation with BME partner. In order to increase 

reliability of node operation our control software writes 
to sensor configuration FLASH memories only during 
cold system start and during normal sensors operation we 
use only sensor RAM only. Our control software 
configures modes of sensors operation, periodically 
acquires measured compensated data from digital Ponsel 
sensors, parses acquired data and forms data packet for 
transmission. 

The compensated DO measurement also requires 
known air pressure value to provide correct results. We 
measure the air pressure (and compute compensated 
results) in the remote gateway. The measurement of 
pressure out of buoys with limited power sources 
simplifies the whole monitoring buoy construction 
significantly without influence on the accuracy of 
achieved results. 

B. Short distance communication 
The buoys transfer data to onshore gateways using 

wireless short distance communication system. The great 
emphasis was put on the communication protocol and 
messages. It is essential that the communication protocol 
operates as efficiently as possible, thus reducing the 
energy consumption of network nodes. We developed 
multi-hop communication system with automatic node 
discovery mechanism. Each buoy creates a table of 
adjacent nodes automatically and the table is updated 
after each message transfer fault. 

The structure of message consists of two parts: header 
fields carrying communication control bits such as 
addresses, commands and queries and the useful content 
part carrying measurement data. The communication 
protocol is based on the fact that the buoys are in energy 
saving sleep mode until awaked by the message from 
gateway. Each correctly delivered message is confirmed 
by acknowledge. The multi-hop network also tries to find 
the shortest and this way the most energy efficient way to 
transfer message from gateway to the addressed way on 
basis of the actual table of adjacent nodes and the history 
of message transfers. 

The wireless communication technology for acquired 
data transfer employs RF channel in 433 MHz frequency 
band. Encrypted RF channel communication was 
implemented by our BME partner. Proposed protocol 
uses the standard 128-bit AES symmetric encryption 
algorithm and protects network communication against 
typical attacks including the repetition one. 

C. Long distance communication 
The gateway collects data from the nearest buoys, 

stores them and transfers via the Internet (GSM) to the 
first central node located at Infokom in Budapest (Fig.4). 
Here the data are qualified by comparing with critical set 
limits, and temporarily stored. If a measured value 
crosses the limits, the first central node generates SMS 
alert sent to phone numbers stored in the node internal 
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reconfigurable table.  

 
 

Fig. 4. Concept of measuring system. 

Along with SMS alert the node sends alert together 
with data to the second central node at TU in Kosice via 
the Internet using web services technology. In the case 
that no alert has been generated within 24 hours the first 
node transfers all data collected during the last 24 hours 
at midnight to the second central node in Kosice via the 
Internet and using webservices.  

D. Data processing and system control 
The first central node allows also expert control and 

reconfiguration of whole measuring system including 
such tasks as checking status of all network components, 
performing self-test, upgrading firmware in buoys and 
gateways, changing constants in calculations in buoys, 
time synchronization in systems, etc. The software of 
node was developed in C language. 

The main tasks of the second central node in Košice are 
to collect and store data in local database as well as in 
Cloud, perform analysis of data for public project web 
page as well as to perform advanced analysis accessible 
only to private user, which is protected by login and 
password. Except the statistical analysis (histogram of 
chosen buoy number and measured quantity with its 
analysis - mean, standard deviation, percentile, etc.), also 
correlation analysis among quantities measured by 
different buoys. The advanced analysis offers also option 
to generate complex protocol from chosen analysis in 

docx format including tables and graphs in the 
standardized form and mail it as attachment of email to a 
indicated email address.  

The second central node also processes alerts from the 
first central nodes, generates and sends alert emails 
according to a list of specified email addresses in internal 
reconfigurable table. 

Software in the second central nodes is based on 
combination of LabVIEW, MySQL and php. 

 

 III. EXPERIMENTAL RESULTS 
The developed system was tested in pilot operation. 

Ten buoys together with gateway were placed around 
Slovak – Hungarian border in the river Ipel The 
implementation consisted from two sensor networks, each 
with 5 buoys and one gateway as it is shown in Fig. 5. 
The distance among neighboring buoys was 500m and 
the distance of buoys from gateway was about 1000m. 

 
 

Fig. 5. Geographical arrangement of buoys and gateways 
with pilot test 

The duration of pilot operation was a few months 
covering periods with a few extreme variations of 
weather when relatively high air temperatures and heavy 
rains flash floods appeared. 

Fig 6 shows a few examples of acquired values from 
database as they are shown to users including case when 
a measured value overruns the set up limit. 
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Fig. 6. Examples of measured data from database as they 
are shown to the user. Measured conductivity exceeded 

the upper limit. 

 IV. CONCLUSIONS 
The paper presents multi-parametrical sensor network 

for water quality monitoring, which was developed 
within Slovak – Hungarian project supported by EU. The 
sensor network uses modern multi-hope communication 
technology saving energy required for full functionality 
of the network. The applied Ponsel sensor system allowes 
multiparametric sensing. The acquired data are processed 
and stored in Cloud database for later deeper analysis 

including automatic protocol generation. The network 
was tested in real environment and proved well 
functionality and reliability also during rather extreme 
weather conditions. The experience from the network 
development may be used for development of other 
sensor networks for water quality monitoring. The 
experience was also used in education process at the 
Faculty of Electrical Engineering and Informatics of the 
Technical University of Kosice for direct teaching as well 
as for building the Laboratory of sensor systems. 
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Abstract — This paper describes an integrated control 

system architecture with a high accuracy navigation 

system for an underwater glider. To optimize the glider 

performances, a centralized control system called 

"Glider Integrated Control System (GICS)" is 

provided: part of this system oversees the navigation 

function, based on an INS reference. Unlike an UAV 

system, in our case, some important inertial navigation 

error terms cannot be neglected due to the peculiar 

mission. 

 

Keywords — Accuracy Navigation System, Tailless 

Underwater Glider.  

I. INTRODUCTION 

 

An underwater glider is an autonomous drone (AUV) 

that moves up and down in the sea like by changing its 

buoyancy: it uses its hydrodynamic wings to convert the 

vertical motion to horizontal, moving forward with 

negligible power consumption [1-3]. Fig. 1 shows the 

example of our AUV called SQUID. 

While not as fast as conventional AUVs, gliders using 

buoyancy-based propulsion increase the range and the 

duration (autonomy) compared to motor-driven vehicles, 

may extend the mission from hours (or weeks) to months, 

and to several thousands of kilometres of range. An 

underwater glider follows an up-and-down, sawtooth-like 

profile through the sea, providing data on temporal and 

spatial scales unavailable to previous AUVs [4-7]. 

II. MISSION PROFILE 

An underwater glider is unable to proceed straight and 

level, because is motion is due to the difference between 

the forces of weight and buoyancy, thus converted by the 

wings in a smooth dive/climb trajectory [8]. 

 

 

 

Fig. 2. Sawtooth glide path 

 

Furthermore, unlike gliders in air, AUVs can have 

ascending glide slopes if the net buoyancy is positive, 

producing a negative sink rate.  

The glider has a buoyancy engine that allows it to 

alternately change its net buoyancy between positive and 

negative states, thereby imparting it with the ability to 

string together a succession of descending and ascending 

glide slopes referred to as a sawtooth glide path (see Fig. 

2) [9-12]. 

III. FUNCTIONAL MODES 

The peculiar mission of the AUV allows us to consider 

it as a simple "Finite-state machine" (FSM). The 

fundamental normal states of the machine are essentially 

 

Fig. 1. SQUID TUG (Tailless Underwater Glider). 
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two: the "diving mode" and the "rising mode". During 

these functional modes the glider describes the sawtooth 

glide path [13, 14]. 

The "floating mode" is used only to connect the glider 

with the support ship and/or used to download payload 

data through the Iridium communications system. The 

"emergency mode" is used to manage all possible 

problems such as dynamic instability, catastrophic failure, 

loss of two or more batteries, loss of the payload, etc. The 

only action that will be taken is to bring up the glider and 

prepare it to be rescued by the support ship [15-18] (see 

Fig. 3). 

 

 

Fig. 3. Functional Modes. 

A. Floating Mode 

The drone is afloat: firstly, it acquires position 

coordinates from the GPS system and sends it through the 

Iridium system. Then wait for any support boat and turn on 

Wi-Fi for any download of new commands or software 

update. 

B. Diving Mode 

The drone is diving: it proceeds at constant speed until it 

reaches the programmed maximum depth. 

C. Rising Mode 

The drone is rising: it proceeds at constant speed until it 

reaches the programmed minimum depth. 

D. Emergency Mode 

This Mode is a sort of “panic button” of the system: if 

an unrecoverable attitude is detected, the system 

automatically goes to this emergency mode: the buoyancy 

is set to the maximum and the trim is placed in the 

maximum lift in order to reach the surface as soon as 

possible. 

E. Transition Conditions 

A - The drone receives the command to submerge and 
to reach the programmed maximum depth. 

B - The drone has reached the programmed maximum 
depth. 

C - The drone has reached the programmed minimum 
depth. 

D - An unrecoverable attitude is detected by Attitude 
System Control. 

E - An unrecoverable attitude is detected by Attitude 
System Control. 

F - The drone has ended the mission and receives the 
command to emerge to wait for new communications. 

G - The buoyancy is set to the maximum and the 
attitude is trimmed on the maximum ascend ratio. 

The functional modes status and the transition modes are 

managed by the Glider Integrated Control System. 

IV. GLIDER INTEGRATED CONTROL SYSTEM 

(GICS)  

The Glider Integrated Control System performs the 

Attitude and Navigation Control and the Data Handling & 

Control, including Payload and Communications 

management functions [19-23]. 

The GICS architecture (see Fig. 4) is built around a 

central processing unit, the Glider Central Unit (GCU), 

and includes several remote terminal units that interface 

the payload and Glider equipment [24]. The functions 

performed by GICS are the following: 

• Attitude determination and control. 

• Buoyancy and other propulsion components control. 

• Telemetry data acquisition, formatting and encoding. 

• Command detection, decoding, distribution and 
actuation. 

• Battery management. 

• Payload Management. 

 

Fig. 4. GICS general arrangement. 
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Except for the communications, all other functions are 

performed when the drone is in autonomous operation [25-

29]. 

V. NAVIGATION SYSTEM 

The navigation system is composed by a Strapdown INS 

(Inertial Navigation System) system corrected by the 

GNSS (Global Navigation Satellite System receiver using 

the GPS, GLONASS, Galileo or BeiDou systems) data 

every time the vehicle enters in the “floating mode” [30]. 

All inertial navigation systems suffer from integration 

drift: small errors in the measurement of acceleration and 

angular velocity are integrated into progressively larger 

errors in velocity, which are compounded into still greater 

errors in position [31].  

Since the new position is calculated from the previous 

calculated position and the measured acceleration and 

angular velocity, these errors accumulate roughly 

proportionally to the time since the initial position was 

input. Therefore, the position must be periodically 

corrected by input from GNSS (GPS and other) satellite 

navigation systems [32] when the AUV is in the floating 

mode. 

The benefits of this technology are lower cost, reduced 

size and greater reliability compared with equivalent 

platform systems [33][34][35]. As a result, small, 

lightweight and accurate inertial navigation systems may 

now be fitted to small AUV [36]. 

The general arranging of an INS is quite simple (see Fig. 

5): the output of a 3-axis accelerometer is rotated (axis 

transform) with the attitude angles supplied by 3 

gyrometers: after a double integration we have the position 

offset with respect to the initial point. 

The major penalties incurred are a substantial increase in 

computing complexity and the need to use high dynamic 

range sensors capable of measuring much higher rates of 

turn [37]. 

Fig. 5. Strapdown INS unit block diagram. 

 

A. INS Errors Assessment 

The essential General Error Equations block diagram 

representation of the error model is given in Fig. 6. The 

diagram shows the Schuler’s loop and other cross-

coupling terms which give rise to longer-term oscillations 

(see Fig. 6) [38]. 

An inertial navigation system over long periods has 3 

type of errors which propagate of time and are 

characterized by three distinct frequencies:  

Schuler’s oscillation 

The Schuler’s oscillation has a period of: 

𝜔𝑠 = √
𝑔

𝑅0

 𝑇 ≈ 84.4 min 

and is present in both horizontal channels [39]. 

Focault’s oscillation 

The Foucault’s oscillation has a period of: 

𝜔𝑓 = Ω𝑠𝑖𝑛𝐿 𝑇 =  
2𝜋

Ω𝑠𝑖𝑛𝐿
≈ 30 ℎ 

and can be considered a modulation of the Schuler’s 
oscillation [40,41]. 

24 h Oscillation 

The 24 h Oscillation has a period of: 

𝜔𝑒 = 15°/ℎ 𝑇 = 24 ℎ 

and it is obviously equal to the period of rotation of the 
Earth [42]. 

 

 

 

 

 

 

Fig. 6. INS Errors Assessmen.t 

 

Generally, the full error model in the previous section is 

required to assess the performance of inertial navigation 

systems operating for long periods of time: for our glider 

applications, flight times are typically of the order of 2-3 

days rather than weeks [43, 44].  

Unlike an UAV system, in our case, the inertial 

navigation error terms cannot be neglected: an aerial drone 

has a rather limited mission time and therefore all long-

term oscillation periods can be absolutely deleted in the 
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calculation of the position. In our case, however, they 

cannot be neglected but not only: they also have a 

considerable weight, as they would critically contribute to 

the overall error. 

All of these fixes help minimize the INS platform error: 

however, at every denomination, the error is cancelled due 

to the connection to the GNSS system, as seen in Fig. 7. 

The GNSS measurements are used to update the Kalman’s 

filter estimates the INS position, velocity and attitude 

errors [45]. These errors are then subtracted from the 

indicated position, velocity and attitude provided from the 

INS forming an optimal estimate of the true position [46]. 

 

 

Fig. 7. INS Error drift in time: corrected and 

uncorrected. 

VI. PAYLOAD MANAGEMENT 

The GCIS delivers the properly conditioned power for 

all the necessary services. It also collects all the scientific 

data produced by the payload itself [47-50]. The system 

also frequently monitors the payload "health": if a serious 

failure occurs, emergency mode is immediately 

commanded and therefore the emersion of the vehicle as it 

misses the primary purpose of the mission [51-53]. 

VII. CONCLUSIONS 

A centralized control system called "Glider Integrated 

Control System (GICS)" was invented for the glider 

management. GICS monitors the buoyancy and attitude 

control (subject of another paper), handles the payload by 

taking care of the entire data package that it provides and 

of all communications with the "outside world". 

The most important part is the navigation control, based 

on an INS system that controls the glider trajectory and 

ensures that the various dive/rise cycles of the mission are 

carried out correctly. 
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Abstract – The upper reach of the Taranto Canyon is the 
main signature of the continental slope in the western 
Taranto Gulf. It starts at the shelf break 30 m deep and 
reaches 450 m of depth, covering a total area of about 
50 km2; the minimum distance from the coast is 2,5 km. 
Multibeam data were acquired to reconstruct a detailed 
Digital Elevation Models (DEM), and then a 
morphometric analysis was carried out allowing to 
identify several drainage basins and to define the active 
morphodynamic processes acting in the upper reach. 
The measures of the morphometric parameters have 
allowed to obtain the hypsometric curves, reconstructed 
to establish the maturity [1] of drainage basin. The latter 
was divided in two branches, the northern one 
characterised by curves typical of “Youth” basins and the 
southern one with those typical of the "Maturity" 
basins. These results highlighted a different evolution of 
the two branches and active erosional processes are 
dominant in the northern branch while depositional 
processes affect the southern one. Because of the 
erosional processes produce the back shifting of the 
upper reach margin, an approaching of the northern 
branch margin to the coast can be hypothesized making 
the Metapontine coastline a vulnerable area. 
 

I.  INTRODUCTION 

The upper reach of the Taranto Canyon is the main element 

of the continental slope in the western offshore of Taranto 

Gulf (Fig. 1). It starts at the shelf break at a depth of about 

30 m and reaches a depth of 450 m, covering a total area 

of about 50 km2; the minimum distance from the coast, 

offshore of Metaponto, is 2,5 km. Multibeam data were 

acquired with the aim to reconstruct a detailed Digital 

Elevation Models (DEM), and then a morphometric 

analysis was carried out allowing to identify several 

drainage basins composing the upper reach and to define 

its morphodynamic processes. 

 

 

II.  MATERIALS & METHODS 

To study the morphology of the seafloor in the area, 

multibeam echo-sounder data (MBES) were used, 

collected by the University of Sannio and the University 

"Sapienza" of Rome, in 2005 as part of the CARG Project. 

 

 

 Figure 1: Upper reach of the Taranto Canyon 

 

Furthermore, Multibeam bathymetric data, were collected 

during the Oceanographic cruise “MAGIC Conisma 

11/2010”, held within the MaGIC Project, with the MBES 

Reason Sebat 8160.   Approximately 1600 km2 and 670 

nautical miles were collected and all data were referenced 

to Mean Sea Level (MSL). 

  The data were processed using the software Caris Hips & 

Sips, obtaining a grid with very high resolution. 

For quantitative analysis the upper reach of the Taranto 

canyon is divided into 6 + 7 elementary drainage basins (6 

in the northern branch and 7 in the southern branch), whose 

a quantitative geomorphologic analysis was performed 

(density drainage, average gradient, bifurcation index). 

Hypsometric curves have been realized for each river and 

statistical moments for each curve have been analyzed 
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(skewness, kurtosis and hypsometric integral). The limits 

of the basins were defined from DEM; the submit (upper 

limit) and the outlet (lower limit) have been identified for 

each branch of the reach of the canyon; total areas of each 

basin and the areas associated with each depth interval 

were also determined (hypsometric curves) [1, 4]. 

Classification, prioritization and implementation of 

hypsometric curves of drainage basins, are made using the 

software Global Mapper 14 and Open Source GIS.  

 

A. General Physiography of the Reach of the Taranto 

Canyon 

The analysis of the submarine channel networks was 

employed [1]’s method of classifying channels by order, 

that analyzes the properties of linear hydrographic 

networks and the properties rang es of drainage basins, 

using the application of statistical techniques. The main 

concept which underpins this analytical method is that of 

the "hierarchy of river networks", defining for each 

channel a hierarchical order. Each channel with no 

tributaries constitutes an element of the first order; by the 

confluence of two channels of first order originates a 

channel of second order, and so on. If a channel of order u 

meets an order channel u + 1 does not happen the increase 

in hierarchical order. The order of the basin will be the 

same as the main channel present in the basin itself. To 

define internal organization of the networks within the 

submarine basins, the measurements of drainage densities 

(Dd) and bifurcation ratios (Rb) were utilized for each 

network [1]. 

The bifurcation ratio (Rb) is a measure used to describe 

the structure of river networks [2] and the complexity of 

branching [1, 3]. It was therefore defined:  

 

(1) 

 

where Nu is the number of streams of order u and Nu +1 

is the number of channels of the next order.  

The drainage density (Dd, [2]), that relates a linear 

property of a basin with a property range, is defined by: 

 

(2) 

 

where L is the ratio of the total length of all channels of a 

given basin and A the area of the basin itself.  

 

B.  Hypsometric curves & Parameters 

Hypsometric analysis denotes a dimensionless 

relationship between the horizontal cross-sectional area 

captured by a basin and its elevation [1]. Hypsometric 

curve (HC) represents the relative proportion of a basin 

and is obtained by plotting the relative area along the 

abscissa and relative elevation along the ordinate, where 

elevations are normalized by the relief of the area captured 

by the network, so they range from 0 to 1 [4]. This analysis 

of elevation distribution is commonly used for topographic 

comparisons because it gives three dimensional 

information for a two-dimensional approach [4, 5].   

The integral (Int) of the hypsometric curve the area 

under the curve was calculated: 

 

(3) 

 

where h is the average height of the basin. 

 

[6, 7, 8] suggest that since the hypsometric curve is not 

Gaussian, there are statistical moments (skeweness and 

kurtosis) that can be used to quantify the shape of the 

hypsometric curve and thus assist in their initial shape 

based classification.  

Such statistical measures are skewness and kurtosis that 

describe the deviation of the distribution relative to the 

normal distribution. Skewness characterizes the degree of 

the asymmetry of a distribution around the mean: a 

positive value of skewness signifies a distribution with an 

asymmetric tail extending out towards more positive 

values (i.e. skewed to the right) and a negative value 

signifies a distribution whose tail extends out towards 

more negative values (i.e. skewed to the left). Kurtosis 

measures the relative “peakedness” or flatness of a 

distribution, relative to a normal distribution: a larger 

kurtosis indicates a “sharper” peak than a normal 

distribution and a smaller kurtosis indicates a “flatter” 

peak than normal distribution [e.g., 9]. Both skewness and 

kurtosis of the hypsometric curves were analyzed to 

quantify the form of the curve [10, 4]. 

The classification of the hypsometric curves, 

characteristics of drainage basins, was performed by 

reference to the classification proposed by [1], which 

confers on each curve, a different level of the evolution of 

the basin that is characterized. Three types of curves are 

then identified: the first, concave, representative of basins 

called "old age", in which there is a very low erosive 

activity; the second, called "maturity" that indicate basins 

where the erosive activity is still in progress, but the profile 

of the slope is basically balanced; The latest, called 

"Youth", which represents basins where erosion is intense 

and modelling processes occur mainly for linear erosion. 

 

III. RESULTS  

Taking the statistical parameters of the 13 submarine 

basins (Tab. 1) and following the classification of [4], it 

was thus possible to define 4 drainage basins submerged 

characterized by a curve of type II (defined at the shape of 

a "J") and a group of basins characterized by curves of type 

III (defined convex) (Fig. 2). It was performed a 

correlation between the values of skewness and kurtosis, 

which confirms the existence of two types of hypsometric 

curves; the first shows that with positive values of 

Rb= Nu / Nu +1 

 

Dd = ΣL A 

Int= (h−hmin)/(hmax – 

hmin)  
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asymmetry, the coefficient of kurtosis decreases with 

increasing asymmetry, on the contrary however, with 

negative values of asymmetry, it is observed an increase of 

the coefficient of kurtosis  as increases asymmetry (Tab. 

2); the basins characterized by hypsometric curves of type 

III are found, mainly, in the northern branch; those of type 

II instead, inside the southern branch. 

 

Tab. 1: Statistical parameters of the 13 submarine 

drainage basins of the Upper reach of the Taranto 

Canyon. It’s possible to observe the difference 

between Type II basin (J shaped) and Type III 

(defined convex). 

 

The obtained curves were compared with the theoretical 

curves defined by Strahler. The comparison shows that the 

most of the basins identified are "Youth", and therefore are 

characterized by intense erosive activity; there are also 4 

"Maturity" basins showing that the erosive activity of the 

canyon reach is different along it (Fig. 3). In the 

morphometric analysis of the submerged drainage basin 

networks, the drainage density of each of them was 

evaluated to assess the extent of erosion in the headwall 

area. By comparing the drainage density values with those 

of the median slope of the basins, it is observed that Dd 

increases with the increase of the average slope gradient 

for all basins that have positive asymmetry values. Basins 

characterized by positive asymmetry do not have a 

predominant trend, but this is due, probably because they 

are not present in significant numbers. 

 

 

Figure 2:  Hypsometric curves of the elementary drainage 

basins submerged, characterized by a curve of type II 

(defined at the shape of a "J" - A) and a group of basins 

characterized by curves of type III (defined convex - B). 

 

  

Tab. 2: The values of skewness and kurtosis were 

matched. With positive values of asymmetry: the 

kurtosis is directly proportional to asymmetry. With 

negative values of asymmetry: the kurtosis is 

inversely proportional to asymmetry. 

 

It has been observed that type II basins have a bifurcation 

index between 3.2 and 6.5, a slope average between 8.5 ° 

and 12 ° and a drainage density of between 0.039 and 

0.062; Type III, instead, have an Rb of between 3 and 5.7, 

a slope average between 9.3 and 13, a drainage density 

ranging from 0.04 to 0.067. Observing the profile of the 

hypsometric curves within the upper reach of the Taranto 

canyon, it can finally be stated that the type III basins are 

identified with: 1) negative values of asymmetry, high 

kurtosis values (Tab.2), 2) negative correlation between 

the drainage density and slope angle of the slope, 3) the 

mean higher slope values; Type II basins are characterized 

by: 1) a relatively lower gradient, 2) positive asymmetry 

values and kurtosis values higher type III and a positive 

correlation between drainage density and gradient values 

average. It is evident from the observation of both types of 

curves that the drainage basins along the continental slope 

have convex shapes and this form is attributed to the type 

of sedimentary process active in the basins. In fact, this 

A 

B 
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form is mainly characteristic of basins subject to 

retrogressive erosion or any basin where sediment fallout 

events are significant. Comparing the curve obtained in the 

morphometric analysis of Taranto drainage basins with 

Strahler's theoretical hypsometric curves, the similarity of 

type II curves is apparent with the curve identified by the 

author to describe "mature" basins. The Type III curve is 

comparable to the theoretical curve characteristic of the 

"Youth" basins [1, 4].  This comparison indicates that the 

drainage basins of the southern branch, are characterized 

by curves of type II, have been activated earlier than the 

northern part of the upper reach (northern branch). 

 

 

 

IV. CONCLUSIVE REMARKS 

The measured parameters and their interpretation pointed 

out the existence of erosive processes affecting prevalently 

the northern branch of the Taranto canyon upper reach. 

They occur almost in each basin identified and are 

certainly produced by currents flowing in channel and 

gullies and by landslides, mainly slumps released from the 

sides of the basins. These processes, which have been 

recognized through numerous seismic profiles and are 

typical of canyons lateral margins [11, 12], could be 

responsible of the retrogressive shifting of the northern 

upper reach margin corresponding to the shelf break. It 

follows that, over the time, the reach will approach the 

coastline, and the erosive action can produce effects on the 

human activities and infrastructures, representing a 

significant geohazards in the North Ionian Sea. 
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Abstract – During the oceanographic cruise, 

“BOCCHE 2003” (Project: Geologia e geomorfologia 

terrestre e marina dell’insieme Corsica-Sardegna e 

della Toscana e applicazioni” PIC- INTERREG III) 

and “Sardegna 2010” ( Project MAGIC – Protezione 

Civile Italiana”), Multibeam, Side Scan Sonar and 

GeoChirp data were obtained and samples of 

superficial sediment have been taken. 

The analysis of data highlighted on mobile funds, the 

presence of complex bedforms associations, typical of 

continental shelf environment affected by high flow 

rate currents, both mono or bidirectional. Integrated 

analysis of sismostratigraphic, Multibeam, Side Scan 

Sonar and sedimentological data, performed in a GIS 

environment, allowed to define, the distribution of 

sedimentary structures and the relative dominant 

bottom currents. Furthermore, a general circulation 

pattern of currents that highlights the existence of 

bottom currents flows westward, opposed to surface 

flow was assumed. 

 I. INTRODUCTION 
The Bonifacio Strait have been studied within the Project 
“Geologia e geomorfologia terrestre e marina 

dell’insieme Corsica-Sardegna e della Toscana e 
applicazioni” - PIC- INTERREG III – Italia –Francia - 
Isole Sardegna – Corsica e Toscana, Asse 3 – Scambi 
transfrontalieri; Misura 3/1 scambi e cooperazione nel 
campo della ricerca(Campagna oceanografica “Bocche 

2003”); the area was also studied under the MAGIC 
Project- Marine Geohazard Along Italian Coasts - 
financed by Italian Civil Protection (Campagna 
oceanografica “Sardegna 2010”. 
Numerous studies in literature refer to interpretation and 
classification of morphologies on sediments [1], [2], [3], 
[4], [5] and on their close relationship with speed, 
direction, persistence of bottom currents flows and 
availability of sediments [1], [2], [6], [7], [8]. 

These studies mainly concern areas of the North 
Atlantic, both continental shelf, characterized by strong 
tidal range, and continental slope. 

Similar morphological associations have been 
described in the Mediterranean, particularly in the Strait 
of Messina [9], in the straits between the Cycladic Islands 
in the Aegean [10], in the Strait of Gibraltar [11], [12]and 
in the continental shelf in front of the Nile delta [13]. 

This study proposed a circulation pattern of bottom 
currents and migration of sediments, through the 
geomorphological and sedimentological study of the 
bedforms. 

 II. GEOLOGICAL SETTING 
The Bonifacio Strait area is within the domain affected 

by the geodynamic events that characterized the Sardo-
Corso block in the context of convergence between the 
Africa plaque and that of Eurasia, [14], [15], [16], [17], 
[18]. The oldest lithotypes emerging are attributable to 
the metamorphic-crystalline paleozoic basement and they 
are widespread both on the slope of Corsica and on the 
Sardinian slope [19].Above the acoustic basement, 
cenozoic carbonate deposits are detected, upper bounded 
by an erosional surface [20], [21], [22].  

The western limit of the Bocche continental shelf is 
engraved and eroded during the regressive Messinian 
phases. On this surface of erosion, also observed on 
Burdigalian deposits, the sedimentary prism of the plio-
quaternary succession rests, that closes the observable 
deposition series on the continental shelf [15], [23]. 
Holocene and current sediments cover the entire shelf 

 

 
Fig. 1 – Bonifacio Strait – Study area location. 
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with variable thicknesses [24]. 
 

 III. SEDIMENTARY STRUCTURES 
The analysis of acquired geophysical data has allowed 

to identify longitudinal, transverse and intermediate 
sedimentary structures compared to the direction of the 
flow. The dimensional limit of the observed forms, 
imposed by the methods used for data acquisition and 
processing, is decimetric; bottom areas apparently 
smooth, could also contain structures smaller than this 
dimensional limit such as ripple marks. The areal 
distribution of the bedforms is shown in fig. 6. 

 1 - Longitudinal structures- Comet marks 
In sonograms, behind the isolated obstacles in relief on 

the mobile substrate, erosion structures have been 
observed, interpreted as comet marks [2], [3], they are 
caused by a unidirectional flow with speed >75 cm/s [25]. 
The trace of comet marks is depressed compared to the 
surrounding seabed (fig. 2). The inner part  of such 
structures consists of granulometrically larger materials 
[26]  than those of the surrounding seabeds, in 
accordance with that observed by [2], [3]. The most 
significant forms can reach lengths of 1800 m and width 
of 100 m; they develop at depths greater than 70 m on 
medium and coarse sands. The obstacles are represented 
by isolated rocky outcrops, which give rise to single and 
obvius trace or by sequences of small crests, arranged 
transversely to the current. They can be detected off the 
Municca, along the limits of the depression of P. 
Falcone's Piana, West of Capo Testa, at the passage 
between the homonymous Piana and the South Channel 
(fig. 6). 

2 -  Great dunes2-D e 3-D 
The dunes are regular and parallel at 2-D profile (2-D 

large subaqueous dunes, sensu Ashley [5]) have an 
extension of 500 m to 800 m and with a wavelength of 
30-40 m with a moderate relief estimated around the 
meter. Sometimes, the ridges can bifurcate, complicating 
the simple 2D morphology, with the tendency to assume 
geometries, asymmetry and regularity typical of the most 
complex dunes tend to a 3-D profile. 
Big irregular dunes with 3-D profile are characterized by 
sinuous ridges, rounded and extended on average 450 m; 
the wavelength ranges from 60 m to 110 m and the wave 
amplitude, measured in Chirp seismic registrations, is 
about a meter. The presence of small rocky outcrops does 
not seem to affect the continuity of the dune fields [26]. 
Both typologies are indicative of conditions of great 
availability of sandy sediment and flow velocity of 70-
100 cm/s [6], [27], [28]. They are found along the 
Bonifacio channel, in the depression between the Valle 
Sospesa mesas and West - Southwest of Capo Testa (fig. 
6). 

4 - Association of longitudinal structures 

 
As reported in literature[1], [2]also for the area studied, 

in association with small comet marks, other types of 
structures are present; the individual bedforms are 
difficult to observe separately, because they blend and 
overlap each other. In the Side Scan Sonar data, where 
comet marks are better defined and also the obstacle that 

 

Fig.2 - Side Scan Sonar mosaic100 Khz, Range 250 m,3 

miles west of Capo Testa (Fig.6); depth -80 m. 1 – Rocky 

obstacle high on the bottom of about 1,5 m; 2 - Comet 

marks; 3 – Direction of the bottom current by wavestorm 

from NE; A-A’ cross section at comet marks; 4- Deep 

erosive depression of about 1 meter to residual coarse 

materials. 

 

Fig. 3. Side Scan Sonarmosaic100 Khz, Range 250 m 3,5 

miles north of Capo Testa; depth - 65 m. 1 – dunes 2D 

with bifurcated endstending to evolve into more complex 

forms; 2 – Dunes 3D; 3 - Direction of the bottom current 

by wavestorm from NE. 
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originated them. The light bands, slightly sinuous, , 
parallel to each other and not immediately linked to an 
obstacle, were interpreted as medium sand ribbons, 
similar to the sand ribbons described by Kenyon[28] in 
the  English Channel, alternating with dark bands, 
interpreted as residual coarse sediments or outcrops of 
rock. In the Bonifacio Strait, they are wide between 7 m 
and 40 m, stretched up to 500 m, in the Northeast - 
Southwest direction, and develop on sub-flat areas, to a 
depth between -65 m and -75 m. In presence of rocky 
outcrops of modest height, interpretable trace like sand 
shadows have been observed [26], [2], [3]. All these 
bedforms are generated in unidirectional flow conditions 
with speed >100 cm/s, [6], [7] and low availability of 
sandy sediment [2], [3], [28].This association of 
longitudinal structures an area extending East – West; it 
extends westward within a relatively depressed area, from 
Plane of Razzoli, on the threshold of the Marmorata and 
the Plane of P. Falcone and beyond Testa Cape (fig 6). 

5 - Transverse structures - Small and medium dunes  
the wavelength of these structures is about ten meters and 
their heights have values of tens of meters. These 
structures are indicative of greater availability of sandy 
sediment than longitudinal forms and indicate flow 
velocity of 70-100 cm / s [27], [28]. They are found as 
dominant forms in marginal sectors compared to the axis 
of the strait, distributed around the association of 
longitudinal forms. 

6- Sand patches 
They appear as an irregular mosaic of shapes, 

alternately in relief and in depression, lobed and 
elongated and tend to shrink. Typically the average 
spacing is around 20 m and the difference in height 
between the concavities and the highest sectors is about 
30 – 40 cm; the asymmetry and regularity of the dunes 
were not found. 

Depressed zones have a strong response to the Side 
Scan Sonar (dark tones) which is indicative of a substrate 
consisting of coarse sediments; the finer sediments (light 
tones) of the relief areas move on it, in accordance with 
what Kenyon & Stride [27] and Belderson et al [28] 
observed. 

 They are indicative of conditions of limited availability 
of sandy sediment and flow velocity < 50 cm / s [27], 
[28]. They were observed along the western margin of 
Bonifacio Mesa in a depression open to the west and just 
south of the coast of Coarse, on the C. Feno Mesa (Fig. 
6). 

 
Table 1. Main morphometric parameters of the bedforms. 

type of 
structure 

 

length 
min-max 

(m) 

width 
min-max 

(m) 

sediment
type 

current 
speed 

(m/s) [29] 

Comet marks 40-1800 5-100 
Medium 
or coarse 

sand 
> 0,75 

Dune 3D 400-500 60-100 
Coarse 

sand and 
gravel 

0,7÷1,0 

Dune 2D 500-800 30-40 
Coarse 

sand and 
gravel 

0,7÷1,0 

Association of 
longitudinal 

dunes 
100-500 7-40 

Medium 
or coarse 

sand 
>1 

Sorted Dune 5-12 1-3 
Coarse 

sand and 
gravel 

0,7÷1,0 

Sand Patches === 2-50 Coarse 
sand and 
gravel 

< 0,5 

 

Fig. 4. Side Scan Sonar mosaic 100 Khz, Range 250 m 

3,5 miles north of Capo Testa; depth  - 65 m. Dunes field 

2D where two dunes system diversely oriented can be 

observed: 1 – Dunes 2D with NW-SE oriented ridges; 2 – 

Dune 2D oriented to NE-SW. 
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 IV. CONCLUSIONS 
 Througt the integrated analysis of sismostratigraphic, 
ultrasound, and side scan sonar data the distribution of 
different bedforms facies was mapped identifying two 
main circulation pattern that overlap in the center of the 
Bonifacio Strait and they generate hybrid form of 
interference. The main morphometric parameters of each 
bedforms were detected, placing them in relation with the 
relative bottom currents. 
 This study may also have application aspects related to 
the dynamics of dispersion of any polluting materials in 
the seabed of Bonifacio Strait; putting emphasis on 
existence of an important dynamics of the flows in the 
seabed, locally in contrast with prevailing superficial 
flows [30]. 
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Abstract – The present paper aims to deduce typical 

physical and hydrodynamic patterns by analyzing and 

discussing long term and continuous recordings of 

marine field data. In detail, hourly measurements of 

wind, waves, current velocity, water temperature, 

salinity, chlorophyll were assessed by two monitoring 

stations in the period January 2016 - December 2016. 

They were archived in monthly time-series and 

successively processed to track recurrent trends and 

features in the target basin. Specifically, a correlation 

among wind, waves and current was found. 

Comparisons with analogous recordings of the year 

2015 were also discussed.  

 I. INTRODUCTION 

Continues monitoring of currents in the nearshore region 

is of great interest because of their role in coastline erosion 

as well as in diffusion and dispersion of polluting tracers. 

In any way, technical and economic limitations make 

challenging to collect a large amount of data in widespread 

areas. Consequently, accurate numerical models are often 

preferred when the hydrodynamics and transport of tracers 

refer to extended areas. Indeed, models need to be 

calibrated and validated by field measurements in order to 

be accurate. Therefore, it is evident that field information 

becomes a useful tool for supporting the local authorities 

in coastal management and in situ decision-making [1], 

[2], thus it is strongly necessary, 

One of the principal problems characterizing coastal 

datasets is the poor resolution in time of data, which are 

often fragmentary and intermittent. The spatial resolution 

is generally guaranteed with surveys along fixed transects 

at regular intervals. Unfortunately, these monitoring 

programs are ad hoc scheduled in the frame of wider 

projects and have duration of few days. Further, it is 

especially difficult to assess field data in semi enclosed 

areas or in very shallow coastal waters, because of 

technical limitations. Consequently, field measurements 

are still rare and sparse, so that monitoring actions should 

be rationally programmed [3], [4].  

The present work aims to examine and discuss the long 

term and continuous recordings of meteo, hydrodynamic 

and physical data collected by some monitoring stations, 

with the intent to 1) delineate an annual evolution for the 

examined parameters in the investigated area; 2) find 

possible correlation between winds, currents, waves and 

water quality parameters.  

 II. STUDY SITE 

The area in question is located in Southern Italy and is 

composed by two basins, an inner one named Mar Piccolo 

and an external one named Mar Grande. Mar Piccolo, 

whose total surface is around 21.7 km2, is formed by two 

bays (Fig.1a), while Mar Grande with a surface of around 

35 km2, has a typical round shape. In the I Bay the 

maximum depth is around 15m, while in the II Bay it is 

around 10m. The I Bay is joined to Mar Grande by means 

of two channels: an artificial channel, i.e. the Navigable 

Channel, and a natural channel, i.e. the Porta Napoli 

Channel (Fig. 1b, 1c). The Navigable Channel is 58m 

wide, 375m long and 14m deep, while the Porta Napoli 

Channel is 150m wide and 2.5m depth. Considering these 

dimensions and complex topography, the hydrodynamic 

patterns in this coastal system can be properly studied only 

on a local scale. As shown in Fig. 1c, along its western 

side, the Mar Grande is connected to the open sea by 

means of two openings, along the Northwestern and the 

Southwestern boundary. This study area is also highly 

vulnerable, because exposed to a strong anthropic 

pressure, to urban and industrial discharges as well as to 

an intense naval traffic [5], [6]. For all these reasons, at 

present, it is enclosed in the so-called SIN (site of national 

interest) list and is under the control of the Special 

Commissioner appointed by the Italian Government to 

evaluate and dispose urgent measures of remediation and 

environmental requalification of Taranto city. 

Hence, a monitoring of current behavior and water 

quality in this site is strongly necessary, allowing both to 

check the real-time status of the basin and promptly 

intervene when accidents occur. Furtherly the obtained 

dataset could be a useful support in numerical modelling, 

recently more and more used to provide forecasts. In fact, 

field measurements provide input information for 

numerical models. At the same time, they allow to validate 

these models when compared with the simulation outputs.  
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Figure 1. (a) Map of Mar Piccolo, (b) zoom view of 

station MP, (c) Mar Grande and location of station MG. 

Source Google Earth. 

 III. THE MONITORING SYSTEM 

The monitoring system examined in the present study 

consists of: i) a meteo-oceanographic station installed in 

the central area of the Mar Grande basin (here named for 

brevity MG station); ii) a bottom fixed ADCP (Acoustic 

Doppler Current Profiler) and a wavemeter both placed in 

the Navigable Channel (here named for brevity MP 

station). All these instrumentations have been settled in the 

frame of the Italian Flagship Project RITMARE, with 

funds from PON R&C 2007-13 Project, provided by the 

Italian Ministry of Education, University and Research [1]. 

Specifically, the meteo-oceanographic station MG was 

installed in the Mar Grande basin during December 2013 

at the geographical coordinates 40°27.6' N and 17°12.9' E 

(Fig. 1a, 1c). The local depth h in this station is on average 

equal to 23.5m. The station is provided with many 

instruments, including a bottom mounted Acoustic 

Doppler Current Profiler, a multidirectional wave array 

(both by Teledyne RD) and a weather station (by Met 

Pack). Other scalar parameters (such as temperature, 

salinity, chlorophyll) are assessed in the same station at 

few meters below the sea surface. 

In detail, the meteorological system of he MG station 

uses an ultrasonic sensor placed at 1.5m above the sea 

surface to record wind speed and direction. It is 

characterized by an accuracy of ±2% of the velocity value 

and ±3° of the direction. The station is completed by a 

barometric pressure sensor and a temperature/humidity 

probe. They all record hourly averaged values.  

Current speed and direction are measured along the 

whole water column by means of the ADCP. Its acoustic 

frequency is 600 KHz and its accuracy is 0.3% of the water 

velocity ±0.003m/s. It works in Janus configuration, 

consisting of four acoustic beams, paired in orthogonal 

planes, where each beam is inclined at a fixed angle of 20° 

to the vertical. It is bottom mounted, upward facing, with 

the transducer head at 0.50m above the seafloor. 

Considering the presence of a blanking distance of 1.60m 

from the sea bottom, velocities are sampled starting from 

a bottom distance z=2.1m up to the most superficial bin not 

biased by waves (on average 2m below the sea surface), 

with a vertical spacing of 0.50m. 

Mean current velocity profiles are detected continuously 

at 1 hour intervals, using an average of 60 measurements 

acquired every 10s [4]. In this way, hourly-averaged 

velocity components along the water column are obtained.  

During May 2014, the monitoring station MP was 

installed in the Navigable channel (Fig. 1b), at the 

geographical coordinates 40.473° N and 17.235° E. The 

local depth of this station is on average 13.7 m. The station 

is equipped with a bottom mounted ADCP and a wave 

array (both by Teledyne RD). The features and settings of 

the ADCP and wave array are the same already described 

for the MG station. The MP station started recording 

hourly current and wave height data in June 2014. 

In both MG and MP stations, the ADCP sonar measures 

the component of velocity projected along the beam axis, 

averaged over a range cell. Since the mean current is 

assumed horizontally uniform over the beams, its 

components can be recovered as linear combinations of the 

measured along-beam velocities. The situation regarding 

waves is more complicated, since at any instant the wave 

velocities vary spatially across the array. As a result, 

except for very long waves that remain coherent during 
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their passage from one beam to another, it is not possible 

to separate the horizontal and vertical wave velocity 

components. However, the wave field is statistically 

steady in time and homogeneous in space, and therefore 

cross-spectra between velocities measured at various range 

cells (either beam to beam or along each beam) contain 

information about wave direction [6]. In other words, each 

depth cell of the ADCP can be considered an independent 

sensor that makes a measurement of one component of the 

wave field velocity. The ensemble of depth cells along the 

four beams constitutes an array of sensors from which 

magnitude and directional information about the wave 

field can be determined. 

The data acquisition and processing is managed by the 

research group of the Department of Civil, Environmental, 

Land, Building Engineering and Chemistry (DICATECh), 

of the Polytechnic University of Bari. All the acquired 

wind, wave, current and water quality data are archived in 

monthly time-series and successively processed. 

 IV. DATA ANALYSIS AND DISCUSSION 

The framework outlined in this paper is made up of a 

sequence of analyses carried out on the data records of 

wind, wave heights, sea current velocity components, 

water quality parameter (Temperature, salinity, 

conductivity and chloropill), in time domain. Field 

measurements were examined and managed following the 

steps further detailed: 

1. processing recorded raw data, converting them from 

binary file to editable files; 

2. storing data in monthly tables with hourly values of 

detected parameters; 

3. applying filters to remove bias; 

4. analyzing seasonal and annual trends, by using 

polar plots and time series. 

 A. Wind and Waves  

As already noted in previous works [2, 4], the fact that 

the study area is a semi-enclosed system does not imply 

that the wave field is wind-dominated. 

In fact, wind incoming and wave propagation directions 

are very different, as derived from the annual polar plots 

respectively shown in Figure 2 and Figure 3, displaying the 

results of the MG station. Specifically, the exam of the 

annual polar wind distributions (Fig. 2) confirms that 

winds from NNW are the most frequent and even the most 

intense, with maxima velocity exceeding 9m/s. Frequent 

winds with smaller intensities are also noted spanning 

clockwise from NNE to ESE. Less frequent and weak 

winds are typically Sirocco winds. This annual record 

confirms what already observed for the year 2015 and 

2014 relatively to NNW winds [7]. On the contrary, it 

shows a different behavior referring to Sirocco winds, 

which in previous years were the most intense ones, with 

velocity in the range 12-15 m/s, even if they were quite 

rare. Even the seasonal analysis of winds during the year 

2016 confirms a prevalence of winds coming from NNW, 

with the highest intensity reached in winter period. 

Meanwhile, in autumn and spring, winds are also coming 

from ESE with moderate intensities (6-9 m/s). 

The annual distribution of the significant wave height Hs 

is plotted in Fig.3 and endorses the results already 

highlighted by [7] for 2014 and 2015, that is wind waves 

rarely occur because of short fetches and dominant 

landward winds. On the contrary the basin is dominated by 

swell waves, entering from the Southwestern opening and 

propagating inside. In fact, as illustrated in Fig.4, the 

significant wave heights most frequently enter the basin 

from SW, consistently with the principal opening in Mar 

Grande borders (Fig.2) and with possible diffraction 

effects. Further, the greatest values of Hs, with maxima 

around 1m, are observed along this direction. Even the 

seasonal analysis of the significant wave height confirms 

this prevalent incoming direction, with highest values 

recorded in the winter period. 

 
Fig. 2.  Annual winds recorded in Station MG (m/s). 

Incoming direction shown. 

 
Fig. 3. Annual significant wave heights Hs (m) 

recorded in Station MG. Incoming direction shown. 

 

A similar procedure has also been adopted for the MP 

station in the Navigable Channel. The deduced results 
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show a good agreement with previous investigations [2, 4, 

7]. In fact, the annual distribution of 2016 displays a 

reduction of the significant wave height in the MP station, 

with respect to that recorded in the MG station. Maxima 

observed values of Hs are around 0.4m, thus allowing us 

to deduce that the smoothed waves which reach the 

Navigable Channel could reasonably be swell waves 

generated outside the Mar Grande, entering the basin and 

propagating throughout. The wave propagation directions 

are generally confined along the longitudinal axis of the 

Navigable Channel itself. The seasonal analysis of the 

significant wave height puts in evidence that the highest 

values (>0.6m) are recorded in the winter period.  

 
Fig. 4. Annual significant wave heights Hs (m) 

recorded in Station MP. Incoming direction shown. 

B. Current  

The hourly averaged vertical profiles of the current 

velocities recorded in the MG station provide the 

following results, which again confirm typical behaviors 

already assessed in years 2014 and 2015. 

The annual surface currents plotted in Fig.5a illustrate 

that the most frequent and intense currents generally 

propagate towards SE. They especially seem to be affected 

by winds blowing from NNW (Fig. 2). A punctual 

correspondence between blowing winds and superficial 

current spreading is noted along all directions, even in 

terms of intensity. The annual bottom currents, as depicted 

in Fig.5ba, converge towards SW, thus flowing outside the 

basin through the SW opening.  

 
(a) 

 
(b) 

 

Fig.5. Annual current velocity (m/s) recorded in Station 

MG at surface (a) and at bottom (b). Direction of 

propagation shown. 

 

The analysis carried out for the measured hourly-

averaged currents in station MP (year 2016) has produced 

the results shown in Fig. 6, where the annual trends at the 

surface, at an intermediate depth and at the bottom are 

plotted.  
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(a)  

 
(b) 

 
(c)  

 

Fig. 6. Annual current velocity (m/s) recorded in Station 

MP at (a) surface, (b) at intermediate depth and (c) at 

bottom. Direction of propagation shown. 

 

In detail, approaching the surface (Fig. 6a) a dominant 

outflowing current towards the Mar Grande is recorded, 

with the highest intensities (even greater than 0.4m/s). At 

an intermediate depth (~ 6m from the surface) the outflow 

is still present, but characterized by lower intensities and it 

is less frequent. Near the bottom (~11m from the surface) 

the prevailing current is inflowing towards the Mar Piccolo 

basin, with a dominant direction converging to the 

longitudinal channel axis. Its most frequent intensities are 

in the range 0.05-0.3m/s. This annual vertical distribution 

of the current velocity in the channel highlights to 

fundamental aspects. Firstly, in the whole examined period 

a double circulation is present in the channel, i.e. inflowing 

towards the Mar Piccolo basin in deeper layers and 

outflowing in the most superficial ones. This behavior 

confirms the data analysis carried out for the year 2015 and 

also proved by numerical simulations [9]. Differently from 

2015’s results, in 2016 the outflowing rate prevails on the 

inflowing one. Therefore, it is worth noting that the double 

flux persists in the channel, while the rate of water 

exchange between the two basins in the upper and lower 

layers has an annual variability.  

C. Water quality   

The analysis of water quality parameters may provide 

useful and real-time information on the state of the coastal 

site. In station MG the water property sensors are located 

at an average depth of 5.5m from the surface and 

specifically allow to measure water temperature T, salinity 

S, and chlorophyll Chl, assessed at hourly intervals during 

2016. 

From the annual records, the expected progressive 

increase of the superficial water temperature T is visible, 

with minima values around 18°C in the autumn and winter 

months and maxima values around 27.5°C in August (Fig. 

7a). Referring to salinity S, its variation during the whole 

observation period is limited in the range 37.5–38.5psu, 

with the highest values being recorded in July/August, thus 

consistent with the typical dry period characterized by a 

stronger evaporation (Fig.7b). 

The chlorophyll (Chl) is an indicator of both nutrient 

enrichment and level of eutrophication in the water bodies 

that leads to algal blooms. The principal source for the 

chlorophyll concentration in the examined area is 

represented by the coastal discharges and their consequent 

outflow of nutrients. The measured chlorophyll 

concentration annual trend shows highest values (around 

5μg/l) during the autumn-winter months, when 

precipitations affect the basin with increasing discharge. In 

the summer period, values decrease to around 0.5μg/l 

(Fig.7d). This trend confirms previous field data of 2015 

and is consistent with the reduced discharge rate in the dry 

season. Some local peaks are evident in the chlorophyll 

time series during the spring months, possibly due to 

occasional and limited rain events.  
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(a)  

(b)  

 
(c) 

Fig. 7. Annual trend of hourly recorded (a) temperature, 

(b) salinity and (c) chlorophyll data. 

 V. CONCLUSION 

The present study examined a large collection of 

meteorological, hydrodynamic and water quality 

parameters recorded by a continuous monitoring system 

located in Mar Grande and Mar Piccolo site. The main 

concern was to identify possible recurrent and typical 

behaviors and trends. The analysis refers to data recorded 

during the year 2016. 

The annual wind distribution shows that winds from 

NNW are the most intense and frequent. Furtherly, the 

wind seems to drive the surface circulation, as shown by 

the annual polar plots of the superficial currents measured 

in the MG station. In terms of both magnitude and 

direction, surface currents are correlated with winds, on an 

annual time scale. On the contrary, it does not affect waves 

inside the basin.  

The analysis of waves and currents data shows that the 

SW opening along the Mar Grande border is an important 

topographical element. It controls both the incoming 

direction of the significant wave heights and the direction 

of propagation of the bottom currents (as assessed by the 

MG station). These results confirm what deduced in 

previous researches [7]. 

The monthly vertical distributions of the current data 

measured in the station located in the Navigable Channel 

highlight that during the whole year a double circulation 

occurs in the channel, i.e. inflowing towards the Mar 

Piccolo basin in deeper layers and outflowing towards the 

Mar Grande in the most superficial ones. This behavior is 

also confirmed by previous numerical modelling outputs 

[6], [7]. 

The analysis of the water quality parameters displays 

expected trends for temperature and salinity, with typical 

increased values for both during the hottest months. With 

regards to the chlorophyll concentration, it could be 

intended as a more severe indicator of the water quality, 

being directly linked to the outflows of nutrients. Its 

presence in the basin strictly follows the alternating 

wet/dry seasons. 
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Abstract 

 

The most widespread acquisition methods for lakes 

and sea bottom geological data are ship-, ROV- or 

AUV-based; geophysical methods and the related 

instruments for morpho-bathymetric survey allow to 

characterize large areas, even at high depths, but with 

high costs.  

It is known that shallow waters can represent a limit 

for certain vessels and techniques, preventing the 

acquisition in the nearshore zone. 

To overcome the limits, i.e. to survey with high 

accuracy nearshore shallow waters with a low budget, 

we tested and tuned the “GeoDive” method that 

allowed us to survey two test sites, featured by the 

presence of “block fields” (i.e., accumulations of huge 

blocks and boulders of gravitational origin) under 

shallow waters. The “GeoDive” allowed us to map the 

submerged morphologies and to acquire high-

resolution optical images for further photogrammetric 

processing. The latter was fundamental to obtain 3D 

high-resolution models, also with conditions of low 

visibility. An Action Sport Cam (ASC) HD has been 

used for video acquisition, in addition to the 

equipment used during scientific diving. 

By coupling the processed underwater-acquired data 

with the direct surveys performed by underwater 

SCUBA operators, it was possible to perform some 

morphological and sedimentological measurements 

and observations on the experimental targets, with the 

help of suitable markers. 

 I. INTRODUCTION 

The origin of this work is due to the desire to survey 

and document in detail a submerged morphology detected 

in the Albano Lake (Latium, Central Italy) using multiple 

beam techniques in bathymetric campaigns [1]-[5], which 

had been hypothesized in terms of genesis, but had not 

yet been observed, documented and measured in detail, 

directly, by no operator, even in its shallowest part. 

One of the main goals of this work has been executed 

3D reconstructions, with techniques of Structure from 

Motion (SfM), with high accuracy and a low budget, 

using an Action Sport Cam (ACS), especially in shallow 

water, which can represent a limit for certain vessels and 

for the most widespread acquisition geophysical 

techniques. This paper explains the processing steps of 

the method that we have named “GeoDive”, by analogy 

with the geomorphological research project “Geoswim” 

carried out at sea using snorkeling surface techniques [6]-

[8]. 

The first part of the work, performed in cold, and often 

with low visibility, fresh water of volcanic Albano Lake 

[9], was followed, in a similar way, in less cold shallow 

coastal marine water, to test the method with better 

environmental conditions, considering the experience so 

far accumulated. For this purpose, has been detected, on a 

smaller scale, a similar submerged morphology in an 

embayed pocket beach [10] along the Maratea coast 

(Tyrrhenian Sea, Basilicata, Southern Italy). 

 II. GEOLOGICAL AND GEOMORPHOLOGICAL 

SETTING 

 A. The Albano Lake 

The Albano Lake (Fig. 1) is located about 20 km SE of 

Rome (Italy), 287 m above sea level, and with a depth of 

167 meters is the deepest crater lake in Italy; it fills a 

large, multiple maar depression, the youngest crater of 

the Colli Albani volcano [11], formed following the most 

voluminous and recent activity of the Final 

Hydromagmatic phase [12]. 

The Colli Albani volcano is part of the high-K Roman 

Comagmatic Province (Italy), characterized by the 

superposition of several volcanoes having significant 

differences in eruptive style, eruption rate and chemistry 

150



IMEKO International Conference on 

Metrology for The Sea 

Naples, Italy, October 11-13, 2017 

 

 

[13]. 

The Colli Albani volcano compositions are dominantly 

tephritic to K-foiditic [14]. 

Geomorphological analysis of the subaerial slopes, 

regarding the gravity-induced landforms, has allowed to 

recognize the presence of different types of landslides, 

that are rock fall/topple, rock slide, debris slide, and 

debris flow [2], [15]; consequently, also gravity-induced 

morphologies in the submerged slopes have been 

recognized (Fig. 2), among which subaqueous landslide 

scars and block fields [2], [4]. 

The Albano Lake floor shows positive convex 

landforms considered as landslide debris accumulations, 

with shape and dimensions largely variable, many of 

which downslope of a detachment area; also, landslide 

channels and outrunner blocks are present [2], [4]. 

 

 
 

 B. Maratea coast 

The Basilicata Tyrrhenian coast (Fig. 3) is 20 Km long 

and is totally located in the municipality of Maratea, the 

only municipality of the Basilicata Region (Southern 

Italy) overlooking the Tyrrhenian Sea. This coastal area is 

geomorphologically characterized by a sequence of 

promontories and high cliffs, intercalated to a series of 

gravel pocket beaches [16], [17]. Sandy-gravel deposits 

that lie along the Tyrrhenian coast of Basilicata are 

interpreted as relict sediments [18]. 

The numerous faults in this area is the result of Plio-

Quaternary tectonic activity; the coastal slopes present 

many vertical or sub-vertical rock faces and many 

systems of discontinuities [19]. 

Often, the submerged morphologies have a generally 

quadrangular shape, highlighting the structural control of 

edging and transversal faults, that have eased the entry of 

the sea and the relative mechanical action of the water. In 

some cases, along the edges of the slopes of the coastal 

shelves, are found collapsing deposits, debris 

accumulations and accumulation of large blocks [18]. 

Along the southernmost sector of the coast (from 

Maratea, to the North, to the Noce River, to the South) 

the coastal morpho-structures are almost exclusively 

composed by dolomite sequences belonging to the 

Bulgheria-Verbicaro units of the Campano-Lucana 

Platform [20], [21]. The slopes facing the sea, in this 

area, follow a fault scarp accompanied by the production 

of detrital deposits [19]. 

The Maratea coastal area suffer of periodic rockfall 

events, given the nature of the outcrops present there, 

which impact along the Maratea SS18 coastal road, a 

main strategic road in a touristic area [19]. 

Behind the coastlines, the area of Maratea Valley 

shows large-scale gravitational phenomena and sagging 

type morphology [22]-[24]. 

 
 

 C. The block field of Albano Lake 

The investigated block field is located along the 

southernmost sector of the lake (Fig. 2) and its origin is 

related to subaerial rock fall processes [2]; the underwater 

survey concerned its right side, as its area is too wide to 

 
Fig. 1. The Albano Lake, with the bathymetric range 

shown as colors shades (modified from [5]). 

 
Fig. 3. Basilicata Tyrrhenian coast of Maratea (cyan 

line) and Calaficarra pocket beach (from EMODnet 

Portal for Bathymetry, modified). 

 
Fig. 2. Excerpt from inventory map of gravity-induced 

landforms, modified from [2]: investigated block field 

(orange ellipsis) of the southernmost sector of the 

Albano Lake crater. 
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be fully detected in this context (Fig. 2 and 4). In this 

area, the block field start directly from the shoreline; the 

observed blocks, in the bathymetric range 0-13 meters of 

water depth (from now onwards mwd) have dimensions 

between decimeters and meters and are all in touch with 

each other (Fig. 5). Immediately below 13-15 mwd the 

blocks are no longer in contact; indeed, they are distant 

from each other, always large (metric dimensions) and 

increasingly isolated when the depth increases; they 

almost disappear below 15-18 mwd, where they become 

sporadic, but however present, until about 20 mwd. In 

these bathymetric range prevail the finest sediments: from 

some preliminary analyses carried out between 5 and 12 

mwd, the sediment is formed essentially from sand, with 

more or less gravel, but always with little mud amount. 

 

 
 

 D. The block field of Calaficarra pocket beach 

The Calaficarra pocket beach (Fig. 3 and 6) is located 

along the southernmost sector of the Maratea coast, in the 

locality of Marina di Maratea; the length of her shoreline 

is less than fifty meters and the sediments of both 

emerged and submerged beach are almost exclusively 

made up of gravel. The bottom of the submerged beach 

shows two distinct series of bedforms, the first, 

shallower, between 2-4 mwd and the second, deeper, 

starting from 7 mwd. In the bathymetric range between 4 

and 7 mwd a belt of boulders as a block field (Fig. 7), 

surrounded by a bed of pebbles and cobbles, separates the 

two series of bedforms [10]. The blocks, with apparent 

chaotic disposition, have dimensions between decimeters 

and meters, such as those observed in the Albano Lake, 

without reaching its larger size. 

The block field was surveyed and simultaneously its 

outer perimeter was defined using GPS, then mapped (red 

line on Fig. 6); the straight line marked by letters A, B 

and C, N-S oriented and 30 meters long, indicates the 

position on the bottom of the used measure tape used 

during the video acquired area (Fig. 6). The shape and 

position of the block field, adjoining the emerging cliff, 

almost as a continuation, seems to indicate the genesis for 

collapse and accumulation in place with minimal 

dislocation of the blocks, in accordance with what is 

stated in the above-mentioned literature regarding 

emerging and submerged morphologies. 

 

 

 
Fig. 7. View of the block field of the Calaficarra pocket 

beach to 5-6 mwd (modified from [10]). 

 
Fig. 6. Calaficarra pocket beach: block field external 

perimeter (red line) and straight-line indicating the 

measure tape placed on the bottom. 

 
Fig. 5. View of the block field on the bottom of the 

Albano Lake (about 7-8 mwd). 

 
Fig. 4. Albano Lake: surveyed area (red ellipse) which 

includes the right side of the block field (blue grid); the 

yellow dots show the GPS detected points (modified 

from [2]). 
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 III. MATERIALS AND METHODS 

 A. Data acquisition 

A series of scientific dives were carried out with 

SCUBA (Self Contained Underwater Breathing 

Apparatus) equipment using standard air (EAN 21) as 

respiratory gas. The first exploratory dives were used to 

delimit the areas of interest and characterize the substrate 

from the geomorphological point of view (underwater 

geological survey). 

An ASC able to record video and image up to 4K video 

resolution (3840x2160 pixels) has been used for video 

acquisition to map the submerged morphologies and to 

acquire high-resolution optical images for further 

photogrammetric processing. The camera was setting 

using HD resolution (1920x1080 pixels), Ultra-Wide 

FOV (field of view) which corresponds to a shooting 

angle of 170 degrees, and an acquisition frequency (frame 

rates) of 50 fps (frames per second) and a pixel size of 

0.26 mm. Camera calibration was required taking into 

account the setting conditions used, like in other types of 

cases studies [25], [26], [27], [28]. 

The most efficient shooting mode for capturing a video, 

intended for photogrammetric decomposition, and for the 

three-dimensional reconstruction of a large area, is 

azimuthal to the subject. Slightest variations of the 

shooting angle, on the recovery plane, relative to the 

vertical direction (few degrees, at most 10 degrees per 

side) help the reconstruction allowing to cover a more 

complete and accurate shooting range. 

No auxiliary light sources were needed during video 

shooting; indeed, it was verified that the use of artificial 

lighting, which often does not uniformly cover the framed 

field, makes video shooting less clear in the subsequent 

processing phase. In low visibility conditions, finally, the 

lighting is totally counterproductive, creating diffusion 

phenomena around the particles present in suspension in 

the water. 

The routes carried out have been done trying to keep 

constant the depth of the framed seabed and the distance 

between the scuba operator and the bottom (use of depth 

gauge and a suitable spacer built on the principle of lead 

wire), and finally, given the short-traveled distances, the 

straightness of the route (compass use). 

After several tests performed in Albano Lake, the best 

distance between the scuba operator and the bottom was 

fixed in 50-60 cm, while at Maratea a nearly double 

distance was tested (1 m), given the best visibility 

conditions at sea. At these distances also occurs that the 

distortion caused by the lens of the Action Cam was 

almost zero, so it was not necessary to compensate for 

this defect in post-production. 

Artificial markers of known position and size, like 

numbered bricks (Fig. 8), joined by ribbons, forming a 

grid, were required and have been prepared for the 

subsequent correct positioning in the three-dimensional 

virtual space of the 3D reconstructed model. 

The singularity of some boulders, of peculiar shape and 

size (Fig. 9), have been used on both sites as natural 

markers like peculiar spot used for the final 3D 

reconstruction. 

Several and necessary GPS acquisitions of artificial 

markers have been made by two operators; the first on the 

bottom and the second on the surface; a dive buoy with 

its related cable held upright by using a ballasted reel, 

considering the low depths, it was enough to mark the 

bottom points of interest, according to specifics signals 

sent [29]. 

 

 
 

 B. Data processing 

Three-dimensional reconstruction of the block fields 

with SfM techniques starts with the factorization in photo 

frames of the acquired file video; the Free Video to JPG 

Converter software was used for extract frames from 

video files. Images available are not used all, they are 

enough 10 out of 50 for each second for allow the overlay 

of 60% between a frame and the next, considered a 

mandatory factor to be guaranteed the achievement of the 

3D reconstruction, made with Agisoft PhotoScan 

software. 

 
Fig. 9. Albano Lake: a boulder of peculiar shape and 

size, used on as natural markers (13 mwd). 

 
Fig. 8. Artificial markers: brick No. 4 and part of ribbon 

forming a grid (modified from [9]). 
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As a rule, the generation of a three-dimensional model 

passes for three subsequent phases: a Sparse Cloud 

resulting from the alignment of the frames, a reworked 

Dense Cloud (both Points Clouds) and a Mesh which 

returns the surface reconstruction of the objects resulting 

from the interpolation of the points ensembles. Another 

useful step to apply in SfM method is the texturization of 

the meshed model in real colors, derived from the frames 

used; this can give a most real product of the analyzed 

area. 

The higher is the number of points provided by the 

Dense Cloud, the smaller is the error contained in the 

relative Mesh, and smaller are too the chances of having 

"bugs" in the resulting surface (Fig. 10). 

Sub-models Mesh deriving from 100 frames was made, 

using the automatic catching markers; the union of two 

consecutive sub-models was performed with the manual 

search of markers in overlapping distal areas; the method 

ensures at least 50 frames in common with the previous 

one and the following. The resultant alignment of the 

sub-models allows to mold strips with an overlap, at 

least, of 20% (Fig. 10). 

The passage from the Dense Cloud to the Mesh could 

be a hardware limit (RAM and graphic card), because the 

high numbers of points in each cloud makes difficult to 

process the continuous information (Mesh) even for a 

high-end level PC. 

Finally, the acquired GPS points in correspondence 

with the artificial and natural used markers enabled the 

geo-referencing of the models in a GIS environment. 

 
 

 IV. RESULTS AND DISCUSSIONS 

One of the first evidence highlighted by the GeoDive 

method is that even the video acquisitions made under 

low visibility can be successively processed with success 

(Fig. 11 and 12). The 3D reconstruction procedure used 

returns a kind of augmented (increased) reality without 

the aid of adjustments in post-production (Fig. 12), which 

allows to obtain additional environmental information 

that in some cases cannot be noticed by the observer, 

even if expert. 

In the shooting conditions, used in the Albano Lake and 

at sea in Maratea, the Dense Cloud generated by the 

software, shows a great detail (Table 1); moreover, a 

suitable hardware would be able to distinguish objects 

with dimensions on the order of half a millimeter. 

The success of the result obtained is not limited only to 

the number of points available to create the Mesh, but 

also by properly tracking of the pre-defined routes and 

maintaining low and constant the displacement speeds, to 

minimize the presence of bug areas in the final model, as 

happened in the first models made in the Albano Lake 

(Fig. 13). The method, also tested in shallow coastal 

marine water with better environmental conditions, has 

given well results also keeping a double distance (Fig. 

14). 

The 3D reconstructed models allow to have an 

overview of the deposits, and to establish, for subsequent 

surveys, the location of the areas of greatest interest; 

considering of this one, some block linear measurements 

and related volumetric elaborations were performed on 

the models, and then compare them with the real 

dimensions detected in place (Fig. 15). 

 

 

 
Fig. 12. Comparison of subaqueous view (low contrast 

and low definition), on the left, and "increased reality" 

of the Model (high contrast and high definition on the 

right (modified from [9]). 

 
Fig. 11. Real low visibility conditions in Albano Lake 

during some made dives. 

 
Fig. 10. Overlap of sub-model Mesh and strips 

generation (modified from [9]). 
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Table 1. Main 3D Models features. 

 Albano 1 Albano 2 Maratea 

Area (m2) 42.7 34.5 54.8 

Points (Dense Cloud) 8113000 6555000 19728000 

Points/cm2 19 19 36 

Ground resolution (mm) 0.57 0.57 0.83 

 

 

 

 V. CONCLUSIONS 

 

The “GeoDive” method has allowed to reconstruct with 

high accuracy and a small budget 3D models of sections 

of submerged morphologies, as in the reported cases, 

consisting of debris accumulations put in place by 

landslides; the correspondence between the models and 

the real geological bodies, compared to their real size and 

features, subject to due verifications and evaluations, was 

almost perfect. 

The use of Action Sport Cam with high technical and 

optical characteristics, has allowed to have a very detailed 

final 3D reconstruction, which allows to highlight details 

that are also not appreciable during the simple 

observations and video shoot. The created models are 

very useful for making "dry" considerations and 

measurements, also for subsequent explorations and 

sampling. A surprising aspect of the method applied it 

has been understood that it can be applied successfully 

even in low visibility conditions. 

The surveys conducted in the Albano Lake have 

allowed to document, for the first time, effecting both 

video and photo reports, the block field and define that on 

this right side the blocks extend up to the shoreline; these 

evidences, taking into account the mentioned literature, 

have allowed us to assume that the observed bottom 

morphology could be associated with a more recent 

landslide event, not yet covered by fine sediments, which 

partly covers the underlying reported deposit, integrating 

it. The survey conducted in the Calaficarra pocket beach 

has allowed to verify the validity of the method under 

different environmental conditions and, at the same time, 

modify some of the video capture parameters to compare 

all the reconstructed models. 

Lastly, it is believed that the method developed during 

the scientific dives can be validly used to characterize 

undetected bottom morphologies, but also to clarify 

and/or validate underwater morphologies, in specific 

points, reconstructed with other indirect methodologies. 

 
Fig. 14. Maratea 3D model: 1) Mesh Cloud of the AB 

segment (length 15 m); 2) Texture of the same segment; 

3) Magnification of the right section of the texturized 

segment. 

 
Fig. 15. Some block measurements on the 3D 

reconstructed model of bottom of Albano Lake 

(modified from [9]). 

 
Fig. 13. Albano Lake: two joined model Mesh, with bugs 

of different sizes (from [9]). 
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Abstract – In this paper is briefly described an 
integrated system (hardware and software) for 
geotechnical measurement on submarine 
contaminated sediments, which permits to reduce the 
probability of human mistakes often made during 
manual operations and, to increase speed, accuracy, 
and productivity in laboratory tests. The software was 
developed in LabVIEW to permit the communication 
with different data acquisition platforms and to 
simplify an eventual software reconfiguration in the 
case of changes in laboratory procedures. 

 I. INTRODUCTION 

In the last decades, growing attention has been paid to 
monitor the sea water quality and coast status; several 
studies have been carried out to propose new methods 
and sensors for both accurate measuring of environmental 
parameters and modelling and analyzing dynamic 
phenomena closely linked to marine pollution assessment 
[1]-[7]. At the same time, has become mandatory the 
need of a rational approach to environmental monitoring 
requiring the aggregation of data in distributed database 
able to store all information about each point of interest. 
All data must be traceable and should permit an efficient 
processing of such massive data. 

The domain of interest for this work falls in the 
geotechnical characterization of the submarine polluted 
sediments to define the best strategy for the recovery of 
the territory. Obviously, this context, accurate 
measurements on submarine contaminated sediments are 
of great importance for reducing health risk and 
preserving the ecosystem. In particular, geotechnical 
laboratory tests permit to investigate the main mechanical 
properties of soils, such as compressibility and shear 
strength. The most common tests are: the Oedometer Test 
(OT), the Direct Shear Test (DST) and the Triaxial Test 
(TT) [8]. 

This paper deals with the development of a dedicated 
measurement system installed in a suitable geo-

mechanical laboratory, and the results of the experiments 
carried out on the polluted submarine clayey sediments of 
the Mar Piccolo in Taranto (South of Italy), shown in 
Fig. 1, one of the areas declared as “at high risk of 
environmental crisis” by the Italian government. As well 
known, this marine basin results highly contaminated, 
mainly due to heavy metals and organic pollutants carried 
out from all local industrial activities. The geotechnical 
investigation involved sediments up to about 20 m below 
the seafloor, along three vertical profiles in the most 
polluted area of the Mar Piccolo, facing an Italian Navy 
base [9], [10]. 

In the present paper, the implementation of an original 
automated hardware and software system is described. 
The system is composed by a purposely developed 
hardware and software suite of programs, able to acquire 
and process data coming from different tests for 
increasing speed and accuracy, reducing the risk of 
human mistakes and, more in general, to improve the 
productivity in geotechnical engineering laboratory tests. 
 

 
Fig. 1 - Gulf of Taranto and the area of Mar Piccolo 
 
The realized framework follows an approach already 

used by some of the authors in a previous work [11], and 
aims to overcome such limitations permitting researchers 
to apply new procedures, sharing results on different 
platforms giving the  development of  innovative 
algorithms to extract information from acquired data [12]. 
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 II. TEST PROCEDURES 

As known, OT is a soil loading test useful to 
investigate compression and swelling (i.e. the relationship 
between effective stress and volumetric strain) or 
consolidation (i.e. the relationship between compression 
and seepage), on an undisturbed soil specimen placed in a 
loading machine. Two classes of test can be 
distinguished: stress-controlled loading and strain-
controlled loading [13], [14]. The test procedure has been 
standardized in BS 1377-5 [15], and ASTM D2435 [16]. 
 

 
Fig. 2 – Oedometer Test apparatus 

 
During the test period, the compression or the 

expansion of the specimen under the actual stress is 
measured by means of a Linear Displacement Transducer 
LDT, operating on the loading cap and firmly mounted 
on the machine (Fig. 2). 

The DST apparatus is shown in Fig. 3, whereas test 
procedure is detailed in BS 1377-7 and BS 1377-8 [15] 
and in ASTM D3080 [17]. The specimen is placed in a 
metal box (shear box), with porous plates placed below 
and on top to allow free drainage. The shear force 
exhibited by the soil is then measured by a load cell, 
while the corresponding shear displacement together with 
the change in thickness of the specimen are measured by 
means of two LDTs, installed on the box and on the 
loading cap, respectively [13], [14]. 
 

 
Fig. 3 - Direct shear box 

 
The last test, TT, has the advantages that drainage 

conditions can be controlled, and pore water pressure 
measurements can be made [18]. Test procedure is 
reported in both ASTM and BS codes of practice [19]. 
The main features of the apparatus are shown in Fig. 4. 
The simplest TT has two phases that are isotropic 
compression and shearing. During the first one, the 
specimen is subjected to an all-round fluid pressure in the 

cell and consolidation can take place in a drained test as 
the pore water could freely drain from the specimen to a 
volume gauge. The second one is performed until a 
condition of failure is reached [13], [14], [20], [21]. Five 
transducers are required to perform this test: two pressure 
transducers for cell and pore water pressure, a 
submergible load cell, a volume gauge to measure the 
volume variation of the specimen trough an LDT, and 
another LDT to measure the axial deformation of the 
specimen. 

 

 
Fig. 4 - Triaxial apparatus 

 III. HARDWARE AND SOFTWARE OF THE NEW 
MEASUREMENT SYSTEM 

The management software of the new measurement 
system was developed in LabVIEW® (by National 
Instruments Corp.), which permits to easily communicate 
with different platforms of data acquisition and to 
simplify both the software reconfiguration and the 
hardware replacement. It represents a helpful tool to 
manage several testbeds based of the use of instruments 
and data acquisition boards, ranging from remote sensing 
[22], [23]  energy monitoring [24], up to automotive [25] 
or devices test and characterization [26], [27] only to 
make some examples. 

 
Fig. 5 - Screenshot of developed OT interface 

 
In this specific work, it was chosen to comply the 

requirements made by the government to deepen the 
investigation of this polluted site. Normally, software 
solutions used in the geotechnical laboratories are 
commonly supplied by the same manufacturer of the data 
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acquisition hardware, obtaining a “closed” testing 
equipment. This approach makes the technicians strongly 
dependent on a specific vendor of hardware/software 
products and unable to develop their own solutions 
without large additional costs or time consumption.  

Some graphical outputs of the OT and DST 
measurement systems are shown in Figs. 5 and 6 while 
the conceptual scheme of the whole measurement 
apparatus is depicted in Fig. 7. 

 

 
Fig. 6 - Screenshot of developed DST interface 

 

 
Fig. 7 - Conceptual scheme of the proposed system 
 

 
Fig. 8 - Remote management using an internet web 

browser 
 

Moreover, one of the most interesting feature 
introduced by the proposed system is the remote test 
monitoring through networking techniques to minimize 
the operators’ exposition to contaminants during the 
testing time. Then, different solutions have been 
developed ranging from the simple monitoring of the test 
by means of a common web-browser to the full control of 
the testing interface using web-based or built-in solutions 
(see Fig. 7). In this work, the main features of the system 
will be exhaustively described and the ensuing first 
geotechnical results will be reported as well. 

 IV. CONCLUSION AND FUTURE WORKS 

The system here presented is part of a 
multidisciplinary survey comprising chemical and 
physical analysis aimed to recognize eventual pollution of 
groundwater or contamination of water resources using 
also environmental monitoring by image analysis 
[28][29]. 

The geotechnical models to be derived will be of use 
for the selection of the most sustainable options for the 
in-situ remediation. 

High accuracy data acquisition with the proposed 
system is only a first goal of this interdisciplinary 
research program. Other tasks have to be addressed, in 
the next future, to build a decision support tool such the 
automatic identification of specific pattern features or 
profiles using appropriate data processing and algorithms. 
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Abstract – The ecology team of the Biology Department 

of the University of Bari has developed the MEMO 

(Marine Environment MOnitoring system) baited 

lander to explore the Mediterranean marine ecosystems. 

MEMO is equipped with 2 video cameras, a 

multiparametric probe and a current meter. It can work 

down to 1000 m in depth for 24 consecutive hours. 

From 2010, the MEMO lander has been deployed in 

some deep-sea sensitive and vulnerable habitats of the 

Mediterranean Sea, as part of national and 

international research projects. Data on the 

environmental parameters (depth, salinity, temperature 

and current) and on the distribution, size and behaviour 

of the benthopelagic fauna have been recorded. The 

different studies provided new contributions to the 

knowledge of biodiversity in the deep waters and in 

fragile and structurally complex habitats, such as 

coralligenous, cold-water corals and canyons in the 

Mediterranean Sea. 

I. INTRODUCTION 

Although Underwater Video Systems (UVS) suffer 

from the fact that quantification and even identification of 

species can be doubtful, their low impact has become 

fundamental in the study of deep-sea sensitive and 

vulnerable habitats, such as those built by cold-water 

corals, where grabs, sledges and fishing gears would 

damage the benthic organisms unacceptably [e.g. 

1,2,3,4,5]. UVS are innovatory since they allow to know 

the seafloor features at meso-scale level (i.e. a spatial 

scale of 10-1000 m), even in less accessible habitats, such 

as canyons and seamounts. In addition, UVS allow to 

record species difficult to sample with traditional tools 

and to detect human impacts, as required by 

environmental management plans, such as the EU Marine 

Strategy Framework Directive (MSFD). 

The practical application of an UVS used by the 

ecology team of the Department of Biology of the 

University of Bari to explore the Mediterranean marine 

ecosystems is reported in this paper. 

 

 

II. MATERIAL AND METHODS 

 
Fig. 1 - The MEMO lander equipment. 

 

The ecology team of the Department of Biology of the 

University of Bari has developed the MEMO (Marine 

Environment MOnitoring system) baited lander, as part 

of the EU_7FP CoralFISH, with the aim of investigating 

the seafloor characteristics, environmental parameters 

and biological diversity in the deep-sea ecosystems. The 

MEMO lander consists of a stainless steel frame (ø 2.15 

m; h 1.65 m); 2 video cameras (HD Multi SeaCam) with 

2 white LED lights, an electronic compass, inclinometer 

and altimeter; a multiparametric probe (Sea-Bird 

Electronics Seacat Profiler 19 plus) for the measurement 

of pressure, temperature, conductivity, oxygen, pH and 

turbidity; a Doppler current meter (Nortek Aquadopp 

2000); 4 Deep-Sea batteries (12 V-80 Ah); an acoustic 

modem (Teledyne Benthos ATM-900 Series); an 

electronic control unit (Communication Technology, Ltd) 

capable of managing the entire system (Fig. 1). On the 

seabed MEMO is linked by a zinc-coated steel cable to 
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buoys which keep the cable under tension (back up 

buoys) and then to a surface floating signalling buoy. The 

system is lowered to the seabed by winch and the surface 

buoy remains connected for recovery. Continuous 

connection is maintained via the acoustic modem with an 

on board PC software platform, making images and 

sensor data available and located on the vessel. The 

MEMO lander can work down to 1000 m in depth for 24 

consecutive hours and can be baited. By mean of an ad 

hoc methodological approach of image analysis, the 

videos recorded by both video-cameras during each 

deployment have been analysed using the software 

Adobe Premier Pro and information on abundance and 

behaviour of benthopelagic species, including those of 

fishery interest, have been collected. Moreover, sizes of 

recorded specimen were measured from images using 

Image J 1.46q, a Java-based public domain program. 

III. RESULTS AND CONCLUSIONS 

A. Practical applications 

From 2010 the MEMO lander has been deployed in 

some deep-sea sensitive and vulnerable habitats of the 

Mediterranean Sea, such as the Santa Maria di Leuca 

(SML) cold-water coral (CWC) province (Northern 

Ionian Sea), the Bari Canyon (Southern Adriatic Sea) and 

the Nora Canyon (Southern Sardinian Sea), as part of 

national and international researches and monitoring 

projects [6,7,8,9,10]. Data on the characteristics of 

substrate together with depth (m), salinity (psu), 

temperature (°C) and current (m/s) were recorded. 

MEMO allowed to record information on the megafauna 

biodiversity, species composition and abundance as well 

as small scale-distribution and behaviour according to 

different habitat explored. 

A total of 14 individuals of Paromola cuvieri 

(Crustacea, Decapoda) were recorded at depths between 

547 and 648 m in the SML CWC province [6]. Thirteen 

specimens recorded were females, one male and all were 

shown to scavenge the bait. All the specimens carried a 

sponge on their exoskeleton using the fifth pereiopods. 

The specimens were distinguishable by the size and 

shape of the carried sponge. These observations 

demonstrated both passive covering behaviour and active 

behaviour of discouraging approach and attack from 

competitors or predators, respectively. This study 

represents the first in situ documentation of P. cuvieri 

behaviour interacting with other deep-sea species, such as 

the shark bluntnose sixgill (Hexanchus griseus) and the 

teleost fish blackbelly rosefish (Helicolenus 

dactylopterus) (Fig. 2), in the Mediterranean Sea. 

Investigating the benthopelagic fauna of SML CWC 

province, a total of 20 benthopelagic species (1 

cephalopod, 6 decapod crustaceans, 5 chondrichthyes and 

8 osteichthyes) were identified between 547 and 790 m 

[7]. The fish blackspot seabream (Pagellus bogaraveo) 

was exclusively observed in the coral habitat. The fishes 

European conger (Conger conger) and H. dactylopterus 

(Fig. 3) were the most abundant species in this type of 

habitat, as recently reported [11,12]. A positive 

significant relationship between the species abundance 

and the current speed was detected in the investigated 

habitats.  

 

 

 
Fig. 2 - Digital frames showing the active behaviour of 

Paromola cuvieri and its interaction with Hexanchus 

griseus (up) and Helicolenus dactylopterus (down) 

recorded by MEMO lander in the SML coral province. 

 

The occurrence and behaviour of the sharks: the 

gulper (Centrophorus granulosus), the kitefin (Dalatias 

licha) (Fig. 4), the velvet belly (Etmopterus spinax) and 

the bluntnose sixgill (Hexanchus griseus) (Fig. 4) in the 

SML CWC province were recorded [8]. 

During four baited lander deployments carried out in 

the Bari Canyon, at depths of 443-788 m, a total of 12 

benthopelagic fish species (five chondrichthyes and seven 

osteichthyes) were identified [9, 10]. The blackspot 

seabream was the most often observed fish species (Fig. 

5). Groups of up to 40 individuals of this fish were 

attracted to the bait and were shown in single frames. The 

individuals were observed both exploring the area and 

feeding actively on the bait (Fig. 5). Detection of P. 

bogaraveo individuals increased significantly when the 

current velocity decreased. 
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The European conger was recorded at each 

deployment. Clear scavenger behaviour was also 

observed in this teleost fish and in the shark E. spinax. 

The shark species C. granulosus and H. griseus were 

also recorded but, although attracted by the bait, they 

were never seen feeding on it. Other fish species, 

harvested on fishing grounds, such as Merluccius 

merluccius, H. dactylopterus and Polyprion americanus 

(Fig. 6), were also recorded. 

From 2015, the MEMO lander has also been used as 

part of the monitoring activity foreseen by the MSFD to 

detect changes in the ecosystem not only in cold-water 

coral habitat and canyons but also in coralligenous and 

maerl habitats. 

All these studies represent in situ documentation, at 

very low impact, of the megafauna in deep-sea sensitive 

and vulnerable habitats, providing new insights into its 

small scale distribution, behaviour, linkage between 

species and habitats as well as indicating that CWC areas 

and canyons could act as refuge sites for species that are 

vulnerable to fishing on the open slope. 

 

 
Fig. 3 - Digital frames of Conger conger (up) and 

Helicolenus dactylopterus (down) recorded by MEMO 

lander in the SML coral province. 

 

 
Fig. 4 - Digital frames of Dalatias licha (up) and 

Hexanchus griseus (down) recorded by MEMO lander in 

the SML coral province. 

 

 
Fig. 5 - Digital frames of Pagellus bogaraveo feeding on 

the bait recorded by MEMO lander in the Bari Canyon. 
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Fig. 6 - Digital frames of Merluccius merluccius (up) and 

Polyprion americanus (down) recorded by MEMO lander 

in the Bari Canyon. 

B. Methodological limitations  

Underwater video systems are highly suitable for 

observing bottom features and counting fish in fragile and 

structurally complex habitats, such as CWC communities, 

canyons and seamounts. However, several difficulties and 

limitations should be taken into consideration during 

analysis of mobile benthopelagic fauna [5]. One of the 

key difficulties dealing with deep waters is low faunal 

density, which requires a very large sampling effort in 

order to have valid estimates. Low densities make 

statistical comparison between areas difficult because of 

the high variance in replicate counts. In addition, 

identifying invertebrates and fishes to species level only 

from video can also be challenging in areas with a high 

species diversity. Although landers produce a small 

disturbance in collecting this type of data, they have their 

own limitations. Baited landers will only attract 

scavenging invertebrates and fishes, so are highly 

selective. Precise positioning of the lander can also prove 

difficult. Due to the complex topography of the CWC and 

canyon habitats, free fallings landers may sometimes 

miss their target or land directly on the corals causing 

damage and increasing the risk of entanglement [13]. 

C. Research perspectives 

The ecology team of the Department of Biology of the 

University of Bari has recently started to use the 

Remotely Operated Vehicle (ROV) MULTIPLUTO 

which is provided by thrusters, a front video camera, 

LED lights, a robotic sampling arm and other sampling 

devices (Fig. 7). The MULTIPLUTO can work down to 

2000 m in depth.  

The ROV could be a good complementary tool of the 

lander to investigate deep-sea habitats since it explores a 

larger area, recording the sessile fauna (corals, sponges) 

distributed on the seafloor. However, the ROV shows 

limitations related mainly to noise and light created by 

the gear typology that may either scare away or attract 

invertebrates and fishes causing under or over estimations 

of the true abundances [e.g. 1,14,3,15]. 

 

Fig. 7 - The Remotely Operated Vehicle (ROV) 

MULTIPLUTO. 
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Abstract – We report the standardized procedures, 

developed in the last fifteen years at the IAMC-CNR 

Petrophysical Laboratory, with the aim   to obtain 

reliable High Resolution Petrophysical Properties 

(HRPP) correlation in marine and terrestrial 

sediment.  In the frame of a multidisciplinary 

approach, and depending of used scale correlation 

(which can vary from centimetric to 

decimetric/metric), the correlated petrophysical 

parameters combined with high resolution seismic 

and geoelectric profiles interpretation, 

sedimentological   and geochronological data, may be 

a powerful tools to give new insight in geological 

exploitation and natural hazard. Several examples of 

geological applications are here presented and 

discussed.   

 I. INTRODUCTION 

Physical properties of deposits are generally considered 

as good indicators of sediment’s composition, formation 

and environmental conditions. 

The GEOTEK Multi-Sensor Core Logger (MSCL) 

enables physical properties measurements to be made on 

both whole cores and split cores (see 

http://www.geotek.co.uk for very detailed technical 

information).  

Most stratigraphic applications of MSCL logs in marine 

and deep oceanic cored sediments rely on the relative 

values of logged parameters to furnish proxies for high 

resolution correlations over wide oceanic and volcanic 

district marine areas, providing information on geological 

events, such as for examples depositional and erosional 

processes, regional stratigraphy, oceanographic and 

climatic changes.  

 II. METHODOLOGY 

 The standard MSCL (MSCL-S) available at the IAMC-

CNR Petrophysical Laboratory includes sensors to 

measure low field magnetic susceptibility, bulk density, 

reflected light in the range from 400 to 700nm, P-wave 

velocity, core and environment temperature, chemical 

elements and electrical resistivity of sediments and rocks. 

The method, developed at the IAMC-CNR Petrophysical 

Laboratory during the last fifteen years, to reach reliable 

High Resolution Physical Properties (HRPP) correlation, 

consists of several standardized procedures which are 

applied during the acquisition and analyses of 

petrophysical data log.  

In particular, the petrophysical observations of cored 

sediments are acquired continuously at centimetric scale. 

After that the repeatability of the obtained physical 

properties values are tested along the core (Fig 1).   
 

 
Fig. 1. Examples of physical properties measurements 

repetition for a section of Core C1134 (Gaeta Gulf). 

Analyzed parameters: Color reflectance (a*) and FE 

content. 

 

As soon as all petrophysical parameter logs for each core 

are obtained, the attention is focused on to the general 

pattern of each log, (i.e. decreasing- increasing values 

trend respect mean value, relative extreme high or low 

peaks, etc.) in order to verify data quality and identify the 

macroscopic variations, at the metric scale.  

Afterwards, the data of the most reliable parameter 

(which is for example, in an area close to a volcanic 

district, the Volume Magnetic Susceptibility) are analyzed 

more in detail, trying to pinpoint single prominent peaks 

as well as characteristic patterns, needed for establishing 
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a high-resolution correlation between cores.  

The preliminary one parameter-based correlation is 

subsequently checked versus all other measured 

parameters. Thus, from all homologous pinpoint peaks 

and patterns only the values that are recognized to vary 

accordingly and at the same depths in at least 3 on 6 

parameters are confirmed as linkable and are utilized to 

build the final HRPP correlation (more details and 

application in Fig. 2 A). 

A 

 
B 

 
 

Fig. 2 Gaeta Gulf- Eastern Tyrrhenian margin. A)  HRPP 

correlation and comparison of petrophysical-

sedimentological data sets from two (C1158 and C1162), 

several kms apart cores. The cores were collected into a 

slow sliding sedimentological body. The numbers 1 to 10 

indicate synchronous events of petrophysical (I to VI) and 

grain size (IX and X) variations, occurring in the 

measured cores. B)   Core C1158 and C1162 projected on 

seismic profiles and showing the seismic horizons (r and 

r1   respectively) correlated by mean of HRPP. In such 

case the HRPP correlation was aimed to detect the 

preservation of the internal geometry (decimetric scale) 

of the sedimentological body in order to better 

understand the sliding processes.  (From [1, 2]). 
 

So far, the obtained HRPP correlation, when combined 

with sedimentological and seismostratigraphic analysis 

and dating methods (i.e. 14C, Earth’s Field Paleo Secular 

Variation Curves, Tephrochronology),  shows to be an 

extremely powerful tool to highlight knowledge into 

coastal and volcanic hazard,  paleoclimatic and global 

events which drive  marine sediment deposition 

processes, or  moving to  continental depositional 

environment, they show to give evaluable contribute to 

seismic hazard  and geothermal exploitation  research. In 

the next some chosen cases history, of such 

multidisciplinary studies, are reported: 

 III. RESULTS 

A. Coastal hazard  

The coastal areas are among the most responsive systems 

to environmental changes and may therefore be impacted 

by anthropogenic disturbance, morpho-climatic variations 

(storms and floods) and tsunami events, in particular 

extreme events may causes major physical changes and 

expose coastal communities and human activity to hazard 

with loss of lives and potential damage to infrastructures. 

All these impacting factors may be recorded in offshore 

sedimentary record as event beds. 

During the last ten years new insights on depositional 

processes in hazardous coastal area such as that of Gulf 

of Salerno, comes out from   high-resolution seismic 

survey, gravity-core HRPP petrophysical-

sedimentological correlated data and high resolution 

geochronology. The internal stratigraphic architecture of 

a series of prodeltas that develop at the mouth of minor 

streams (Bonea, Tusciano/Asa, Solofrone) and Sele river 

were documented (Fig. 3 and 4). The present day prodelta 

system, mostly recording the last 2-3 ky, displays various 

phases of development associated with periods of high 

sediment supply from the adjacent river basins. 

Depositional processes on the foresets were dominated by 

seastorms events, floods and tephra layers interbedded in 

the pelitic sediment. (From [4] and [7])  

 

 
A 
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B  

Fig. 3 A) HRPP correlation of event beds (sea storms and 

floods) in shallow marine cores of Salerno Gulf and time 

constrains by 14C and tephra layers and B) Localization 

of the HRPP correlated cores and related high resolution 

Subbottom Chirp profiles on the Gulf of Salerno digital 

terrain model. (From [4]) 
 

 

 
 

Fig. 4 High resolution Subbottom Chirp lines show the 

Holocene stratigraphic frame of the Salerno Bay 

northern sector. Three reflectors bouncing back from T1, 

T2 and T3 storm events are outlined with red, light blue 

and yellow lines; the one from the pumice deposit of the 

79 A.D. Vesuvius plinian eruption is pointed out with red 

arrows. The recognition and correlation of T layers 

among cores where obtained by mean of HRPP 

correlation (From [7]) 

 

B. Volcanic   hazard  

Volcanic ash fallout subsequent to a possible renewal of 

the Vesuvius and Phlegraean Field (PF) activity 

represents a serious threat to the highly urbanized area 

around the volcanos.  In order to assess the relative 

hazard it is important to obtain the fallout distribution of 

recent PF and Vesuvius eruptions along the Campanian 

margin.  Below two examples from Salerno (Fig. 5) and 

Gaeta (Fig. 6) gulfs are shown:    

 
A 

 

 
 

B 

Fig 5 A) tS1, tS1- , tS2, tS3, tS3- , ts4 and t1 are tephra 

layers from Vesuvius and PF district for the  last 106ky, 

identified in the Gulf of Salerno by  HRPP correlation 

and geochemical data and dated by PSV and radiometric 

methodology after [3]and [6] B) The obtained  

distribution and  stratigraphic thickness of the tephra 

layers are shown over the digital terrain model.    

 
A 
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Fig. 6: A) The seismo-stratigraphic architecture of 

Northern Phlegraean Field offshore showing the 

Neapolitan Yellow Tuff (NYT) deposits and B) its 

distribution in the southern Gaeta Gulf as individuated 

after HRPP – sedimentological correlation (inset in Fig. 

6 A) and geochemical analysis (modified by [3] and [1])  
 

C. Seismic hazard  

The HRPP correlation has been integrated in a 

multidisciplinary high resolution geophysical study 

aimed to investigate the Monte Aquila fault behavior in 

the Val D’Agri fault system (Southern Apennines). The 

paleosismological investigation documented at least three 

recent (<20 ky) deformation events [5]. In this case study 

a small-scale HRPP correlation has been applied to 

sediment cored in the footwall and hanging wall of the 

ERT detected fault zone (Fig. 7) in order to investigate 

displacement events (Figs 8 and 9).  

 
                                                            Distance (m) 

Fig. 7. Fornace site: a) Very high‐resolution shallow 

ERT in colluvial package   and localization of boreholes 

FC06 and FC08 of Fig. 8. b) high‐resolution ERT (  

colluvial package, 2 saturated alluvia, 3 limestone 

bedrock). (From [5]) 

 
 

Fig. 8 Magnetic susceptibility logs   for cores FC‐06 and 

FC‐08 with the 22 homologous points identified in at 

least three of the physical logs and used for HRPP 

correlation (dashed lines). (From [5])  

 
 

 
 

 

 

Fig. 9. The Vertical offset versus depth in FC-08 

borehole, as inferred from the depth difference of all the 

homologous piercing points identified by HRPP 

correlation. Offset values, distinguished according to the 

measured physical property, shown a staircase pattern 

which was interpreted as due to two events of 

displacement able to produce a vertical separation at the 

surface of about 30-40 cm each. (From [5]) 

 
D. Geothermal exploitation  

In the frame of the Gaia PON project (founded by the 

Italian Minister of Development and Economy aimed to 

test a new prototype of modular heat exchanger) a 

geothermal potential evaluation of a chosen sector of 

Phlegraean Fields was required.  In order to achieve such 

goal   a high resolution stratigraphic model (Fig. 10 B) of 

the geothermal reservoir was built combining HRPP 

correlation of three piezometers with sedimentological, 
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electrical resistivity tomography (ERT), seismic 

tomography   and physical- chemical water analysis.  

 

 

 
 

A 

 
B 

Fig.  10 – A) HRPP correlation of Electrical Resistivity, 

Pwave velocity, Gamma Ray Density, Magnetic 

Susceptibility, Colour reflectance (b*), Ca and Fe content 

for piezometr P1. B) A chosen sector of the geothermal 

reservoir showing temperature and electrical conductivity 

of the groundwater and litostratigraphic units as 

obtained from the piezometer correlated by mean of 

HRPP to the underground Pwave velocity layer 

distributions (Colour scale at the bottom. 
 

 

 IV. DISCUSSION AND CONCLUSION 

The multidisciplinary case studies here presented, 

represent, for HRPP correlations, only few examples of 

larger applications that can be made in geological 

research. 

In fact it is possible to hypothesize that HRPP 

correlations may represent a powerful tool wherever   the 

trend and age of sedimentary layers reconstruction are 

important, as for example, in archeological or 

environmental pollution studies. 

However there are some crucial points respect to the 

application of the HRPP correlations method, in fact if it 

is true that the MSCL Petrophysical measurements are no 

destructive and quickly obtained, the data processing is 

time consuming and with some uncertainness linked to 

human analysis. For this reason the HRPP correlations 

need to be always integrated with sedimentological 

analysis and where it is possible to be combined with 

geophysical survey. Finally it is suggested that, in case of 

petrophysical signals not characterized by distinguishable 

patterns, the HRPP correlation process could be 

performed with cross correlation software support (i.e. 

[8]).  

Future work will be aimed to investigate among marine 

sediment petrophysical properties that one, fully or 

partially, driven  by global events (i.e. climatic change) in 

order to build, over wide  marine areas, referring  curves 

that can be used as relative  dating tools.  
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Abstract - The grain size analysis of marine sediments 

is considered as a basic tool in the marine 

environmental research. In particular, information on 

sediment characteristic is needed, for example, for 

studies on sediment contamination, ecology of benthic 

communities, seismic studies, remote sensing surveys, 

beach nourishment, etc. A critical review of the main 

methods used for sampling, measuring and classifying 

marine sediments is reported here. It was deduced 

that no ideal method in order to obtain the highest 

accuracy of data exists, but the choice of the most 

suitable one should be adapted to the specific aim of 

the study. 

 I. INTRODUCTION 

Different types of sediments characterize different 

kinds of marine environments; generally, coarser 

sediments are present close to the coast, at shallow water 

depth, where high energy processes are active, and their 

size decreases with increasing bathymetry, because far 

from the coast the terrestrial sediment supply 

considerably diminishes. This general rule is not always 

valid, for example for enclosed coastal marine and 

transitional settings, where fine sediments may be 

prevalent. Once sediment particles are supplied to the sea, 

they are dispersed under the combined action of currents 

and waves. Hydrodynamics, meteorology, climate and 

bottom morphology are the main factors influencing their 

distribution. Successively, particles may be affected 

several times by resuspension, transport and deposition, 

over the continental shelf and slope, before being 

definitively deposited. The grain size is considered as a 

basic feature of marine environment, which have to be 

characterized because it influences biotic and abiotic 

aspects. Sediment texture strongly conditions macro and 

meio benthic communities [1; 2] as well as organic 

carbon [3] and contaminant distribution [4]. For this 

reason, textural characteristics of sediments and their 

distribution are among the key factors, not only for 

sedimentological studies, but also for ecological 

characterization of benthic habitats and for environmental 

assessment of potential contamination of marine coastal 

areas affected by anthropogenic impacts. In this context, 

grain size data are also necessary for the normalization of 

concentrations of metals and trace elements, because the 

normalizer element have to be correlated with the clay 

fraction [5]. Moreover, the direct acquisition of grain size 

data is necessary for correlating seismic units recognized 

in the profiles with specific stratigraphic units [6] or 

calibrating the results of remote sensing techniques with 

experimental data [7]. 

Another application of grain size studies is in the field 

of coastal management; in particular, the sediment 

characterization is necessary in the beach nourishment, in 

which sediment features of the borrow area must be as 

similar as possible to those of the native beach [8]. 

The activities finalized to the acquisition of grain size 

data depend on the topic of the research and, according to 

it, several steps, from sampling to analytical processes 

and, finally, to sediment classification, may be changed. 

This work is aimed to review methods currently used 

for sampling, analyzing and classifying sediments, taking 

into account different specific purposes in the area of the 

marine environmental research. 

 II. SAMPLING ACTIVITY 

The sampling criteria and instruments selected for 

marine sediments are generally functional for obtaining 

an undisturbed sample. Maintaining the integrity of the 

sample is of great importance because it favors the 

preservation of the original structure of the sediment and 

does not alter its physical-chemical and biological 

characteristics. In the field of the environmental research, 

this aspect assumes great importance because one of the 

main consequences of sample alterations, due to the use 

of unsuitable devices, is the variation in the typology and 

bioavailability of contaminants. 

There are two main categories of sampling devices for 

marine sediments: grab and core samplers. The first ones 

are used to collect superficial sediments, while the second 

ones are used when it is necessary to collect a whole 

thickness of sediment. The multiple sampling with grabs 

allows to characterize only spatially the study area, while 
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the core sampling enables to obtain information also 

along the vertical direction. In both cases, the choice of a 

specific device depends on the type of substrate and the 

aim of the study, but also from bathymetry. 

Grab sampling is suitable when the characterization of 

current environmental conditions of sea bottom, using 

chemical, biological and sedimentological parameters, is 

needed. Grabs are relatively easy and fast to handle and 

operate, allowing the collection of a lot of samples in a 

short time. 

The most commonly used grabs are: Van Veen, Shipek 

and Ekman-Birge (Fig. 1). The Van Veen grab is 

constituted by two jaws. As soon as the grab comes down 

to the bottom, the jaws close by holding the sediment 

inside. Some models have upper doors that allow 

collecting the nearly undisturbed upper centimeters of 

bottom sediment, directly inside the device. This kind of 

grab is used to collect sediment ranging from muddy to 

sandy. The Shipek grab has a bucket which rotates into 

the sediment when it reaches the sea bottom. It is suitable 

to collect fine sediments and it can be used even on 

sloping seabed. The Ekman-Birge grab has a box shape 

with upper windows and lower jaws, and the smaller type 

can be operated manually by means of a rod which allows 

the insertion into the sediment. It is mainly used in 

shallow water environments with muddy sediments like 

as lagoons or marshes [9; 10]. 

 

Fig. 1. Types of grabs: Van Veen, Shipek and Eckman-

Birge (from the left to the right). 

 

Sampling of sediment cores is preferable when it is 

necessary to reconstruct the environmental history of the 

study area. Chemical and textural characteristics of 

sediment cores are important tools to highlight the 

anthropogenic impact in marine coastal systems, because 

they preserve the record of sedimentary and chemical 

input, due both to natural and anthropogenic factors. 

Deep core levels reflect environmental conditions before 

the impact and, consequently, they may be used as 

reference conditions for the assessment of the 

environmental status [11]. 

Corers used for environmental purposes must ensure the 

maintenance of in situ conditions of the sediment itself. It 

is necessary to prevent any kinds of contamination, 

especially in the lower levels during coring and sub 

sampling phases; the reworking of sediments and the 

destruction of the stratigraphy must also be avoided. 

The corers used for the collection of marine sediment are 

mainly of two types: gravity and vibro corers (Fig. 2). All 

devices consist of a core barrel, varying in length and 

diameter, with internal liner used to facilitate the 

extraction of the core and avoids contamination of the 

sediment due to the transfer of heavy metals from the 

core barrel; it also prevents the downward drag of any 

contaminants during the extrusion of the core. 

The gravity corer is equipped at the head with dead 

weight, variable depending on the number of lead ring 

masses, which provides the kinetic energy needed to 

penetrate sediments. A flap valve, at the barrel top, 

allows water to escape during coring, but it is closed 

during pullout, ascent and recovery, to prevent sediment 

being washed out. A sharp cutting edge, at the end of the 

barrel, bears the core catcher, necessary to hold the core 

during the ascent. The length of the core barrel can 

generally vary between 2 and 6 meters. A wide variety of 

gravity corers is available; among these some models, 

such as the Kullemberg one, may be equipped with dead 

weight up to 1000 kg, which allows deep sediment 

penetration, but determine some disturbance, mainly in 

upper layer and mostly at the water sediment interface. 

These heavy devices have the disadvantage to need a 

substantial secondary apparatus due to the difficulty of 

handling [12]. On the other hand, the SW-104 bear lower 

weight at the head (up to 90 kg) and penetrates sediments 

with scarce disturbance, preserving the water sediment 

interface, also thanks to the wider core diameter. 

Nevertheless, the short core barrel allows the recovery of 

cores not longer than 135 cm [13]. All gravity corers are 

mainly used to sample fine sediment bottoms. 

The vibro corer has a structure similar to the gravity one, 

but it has a different principle for sediment penetration, 

because it is equipped with an electric-powered 

mechanical vibrator at the head, which applies thousand 

of vibrations per minute, to help the penetration of the 

sharp cutting edge. This corer is able to recover cores 

from a wide range of sandy sediments [9]. 

Another category of samplers, the box corer (Fig. 3), is 

generally used for collecting sub-superficial samples, no 

more than 30 cm thick, preserving the water-sediment 

interface. They consist of a stainless steel square box of a 

variable size and a support frame that stabilizes the 

sampler on the seabed and ensures the vertical sampling. 

When the box has penetrated into the sediments by means 

of iron weights, a scoop cutting the sediment layer and 

closing the box is released. The large area of sampled 

sediment allows the recovery of nearly undisturbed 

samples [13]. 
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Fig. 2. From left to right: Kullemberg, Rossfelder® and 

SW-104 corer (photo by ISPRA). 

 

A more recent type of sampling device is represented by 

multicorer (Fig. 3). It is a simple corer for collecting 

multiple samples of undisturbed sediment, including the 

sediment-water interface. A range of models is available 

to sample from 4 up to 12 cores in a single deployment. It 

is widely used for soft sediment sampling in a wide range 

of environmental applications. The cores are held 

together by a stainless steel frame. The core tubing (from 

300 to 600 mm length) can be manufactured from acrylic, 

polycarbonate or stainless steel, depending on 

requirements. The frame is held by a winch that allows a 

descent and the penetration is due to a hydrostatic 

damping system that eliminates the typical bow wave. 

Corer weight range from 88 to 735 kg. During the ascent, 

samples are sealed, being capped both top and bottom. 

 III. GRAIN SIZE ANALYSES 

Because the textural characteristics of sediments and their 

distribution are among the key factors in the marine 

environmental research, great attention should be given to 

the accuracy of grain size determination.  

The grain size analysis of marine sediments starts with 

a pretreatment, which is necessary in order to discrete the 

colloidal aggregates, to eliminate saline content and to 

remove any organic material. The saline content can be 

easily removed by immersing the sample in a solution of 

distilled or natural water and leaving it for at least 24 

hours; if necessary, the operation can be repeated [14; 

15]. The organic material, adhered to the sediment 

granules, is usually removed using hydrogen peroxide 

(30% H2O2) [16]. Removal of organic material may be 

necessary to achieve full dispersion of clay and, in 

sediments with a high organic content (>3%), to avoid 

organic matter being counted in the total weight of the 

sample, thereby affecting the grain size distribution [17]. 

   

Fig. 3. From left to right: box corer (photo by Elena 

Romano) and multiple corer (http://osil.com/Home.aspx). 

 

Successively, the separation of coarse (>63 m) and 

fine (<63 m) fraction is carried out by wet sieving. 

The coarse fraction can be efficiently characterized by 

dry sieving through of a set of sieves, whose number and 

range of coverage depend on the required detail of the 

granulometric classes that is placed on a vibro-tilting 

mechanical stirrer. After sieving, the individual 

dimensional classes are weighed and recorded, and then 

their relative abundances are calculated. Data obtained 

from sieving are normally integrated with those of the 

fine fraction and, if present, of the gravelly fraction. 

As regards the analysis of the fine fraction, up to a few 

decades ago, sedimentation methods such as the pipette 

or the hydrometer, based on the Stokes law, were used. 

The analysis, assumes the preparation of a homogeneous 

sample suspension in a dispersant solution, and 

subsequent particle sedimentation within a graduated 

cylinder. The procedure is completely manual and 

requires a high level of precision and competence of the 

operator [18]. In the last decades, several new 

instruments have been developed; they can characterize 

variable dimensional ranges based on particle 

electroresistence (e.g. Coulter Counter), photometric 

techniques (e.g. Microtrac, Malvern Laser Sizer, Coulter 

LS) or on automated image analysis (QICPIC). 

Instruments based on laser diffraction have become one 

of the most widely used for determining particle size. The 

speed of analysis and the possibility of using extremely 

small sample quantities are the strengths of such 

instruments. Samples can be analyzed either in a liquid 

suspension or in a dry dispersion. A small, but 

representative, quantity of sample is crossed by a laser 

beam, which is deviated of an angle, inversely 

proportional to the size of the single particle. Although 

laser diffraction can theoretically be easily applied in a 
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dimensional range from sand to clay, some studies have 

shown that it is preferable to limit the analysis to lower 

granulometric classes [19]. 

Sedigraph, an instrument which utilizes the X-ray 

attenuation principle, is another widely used for grain 

size analysis, in particular for the fine fraction. The 

analysis is performed through an X-ray beam, suitably 

collimated in a thin horizontal band that allows to 

calculate the concentration of particles in the liquid 

medium, following the principle of the Stokes Law. In 

practice, it detects the size of the particles according to 

their sedimentation rate [20]. 

The problem of comparing grain-size analyses based on 

different techniques and different physical principles has 

been discussed by several authors. For example, a 

detailed comparative study analyzing four sediment 

samples with ten techniques indicated that, although the 

trends were generally similar, minor differences between 

the results of grain size analyses, attributable to different 

instruments, were observed [21]. Advantages and 

limitations of two main instruments for grain size 

analysis for fine fraction (<63 m) - laser granulometer 

and X-ray Sedigraph – are reported in Tab. 1. 

 

Table 1. Advantages and limitations of Laser 

Granulometer (LG) and X-ray Sedigraph (XS). 

Instruments Laser granulometer X-ray Sedigraph 

Advantages 

 

Wide range of measuring 

(variable depending on the 

instrument from gravel to clay) 

Wide range of measuring 

(0,1 m - 300 mm)  

Short analysis times 

(only few minutes) 

Excellent spectrum analysis 

resolution above 1 m 

Small amounts of sample 
Possibility of serial analysis 

(using an accessory) 

Limitations 

Need to make accurate splitting 
Long measurement times 

(25 minutes or more) 

High cost Relatively high cost 

Greater range of 

measurements, less accuracy in 

finer fractions 

 

 

 IV. CLASSIFICATION OF SEDIMENTS 

Defining a sediment according to a given classification 

scale allows to have unique classes with defined limits 

and also to easily compare different types of sediment. 

The choice of one among the several existing 

classifications depends mainly on the purpose of the 

study and on the type of the studied sediment. 

The Wentworth scale defines limits and names of grain 

size classes (Fig. 4) [22]. Range limits are expressed in 

phi (), which is calculated as follows: 

 = -log 2 (D/D0) 

where D is the diameter of the particle in millimeters 

and D0 is a reference diameter, equal to 1 mm [23]. 

The binary classification of Nota may be used also in 

case there is no possibility of analyzing the fine fraction 

[24]. This classification is given by the ratio between 

sand and mud (silt+clay): 

Sand: > 95 %  

Muddy sand: sand 95-70%; mud 30-5% 

Very sandy mud: sand 70-30%; mud 30-70% 

Sandy mud: sand 30-5%, mud 70-95%  

Mud: >95% 

 

Fig. 4. Wentworth grain size chart from United States 

Geological Survey Open-File Report 2006-1195. 

One of the most commonly used classifications of 

marine sediments is the Shepard ternary classification 

[25]. It considers the relative abundance of sand, silt and 

clay fractions with the identification of 10 sediment 

classes (Fig. 5).  

 

Fig. 5. Shepard ternary diagram. 
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It is possible to use this diagram even if small 

percentages of gravel fraction are present. When a large 

amount of gravel is recorded, the modified Shepard 

diagram, is preferable. In this ternary diagram the vertices 

consist of gravel, sand and mud (silt+clay). The use of 

this classification is recommendable for studies on 

contamination assessment, because of the great 

importance of clay mineral for the accumulation of heavy 

metals and organic compounds.  

Also the Folk classification is suitable for gravelly 

sediments [26] (Fig. 6). The basis of this classification is 

a triangular diagram on which are plotted the proportions 

of gravel, sand and mud. Depending on the relative 

proportions of these three constituents, 15 major textural 

groups are defined.  

 

Fig. 6. Folk ternary diagram and nomenclature. 

 

 V. GRAIN SIZE DATA 

Data resulted from the analysis of the coarse and fine 

fraction should be integrated and processed for the 

determination not only of percentages of the main grain 

size fractions (sand, silt, clay), but also to reconstruct the 

frequency and the cumulative curves and to obtain the 

main statistical parameters defined by Folk and Ward 

[27]. 

For each diameter class, the frequency curve expresses 

its percentage of the total sample. It could has only one 

(unimodal curve) or more peaks (bimodal or polimodal 

curves), indicative of the presence of a mixture of 

different sediments.  

The cumulative curve represents the percentage, 

referring to the total of the sample, of the finest sediment 

(also referred to as passing) relative to each diameter 

class. It's a curve growing up to 100%.  

In order to compare sedimentary environments with 

each other quantitatively, it is necessary to calculate 

measures of average size, sorting, and other frequency 

distribution properties. These properties may be 

determined either mathematically by the method of 

moments or graphically by reading selected percentiles 

off the cumulative curves [27]. The statistical parameters 

defined by Folk and Ward are mean size, standard 

deviation, skewness and kurtosis. Important parameters 

are also mode, median (D50) and other percentiles which 

are derived from the frequency curve the first and 

cumulative curve the others. 

Different environmental contexts are characterized by a 

different distribution of statistical parameters. The grain 

size distribution will depend on the source rock. 

Mean size, mode, median and first percentile diameters 

give us information on transport capacity. In general, 

more coarse sediments indicate greater energy (higher 

transport capacity) than the finer sediments.  

The standard deviation parameter indicates the 

selective capacity of the medium of transport. A well-

sorted sediment is subjected to a constant selection. 

 

 VI. CONCLUSION 

From this methodological review it may be deduced 

that, in order to obtain the highest accuracy of data, the 

choice of the most suitable method in sampling, 

measuring and classifying sediments should be adapted to 

the specific aim of the study. Especially as regards 

sampling and sediment analysis, there is not, in absolute 

an ideal instrument. Type of sediment, sea bottom 

bathymetry and morphology, necessity of collecting more 

or less deep sediment layers and the specific aim of the 

study should be taken into account for sampling. For the 

grain size analysis the instrument should be selected 

considering several factors such as type and quantity of 

available sediment, speed of measurement and 

reproducibility of the results. Finally, also sediment 

classification should consider type of analyzed sediment 

and the availability of silt and clay data.  
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Abstract – The ground penetrating radar 

geophysical method is a rapid, high-resolution tool for 

non-invasive investigation. Ground penetrating radar 

records microwave radiation that passes through the 

ground and is returned to the surface. The radar 

waves propagate at velocities that are dependent upon 

the dielectric constant of the subsurface. Higher 

frequency sources will offer greater vertical resolution 

of structure but will not penetrate as deep as lower 

frequency sources. 

A method to determine ground-penetrating radar 

GPR velocities consist of determines the relative 

dielectric constant ratio at interface boundaries where 

the radar wave is traveling from a low-velocity to a 

high-velocity medium. Using Bistatic configuration 

and picking of the first arrivals we can determine the 

radar wave velocity in the medium. Our case study at 

the Colombaia marine archeological area 

demonstrated good repeatability and correspondence 

with subsoil material.  

 

 I. INTRODUCTION 

Recent advances in technology and practice allow 

geophysical surveys in archaeology to produce maps of 

subsurface features over large areas and with great detail. 

Ground-penetrating radar is a near-surface geophysical 

technique that allows archaeologists to discover and map 

buried archaeological features for landscape analysis in 

ways not possible using traditional field methods. 

It is the most widely used near-surface geophysical 

method to produce three-dimensional images and maps of 

the ground. 

The GPR method involves microwave radiation that 

passes through the ground and is returned to the surface. 

A transmitter sends a microwave signal into the 

subsurface, and the radar waves propagate at velocities 

that are dependent upon the dielectric constant (also 

known as relative permittivity) of the subsurface medium. 

Changes in the dielectric constant that are due to changes 

in the subsurface materials cause the radar waves to 

reflect, and the time it takes energy to return to the 

surface relates to the depth at which the energy was 

reflected [1]. 

The discontinuities where reflections occur are usually 

created by changes in electrical properties of the sediment 

or soil, lithologic changes, differences in bulk density at 

stratigraphic interfaces and most important water content 

variations. Reflection can also occur at interfaces 

between anomalous archaeological features and the 

surrounding soil or sediment. Void spaces in the ground, 

which may be encountered in burials, tombs, or tunnels 

will also generate significant radar reflections due to a 

significant change in radar wave velocity. 

The depth to which radar energy can penetrate and the 

amount of definition that can be expected in the 

subsurface is partially controlled by the frequency of the 

radar energy transmitted. Radar energy frequency 

controls both the wavelength of the propagating wave and 

the amount of weakening, or attenuation, of the waves in 

the ground. Standard GPR antennas used in archaeology 

propagate radar energy that varies in band width from 

about 10 megahertz (MHz) to 1200 MHz. 

One of the most important variables in GPR surveys is 

the selection of antennas with the correct operating 

frequency for the depth necessary and the resolution of 

the features of interest. 

In this work we performed an electromagnetic 

characterization by bistatic GPR survey of the deposits 

placed at the sea level in the Colombaia marine 
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archeological area. 

Colombaia, also known as Peliade Tower or Sea Castle 

(figure 1), is an ancient medieval Trapanese fortress, set 

on an island at the eastern of Trapani Port. It is 32 meters 

high, consisting of four floors superimposed, with the 

first used as a tank, while the original entrance was on the 

second floor. It is one of the best examples of military 

architecture in Sicily. 

In several periods the castle has undergone several 

transformations in particular by filling with sand and 

other materials.   

Using two separate antennas, the survey was planned to 

know exactly the EM velocity structure of the shallow 

subsurface; it is important in identifying electrical 

properties of different reflectors. The electrical properties 

are related to the composition of the reflectors. 

 

 
Fig. 1:Ortophoto image of Colombaia marine 

archeological area 

 

 II. DATA COLLECTION 

The GPR survey is carried out using the GPR 100 MHz 

(centre frequency) antennas manufactured by 

Geophysical Survey Systems Inc. (GSSI) [2]. 

The following acquisition parameters were selected: 

- samples per scan: 16384; 

- scans for second: 10; 

- channel: 1.  

For the acquisition, a bistatic mode is applied, so the Tx 

and Rx antennas are separate of an offset that isn’t 

constant during the acquisition. 

In our bistatic radar systems, the transmitter is fixed at 

a certain position and the receiver is moved, along the 

profile, with a sampling step of 0,25 meters. 

The minimum offset between the Tx and Rx antennas 

are 1,25 meters, the maximum is 11 meters. In particular, 

we adopted the Wide-angle reflection and refraction 

(WARR) configuration (figure 2). The transmitter is kept 

at a fixed location and the receiver is towed away at 

increasing offsets. As the relative positions of the 

antennae are known at all time, and hence the distances 

between them, it is a simple matter to calculate the mean 

radiowave velocity of the appropriate raypath. WARR 

surveys are normally used to estimate the subsurface 

velocity structure by analyzing the dependence of arrival 

time on offset for events reflected from subsurface 

horizons. In this survey type, the direct ground wave 

arrival time is zero at the 0 m antenna offset and for a 

laterally homogeneous media it increases linearly with 

increasing antenna offset. This variation between 

different antenna offsets and ground wave travel times is 

referred to as the time–offset relationship. 

 
Fig. 2. UP: Bistatic GPR instrumentation includes two 

separate transmitting and receiving antennae units. 

DOWN: Schematic diagram to represent the WARR 

survey type. 

 III. DATA PROCESSING 

The interpretation of GPR data is affected by many 

factors related to the complexity of the subsurface. The 

data interpretation requires dense grids of measurements, 

optimum choice of transmitting frequency and effective 

signal processing techniques.  

To obtain more accurate information, the radar signals 

can be enhanced by digital data processing techniques, 

similar to those used in reflection seismic. 

The GPR data processing system consists of time-zero 

corrections, dewow, background removal and other 

advances processes. 

Drift of the zero time along the profile can occur due to 

temperature differences between the instrument 

electronics and the air temperature, or as a result of 

damaged cables. This drift causes a misalignment of the 

reflections and the zero time has to be reset for all traces 

along the profile. 

Dewow removes the low frequency harmonics caused 

by electromagnetic induction [3]. 

The filter called “background removal” is a simple 

arithmetic process that sums all the amplitudes of 

reflections that were recorded at the same time along a 

profile and divides by the number of traces summed. The 

resulting composite digital wave, which is an average of 
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all background noise, is then subtracted from the data set. 

In our case study, after applying the basic processing, 

we did stacking, picking and analysis velocity. 

Stacking consists of a synchronous signal summing 

which serves to reduce the noise associated to reflected 

wave and to attenuate multiples. Noise reduction is 

achieved by averaging more consecutive tracks and 

recording the average track. 

Stacking allows to create a single trace from n traces of 

GPR data. Theoretically, the signal-to-noise ratio of the 

stacked profile is improved √n times over the random 

noise when the number of traces of is n [4]. 

 

 
Fig. 3. Processing sequence. 

 

Picking processes can be used to facilitate 

interpretation and to recover several parameters and 

attributes from the recorded profile, most importantly the 

reflected amplitudes and the two-way traveltimes, which 

can then be used to estimate the dielectric constant in the 

subsurface [5]. 

Picking of the leading edge transition of the direct 

ground wave event directly in a GPR trace is often 

difficult, but the peak of the ground wave event is 

relatively easy to identify and pick. 

 

 
Fig. 4. Time-Distance graph. The inverse slope 

of the time–offset relationship gives the average ground 

wave velocity between the minimum and maximum 

antenna offsets 

 IV. DISCUSSION 

A method to estimate the dielectric constant of the 

shallow subsurface using a GSSI 100 MHz GPR Bistatic 

antennas was presented. The local average dielectric 

constant was obtained via velocity analysis of GPR data 

acquired with WARR survey type, in which the 

transmitter antenna is kept at a fixed location while the 

receiver antenna is moved away from the transmitter at a 

constant spatial increment (Figure 1b). GPR WARR 

geometry results in gather of traces (figure 3) that have 

been processed using a standard seismic data processing 

sequence. To calculate the direct ground wave velocity, 

the direct ground wavelet were picked manually. 

The picked travel times resulted in a velocity of 0.053 

m/ns. 

The propagation velocity (v) through the material is 

approximated using the following relationship (see full 

formula [6]): 

 v = 
𝑐

 𝜖𝑟
 (1) 

where where c is the electromagnetic wave velocity in 

vacuum (0.3 m/ns), εr the dielectric permittivity. 

The equation (1) shows that the materials in the study 

area correspond to a dielectric constant of 32.03. 

A simplified dielectric-lithology association (table 1) 

and direct observations of the outcropping formations, 

suggest that the subsurface was mainly composed by 

saturated sand deposits. Observing the Time-Distance 

graph, it is also assumed that the material proprieties are 

uniform and that the reflector characteristics are the same 

over the subsurface area over which the WARR sounding 

is undertaken 

Table 1. Relative dielectric constant and radiowave 

velocities for a range of geological materials[XX, XX, 

XX, XX]. 

Material εr V (m/ns) 

Air 1 0.3 

Water 81 0.033 

Sand (dry) 3-6 0.120-0.170 

Sand (wet) 25-30 0.055-0.060 

Silt (wet) 10 0.095 

Clay (wet) 8-15 0.086-0.110 

Clay (dry) 3 0.173 

Granite 5-8 0.106-0.120 

Limestone 7-9 0.100-0.113 

Sandstone 

(wet) 

6 0.112 
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In this paper we have described a tool to obtain the 

precise subsurface velocity determination. We believe 

that the WARR survey type may be especially useful in 

coastal archeological area providing constraints on the 

environmental setting of the terrain and giving important 

archaeological and historical information precisely, 

without compromising the physical integrity of the 

cultural heritage. 
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Abstract – The Calabria’s Ionian continental slope is 

deeply incised by canyons which are characterized by 

V-shape cross-sections in their upper parts and U-

shape cross-sections in their terminal parts. 

These conditions are favorable, under seismic action, 

it may give rise to submarine landslides. 

In this study, we propose a 3D numerical modeling of 

tsunami waves generated by an underwater slump 

with “Geowave” software. The simulated gravity 

instability zone is near the “Venere 1” head Canyon 

situated close Cirò Marina coastal area. The 

availability of a detailed bathymetric map both with a 

good knowledge of the local geology allowed us to 

obtain reliable simulation results.  

Interesting results of tsunami simulation, in the above-

mentioned shoreline areas, show that the amplitude of 

wave run-up ranges from 0.50 m up to 0.90 m. This 

difference in run-up is ascribed to the directional 

effects and to the different coastal morphology. 

 I. INTRODUCTION 

The exploration of the seafloor during the last three 

decades by means of high-resolution swath bathymetry 

and sub-bottom profiling has illustrated the widespread 

occurrence of submarine instabilities. In consequence, 

and due to its multiple implications, the characterization 

and understanding of mass wasting phenomena on 

continental margins has become a priority topic [1]. Tens 

to hundreds of meters in thickness soft-sediment 

deformation generated by tectonism, rapid deposition 

and/or compaction and fluid flow has emerged as a highly 

relevant process in the evolution of sedimentary basins. 

Instabilities and deformation features of variable 

thicknesses and types, including creeping, slides, slumps 

and mass flows, were first recognized in the northern 

Gulf of Taranto and especially in the Corigliano Basin [2, 

3]. 

The Calabria’s Ionian continental margin is 

characterized by an extremely narrow continental shelf 

and by an very steep continental slope (up to 20 degrees). 

The continental slope is deeply incised by canyons which 

drain the massive continental sedimentary supply. The 

canyon heads are quite large and consist of numerous 

tributaries generally affecting the shelf break. The 

canyons are deep, with high slope gradient, high sinuosity 

indexes and their heads have a marked dendritic 

morphology reaching a few hundred meters from the 

coastline. These canyons are characterized by V-shape 

cross-sections in their upper parts and U-shape cross-

sections in their terminal parts (fig. 1). 

 

 
 

Fig. 1. Detailed bathymetric map of the canyons 

showing the location of modelled submarine landslide 

(yellow circle area). 
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These conditions are favorable to sediment buildup on 

the narrow continental shelf and therefore, under seismic 

action it may give rise to submarine landslides. 

In this study, we propose a 3D numerical modeling of 

tsunami waves generated by an underwater slump with 

“Geowave” software. The simulated gravity instability 

zone is near the “Venere 1” head Canyon situated close 

Cirò Marina coastal area. The availability of a detailed 

bathymetric map (fig. 2) both with a good knowledge of 

the local geology allowed us to obtain reliable simulation 

results. 

 

 

 
Fig. 2. Bathymetric map of the study area 

 

 II. TSUNAMI MODELLING 

In the numerical simulation, the Tsunami Open and 

Progressive Initial Conditions System (TOPICS) is 

adopted to produce 3D tsunami source for tsunamis 

generated by submarine slides and slumps, while a 5 m 

uniform spacing grid is derived from the bathymetric 

dataset of the Cirò Marina coast.  

Due to the complex nature of the generation phase of 

landslide tsunamis, some of the available numerical 

models simplify the generation phase by applying 

empirical equations. In fact, these models neglect the 

dynamic nature of the generation of waves by landslides. 

In this context, one set of empirical equations for 

modeling the generation phase of landslide tsunamis were 

proposed by [4]. These authors estimated the 3D 

distribution of the initial sea level disturbance using 2DV 

numerical and experimental results.  

The empirical equations are based on a 2DV 

characteristic wave amplitude (n2d) (for detail see [4] and 

[5]). 

In the absence of detailed information on SMF shape, an 

estimate of 3D characteristic tsunami amplitude in an 

order of magnitude sense remains possible by further 

simplifying the predictive tsunami amplitude equations. 

For underwater slumps we use [4] to determine tsunami 

amplitude:  

 

 

Where is slope angle, d is the initial submergence at the 

middle of the slump and b is the total length along the 

down-slope axis. 

 
Fig. 3. Computed tsunami waves propagating at: (a) 0.0, 

(b) 189, (c) 205, and (d) 233 seconds 

 

 

Fig. 4 reports the maxima wave height of tsunami in the 

area of study. It is very clear a greater effect in the 

proximity of the beach where a wave depth is 1 m about. 

 

 

 
Fig. 4. Maxima wave height of  the tsunami  

 

CONCLUSION 

Interesting results of tsunami simulation, in the above-

mentioned shoreline areas, show that the amplitude of 

wave run-up ranges from 0.50 m up to 0.90 m with a 

wavelength variable between 35-80 m. This difference in 

run-up is due to the directional effects and to the different 

coastal morphology. 

Tsunami wave effects extinguishes in about 300 seconds; 

considering it occurs near to the coast, it is very difficult 

plan an efficacy early warning system. 

Although these phenomena are small, they can cause 

damage at the anthropic structures exposed along the 

coast.  

It is necessary in these areas to carry out a territorial 

planning that takes into account this hazard. 
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Abstract – Sea state knowledge has a key role in 

evaluation of coastal erosion, in the assessment of 

vulnerability and potential in coastal zone utilization 

and development of numerical models to predict its 

evolution.  

X-band radar measurements were conducted to 

observe the spatial and temporal variation of the sea-

state parameters along the littoral cell on Bagnara 

Calabra. We produced a sequence of 1000 images of 

the sea state extending offshore up to 1 mile. The 

survey has allowed to monitor the coastline, the 

directional wave spectra, the sea surface current fields 

and to detect strong rip currents. 

The possibility to validate the data acquired with 

other dataset demonstrate the potential of the X-band 

radar technology as a monitoring tool to advance the 

understanding of the linkages between sea conditions, 

nearshore sediment dynamics and coastal change. 

This work proves the possibility to obtain relevant 

information for evaluation of local erosion phenomena 

and of morphological changes. 

 I. INTRODUCTION 

The sediment movement induced by wave motion, 

currents, tides and meteomarine events produces deep 

and incisive changes in these zones. Seasonally, these 

areas are subject to extreme morphological changes as: 

continuous settlements of the shoreline and natural beach 

nourishment/retreat. Therefore, the study of the evolution 

trends of the coastal marine areas has become an 

indispensable tool for evaluate the quality and the 

degradation of these environments through the analysis of 

the marine currents, the effects of high-impact 

meteomarine events and the consequent morphological 

variations. 

In the last two decades, the use of remote sensing (eg: 

satellite, SAR) allowed to examine in real time the 

coastal morphodynamic and the morphological variations 

after storms to obtain a complete knowledge of the 

coastal system that allows an optimized management [1, 

2]. 

The X-band wave radar acquires sea state parameters 

such as wavelength, period and direction of the waves 

and the values of the significant wave heights, sea surface 

current fields and the maps of the distribution of the wind 

on the sea surface. These data are useful for the 

reconstruction of the meteomarine climatology of the 

coastal sector but also for acquiring the bathymetric 

features and the morphologies of the seabed [3]. The 

system allows to perform the accurate characterization of 

the meteomarine climatology of particular coastal sector 

without having to carry out the transposition of the data 

that acquired through buoys, are almost always recorded 

in locations very distant from the site of study.  

In the radar images, in fact, the phenomena of 

interaction between the wave motion and the 

anthropogenic infrastructures (reflection and diffraction 

of the waves and rip currents) and between waves and 

seabed (refraction, shoaling and wave breaking) are 

immediately visible.  

We present an example of application of the X-Band 

Wave Radar under the actions of "Coastal Monitoring" 

provided in the SIGIEC PON Project (Integrated 

Management System for Coastal Erosion), realized by the 

University of Calabria in partnership with some 

companies and with the National Research Council 

(IAMC and ISAC). 

In general, the project studies causes and effects of 
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erosion phenomena affecting beaches located in sample 

areas in the Italian regions of Calabria and Puglia, testing 

measures for its containment and developing quantitative 

methods for producing, evaluating and implementing a 

correct coastal management policy. 

For the choice of the test sites, a qualitative analysis 

integrating geo-morphologic and weather-marine dataset 

taking into account the landscape and structural 

restrictions, was preliminarily performed; this has 

allowed to identify some macro-areas which are 

subdivided into sedimentary cells. 

Inside one of the sedimentary cells, some experimental 

sites have been selected to run tests of potential anti-

erosion systems: among these sites, there is the coastal 

area of Bagnara Calabra (RC). 

Four days of X-Band Wave Radar data, 24-27 February 

2015, have been analyzed using the Remocean system 

developed at IREA-CNR.  

 II. OBSERVATION AND DATA PROCESSING 

 

2.1 Study area and X-band radar REMOCEAN system. 

The study area of this research focuses on Bagnara 

Calabra village located in the western part of Calabria 

coast, southern Italy, facing Tyrrhenian Sea. 

The study area is located in a sector of the “Costa Viola” 

mountain ridge, between Bagnara Calabra and Scilla 

(Figure 1).  

 
Fig. 1. Bagnara Calabra village is located in the Italian 

region of Calabria at about 100 kilometers southwest of 

Catanzaro and about 25 kilometers northeast of Reggio 

Calabria. (a) Costa Viola geographical position; the red 

dot indicates the position of X-Band Radar antenna. (b) 

DEM of Bagnara Calabra.  

 

Cliffs surround pocket gravel-sandy beaches are 

nourished by short high gradient torrents (the longest 

thereof are Favazzina and Sfalassà) which drain the 

western slope of the ridge. In the submerged sector, a 

discontinuous littoral wedge (LW in figure 3), extending 

from coastline to 200 m offshore, characterizes the 

central part of site. Three channels indenting the LW as 

result of several coalescing landslide scars (up to 50–100 

m wide) suggesting very recent erosion [4]. In particular, 

the test area is connotated by coast-parallel erosion 

probably related to long-shore currents and rip currents, 

which have formed shelf sand waves and small slope 

ward erosional channels respectively [5]. Moreover, 

present day shoreline erosion is probably related to 

breakwaters structural defects. 

There is a high percentage of high coast, with significant 

values of the wave energy flow concentrated around the 

sectors from the northwest, that are characterized by 

fetches with remarkable extension (over one thousand 

kilometers, along certain directions) [6]. 

Coastal erosion has been a serious problem for the entire 

coast of Calabria region, especially for its southwestern 

part. This area has been hit several times by coastal 

storms of high magnitude (e.g. 1928, 1980, 1984, 1985, 

1986, 1987, 2008 and 2012), reef-type breakwaters have 

been built to protect the town center.  

2.2 X-band radar method. Retrieving information on the 

wave motion through X-band radar devices requires the 

processing of a temporal sequence of marine radar 

images. Such a processing is aimed at compensating the 

distortions introduced by the radar acquisition process 

[7], and allows us to get the wave spectrum and the sea 

state parameters, as for instance the direction, the period 

and the wavelength of the dominant waves, from the 3D 

spectrum of a raw radar sequence [8]. Achieving reliable 

estimates of the latter quantities from radar data is 

anything but a straightforward task, above all if the 

remote survey is carried out in a coastal zone, where a 

significant inhomogeneity in space can affect the 

considered parameters. Nevertheless, a number of 

inversion procedures to be applied on radar data acquired 

in nearshore areas have been developed in recent years 

[3, 4, 9, 10]. Among them, the one based on the 

Normalized Scalar Product (NSP) is the most accurate to 

get the sea surface current and bathymetry fields from a 

sequence of marine radar images [11, 12].  

The radar used during the Bagnara Calabra survey is a 

Bridge Master (25KW antenna with a 2.4 m antenna). 

The analyzed data radar consisted of 32 individual 

images with an interval of 1.97 s between successive 

images. 

Radar system was installed on a hotel panoramic rooftop, 

with view on the sea and on the coast at a height of 

approximately 20 m from the mean sea level.  

 III. OBSERVATION AND DATA PROCESSING 

 

The radar dataset has been collected in the period 24-27 

February 2015. The survey was planned during a period 

of very rough sea state to be taken as evidence for the 

near-shore and surf-zone morphological variations on 

Bagnara Calabra “sedimentary cell” [6]. This approach is 

normally used for standout wave propagation, wave run-

up and wave interaction with submerged or emerged 

structures at stormy conditions. 

The radar antenna was located just on centre of cell, on a 
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mobile platform installed at the coordinates: 

latitude=38°17’12.80"N and longitude=15°48’8.23"E. 

Radar data represents an area of 2km x 2km centered on 

the test area. 

Figure 2 is an example of radar image that provides 

information about the coastal area. The coastal sector 

analyzed has a length of about 3 Km. 

 

 
Fig. 2. Bagnara Calabra instant radar image: the black 

dashed line underlines the coastline. The along shore 

bands with very strong signals are related to wave 

breaking and suggesting the presence of reef-type 

breakwaters. 

 

The radar images interpretation allows us to characterize 

the test area coastal dynamics. The main wave motion 

detected by the radar (visible through the clutter in Figure 

2) comes from the northwest, in according to dominant 

wave motion listed in previous study performed by 

Calabria Region [6]. The incoming waves approaching 

the coast with different angles of incidence produced by 

their refraction. In fact, if the waves approach the coast 

obliquely, they will begin to feel the effects of the 

slowdown in their propagation only in part and the result 

is a wave fronts rotation that will tend to align the waves 

parallel to the coast. The red, high-intensity areas in the 

snapshot image (Figure 2) correspond to regions that is 

experiencing the greatest wave breaking from the front 

face of the waves with respect to the radar. Unbalanced 

wave height distribution around breakwaters induce rip 

currents and the submerged barriers become a trap for the 

wave energy content. Consequently, intense waves 

ringing runs in the stretch between the reef-type 

breakwaters and the shoreline (Figure 2). In fact, the 

radar signal reflection is greater in this area than in the 

others, as well as in all the areas in which there are hard 

objects as cliffs, buildings and morphological highs 

(Figure 2). In general, the radar image shows a different 

signal reflection related to the different coastal 

morphological elements (rocky coast and gravel sandy 

beach). This area, together with those in which there are 

“hard” objects (cliffs, buildings, high grounds) is the one 

characterized by the greater amplitude of the radar signal.  

Figure 3 depicts several morpho-hydro dynamic 

characteristics evidenced by the radar system and other 

important features, as the detection of drifting objects 

(fishing nets) on the sea surface.  

The radar image was compared to the multibeam 

bathymetry acquired by [4]. This comparison illustrates a 

close link between the radar images and the bathymetric 

survey, since the waves, at local scale, are driven by 

water depth and currents. For example, the increase of the 

reflected signal intensity (due to the waves breaking) 

identifies an area characterized by lower depth (<-15m), 

which coincides with the external boundary of LW. 

Taking into account the different signal amplitude related 

to the dissimilar coastal morphological elements, we 

considered three sectors. 

 In the enlargement A, the main signal amplitude 

is related to the outcrop of the bedrock terrain; conversely 

"no-signal zone" is due to the shielding of the radar signal 

by the promontories. The gravelly shore and some stumps 

are also identified.  

 In the enlargement B, the image contains a long-

shore oriented feature of increased backscatter intensity 

that is connected to incident waves and submerged 

breakwaters. Consequently, intense rip currents take place 

(forced currents that move towards sea) at the gaps 

between the submerged breakwaters. Rip currents appear 

elongated northwestward with high velocity neck at about 

40° respect the dominant waves. Moving seaward, the rip 

currents lose energy gradually and interacts with small-

scale near-surface current direction, which generate an 

high radar returns as rip heads deflection represented by a 

plume. Near shore currents are also well identified 

between the submerged breakwater and the coastline.  

 

 
Fig. 3. Radar image with articulated bathymetry offshore 

Bagnara Calabra (redrawn from [4]), showing three 

channels deeply indenting the littoral wedge from -15 to 

over -200 with headwalls very close to the shore. Coastal 

area subdivision: (a) Southern sector, (b) Central sector, 

and (c) Northern sector.  

 

 In the enlargement C, the different signal 

intensity permits to discriminate the main principal 

morphological evidences as the gravelly sand shore, the 
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alluvial infilling from the rocky headland and the areas 

with submerged bedrock. There is an additional evidence, 

of high reflectivity located in proximity of outer 

breakwater of the harbour area. As the high grounds 

shield the reflected signal, there are an area with no radar 

signal.  

Figure 4 depicts the directional spectrum obtained by the 

dataset collected on 25 February 2015 at about 13:00 am 

(UTC). The directional spectrum has one dominant 

spectral wave direction from about 300° (northwest). 

 

 
Fig. 4. Directional spectrum of Bagnara Calabra area. 

 

The resolution of sea near-surface current was evaluated 

detecting drifting objects (as drift nets) on the sea surface 

(figure 5). 

Figure 5 illustrates the synchronous combination of sea 

near-surface current intensity and direction and a 

black/white radar image retrieved by X-band radar. 

 

 
Fig. 5. (a) Comparison between radar image integrated 

over time and the corresponding relative sea near-surface 

current field. (b) Sea near-surface current map: the 

system best evidences the current vectors oriented in the 

drifting objects displacement.  

 

In particular, we analyzed in detail a set of 527 images 

collected over a period of approximately 17 min starting 

at 11:14:37 to 11:31:56 for the day 25/02/2015. During 

this period, the presence of boats that release fishing nets 

are clearly identifiable; the nets, then, drift mainly 

towards SW. Subsequently, considering an acquisition 

time of 1.97 sec, we calculated the displacement of two 

drift nets. The big one in 1039 seconds shifted 278 m 

southwest, with a speed of 0.27 m/s; the smaller drift net 

in 1039 seconds shifted 201 m southwest, with a speed of 

0.19 m/s. The map of the sea near-surface current 

(considering the same period analyzed for the 

displacement of the drift net) was superimposed on radar 

image. The sea near-surface current map (figure 5 b) 

shows a current intensity of about 0.3 m/s and about 0.18 

m/s in the area of the big and of the small drift nets, 

respectively. Therefore, the differences between 

calculated and measured values of current intensity are 

comparable. 

Figure 6 shows temporal variation of intensities rip 

current occurrence compared with sea conditions. The set 

of three mean images collected, depicts an example of 

variation of the rip patterns with identified rip intensities, 

which indicates the rip patterns vary rapidly in a short 

time with the sea conditions. The intensities of rip were 

estimated by image analyses evaluating long shore pixel 

brightness distribution.  

 

 
Fig. 6. Temporal variation of intensities rip current 

occurrence: a) very rough sea; b) moderate sea; c) 

smooth sea. d) The rip currents can be seen in the 

photograph (red circle), identified by the region without 

breaking waves and foam transported outside of the surf 

zone.  

 

Radar system provides not only images but also real-time 

sea state information as the significant wave height (Hs), 

defined as the mean wave height (trough to crest) of the 

highest third of the waves (H1/3). During the three 

acquisition days, the system measured Hs values ranging 

from about 0.5 to 4.5 meters (Figure 7 d), with the 

maximum value reached on 25th February. The Hs value 

estimated by wave radar is a calibrated value. The 
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calibration depends on a number of factors such as 

acquisition geometry and radar setting. With wave buoy 

measures not being available, in this case a measure 

provided by web forecast systems is used. The significant 

wave height recorded by the Consortium LaMMA 

(figures 7(a), 7(b) and 7(c)), is in agreement with the 

recorded data. The main wave direction detected by 

LaMMA (figure 7(a)) is not in agreement respect to radar 

measurement (figure 5(b)): this is probably due to the 

different scales of measurement.  

 

 
Fig. 7. (a), (b), and (c): maps of significant wave height 

recorded by the Consortium LaMMA in Bagnara Calabra 

(Data SIO, NOAA, U.S. Navy, NGA, GEBCO ©2015 

Google Image Landsat). D)Significant wave heights 

measured by X-Band Radar system.  

 IV. CONCLUSIONS 

The paper presents the results carried out with the 

Remocean X-band radar system in the Project SIGIEC 

test site of Bagnara Calabra. From a technology 

perspective, the main interest lies in the "coastal" 

configuration of the system. This feature is important 

since it offers a good flexibility in the choice of the 

spatial and temporal observation modalities considering 

also the paucity of data related to hydrodynamics in the 

nearshore area.  

The system, during the acquisition period, provides sea 

state images useful to characterize the Bagnara Calabra 

coastal area, such as dominant waves length, period and 

direction, significant wave height, surface current field 

intensity and direction.  

In particular, the system has allowed to determine 

directional wave spectra, which show a dominant wave 

direction from the northwest, in agreement with the 

Master Plan of the Regione Calabria [6]. The sea surface 

current field has been validated calculating the speed of 

drifting objects (drift nets) located near the coast. 

Significant wave heights, for the acquisition period, are 

characterized by values ranging from about 0.5 m to 4.5 

m.  

In the test area, the X-Band Radar has detected anthropic 

elements as the harbour outer breakwater and the long 

shore reef-type breakwaters. The system has also 

permitted to determine phenomena of interaction between 

waves and defense works as intense waves ringing 

concentration between reef-type breakwaters and 

coastline. These observations indicate that radar remote 

sensing can be an effective tool for detecting rip currents 

and provide a more synoptic picture of the rip current 

flow field outside the surf zone during high energy 

events.  

Reef-type breakwaters, inducing strong wave breaking 

above the crown of the same structures, are able to reduce 

incoming wave energy to the shore. However, in Bagnara 

case study, unbalanced wave height distribution around 

breakwaters induce intense rip currents and cause scars 

around the open inlets that affected breakwaters stability. 

Moreover, shoreline erosion is probably related to 

breakwaters structural defects. 

Designing reef-type breakwaters to reduce the water 

surface elevation difference between front and rear sides 

of the barriers (which determines rip current intensity), it 

is possible to obtain a reduction of rip currents. For 

existing reef-type breakwaters, three technologies can be 

used to limit rip currents: putting gravels on the bottom of 

the open inlet, installing a small-submerged structure on 

the onshore side of the open inlet or installing a drainage 

channel inside the submerged breakwater to reduce water 

surface elevation at the rear side of the reef-type 

breakwater. 

The results emphasize the potential of the X-Band Radar 

for cost-effective monitoring systems in coastal regions. 

The system, providing real-time wave parameters 

measures and detecting phenomena due to coastal 

hydrodynamics, as rip currents, represents a very 

important tool for coastal areas studies, sea state and 

coastal defense works monitoring. It can be very useful 

especially when it is necessary to estimate coastal erosion 

phenomena evolution and to project eventual coastal 

defense works, as in the case of SIGIEC Project. 
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Abstract – The rising levels of carbon dioxide in the 
atmosphere are responsible for fundamental changes 
occurring in seawater carbonate chemistry. For both 
air and water, there is a pressing need to assure 
metrological traceability thus obtaining comparable 
measurement results on spatial and temporal scales. 
At INRIM several activities are carried out to 
establish the metrological traceability for carbon 
dioxide measurement results. Two primary methods, 
the gravimetry and the dynamic dilution, are used for 
the preparation of reference standards for 
composition which can be used to calibrate sensors 
and analytical instrumentation for carbon dioxide 
determination both in atmosphere and seawater. An 
overview of possible approaches is given. 
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 I. INTRODUCTION 
Global warming is mainly caused by the increase of the 

concentration of carbon dioxide (CO2) and other 
greenhouse gases in the atmosphere. The anthropic 
emission of these gases is among the main causes of their 
increasing concentration [1]. The rising levels of CO2 in 
the atmosphere are also responsible for fundamental 
changes occurring in seawater carbonate chemistry. The 
oceans are absorbing more CO2 from the atmosphere, 
which is decreasing seawater pH and leading to the 
acidification of marine waters, with important 
consequences for the global ecosystem [2]. For both the 
environmental compartments, i.e. air and water, there is a 
pressing need to assure metrological traceability thus 
obtaining comparable results on spatial and temporal 
scales. In addition it is necessary to reach measurement 
uncertainty small enough to discriminate observed 
variations due to natural fluctuations from those due to 
real trends. In this framework, the development and 
validation of proper analytical methods and measurement 
standards is of outmost importance. The set-up of 
reference measurement standards linking the results 

obtained for CO2 determination in the two environmental 
compartments is necessary to assure their mutual 
comparability. 

At INRIM activities are carried out to establish the 
metrological traceability for CO2 measurement results. 
Two primary methods, the gravimetry [3] and the 
dynamic dilution [4], are used for the preparation of 
reference standards for composition which can be used to 
calibrate sensors and analytical instrumentation.  

 II. MEASUREMENT METHODS FOR CO2 
QUANTIFICATION 

 A. Measurement in atmosphere 
The monitoring of CO2 in atmosphere is mainly carried 
out by means of spectroscopic techniques. Several open 
path optical methods are applied to CO2 emission 
monitoring [5], including Open Path Tunable Laser (TDL) 
and Open Path Fourier Transform Infrared (FTIR) 
spectroscopy. 
Another class of CO2 analysers is represented by short 
closed-path infrared detectors, which involve the 
introduction of a gas sample into a chamber by means of 
a pump or diffusion and the quantification of a specific 
gas component by passing light across the chamber and 
through the sample. The principles are similar to open 
path laser techniques in terms of optical sources and 
detectors, but differ for the presence of the measurement 
chamber, which allows a greater portability and reduces 
interference. Although they may show lower sensitivity 
and a slower response time, due to their relatively low 
cost, flexibility and robustness, they are mainly employed 
in monitoring networks, including the ones devoted to 
background CO2 levels in remote areas [6, 7]. There are 
two types of infrared detectors: non-dispersive (NDIR) 
and dispersive. In NDIR, all the light emitted by the 
source passes through the sample, after which it is filtered 
prior to detection. In a dispersive system a grating or 
prism is used prior to the sample to select a specific 
wavelength.  
In terms of atmospheric monitoring, NDIR analysers are 
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the most commonly used detectors for field application. 
They can be easily calibrated by using proper reference 
gas mixtures (see section III).  

 B. Measurement in seawater 
The importance of carrying out reliable and traceable 
CO2 measurements in seawater is due to the fact that, at 
present, the partial pressure of CO2 (pCO2) is one of the 
few directly measurable variables of the marine carbon 
cycle. Despite a variety of in-situ sensors currently used 
to monitor CO2 in marine environment, there are several 
problems to be faced, such as the differences in adopted 
calibration methodologies and non-validated procedures, 
the lack of metrological traceability and of operational 
harmonization for field measurements. At the European 
level, the Marine Strategy Framework Directive 
2008/56/EC [8] asks for provisions for the adoption of 
methodological standards to assess the status of the 
marine environment, to implement its monitoring and to 
reach environmental targets. 
In addition to in-situ sensors exploiting reagent-based 
colorimetry or solid-state detectors, NDIR is becoming a 
widespread technique for CO2 determination in water. 
The operational principle is based on the equilibration of 
a carrier gas phase with a seawater sample and the 
subsequent determination of the CO2 that diffuses 
through, by means of a NDIR detector. Such sensors are 
beginning to be used more and more in different settings 
and under diverse conditions for marine CO2 monitoring.  
The application of NDIR technique is very useful to link 
CO2 measurements carried out in atmosphere and 
seawater. In addition, while the measurement uncertainty 
evaluation for the monitoring of CO2 in gas phase is well 
established, there are no harmonized and standardized 
methods to evaluate the measurement uncertainty 
associated to the calibration of marine pCO2 sensors. 
 

 III. REFERENCE MEASUREMENT STANDARDS 
FOR CO2 QUANTIFICATION 

 A. Measurement in atmosphere 
Reference gas mixtures prepared by primary methods, 
like gravimetry and dynamic dilution, can be used as 
reference measurement standards to assure metrological 
traceability to the results of CO2 determination in air. 
Gravimetry is a weighing process based on subsequent 
steps in which the masses of gases introduced in a 
cylinder are accurately weighted; it gives direct 
traceability to mass standards and the purity of the parent 
gases [9]. The cylinder in which the mixture is prepared 
is weighted prior and after the addition of each 
component of the final gas mixture. For a bi-component 
mixture the weighing procedure would be: 1) empty 
cylinder, 2) cylinder after the introduction of the analyte 
gas, which can be present either in a pure gas or in a 

parent mixture 3) cylinder after the introduction of the 
matrix gas.  
A simplified model equation for the calculation of the 
molar fractions of a generic analyte, A, in a matrix 
component, B, starting from two pure gases 1 and 2, is 
the following (eq. 1): 
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where: 
χA = molar fraction of the analyte gas A in the final 
mixture (mol/mol) 
nA,i = moles of the analyte A in the i-th pure parent gas 
(mol) 
nB,i = moles of the matrix B in the i-th pure parent gas 
(mol). 
Figure 1 reports a cause and effect diagram which 
summarises the main uncertainty sources that contribute 
to the uncertainty on the molar fraction of the mixture. 
 
 

Mass standards 
(weighing)

Mass standards
(weighing)

χA

nB

nB,2

m1

m2

nB,1

MB
Purity 1

Purity 2

MB

m1

nA,1

Purity 1 MA

Purity 2

nA

nA,2

m2

MA

Buoyancy

Balance 
repeatability

Mass standards 
(weighing)

Balance 
repeatability

Buoyancy

Balance 
repeatability

Buoyancy

Mass standards 
(weighing)Balance 

repeatability

Buoyancy

 
Figure 1. Cause and effect diagram summarising the main 
uncertainty sources for a gravimetric reference gas 
mixture, where “m” are the weighted masses of gases 1 
and 2 and “M” are the molar masses of compounds A and 
B. 
 
 
The dynamic dilution is a process in which two gases are 
mixed together by controlling their flows: a ready-to-use 
gas mixture at a desired molar fraction is generated, 
starting from a more concentrated gas mixture and a 
matrix gas. With respect to gravimetry, dynamic dilution 
has the advantage that a gas mixture can be diluted in real 
time on a range of different concentrations and can be 
more easily used also for reactive gases, that are unstable 
in high pressure cylinders. In addition, mixtures 
generated by dynamic dilutions can also be used to check 
and validate gas standards prepared by gravimetry. A 
dynamic dilution system might be obtained by using two 
or more Mass Flow Controllers (MFCs). Equation 2 
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represents a simplified model equation to calculate the 
molar fraction of a generic gas mixture obtained by 
dilution with two MFCs: 

)(
)(

21

2A,21A,1
A QQ

QQ
+

⋅+⋅
=

χχ
χ   (2) 

where:  
Q1: is the flow of the MFC used for the gas 1 that has to 
be diluted (SCCM=cm3/min),  
Q2: is the flow of the MFC used for the diluting gas 2 
(SCCM=cm3/min),  
χA,1: molar fraction of the analyte A in gas 1 to be diluted 
(mol/mol),  
χA,2: molar fraction of the analyte A present as impurity 
in the diluting gas 2 (mol/mol). 
Figure 2 reports a cause and effect diagram which 
summarises the main uncertainty sources that contribute 
to the uncertainty on the molar fraction of the mixture. 
 

χA

Q2

Q1
χA,1

χA,2

Purity 1

Purity 2

MFC calibration

MFC calibration

χA

Q2

Q1
χA,1

χA,2

Purity 1

Purity 2

MFC calibration

MFC calibration

χA

Q2

Q1
χA,1

χA,2

Purity 1

Purity 2

MFC calibration

MFC calibration

 
 
Figure 2. Cause and effect diagram summarising the main 
uncertainty sources for a reference gas mixture prepared 
by dynamic dilution 
 
 
Currently, one of the major challenges is the preparation 
of gas mixtures having uncertainties small enough to 
satisfy the requirements prescribed by the World 
Meteorological Organization (WMO). In this context, one 
of the major issues is represented by the purity of the 
parent gases that needs to be carefully investigated, but 
this is beyond the scope of the present paper.  
Primary reference mixtures of CO2 in nitrogen or 
synthetic air matrices are prepared in INRIM by 
gravimetry in high pressure cylinders of aluminium alloy, 
having an internal volume of 5 L and also by applying a 
dynamic dilution system. The CO2 mixtures cover the 
molar fraction range (50-1000) µmol/mol. The relative 
standard uncertainty associated to these mixtures 
decreases with increasing molar fraction and is in the 
range (0.5 - 0.01) % for both methods. 

 B. Measurement in seawater 
There is a lot of concern both in the oceanographic and 
metrological communities to address the issue of 
seawater measurements. In 2016 a Joint Action called 
“European Marine Sensors Calibration Network” has 
been launched within the European Joint Programming 
Initiative “Healthy and Productive Seas and Oceans” (JPI 
Oceans). (http://www.jpi-oceans.eu/) in order to bring 
together the competencies of various communities such 
as the oceanographic, metrological and sensor producers 
by establishing a permanent working group for 
calibration activities. A main goal is the proposition of a 
future strategic plan towards a permanent, pan-European 
calibration grid to support the activities of marine 
observatories. The group has started its activities by 
focusing on pH, salinity, and fluorescence, but the need 
of addressing also pCO2 has been recognized. 
At present there is a lack of suitable reference materials 
to calibrate instrumentation used for marine monitoring 
of CO2. A lot of effort has been paid to produce reference 
materials for CO2 in seawater [10] and to extend their use 
in inter-laboratory comparisons to assess the quality of 
seawater CO2 measurements [11]. However, the currently 
available seawater-based reference materials suffer from 
the instability of the matrix and on pH variations. In 
addition, there is a high risk of CO2 loss during the 
handling, particularly at high concentration levels. 
Clearly, there is a need for more reference materials, in 
order to rely on enough references both for calibration 
and for quality control checks, considering that whenever 
a reference material is used for calibration, it cannot be 
used for quality control. 
In this framework, the development of appropriate 
reference standards in gas phase to be used to calibrate 
pCO2 sensors might be a promising approach, due to the 
stability of the gas standards. In addition, this would be 
very useful to link the marine determination to the more 
consolidated atmospheric measurements. Such approach 
could help in establishing a better comparability between 
the results of measurements carried out in the two 
different environmental compartments, which are 
unavoidably strongly linked.  
 

 IV. CONCLUSIONS 
The rising levels of CO2 in the atmosphere are not only 
responsible for the greenhouse effect, but also for 
fundamental changes occurring in seawater carbonate 
chemistry. The accurate determination of CO2 both in 
atmosphere and seawater is fundamental to monitor its 
trends in both compartments and the application of the 
metrological concepts is necessary to assure the reliability 
of the measurement results. Establishing metrological 
traceability for CO2 in seawater, by developing suitable 
reference materials for calibration and control of the 
sensors during their routine use and linking the CO2 
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measurements carried out in atmosphere and seawater, is 
a goal to achieve to better understand the terrestrial 
carbon cycle and to monitor the trends of CO2 in the 
atmosphere and the oceans. The process is at its early 
stage, but the acknowledgment of the need of bringing 
together competencies from different fields to fill this gap 
is a crucial starting point. 
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Abstract – The ENEA Marine Environment Research 
Centre S. Teresa has been involved since the ‘70s in 
monitoring, analysis and comprehension of physical, 
chemical and biological processes in marine 
environment. The purpose of this work is to describe 
the recently-implemented metrological approach 
aimed to evaluate the uncertainty associated with 
measurement results obtained by a Conductivity-
Temperature-Depth profiler ( CTD), deployed during 
routine coastal campaigns in the Eastern Ligurian 
Sea, close to the Gulf of La Spezia area. Main effort of 
this work is focused on applying the standard 
framework necessary to correctly assess the 
measurement uncertainty for each involved 
parameter. To this aim, an appropriate uncertainty 
evaluation is performed by combining type A and B 
contributions, evaluated from experimental data 
measured in reproducibility conditions and from 
calibration certificates periodically supplied by 
manufacturer, respectively. 
 

 I. INTRODUCTION 

 The monitoring of chemical-physical parameters in 
coastal and marine areas is the prerequisite to achieve a 
Good Environmental Status (GES) [1] and a sustainable 
and integrated management of environmental resources, 
in line with both the objectives defined by the Marine 
Strategy Framework Directive in Europe [2] and the 
guidelines of IOC (Intergovernmental Oceanographic 
Commission) in a global perspective [3-4]. Sea 
monitoring is especially essential in a climate change 
context: the analysis of long term physical and chemical 
time series is the first step to support forecast models 
studying climate changes. 

 To achieve this goal and study medium and long-term 
variability of marine ecosystems, it is imperative to 
evaluate the uncertainty associated with measurements 
performed in sea context in order to assess their 
reliability; in this sense, a systematic metrological 
approach to marine measurements would be 

advantageous to develop a common database on which 
the marine observing system can be based. Actually, such 
approach needs a constant and effective cooperation 
between all different involved actors, such as 
oceanographers, metrologists and instrument producers, 
each of them owning specific expertise to be shared.  

Purpose of this work is the description of the 
metrological approach, recently implemented at the 
ENEA Marine Environment Research Centre of S. 
Teresa, aimed to evaluate the uncertainty associated with 
measurement results obtained by a well-known 
Conductivity-Temperature-Depth profiler [5] (in the 
following indicated as CTD, where the quantity Depth is 
derived from the measured Pressure), deployed during 
routine coastal campaigns in the Eastern Ligurian Sea, 
close to the Gulf of La Spezia area (Fig. 1).  

 

 
 
Fig. 1. Region of interest: bathymetry (m) and typical 

measurement stations where CTD is deployed. 
 
The monitored zone starts at the exit of La Spezia 

harbour and ranges from coastal areas under the influence 
of Magra river up to areas more assimilable to open sea, 
for an overall surface of about 400 km2. Black dots in 
Fig. 1 indicate typical measurement stations where CTD 
profiler is deployed in order to perform a rapid, high-
resolution vertical sampling on the water column, down 
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to about 65 m water depth. Some views of both the probe 
and the experimental activity in field are shown in Fig. 2.  

  
 

 
 

Fig. 2. a) Schematic view of the CTD probe. b)ENEA 12-
m boat for coastal monitoring campaigns. c) CTD probe 
mounted in parallel with a GoFlo bottle, during the 
transfer from one measurement station to another. d) 
CTD and GoFlo bottle just before the deployment. 

 
 In this work particular attention is paid to post-

processing of acquired data, i.e. the assessment of data 
reliability by evaluating their combined standard 
uncertainty. As described in the following, main effort is 
in fact focused on applying the standard framework 
necessary to correctly assess the measurement uncertainty 
for each involved parameter: to this aim, a typical table is 
compiled as a summary of the standard uncertainy 
components. Type A and B contributions are evaluated 
from experimental data measured in reproducibility 
conditions and from calibration certificates periodically 
supplied by the manufacturer, respectively. They are 
listed in the table together with the corresponding 
sensitivity coefficients. The combined standard 
uncertainty is then supplied together with the relevant 
degrees of freedom, so that a corresponding expanded 
uncertainty can be determined encompassing a large 
fraction of the distribution of values reasonably 
attributable to the measurand. 

 II. CTD PROFILER: MAIN FEATURES 

A CTD probe is a well-known, widespread and reliable 
multi-parameter instrument used to measure water-
column quantities. Starting from the basic measurement 
of Conductivity (C), Temperature (T) and Pressure (p), to 
which Depth (d) is related, it allows the determination of 
derived quantities like Salinity, Density and Sound 
Velocity.  

 All these quantities, usually reported as profiles versus 
d, are of fundamental interest for oceanographers, 
forming the basis to study, interpret and modelling the 

interleaving and mixing processes along the water-
column [5].      

 In the following, just a brief overview of the main 
features of the considered CTD is given, referring to 
proper huge literature [6-10] for a more detailed 
description of each instrument forming the multi-
parameter probe: 

 
- manufacturer: Sea-Bird Electronics (SBE)  
- model: SBE 19plus SeaCAT Profiler 
- maximum deployment depth: 350 m 
- sampling rate of p, T and C measures: 4 Hz 
- lowering speed from the ship: about 0.35 m/s. 
 
 The CTD uses three independent channels to digitize p, 

T and C concurrently: each channel converts the 
corresponding input analog signal into an output digital 
signal following a proper calibration curve already 
memorized in the signal-conditioning unit installed on-
board. Moreover, CTD is equipped with a proper TC-duct 
and pump that provide a constant flow rate through both 
the sensors (regardless of descent rate) in order to ensure 
that the measurement of T and C are made on the same 
parcel of water (so reducing spikes due to the fact that T 
and C sensors are physically separated and characterized 
by different time responses).    

 Main metrological features of p, T and C sensors can 
be summarized as in Table 1 (where f.s. indicates the full 
range scale of the instrument output). 

 
Table 1. Main metrological features of sensors included 
in a CTD probe. Abbreviations indicate respectively: 
M.R. = measurement range, I. A. = initial accuracy,  

S. M. = stability per month, Res. = resolution. 
 

 
  
Profiles of T and C versus d, measured at each station 

while CTD is descending, are firstly managed in 
accordance with the well-consolidated procedures of 
processing and quality control indicated by specific 
standards for analysis and validation of oceanographic 
data [11-13]. Quantities p, T and C here considered vary 
typically in the following ranges: (0-65) dbar, (12-28) °C 
and (20-60) mS/cm, respectively. Processed data are then 
characterized in terms of their uncertainty in accordance 
with the current international metrological standard for 
the expression of uncertainty in measurement [14]: 
analysis is synthesized in the following Section. 

Features 
                          Quantities 

p T C 

Type 
Micro-machined 
semiconductor 
strain gauge 

Ultra-stable 
aged thermistor 

Electrode 
cell sensor 

M.R. (0 to 350) dbar (-5 to +35) °C 
(0 to 90) 
mS/cm 

I. A. 0.1 % f.s. 0.005 °C 0.005 mS/cm 
S. M. 0.004 % f.s. 0.0002 °C 0.003 mS/cm 
Res. 0.002 % f.s. 0.0001 °C 0.001 mS/cm 
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 III.  EVALUATION OF THE UNCERTAINTY 

ASSOCIATED WITH CTD MESUREMENTS 

The standard uncertainty for p(d), T and C quantities 
has been evaluated by compiling a standard table where 
evidence is given to each uncertainty contribution, as 
prescribed by [14]. Analysis takes into account in a 
proper way the uncertainty contributions both declared 
(and periodically verified) by the manufacturer and those 
measured on the field in repeatability conditions (with 
CTD profiler maintained at fixed depths for about 25 s for 
each measurement acquisition). 

 
Compiled tables for each involved quantity are reported 

in Section V (Tables 2-4).  
 
Symbols used in tables have the following meaning: 

 
- Xi : i-th independent input quantity 
- xi : estimate of the i-th input quantity 
- SD: standard deviation 
- uA: type A standard uncertainty, i.e. estimated standard   
deviation evaluated from the statistical distribution of a 
series of measurement results 
- uB: type B standard uncertainty, i.e. approximation to 
the standard deviation of an assumed (a-priori) 
probability distribution, evaluated from calibration 
certificate results, experience or other information (in the 
present analysis, uniform distributions were typically 
assigned to those input quantities varying within ranges 
declared by the certificates) 
- νi: degrees of freedom (DOF) of input quantities (the 
value of 100 DOF is used when the quality of the 
information is considered “very funded”). If equal to 
infinity, the information has been obtained by datasheet 
or calibration certificate and consequently considered as 
very reliable 
- u2(xi): estimated variance associated with input estimate 
xi that estimates input quantity Xi 

- ci: sensitivity coefficients obtained from the 
mathematical model relating the output quantity to the 
input quantities 
- c2

i ∙ u
2(xi): contribution to the output variance associated 

with the i-th input quantity 
- u4

i(y)/νi: i-th contribution in the Welch-Satterthwaite 
formula, used to estimate the actual DOF of the output 
quantity y 
- u2

c(y): combined variance of the output quantity y  
- uc(y): combined standard uncertainty of the output 
quantity y 
- coverage factor k, calculated by the Student’s t-
distribution on the basis of both the chosen confidence 
level and the actual DOF 
- expanded uncertainty U(y): calculated as the product 
between k and uc(y). 

 
In the following, some specific considerations are 

developed for each involved quantity.  
  

A. Pressure  
With reference to Table 2, the total pressure ptot 

measured by the CTD pressure sensor is by default 
corrected for the barometric offset patm of 14.7 psi 
(corresponding to about 1015 hPa); the correction is 
performed automatically by the CTD signal conditioning 
unit and should be verified by comparing the default 
value with the actual barometric value at sea level before 
deployment. In the evaluation of the uncertainty of p, the 
correctness of this offset has been verified by comparison 
with the historical atmospheric pressure mean patm 
acquired by the Vaisala-type analog barometer (mod. 
PTB101B) at ENEA S. Teresa Centre at an altitude of 
49.5 m during the last 13 years (and normalized to sea 
level pressure by well-known formula [15]). The mean 
value of patm is (1015 ± 7) hPa, being reasonably 
comparable with the default value implemented by SBE 
in the CTD unit. Further contributions to uncertainty 
connected to Vaisala barometer in measuring patm have 
been considered in Table 2. The combined standard 
uncertainty of p (where p = ptot - patm) has been evaluated 
as equal to 0.24 dbar, the major contribution being the 
calibration effect.    
 
B. Depth derived from Pressure 

The correct expression to calculate d as a function of p 
include some further terms [4], as follows: 

 
                         d = f(p, Lat, Ψ,Φ0)                              (1) 
 
where Lat, Ψ and Φ0 are respectively the Latitude of the 

measuring station (deg), the dynamic height anomaly (m2 

s-2) and the geopotential (m2 s-2) both referred to zero sea 
pressure. Relationship (1) can be simplified by ignoring 
the two terms Ψ and Φ0: this approximation leads to a 
determination of d values affected by a relative standard 
uncertainty of about 0.1 %, as declared by [4]. 

The simplified formula here adopted to calculate d from 
p is the one reported in [9] and [12], valid for an ocean 
water column at 0 °C and 35 PSU: ENEA data here 
reported (typically sampled at about 38 PSU and with 
higher values of T) have been verified to follow these 
conditions, belonging to the so-called "oceanographic 
funnel", as calculated by proper expression in [4]. 
Therefore, expression (1) can be simplified as follows: 

 
                           d ≈ f(p, Lat) = α ∙ p                         (2) 
 
where α ≈ 0.992 m/dbar is a correction factor  

determined by EOS-80 expression [12] where the 
Latitude value has been calculated at the centre of the 
typical ENEA sampling area (about 44.01°N). 

In conclusion, taking into account the uncertainties of 
both p and α, typical values of relative combined 
standard uncertainties for p and d are reported in the 
diagram in Fig. 3. It can be noted that relative standard 
uncertainty of d is less than 1 % for depth greater than 
about 30 m.    
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Fig. 3. Values of relative combined standard uncertainty 

for Pressure and Depth. 
 

C. Temperature and Conductivity 
Values of T and C are direct output of CTD probe. 

Combined standard uncertainty evaluated in Table 3 and 
4 in Section V leads, respectively for T and C, to values 
equal to 0.023 °C and 0.032 mS/cm. In Figures 4 and 5 
typical profiles for T and C are shown, taking into 
account uncertainties on both axis. 

 
Fig. 4. Values of combined standard uncertainty in a 

typical Temperature-Depth profile (date of acquisition: 
10th of March, 2016. Position: 9.847 °E, 43.935°N).   

 
Fig. 5. Values of combined standard uncertainty in a 

typical Conductivity-Depth profile (date of acquisition: 
10th of March, 2016. Position: 9.847 °E, 43.935°N).   

 IV. EXAMPLE OF APPLICATION: TEMPERATURE 
COMPARISON OF MODEL DATA VS 

EXPERIMENTAL DATA 

Uncertainty evaluation described in Section III allows 
the construction of a reliable experimental database to 
which model data can be compared in order to validate 
dedicated forecast systems. 

As an example of a possible application, daily mean 
model data of temperature profiles are compared with 
ENEA S.Teresa experimental data acquired by CTD close 
to the Gulf of La Spezia, during a monitoring campaign 
performed on the 10th of March 2016. 

Model data have the following features [16]: 
 
- model: Copernicus Mediterranean Forecasting System   
- identifier:    MEDSEA_ANALYSIS_FORECAST_ 
PHYS 006 001 
- horizontal grid resolution: 1/16° (about 5 km and 7 km 
for Longitude and Latitude, respectively) 
- depths: 72 unevenly spaced levels. 
 
Uncertainty assessment allows to compare model data vs 
experimental data both qualitatively and quantitatively, as 
shown in Fig. 6.  

 

 
 
Fig. 6. Temperature data of water column at a depth of 

5 m on the 10th of March, 2016. a) Experimental data 
plotted in a continuous gridded field. b) Model data 
discretized at the spatial resolution of 1/16°. The square 
dot indicates respectively a downcast station where CTD 
has been deployed and the corresponding, nearest point 
in the model grid.   
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X i type source standard uncertainty estimated by dbar dbar dbar
2

dbar
2

dbar
4

calibration manufacturer's specifications* range of variability (0.1 %FSR): 0.202 ∞ 4.1E-02 1 4.1E-02 1.7E-05

stability manufacturer's specifications range of variability (0.004%FSR per month): 0.097 ∞ 9.4E-03 1 9.4E-03 8.9E-07

resolution manufacturer's specifications range of variability (0.002%FSR): 0.004 ∞ 1.6E-05 1 1.6E-05 2.7E-12

repeatability repeated observations SD (CTD fixed at various depth for about 25 s): 0.050 100 2.5E-03 1 2.5E-03 6.3E-08

*verified by periodical calibration checks at manufacturer's calibration laboratories (once a year)

linearity manufacturer's specifications SD, in the range [0 °C,+40 °C]: 0.007 ∞ 4.6E-05 -1 4.6E-05 2.1E-11

hysteresis manufacturer's specifications SD, in the range [0 °C,+40 °C]: 0.001 ∞ 5.6E-07 -1 5.6E-07 3.2E-15

repeatability manufacturer's specifications SD, in the range [0 °C,+40 °C]: 0.001 ∞ 5.6E-07 -1 5.6E-07 3.2E-15

calibration manufacturer's specifications SD, in the range [0 °C,+40 °C]: 0.002 ∞ 5.1E-06 -1 5.1E-06 2.6E-13

stability manufacturer's specifications range of variability (0.001 dbar per year): 0.007 ∞ 5.2E-05 -1 5.2E-05 2.7E-11

resolution manufacturer's specifications range of variability (0.001 dbar): 0.001 ∞ 3.3E-07 -1 3.3E-07 1.1E-15

reproducibility repeated observations SD of very long time series of data: 0.075 657362 5.6E-03 -1 5.6E-03 4.8E-11

5.8E-02

0.24 194

0.95

1.972

0.48

p tot

p atm

u A

coverage factor k  = t  (prob , DOF)

expanded uncertainty U (p ) [dbar]

p  = f (X i) = f (p tot, p atm)

u
4

i(p )/νi
Underwater pressure p [dbar]

u B ν i u
2
(x i) c i = ∂f /∂x i u

2
i(p )=c

2
i · u

2
(x i)Standard uncertainty components for input quantities X i

u
2

c(p ) [dbar
2
]

u c(p ) [dbar] and actual DOF

coverage probability prob

p = p tot - p atm

Model data show in fact a trend that is confirmed by 
experimental data, that is to say a generalized warming 
ranging from the coast towards opens sea. Moreover, both 
measures can now be effectively compared in terms of 
absolute values: at 5 m depth, CTD profiler measured a 
value of T equal to  (13.786 ± 0.023) °C, while model 
data provided a measure of (13.68 ± 0.50) °C 
(temperature accuracy for model data is indicated in 
[17]). It can be concluded that, in this specific case,  
model data are reasonably comparable with experimental 
data. A further validation can be drawn if a larger model 
database is compared with experimental CTD data: as an 
example, considering again the 5 m depth and 
experimental measures in the period from March 2015 to 
March 2016, the mean difference obtained between 
model data and CTD data is equal to (-0.14 ± 0.48) °C, 
reasonably comparable with the value, reported in 
literature [17], of (-0.06 ± 0.50) °C in the layer (0-10) m.     

 
Table 2. Uncertainty evaluation for p measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table 3. Uncertainty evaluation for T measurement. 
 
 
 
 
 
 
 
 
 

 
 
Table 4. Uncertainty evaluation for C measurement. 
 

 
 
 
 
 
 
 
 
 

 V. TABLES FOR UNCERTAINTY ASSESSMENT 

Tables for uncertainty assessment associated with the 
involved quantities are reported in the following. 

Blue asterisk indicates the calibration contribution to 
uncertainty due to calibration curve whose coefficients 
are directly memorized in the CTD unit; these 
coefficients are properly verified or renewed by means of 
periodic metrological tests performed at the manufacturer 
laboratory.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

X i type source standard uncertainty estimated by °C °C °C
2

°C
2

°C
4

calibration manufacturer's specifications* range of variability (0.005 °C): 0.0029 ∞ 8.3E-06 1 8.3E-06 6.9E-13

stability manufacturer's specifications range of variability (0.0002 °C per month): 0.0014 ∞ 1.9E-06 1 1.9E-06 3.7E-14

resolution manufacturer's specifications range of variability (0.0001 °C): 0.0001 ∞ 3.3E-09 1 3.3E-09 1.1E-19

repeatability repeated observations SD (CTD fixed at various depth for about 25 s): 0.023 100 5.3E-04 1 5.3E-04 2.8E-09

*verified by periodical calibration checks at manufacturer's calibration laboratories (once a year)

5.4E-04

0.023 104

0.95

1.983

0.046

c i = ∂f /∂x i u
2

i(T )=c
2

i · u
2
(x i) u

4
i(T )/νi

T

u
2
(x i) 

direct measurement 

u
2

c(T ) [°C
2
]

u c(T ) [°C] and actual DOF

coverage probability prob

coverage factor k  = t  (prob , DOF)

expanded uncertainty U (T ) [°C]

T 

Water temperature T [°C]
Standard uncertainty components for input quantities X i u A u B ν i

X i type source standard uncertainty estimated by mS/cm mS/cm (mS/cm)
2

(mS/cm)
2

(mS/cm)
4

calibration manufacturer's specifications* range of variability (0.005 mS/cm): 0.0029 ∞ 8.3E-06 1 8.3E-06 6.9E-13

stability manufacturer's specifications range of variability (0.003 mS/cm per month): 0.0208 ∞ 4.3E-04 1 4.3E-04 1.9E-09

resolution manufacturer's specifications range of variability (0.001 mS/cm): 0.0006 ∞ 3.3E-07 1 3.3E-07 1.1E-15

repeatability repeated observations SD (CTD fixed at various depth for about 25 s): 0.0247 100 6.1E-04 1 6.1E-04 3.7E-09

*verified by periodical calibration checks at manufacturer's calibration laboratories (once a year)

1.1E-03

0.032 198

0.95

1.972

0.064

Water Conductivity C [mS/cm]
Standard uncertainty components for input quantities X i u A u B ν i u

2
(x i) c i = ∂f /∂x i u

2
i(C )=c

2
i · u

2
(x i) u

4
i(C )/νi

C

direct measurement 

C 

u
2

c(C ) [(mS/cm)
2
]

u c(C ) [mS/cm] and actual DOF

coverage probability prob

coverage factor k  = t  (prob , DOF)

expanded uncertainty U (C) [mS/cm]
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 VI. CONCLUSIONS 

Main results achieved by this work are underlined in the 
following list: 

 
1. a more detailed knowledge of the nature of both 

measurand and measurement process for what concerns 
the direct measurement of p, T and C profiles performed 
by CTD in the specific coastal zone of the Gulf of La 
Spezia. At the moment, these parameters can be measured 
with combined standard uncertainties of 0.24 dbar, 0.023 
°C and 0.032 mS/cm in typical ranges of 0-65 dbar, 12-28 
°C and 20-60 mS/cm, respectively; 

 
2. CTD measures acquired and managed at ENEA 

Centre of S. Teresa, supplied by proper standard 
uncertainty bars, can now be used to draw metrological-
founded conclusions about sea conditions in the coastal 
zone of interest (i.e. Empirical Orthogonal Functions 
analysis aimed to optimize the sampling campaigns, or 
data comparison with forecast algorithms as a support 
tool to calibrate/validate models); 

 
3. the realization of a well-consolidated framework for 

uncertainty evaluation, directly extensible to other 
relevant quantities derived by CTD measures (i.e. Salinity 
and Density) or measured by dedicated probes mounted 
together with CTD (i.e. Dissolved Oxygen concentration, 
Turbidity or Chlorophyll-a): uncertainty analysis of these 
quantities will be the subject of future works, taking into 
account at the same time the calibration capabilities 
already available at the ENEA Centre of S. Teresa in 
terms of internal reference standards (e.g. for Dissolved 
Oxygen concentration).         
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Abstract –Sediment cores may be used to reconstruct 
the chronological evolution of contamination in 
impacted areas and deep core levels may be used as 
reference conditions for the assessment of 
environmental status. For this, it is necessary to collect 
undisturbed cores, in which textural and chemical 
characteristics of each analyzed sediment layers 
correspond to the environmental conditions of the 
deposition times. Several devices are available and, 
among these, vibro and gravity corers are the most 
used ones. In this study, chemical (Ba, Hg, PCBs and 
PAHs) and grain size data obtained by means of 
gravity (SW-104) and vibro (Rossfelder®) corer from 3 
stations of the heavily contaminated Augusta harbor 
were considered. They were compared considering the 
different technical characteristics of the corers, in 
order to demonstrate which is the difference for the 
data acquisition in terms of penetration depth. The 
results show that, for areas characterized by high 
sedimentation rates, the vibrocorer results the best 
choice for the higher penetration capacity. As regards 
sediment compaction and potential downward drag of 
any contaminants, the two devices do not show 
significant differences. 

 I. INTRODUCTION 
The study of chemical and textural characteristics of 

sediment cores is an important tool to highlight the 
anthropogenic impact in marine coastal systems, because 
they preserve the record of sedimentary and chemical 
input, due both to natural and anthropogenic factors. 
Deep core levels reflect environmental conditions before 
the impact and, consequently, they may be used as 
reference conditions for the assessment of the 
environmental status [1]. Due to these features, sediment 
cores are also the mean to determine background 
concentrations of metals and trace elements in marine 
sediments [2]. 

The sampling method is of basic importance to acquire 
reliable data, because the collected samples should be 

virtually undisturbed, while any devices could be the 
cause of some disturbance during penetration into the sea 
bottom. 

Two replicate cores from three stations (AU3, AU9 and 
AU10) of the coastal area of the Augusta harbor, sampled 
in the context of a comprehensive environmental 
characterization finalized to identify extent and 
chronology of contamination, were considered for this 
study (Fig. 1). 

 

 
Fig. 1. Study area and sampling stations. 

 
Surface sediments of the Augusta harbor range between 

sand and silty clay; silt and clay are the prevailing 
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fractions, with the highest values in the northern sector, 
while sand reaches higher values nearshore, in the central 
sector, and close to the southern inlet (Fig. 2) [3].  

The harbour area developed into a significant industrial 
Mediterranean pole from the 1950s onward and became a 
major processing centre for petrochemicals and chemical 
industry precursors. The high concentration of these 
industries and their discharges imposed a pollution legacy 
on the bay that has become a significant concern. Several 
industries such as chemical and petrochemical plants, oil 
refineries and electric power plants have impacted the 
area for several decades, but one of the most important 
contributors of hazardous waste to the harbor was from a 
Mercury Cell Chlor-Alkali Plant (MCCAP) that operated 
from 1958 to 2003. Recent studies of the area have 
established the vertical and spatial distributions of some 
metals (Hg and Ba), PAHs, HCB and PCBs and found the 
highest concentrations in the southern sector [4]. 

 

 
 Fig. 2. Contour maps of sand, silt and clay content in 

surface sediments. 
 
Aim of this study is to highlight advantages and 

disadvantages of both gravity and vibro corer for data 
acquisition finalized to the historical reconstruction of 
contamination patterns. This goal is achieved taking into 
account different technical characteristics and different 
physical principles used for sediment penetration, and by 
comparing vertical profiles of sediment parameters such 
as grain size and heavy metal concentration, obtained 
using the two devices. 

 II. TECHNICAL FEATURES OF CORERS 
For this study the gravity corer (SW104) and the vibro 

corer Rossfelder® (VBR) were utilized (Fig. 3). 
The SW104 gravity corer is a suitable device for 

sampling mainly muddy sediments, but also the sandy 
ones; the corer used in this study was equipped with core 
tube containing a internal liner, 135 cm in length, with 
104 mm internal diameter. The core sediment and bottom 
water are contained through a lower barrier of duck 
closing device and an upper water-containment valve. 
The core tube supports the dead weight, which provides 
the kinetic energy needed to penetrate sediments, and the 
governer, that controls the vertical descent of the corer, 
which generally occurs at speed ranging from 0.2 to 1 
m/sec. At the end of the tube, the stainless steel nose is 
composed of a very sharp conical tip, to facilitate the 
penetration into the seabed [5, 6]. 

The Rossfelder® vibrocorer is commonly used to 
collect cores in any type of sediments, and has an 
electric-powered mechanical vibrator at the head end, 
which applies thousand of vibrations per minute to help 
the nose to penetrate the sediment. The vibrocorer 
incorporates a tight-sealing water-escape valve mounted 
within the vibro-head, while a core catcher holds the 
corer during recovery [7]. At the base of the tube there is 
a square base allowing vertical penetration in sediments 
An internal liner having 90 mm internal diameter and 300 
cm in length, was utilized for the sampling of the 
sediments in the Augusta harbor. 

 

 
Fig. 3. Rossfelder® vibro corer on the left and SW104 

gravity corer on the right (Photo by ISPRA). 

 III. MATERIAL AND METHODS 
Gravity cores were sub-sampled by extrusion, while 

vibro cores were sampled following longitudinal 
splitting. Samples for geochemical and grain size 
analyses were carried out on 3-cm resolution. Parameters 
considered for this study were grain size, Mercury (Hg), 
Barium (Ba), Polychlorobiphenyls (PCBs) and Polycyclic 
Aromatic Hydrocarbons (PAHs). Analytical methods 
were reported by previous studies of sediment 
contamination of the Augusta harbor [4; 8]. 

The cross correlation was applied to the two series of 
data acquired by SW104 and VBR at the same station, as 
a measure of similarity as a function of the displacement 
of one relative to the other [9]. 

 

 IV. RESULTS AND DISCUSSION 
The comparison of vertical profiles, in gravity and 

vibro cores, of grain size, Ba, Hg, PCBs and PAHS in 
AU3, AU9 and AU10 stations, allows to make some 
considerations on advantages and disadvantages of the 
two different corers.  

The penetration of VBR allows to sample the deeper 
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levels than SW104. Especially for AU3 and AU9, below 
150 and 140 cm, respectively, the use of VBR allows 
sampling the older uncontaminated sediments which may 
be considered as reference conditions (Fig. 4). The 
natural section of cores is characterized by low and 
scarcely variable concentration of metals and organic 
contaminants. The age of these levels, according to 
sedimentation rates determined by a previous study for 
cores AU3 and AU10, are older than 1950, when 
industrial activities started [4]. The recovery of sediments 
not affected by anthropogenic influence is of basic 
importance for the environmental assessment, which 
identifies the extent of deviation from natural condition, 
and for the identification of local background levels of 
metals and trace elements [10]. 

 

 
Fig. 4. Downward profiles of <63 µm sediment 

fraction, Ba, Hg, PAHs and PCBs in SW104 and VBR 
replicates at AU3, AU9 and AU10 stations.  

 
In general, for each analytical parameters, profiles of 

the SW104 and VBR are rather well aligned for cores 
sampled in AU3 and AU9 stations, although 
concentrations of metals and organic contaminants are 
always higher in the VBR core at AU9 station. 
Differences in concentration values could be explained 
only considering that contamination is patchy distributed 
at AU9 station [8]. 

The cross correlation was applied to the two series of 
the same parameter in order to compare the similarity of 
the SW104 and VBR profiles, also taking into account 

the possible lag of one signal relative to the other, due to 
different sediment compaction of two devices [11]. Cross 
correlation of Ba profiles was shown as an example (Fig. 
5); high correlation values indicate a good agreement of 
the two profiles. The highest correlations values, 
concentrated not around the 0 value of lag, but at slightly 
positive values, indicate that the second profile, that of 
VBR, is only a little shifted towards the top, with respect 
the profile of SW104. From this, it may be deduced that 
the slight sediment compaction recorded for VBR core, 
due to the lower core diameter, scarcely affects 
concentration patterns [5]. Cross correlation, showing a 
slight shift towards the core top of VBR profiles, testifies 
also that no downward transfer of contaminants is 
recognizable in the VBR core. 

 
Fig. 5. Output of cross correlation applied on Ba data 

of the SW104 and VBR replicates at AU3 station (blue 
bars are correlation values; red lines are p values). 

 

 V. CONCLUSION 
The high sedimentation rates usually existing in marine 

coastal settings which need environmental 
characterization, such as harbor areas, imply the need of 
using a corer with higher penetration capacity, in order to 
sample ancient uncontaminated levels which correspond 
to reference conditions. For this aim, the VBR is 
undoubtedly superior to SW104. As regards possible 
sediment compaction and downward shift of 
contaminants, cross correlation demonstrated that no 
evident differences between the two devices are 
recognizable.  
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Abstract – Campi Flegrei is an active, large (about 200 
km2) volcanic complex located offshore in the northern 
sector of the Naples Bay. The inner, peri-calderic area 
is characterized by severe, non-linear ground 
deformation and associated displacement of manufacts 
(bradyseism). Here we show the results of marine 
geophysical surveys (multibeam swath bathymetry) 
and satellite observations (SAR Interferometry) aimed 
at the detection and measurement of the coastal 
horizontal and vertical displacements of segments 
compounding the Pozzuoli Bay, and mostly 
corresponding to the inner part of the Campi Flegrei 
Caldera. Radar satellite observations provided a means 
for the definition of both regional and local 
displacement (uplift and/or subsidence) of discrete 
areas and associated infrastrucures (e.g. buildings, 
landmarks, archeological remains) on the emerged 
portion of the caldera structure, thus allowing for the 
understanding of the active trends of bradyseism for 
each coastal segment over the last 25 years. 
At same time, high-resolution multibeam swath 
bathymetry provided unprecedented accurate imaging 
of geomorphological lineaments, as well as of the 
Roman archaeological outliers presently extending 
over the seafloor. These data served as a constrain to 
reconstruct the evolution of vertical displacements in 
the coastal sector of the Pozzuoli Bay over the last 2.000 
years ca. The integration of datasets also offers sound 
base information to define the recentmost-to-current 
trends of ground deformation at Campi Flegrei. 

 I. INTRODUCTION AND GEOLOGY 
Campi Flegrei is an active volcanic district located on the 
coastal zone of the Campania region of SW Italy, a large 
part of which develops in the Naples (Pozzuoli) Bay. The 
area is structurally dominated by a caldera collapse, ~8 k 
min diameter, associated with the eruption of the 
Neapolitan Yellow Tuff (NYT), dated ~15 ka BP [1]. 
In the last decades many Authors have suggested that the 
NYT collapse was preceded by a larger collapse during the 

eruption of the 100–200 km3 Campanian Ignimbrite (CI) 
39,000 years BP [2] although recent investigations suggest 
that the CI may have been fed, instead, from fissures north 
of Campi Flegrei (Fig. 1). 
Since the NYT event, volcanic activity has occurred 
episodically along the border of the caldera, mainly 
between 15,000 years and 8000 years BP, and between 
4800 and 3700 years BP. The last eruption occurred in 
1538 with the formation of a scoria cone called Monte 
Nuovo. 
Dramatic ground deformation associated with caldera 
unrest, has long been recognized over the last thousand 
years at Campi Flegrei. Significant uplift of the central part 
of the NYT caldera before 4 ka BP has been documented 
in the area of Pozzuoli where an entire coastal sector 
(marine terrace of “La Starza”) has been uplifted to an 
elevation of 30 to 55 m above sea level [3]. 

 
Fig. 1. Location map of the Campi Flegrei caldera   
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Recent studies have shown that the inner caldera region is 
characterized by a resurgent dome, ~ 5 km in diameter, 
bounded by a 1–2 km wide ring fault system. The style of 
deformation of the resurgent structure can be described in 
terms of a broad antiformal folding, accompanied by 
subordinate brittle deformation, mostly concentrated in a 
small apical graben at the summit of the resurgent dome. 
The average net uplift rate of the resurgent structure has 
been in the order of 9–12 mm/year between 10.5 ka BP and 
4.0 ka BP [4], with a total uplift recorded at La Starza, on 
land, that can estimated in the order of 60–80 m over that 
period.  

Archaeological remains of Roman age, nowadays 
submerged at a water depth of ~10 m along the western 
infralittoral zone of the Pozzuoli Bay [5] indicate that the 
entire area underwent subsidence since Roman time. The 
relatively long post-Roman subsidence phase was 
interrupted at least once in the Middle Ages, and then 
followed by uplift that started at least 40 years before the 
1538 Monte Nuovo eruption. Recent ground deformation 
documented in the Pozzuoli area was accompanied by two 
bradyseismic crises occurred in 1970–71 and 1982–84, 
with a cumulative ground uplift of 3.5 m in 15 years and 
maximum uplift rates of 100 cm/year in the period 1983–
1984. After 1984, the ground slowly subsided until 2004–

2005, when a new of deformation phase and enhanced 
hydrothermalism started in 2005-2006, with ~0.45 m of 
uplift at the end of 2016. 

 II. DATA AND METHOD 
 
Multibeam Swath Bathymetry  
 
Multibeam (swath) bathymetry data acquisition was 
carried out by IAMC-CNR, Naples Geophysical 
Laboratory during a series of oceanographic cruises from 
1997 to 2013 [6, 7]. Some very limited, shallow water 
areas were surveyed in single beam mode, while land 
topography was obtained by the Italian Istituto Geografico 
Militare (IGM) through interferometric 
surveystopographic maps. Most of the bathymetric dataset 
result from the use of the Reson Seabat 8125 equipment, a 
240 beam array with 120° of Swath Coverage and a pulse 
frequency of 455 KHz, particularly suitable for shallow 
water settings.. During the acquisition, the use of a GPS 
with differential correction ensured a sub-metric precision 
on positioning. All components of the acoustic equipment 
were managed by using the PDS2000 package, a standard 
hydrographic software for data acquisition, navigation and 
processing. Measurement errors were manually deleted 
with a reply of swaths pattern, etc. The final resolution 
ranges 0.2 m / 1 m in grid cell size.  
 
SAR Interferometry 
 
Synthetic Aperture Radar Interferometry (InSAR) is used 
worldwide for detecting and measuring ground-surface 
deformatios occurred since early ‘90’s. InSAR technique 
provides very accurate, unidimensional, sub-centimetric 
measurements of slow ground movements along the Line 
of Sight (LOS), referred to the straight line between radar 
sensor and the ground target [8]. 
Several interferometric techniques have been proposed for 
the measurement of the ground deformation from SAR 
data, such as Permanent Scatterers (PS). The PS-InSAR 
technique requires a master scene and a stable reference 
point, assumed stable, to which the zero in the time series 
and the relative measurements of deformation are 
respectively referred [9]. The Persistent Scatterer Pair 
(PSP) approach has been recently developed for the 
identification of Persistent Scatterers. The PSP technique 
is intrinsically free from artifacts slowly variable in space, 
like those depending on atmosphere or orbits, and it does 
not require data calibration or pre-selection of 
radiometrically stable points. 
In the Campania region, the interpretation of spatial 

 
 

Fig. 2. A) Example of DTM acquired over an 
archaeological area (Villa dei Pisoni). B) Map of 

underwater ruins in the Pozzuoli/Naples Bay 
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distribution of ground deformation due to dynamic 
processes, including volcanism, tectonics and natural to 
human-induced subsidence can be assisted by space-borne 
InSAR techniques, exploiting the C-band sensors onboard 
ERS (from 1992 to 2001), ENVISAT (from 2002 to 2010) 
and RADARSAT (from 2003 to 2007) satellites. 
The PS material used in this study is represented by three 
PS datasets selected respectively from: a) ERS-1/2 
ascending and descending orbits, b) ENVISAT ascending 
and descending orbits, c) RADARSAT ascending and 
descending orbits, obtained by the TELLUS Project [21] 
and by the Not-Ordinary Plan of Environmental Remote 
Sensing (EPRS-E) [9]. The PS datasets have been 
referenced to WGS-84 Datum UTM Projection, 33N Zone, 
geometrically checked and spatially processed using GIS 
software. 
In the analysis of the PS data, ground deformation values 
are measured along the satellite LOS, which is not vertical, 
but ranges from 22° to 34° in the study area. In order to 
limit the geometrical effects induced by the side-looking 
view of SAR satellite sensors the derived velocity 
measurements may be expressed in terms of two spatial 
components of ground deformation (vertical and E-W 
horizontal components) because the N-S horizontal 
component cannot be determined by the SAR satellite 
acquisition system. 
 
III. RESULTS AND DISCUSSION 
 
Seafloor archaeological data 
 
Due to the concomitant action of subsidence and, 
subordinately, sea level rise, the coastline of Baia-Pozzuoli 
has retroceded by several hundred meters in the last ≈
2Ka, thus submerging a large archaeological complex. The 
Pozzuoli-Baia underwater ruins include a port 
infrastructure (Portus Julius) and a residential area 
(Baianus Lacus).  
Portus Iulius was a military harbour, occupied by the 
ancient Lucrino Lake. This construction was built from 
Marco Vipsanio Agrippa in the 37 BC for military 
purposes. The harbour was connected to the adjacent 
Averno Lake by a 300 m long and 50 m wide artificial 
channel. The Port had a pier coastline (370 m) built with 
arches settled on 15 pillars with a squared plant, and it was 
linked with the open sea by a 360 m long, 60 m wide 
N130°E striking artificial channel made by two protected 
parallel piers. 
Baianus Lacus was a natural harbourage located between 
Punta Epitaffio to the North and Punta del Castello to the 
South. This area was linked to the Pozzuoli Bay with a 
N100°E striking, 220 m long and 30 m wide channel that 
is actually partially covered by sediment. In this area there 
are the remains of the nymphaeum triclinium (1st Century 
BC), and findings of thermal bath plants, villas with 
mosaic floors and wine shops [10].  

As a consequence of the bradyseism, the ancient ports of 
Miseno, Baia and Portus Julius (Pozzuoli) are presently 
drowned several metres below the actual mean sea level.  
These features are actually partially visible in bathymetric 
records (Fig 2A and 2B). 
Taking into account the present-day depth of 
archaeological manufacts below the sea level, their 
“functional height, (i.e. the expected original height of 
manufacts with respect to the past mean sea level), and the 
rate of sea level rise of the last 2 ka, is it possible to 
calculate the ground deformation associated with the 
bradyseism magnitudo in the last 2 kaduring this time 
interval (Fig. 3A). Its vertical computation resulted to be 
not homogeneous along EW, and mostly altered by the 
presence of fractures and/or faults. Results are summarized 
in Fig 3B. 
 
Ground deformation trends in the emerged area 
 
The vertical and E-W horizontal deformation patterns of 
study area obtained by PS-InSAR processing are showed 
in (Fig. 4A and 4B).  
The analysis of 1992-2000 ERSSAR datasets shows that 
the Campi Flegrei area is characterized by negative 
vertical velocity, i.e. subsidence. Referring to the 
horizontal deformation field, the western sector is 
characterized by eastward velocity values, while the 

 
 

Fig. 3. A) Location map of functional heights 
derived by archaeological remains. B) Map 

ofsubsidence (in m). Location map is the red 
rectangle in A. 
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eastern sector is characterized by westward velocities with 
maximum values within the inner caldera region. This 
deformation framework is due to the strongpattern 
suggests a contraction (deflation) of Campi Flegrei 

caldera, during 1992-2000, possibly due to a 
depressurization of the hydrothermal system. 
The described trends are only partially influenced by the 
During 2003-2007 and 2002-2010 years (Radarsat and 
Envisat datasets) the vertical velocity distribution shows a 
regional pattern characterized by positive valuesvertical 
uplift in  at Campi Flegrei and in the western sector of 
Ischia island, which identify areas affected by significant 
uplift, ostensibly related to current volcano-tectonic 
processes occurred in 2003-2010 in respectively active at 
Campi Flegrei caldera and Monte Epomeo. As to 
horizontal deformation fields, in 2003-2010 the western 
sector is characterized by stability or westward velocity 
values, while the eastern sector is characterized by stability 
or eastward velocities. 
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Fig. 4. Horizontal E- W (up) and vertical (down) 
components of ground deformation enhanced by 

available SAR datasets (1992-2010).  
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Abstract – A total of 24 sediment samples from 5 
different Italian marine sites (4 from Tyrrhenian Sea 
and 1 from Adriatic Sea) were analyzed for grain size 
using two different instruments: Laser Granulometer 
(LG) and X-ray Sedigraph (XS). The analysis was 
carried out exclusively on the fine fraction (<63 m), 
obtained by dry sieving, in order to compare data 
results and highlight potential differences. The results 
show an increase of 15-25% of clay content in the 
samples analyzed by XS with respect to the ones 
analyzed by LG. In spite of analyzing the <63 m 
fraction, both instruments recorded the presence of 
variable amount of sand in most samples, with high 
percentages (up to 53.3% for XS and 30% for LG) in 
the Bagnoli samples. The different results supplied by 
the two instruments may be attributed to the different 
principles of functioning of the two instruments and to 
the peculiar physical properties of the particles such 
as shape, density and mineralogical composition. 

 I. INTRODUCTION 

Grain size is a fundamental feature of marine sediment, 
because it gives a lot of information about the deposition 
area, the typology of sediment for a potential reuse (i.e. 
beach nourishment), the accumulation of pollutants, etc. 
For this reason it is important to prevent errors that could 
change the real determination of sediment grain size. 

Traditional methods for grain size analysis are generally 
based on sieving procedure for coarse fractions and 
sedimentation procedure for fine ones [1]. The different 
methods for particle size determination generally include 
direct measurement, dry and wet sieving, settling tube 
analysis, pipette and laser granulometer, X-ray Sedigraph 
and Coulter Counter analysis [2]. Each technique is 
appropriate for a particular range of particle size; for 
example, sieving is mainly suitable for the analysis of 
sand and gravel-sized materials (>63 m), while 
sedimentation (pipette analysis) is only suitable for the 
finer fractions (<63 m). Coulter Counter and Sedigraph 
are the best suited choice for finer sediments (silt and 
clay), while some laser granulometer instruments are 

capable of analyzing a wide range of particle sizes, from 
clay to sand [2]. 

Many Authors have studied the differences between 
analytical procedures by analyzing the same samples with 
different methods, or simply by comparing them. One of 
the first Authors to deal with different methods for 
particle size analysis was Syvitski [3] who made a review 
of the principles and methods of the main analytical 
instruments for the determination of sediment grain size. 
Later, Merkus [4] wrote a guide for a good practice in 
particle size analysis. Since the 1980s many Authors have 
dealt with the comparison between well-established 
methodologies (pipette, Atterberg, etc.) and the new ones 
such as Sedigraph, Coulter Counter and also Laser 
Granulometer [5, 6, 7, 8, 9, 10, 11]. Currently, two of the 
most commonly used instruments for grain size analysis 
of marine sediments are Laser Granulometer (LG) and X-
ray Sedigraph (XS). These instruments work using 
different physical principles and measuring different 
physical characteristics of sediment particles. 

The purpose of this work is to compare the raw results 
of analysis of fine fractions (<63 m) of sediments from 
different Italian marine sites (4 from Tyrrhenian Sea and 
1 from Adriatic Sea), carried out by Laser Granulometer 
and X-ray Sedigraph, trying to explain the different 
results on the base of operation principles and sediment 
characteristics. 

 II. MATERIALS AND METHODS 

A total of 24 superficial sediment samples were 
collected by van Veen grab in 5 different marine sites 
along the Italian coast: Montalto, Torvaianica, Gaeta and 
Bagnoli on the Tyrrhenian continental shelf, and San 
Benedetto del Tronto on the Adriatic continental shelf 
(Fig. 1). These areas are characterized by different types 
of sediments both from grain size and compositional 
point of view. 

The sediments in front of Montalto range from 
silty/clay sand, to loam, to silty clay as the distance from 
the coast increases [12] and they are predominantly 
constituted by quartz feldspar, with abundant volcanic 
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fraction [13]. 
Sediments along the Torvaianica coast consist of coarse 

sand, at low depths, and sand, sandy silt and clay 
offshore; the composition is mainly carbonate, with 
quartz, k-feldspar and poor volcanic fraction [13]. 

The continental shelf in front of Gaeta is characterized 
by widely variable deposits, mostly consisting of silty 
clayey sediments, with a composition almost exclusively 
characterized by quartz, feldspars and carbonate particles 
[13]. 

In the Bagnoli area, sediments are characterized by fine 
and coarse sand close to the coastline (up to 15-20 m in 
depth), sand and sandy silt in the slope area (25-95 m), 
and clayey silt in the deepest areas of the gulf [14]. 
Sediments composition is volcanic with an important 
anthropic contribution of metal particles. 

In San Benedetto del Tronto site, the collected samples 
were taken at about 30 km offshore, on a regular sea 
bottom characterized by mostly fine sediments. Their 
composition is mainly terrigenous with presence of 
carbonate bioclastic fraction and k-feldspar [15]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All samples were pre-treated with a solution of 

hydrogen peroxide (30%) and distilled water in ratio 1:4 
for 48 hours to remove the organic fraction. Then, they 
were washed twice with distilled water to remove salts. 

Each sample was then wet separated into two grain size 
fractions using a 63 m mesh sieve. 

In order to take a representative aliquot, the fine 
fraction (<63 m) was accurately dry splitted. For each 
analyses, by LG and XS, a total of 2.5 g of sediment 
sample were taken and suspending in 80 mL of distilled 
water and sodium hexametaphosphate solution (Fig. 2). 
Only one analyses for each sample was carried out. XS 
used as average density 2.510 g/cm3. 

In this paper only the analytical results of fine fraction 
(<63 m) are discussed. 

The high surface-volume ratio of platy particles of clay 
creates interparticle attractive forces. The consequence is 
the predisposition to agglomeration of the clay particles. 
Aggregates present a larger target to the optical laser and 
thus skew the particle distribution towards the larger size 
fraction [16]. For this reason, the addition of a dispersant 
and a sonication treatment should reduce the aggregates 
formation. 

 
 
 
 
 
 
 
 
Fig. 2. Laser Granulometer (LG) and X-Ray Sedigraph 

(XS). 

 III. WORKING PRINCIPLES OF USED PARTICLE 
SIZE INSTRUMENTS 

For this study, Sympatec Helos Laser Granulometer by 
FKV and Sedigraph 5100 by Micromeritics were used for 
the fine fraction analyses. 

The first one is based on the principle of laser 
diffraction method where particles diffract light through a 
given angle. The diffraction angle is inversely 
proportional to the particle size, and the intensity of the 
diffracted beam at any angle is a measure of the number 
of particles with a specific cross-sectional area in the 
beam’s path [17]. A parallel beam of monochromatic 
light passes through a suspension contained in a cell and 
the diffracted light is focused onto detectors. For 
calculating particle size from light intensity sensed by 
detectors, two diffraction theories, the Fraunhofer [18] 
and Mie [19] ones, are used. Both theories assume that all 
particles have a spherical shape; this means that the 
particle dimension is represented by the diameter of the 
sphere having a cross-section area equivalent to the 
measured ones by laser diffraction [11]. 

It calculate the grain size in terms of an equivalent 
volume diameter. 

The analysis of Sedigraph is performed by means of a 
X-ray beam, suitably collimated in a thin horizontal band 
that allows to calculate the concentration of particles in 
the liquid medium following the principle of Stokes Law 
[20]. It states that the terminal settling velocity of a 
spherical particle in a fluid medium is function of its 
diameter. It detects the size of the particles according to 
their sedimentation rate [21]. This technique calculate the 
grain size in terms of an equivalent sedimentation 
diameter, i.e. the diameter of a sphere settling with the 
same velocity as that of the particle. 

Because of the different physical principle of these 
instruments, it is important to take into account that LG 
data are calculated as volume percentage while XS as 

 
Fig. 1. Sampling sites. 
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mass percentages. 

 IV. RESULTS AND DISCUSSIONS 

The percentage of sand, silt and clay fractions, together 
with some of the main statistical parameters of all 
analyzed samples are reported in Tab. 1. 

The clay percentage determined using XS is always 
higher than LG while, at the same time, the silt content 
has an opposite trend (Figs. 3 and 4). This is due to the 
clay fraction of marine sediments that consists mainly of 
clay mineral that are platy; consequently, their optical 
diameter, measured by LG, is greater than the equivalent 
spherical diameter [10]. 

In general, the non-spherical shape of the particles 
influences both working principles of instruments. In 
sedimentation the most stable position of a settling non-
spherical particle is that in which the maximum cross-
sectional area is perpendicular to the direction of motion. 
This position increases the particle drag and decrease the 
settling velocity. Thus, the fine size fraction is 
overestimated [17]. Laser diffraction is also affected by 
the particle shape. The projected cross-sectional area of a 
non-spherical particle, averaged over all the particle's 
possible orientations relative to the direction of the beam 
is larger than that of a sphere with an equal volume. This 
could assign a particle to a grain size class greater than 
what it would have according to its apparent radius, 
shifting the distribution toward its coarser fraction [17].  

Although only <63 m fraction was analyzed, a 
variable percentage of sand was recorded in most samples 
by both the instruments (Fig. 5). It was generally low, 
with the exception of Bagnoli samples. 

The presence of sand in analyzed fine fraction can be 
due to these factors. In LG the shape of particles, which 
considerably differs from the spherical shape, may 
deviate the monochromatic light of the laser granulometer 
and its real dimensions become overestimated; while in 
XS, the particles with higher or lower density than the 
average density taken as a reference, may settle faster or 
slower, respectively, within the analysis cell. These 
differences also clearly affect the values of the Average 
Diameter (Mz) estimated by the two instruments. 

The effect of density for XS analysis is complicated 
because a sediment sample is composed of a mixtures of 
particles of differing densities [3].  

It is also possible that aggregates of smaller particles 
are detected as sand, although pretreatment, ultrasounds 
and dispersant should reduce their formation. 

In particular, the Bagnoli samples which recorded sand 
content up to 30% for LG and 53.3% for XS, may be 
attributed to the particular compositional and 
morphological characteristics of the particles. In XS, this 
is due to the presence of volcanic heavy minerals and 
anthropogenic metal grains, resulting from the waste of 
the nearby steel plant; while, in LG the sand is probably 
detected due to the non-spherical shape of particles, 

above all the anthropogenic particles  constituted by iron 
scoria. Indeed, in the sediments of Montalto, with no 
anthropogenic contributions, but with strong 
compositional analogies with those of Bagnoli site 
(vulcanoclastic sediments), the overhang worked by the 
instrument is completely irrelevant. 
 

Table 1. Sand, silt, clay percentages and statistical 
parameters in sediment fraction passed at 63 m sieve by 

XS and LG analyses. 

Site 
Sample 

code 

Sand (%) Silt (%) Clay (%) Mz () 1 () Skewness

XS LG XS LG XS LG XS LG XS LG XS LG

M
on

ta
lto

 MTZ 30 3.0 4.9 50.6 68.8 46.4 26.4 8.1 6.5 2.7 1.9 0.1 0.2

MTZ 40 2.1 1.7 44.6 65.7 53.3 32.6 8.5 7.0 2.5 1.8 0.0 0.0

MTZ 50 2.2 0.1 38.5 56.1 59.3 43.8 8.9 7.6 2.3 1.6 0.0 -0.2

MTZ 60 3.4 0.0 36.6 56.6 60.1 43.4 8.8 7.6 2.0 1.5 -0.1 -0.1

To
rv

ai
an

ic
a 

TVF 20 2.6 6.5 48.8 69.2 48.6 24.3 8.3 6.5 2.6 1.9 0.1 0.1

TVF 40 4.7 9.6 59.5 72.2 35.8 18.2 7.5 6.0 2.7 1.8 0.3 0.3

TVF 60 0.0 1.1 56.3 69.5 43.7 29.4 8.2 6.9 2.5 1.7 0.3 0.1

TVF 90 0.0 0.0 31.4 53.0 68.6 47.0 9.2 7.8 2.0 1.3 -0.1 -0.1

TVF 110 2.4 0.0 27.2 56.2 70.5 43.8 9.4 7.7 2.0 1.3 -0.1 -0.1

B
ag

no
li 

BE 13 48.4 24.2 44.8 69.3 6.7 6.5 4.3 4.9 1.4 1.3 0.5 0.6

BE 22 53.3 30.0 39.9 66.8 6.8 3.2 3.9 4.4 1.3 0.9 0.9 0.4

BE 23 50.5 27.8 42.2 67.2 7.3 5.1 4.1 4.7 1.4 1.2 0.8 0.6

BE 24 30.8 23.7 53.1 71.1 16.1 5.2 5.3 4.8 2.4 1.2 0.6 0.5

BE 25 28.6 23.6 60.2 70.8 11.2 5.6 4.9 4.8 1.9 1.3 0.5 0.5

G
ae

ta
 

GTE 20 4.5 14.8 57.2 65.1 38.3 20.1 7.4 5.9 2.8 1.9 0.3 0.4

GTE 30 1.4 8.2 63.6 78.3 35.0 13.4 7.4 5.6 2.6 1.7 0.5 0.5

GTE 40 2.0 3.1 58.8 73.9 39.2 22.9 7.8 6.4 2.7 1.8 0.4 0.2

GTE 60 0.0 0.0 38.7 63.3 61.3 36.7 9.0 7.4 2.2 1.5 0.0 0.0

GTE 70 5.2 0.0 35.2 54.2 59.6 45.8 8.8 7.7 2.5 1.4 -0.1 -0.1

S
an

 B
en

ed
et

to
 

de
l T

ro
nt

o 

A 2 1.3 0.0 27.0 51.2 71.7 48.8 9.4 7.9 1.9 1.3 0.0 -0.1

A 11 2.2 0.0 27.8 53.1 70.0 46.9 9.3 7.8 1.9 1.3 0.0 -0.1

B 2 0.9 0.0 29.1 52.8 70.0 47.2 9.3 7.8 1.9 1.3 0.0 -0.1

C 1 0.3 0.0 29.6 53.0 70.1 47.0 9.3 7.8 1.9 1.3 0.0 -0.1

K 1 0.4 0.0 31.1 55.6 68.5 44.4 9.3 7.8 1.9 1.3 0.0 -0.1
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Fig. 3. Percentage of silt detected by XS and LG in the 

sediment fraction passed at 63 m sieve. 
 

 
Fig. 4. Percentage of clay detected by XS and LG in the 

sediment fraction passed at 63 m sieve. 
 
 

 
Fig. 5. Percentage of sand detected by XS and LG in the 

sediment fraction passed at 63 m sieve. 
 

 V. CONCLUSIONS 

In this study, the analytical data detected the 
unexpected presence of sand in samples sieved at 63 m. 
This can be explained by considering the physical 
principles upon which the XS and LG instruments are 
based. The differences in the results can also be attributed 
to the peculiar physical properties, shape, density and 
composition of the analyzed sediment particles. 
Moreover, another factor that could affect the detection of 
sand is the formation of smaller particle aggregates. In 
the Bagnoli samples sand is too high to be justify by 
aggregates only. 

The clay fraction is always lower in the LG analysis 
because this instrument underestimates this fraction due 
to the platy shape of the clay minerals. 

This study indicates that results of the <63 m fraction, 
obtained both by XS and LG, should be regarded taking 
into account the mineralogical and compositional 
characteristics of sediment. 

Starting from these results, more in-depth studies are 
needed. Above all, it is necessary to verify how factors 
such as density and shape can influence the instrumental 
particle size analysis. 

Some recommendation for future works could be adjust 
the density of media solution for XS analysis and prevent 
aggregates formation both XS and LG analysis. 
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Abstract – The calibration of standard seawater, the most 

relevant standard for worldwide Practical Salinity 

measurements, is based on a conductance ratio 

measurement of standard seawater and a defined KCl 

solution. The results of an interlaboratory comparison 

measurement of such conductance ratios are presented at 

various salinities (7, 19, 35) and temperatures (5, 15, 25, 

35 °C). The comparison reveals a dependence of the 

conductance ratios on the measurement systems that is 

larger than the uncertainty currently assigned to Practical 

Salinity measurements. This jeopardizes long term 

continuity of Practical Salinity measurements, if the type 

of instrument currently used for standard seawater 

calibration should not be available one day. There is a 

need for a metrological network for oceanographic 

observables to put Practical Salinity measurements on a 

sustainable metrological ground. 

 I. INTRODUCTION 

Nowadays, Practical Salinity is the worldwide agreed 

measure for the content of dissolved salt in seawater. It is 

an important input quantity for data bases of global 

observation systems which, in turn, provide data for 

oceanographic and climatological research.  

According to the Practical Salinity Scale from 1978 

(PSS-78) Practical Salinity is expressed as a polynomial 

of the conductance ratio between a seawater sample and a 

defined potassium chloride solution [1]. It must be noted 

that usually the term ‘conductivity ratio’ is habitually 

used in literature rather than ‘conductance ratio’, which is 

not correct. In first place, any salinometer measures a 

conductance value Gm(SW) of a seawater sample in a 

measurement cell, whereas the value depends on cell 

design and on how the electrical measurement signal is 

evaluated. Seawater conductivity SW, meaning the 

material property, which is often called ‘absolute 

conductivity’, can only be calculated from the measured 

conductance value, if the cell constant Kcell of the 

measurement cell is known: 

 SW = KcellGSW  .  (1) 

To this end the cell constant must be measured using a 

conductivity measurement standard of known 

conductivity and solving eq. (1) for Kcell. The relative 

standard uncertainty of such standards is, in best case, 

around 0.02 % [3]. It can easily be shown from 

uncertainty progression [4] that the relative uncertainty of 

the cell constant is of the same magnitude, as is the 

conductivity uncertainty of a seawater sample measured 

with that cell. This uncertainty is too large to achieve 

uncertainties smaller than 0.002 in salinity, as demanded 

by WHPO [5]. For this reason, PSS-78 calculates 

Practical Salinity from the ratio between the conductance 

value Gm(KCl) measured from the defined KCl solution 

and the conductance value measured from a seawater 

sample. It is assumed that Kcell and its uncertainty cancel 

by building the ratio, giving a smaller uncertainty for the 

conductance ratio  

 𝑅 =
𝜅SW

𝜅KCl
=

𝐾cell𝐺𝑚(SW)

𝐾cell𝐺𝑚(KCl)
  (2) 

and, consequently, for Practical Salinity calculated 

thereof. 

If Kcell cancels, indeed, the conductance and the 

conductivity ratio would obviously be the same. 

However, as will be demonstrated, the comparison 

measurement suggests that this assumption is erroneous, 

at least at the uncertainty level demanded for Practical 

Salinity. 

In practice, seawater of a known conductance ratio, so 

called standard seawater (SSW), is used to calibrate and 

adjust Practical Salinity measurement devices. The PSS-

78 background papers [2] describe in detail the 

preparation and measurement procedures to determine the 

conductance ratio of standard sweater. In this way, the 

PSS-78 background papers can be seen as the 

metrological reference for the traceability of Practical 

Salinity measurement results and SSW can be seen as the 

primary standard for Practical Salinity measurements. 

Typically, Practical Salinity results are traceable to the 

conductance ratio of so called IAPSO Standard Seawater 

(IAPSO SSW) that is produced by Ocean Scientific 

International Ltd. (OSIL). It should be noted that other 

seawater standards for are also used in the meanwhile [6]. 

The extraordinary production quality of IAPSO SSW 

215



has been verified several times [7]. Due to its history 

OSIL is without a doubt dedicated to serve oceanography 

beyond commercial interests. However, being a company, 

OSIL might unintentionally be forced to stop SSW 

production one day. This potential risk and the upcoming 

of new seawater standards raise the question for the inter-

laboratory reproducibility of the conductance ratio of 

SSW that complies with the requirements of PSS-78. Up 

to know interlaboratory equivalence of conductance ratio 

measurements has been demonstrated only once between 

three laboratories during the establishment of PSS-78 [8]. 

Subsequent comparison measurements compared 

Practical Salinity results of seawater that were all 

traceable to IAPSO SSW [9, 10], but never again verified 

the capability of different labs to measure the 

conductance ratio of SSW, i.e. the conductance ratio 

between a seawater sample and a KCl solution. 

After a description of the framework and the data 

evaluation procedure, results of an interlaboratory 

comparison measurement of conductance ratios between 

seawater and a KCl solution will be discussed, which 

were measured at various salinities and temperatures. The 

study aimed to investigate the equivalence of such 

conductance ratio measurements to quantify the 

reproducibility SSW calibration. The results will 

demonstrate that the interlaboratory reproducibility is 

about an order of magnitude worse that the uncertainty 

assigned to IAPSO SSW today. 

 II. FRAMEWORK AND DATA PROCESSING 

 A. Comparison measurement framework 

The comparison measurement was conducted as pilot 

study CCQM-P142 by the Working Group on 

Electrochemical Analysis, under the umbrella of the 

Consultative Committee for the Amount of Substance of 

the International Bureau for Weights and Measures. It 

was initiated as part of the project “ENV 05 – Ocean” 

[11] within the European Metrology Research Program 

[12]. The national metrology institute of Germany, the 

Physikalisch-Technische Bundesanstalt (PTB), was the 

coordinating institute. 20 institutions participated, among 

which were 15 metrology institutes, 3 oceanographic 

laboratories, OSIL and a manufacturer of salinometers. 

PTB had created a measurement protocol prior to the 

measurements. The protocol aimed to achieve best 

possible repeatability conditions for the measurements, 

since these are indispensable to realise small uncertainties 

for conductance ratios. Consequently, the participants 

should not open the bottles before they have started the 

measurements. They had to inspect the bottles for 

damage, leakage or visible contaminants in the solution. 

Each bottle had to be weighed, the results corrected for 

air buoyancy and they had to be compared with the 

masses noted by the coordinating lab to ensure bottle 

integrity. Before the measurements the samples had to be 

store in a dark and cool place. The institutes were 

instructed to keep the measurement conditions as stable 

as possible with respect to temperature, sample and 

measurement system. In particular, the time during which 

the samples had contact with ambient atmosphere had to 

be minimized to avoid evaporation or contamination. One 

and the same measurement system had to be used for all 

measurements and it was explicitly not allowed to 

recalibrate the cell constant between the KCl solution and 

the seawater measurements. 

The nominal measurement temperature was 15°C, 

however, the institutes were also asked to measure at 

5°C, 25°C and 35°C if possible. The participants had to 

report the actual measurement temperature and the 

corresponding conductances without compensating them 

to the set temperatures. Temperature compensation and 

calculation of the conductance ratio was performed by the 

coordinating lab for all results in the same way to ensure 

consistent data treatment. 

Shipment to all the participating laboratories was 

performed at the same time and the measurements had to 

be conducted within a period of three month. 

 B. Samples of the comparison 

The participants had to measure conductance values of 

three different seawater samples, having nominal 

conductivities around 1 S m
-1

, 2.5 S m
-1

 and 4.3 S m
-1

 at 

15°C, corresponding to salinities of around 7, 19 and 35 

(g/kg-seawater). Additionally, the conductance of an 

aqueous KCl solution was measured. The KCl solutions 

had a mass fraction of around 32g/kg, similar, but not 

equivalent, to the mass fraction of the KCl solution 

defined in PSS-78 (conductivity around 4.3 S/m at 15°C). 

The seawater samples have been prepared from surface 

seawater collected from the North Atlantic and stored in a 

100 L PE barrel under cool and half-light conditions until 

sample preparation. To roughly adjust the samples to the 

respective nominal conductivities portions of the 

seawater have been diluted with ultrapure water and filled 

into 20 L barrels. The conductivity values corresponded 

to conductance ratios of 0.23, 0.58 and 1. The seawater of 

each barrel has been filtered with a 0.4 µm filter, 

homogenized, filled into 200 mL bottles of borosilicate 

glass and sealed with crimped rubber stoppers. 

To prepare the KCl solution pure water has been filled 

into a 20 L barrel. An appropriate amount of KCl (Merck 

suprapur) has been weighed and dissolved to roughly 

achieve the target value. Then KCl or ultrapure water was 

added until the target conductivity was achieved. The 

solution was homogenized afterwards, filled into 200 mL 

borosilicate bottles and sealed with crimped rubber 

stoppers. 

Homogeneity and stability of the samples were 

measured with a Guildline Autosal 8400B salinometer. 

The relative between bottle variations for all kinds of 

solutions were smaller than 10
-5

. Furthermore, the 
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conductance ratios were measured again at the end of the 

measurement period. The relative change of the 

conductance ratios for all kinds of solutions were smaller 

than 1.3  10
-5

. Note that the stability results are also 

affected by the stability of the device. Hence, the actual 

solution stability is probably even better. Temperature 

drift of the bath was smaller than 1 K during that time. 

 C. Calculation of conductance ratios 

To calculate comparable conductance ratios the 

following calculation steps have been performed. 

Firstly, a pair of KCl solution and seawater 

conductances, which were both measured around a given 

set temperature at a given institute, had to be corrected to 

an average temperature ta = (tKCl+tSW)/2. tKCl is the actual 

measurement temperature of the KCl solution and tSW 

that of the seawater sample. Seawater conductance GSW 

was linearly corrected according to 
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is the relative, linear conductivity temperature coefficient 

of seawater at ta. Note that SW(ta) is a solution property 

and does not depend on the specific cell used for the 

measurement. Therefore, GSW(t) has been calculated from 

a second order polynomial fit to the conductance results 

measured at institute 16 (results see Appendix B). The 

conductance of the KCl solution has been corrected to ta 

in analogy. The difference between tKCl and tSW was typi-

cally about some mK, so that the uncertainty of SW(ta) 

was negligible. Then the conductance ratio was calculat-

ed, which was obviously referred to the ta of this pair of 

seawater / KCl solution conductances. The procedure was 

repeated for all pairs of seawater and KCl solution con-

ductances for all institutes. The coefficients of the poly-

nomials for the different solutions used to calculate the 

relative linear temperature coefficients are given in Ap-

pendix A. 

At this point all conductance ratios were still referred to 

different temperatures, spreading around the respective 

set temperatures tset of 5°C, 15°C, 25°C and 35°C. 

Therefore, in a second step, the dependence of the 

conductance ratio on temperature has been determined for 

each solution type to correct the conductance ratios to the 

common set temperatures. To this end, a second order 

polynomial has been fit to the conductance ratios of 

institute 16 (given at temperatures around 5°C, 15°C, 

25°C and 35°C). This polynomial was used to calculate 

the conductance ratios Ri(tset) of all institutes i at the 

corresponding set temperatures. Then the medians of all 

conductance ratios belonging to a set temperature were 

calculated, giving four conductance medians (at 5°C, 

15°C, 25°C and 35°C). In a second iteration step the 

polynomial was calculated again, now using the medians, 

which is more accurate than using the results of just one 

lab. The refined polynomial was then used to recalculate 

the conductance ratios Ri(tset) for each institute i at all set 

temperatures. Note that deviations from the set 

temperature were typically up to some ten mK. The 

coefficients of the refined polynomial are also given in 

appendix A. 

 D. Uncertainty calculation 

The comparison investigated the equivalence of 

conductance ratios. For the reasons mentioned in the 

introduction the uncertainty of the cell constant is not 

considered. Hence, only measurement precision of the 

measured conductance values and the systematic 

uncertainty of the temperature measurements contribute 

to the uncertainty of an individual conductance ratio. 

Note that uncertainties due to temperature instability is 

already included in the precision of the conductance 

values due their dependence on temperature. The 

uncertainties of the conductance ratios have been 

calculated straight forward according to GUM [4] from 

the input quantities (conductances and temperatures) and 

their uncertainties. It should be noted that the 

uncertainties of the coefficients of the temperature 

compentations have been calculated with a Monte Carlo 

simulation [13]. It should also be emphasized that the 

correlation of the temperature measurements for two 

conductances corresponding to the same institute and the 

same set temperature was considered in the uncertainty 

calculation assuming a correlation coefficient of one. 

The comparison reference values (CRV) for each 

solution at each set temperatures and their uncertainties 

were calculated from the corresponding medians. The 

uncertainty of the median is given by [14] 

 )()((
1

9.1
setsetiM tCRVtRMedian

n
u 


  (5) 

Due to the insignificant variance of the results of the 

homogeneity and stability measurements their 

contributions to the uncertainty of the CRVs have been 

neglected. 

 

 III. RESULTS AND DISCUSSION 

 E. Results 

The individual conductance and temperature 
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measurement results reported by the institutes are listed 

in appendix B. Fig. 1 shows the degrees of equivalence at 

15 °C for the conductance ratio of the 4.3 S m
-1

 seawater 

(i.e. around Practical Salinity 35) and the KCl solution. 

The conductance ratios at 15 °C of these two solutions 

are of special interest, since they are close to the solutions 

used for standard seawater calibration and can serve to 

visualise the interlaboratory reproducibility of standard 

seawater calibration. The degree of equivalence is the 

difference between the conductance ratio calculated from 

the results of an individual laboratory and the 

corresponding CRV. 

 

 
Fig. 1 Degrees of equivalence for the conductance 

ratios of seawater at Practical Salinity around 35 and a 

KCl solution around 32 g kg
-1

 at 15 °C, i.e. the PSS-78 

reference point. The error bars indicate the uncertainty 

of the degrees of equivalence. The arrows indicate two 

results out of scale 

 

The relative interlaboratory reproducibilities of 

conductance ratio measurements have been estimated 

from the expanded (UM=2uM)) uncertainties of the 

medians. The results are summarized in table 1. 

Table 1 Relative interlaboratory reproducibility of 

conductance ratio measurements in terms of the 

expanded (k=2) uncertainty of the medians. Note that 

measurements at 21°C are all conducted with Autosal 

8400B salinometers 

 Salinity 7 Salinity 19 Salinity 35 

5°C 0.126% 0.039% 0.021% 

15°C 0.013% 0.019% 0.011% 

21°C 0.007% 0.004% 0.001% 

25°C 0.020% 0.011% 0.014% 

35°C 0.248% 0.002% 0.026% 

 F. Discussion 

The equivalences of the conductance ratios are 

significantly poorer than expected. It is commonly 

believed that the uncertainty of a conductance ratio 

measurement is smaller than that of an absolute 

conductivity measurement, since systematic uncertainties 

of the conductance measurement should cancel for the 

most part by building the ratio. This is basically the 

reason for using a conductance ratio to measure Practical 

Salinity. In contrast, the results of the study show 

uncertainties of the median that are not smaller than that 

of typical absolute conductivity measurements, which are 

in the order of 0.02 % [3]. Typically, in such comparison 

measurements there are outliers which decrease the 

quality of the comparison. However, one the one hand the 

medians are less sensitive to outliers compared to other 

evaluation methods like the weighted mean. Moreover, 

even if the evaluation is based only on results of 

experienced institutes that have proven good performance 

in past comparisons, the overall picture does not change 

significantly.  

In past comparisons of Practical Salinity measurements 

virtually all results were referred to IAPSO SSW and the 

majority was measured with Guildline Autosal or 

Portasal instruments. There, the equivalence was in the 

order of 10
-5

 at salinities around 35 [9,10]. This is also 

reflected here by the results at 21°C and salinity 35, 

which were all measured with Autosal 8400B 

salinometers. However, even with those instruments, 

which are optimized for seawater, the spread increases 

with decreasing salinity. 

Question is, how to explain the large spread seen in the 

other conductance ratio results. Conductance 

measurements of liquids always face the problem of 

electrode polarisation. Electrode polarisation describes 

charge transfer effects at the electrode solution interface. 

Even though the electrode design of conductance 

measurement cells aims at totally blocking electrodes, 

there is always some remaining current across the 

electrodes that is determined by the corresponding 

electrochemical reaction. Movement of the ions in the 

liquid to or away from the electrodes is determined by 

diffusion and migration in the electric field generated by 

the electrodes. Further, ions accumulate at the electrodes 

forming a diffusive double layer capacitance. These 

effects are affected by temperature, ion concentration, the 

kind of involved ions, design and material of the 

electrodes, the geometry of the measurement cell body, 

the electric conductivity and permittivity of the cell 

material and the surrounding medium used for 

temperature control and by the magnitude and shape of 

the electric signals applied to the electrodes (AC, DC, sin, 

pulse, etc.).  

As a consequence, the actually measured conductance 

Gm(sol) is a superposition of the conductance Gsol of the 

solution in the cell, the actual value of interest, and some 
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distorting side effects. Cell design and evaluation of the 

electric measurement signals, i.e. amplitudes and phases 

of the voltage and current signals, are usually optimised 

to minimise these distorting effects. However there 

always remains an unknown error Gsol 

 Gm(sol)=Gsol+Gsol   , (6) 

which makes it impossible to determine the exact value of 

Gsol. In first place calibration of a conductance cell with a 

measurement standard solution of known conductivity 

ref aims to scale the actually measured conductance 

value Gm(ref) to the conductivity value of the standard by 

using eq. (1).  

 𝐾cell =
𝜅ref

𝐺𝑚(ref)
=

𝜅ref

𝐺ref+Δ𝐺ref
 (7) 

Hence, it also eliminates the systematic error Gref of 

the measurement setup, but of course the uncertainty of 

Kcell still includes the uncertainty of the measurement 

standard, which was likewise subject to the same 

distorting effects during its characterisation. By defining 

‘conductace ratio’ as a new quantity of unit 1, this 

uncertainty contribution to the cell constant can indeed be 

omitted. However, the uncertainty of the conductance 

measurements (6) remains, so that (2) has to be 

transformed  

 𝑅 =
𝐺SW+Δ𝐺SW

𝐺KCl+Δ𝐺KCl
  (8) 

As mentioned above, GSW and GKCl depend on the 

design of the measurement set-up. Even without a 

detailed uncertainty calculation of (8), which can be 

rather complex due to the effects determining GSW and 

GKCl, it is obvious that the uncertainties of conductance 

ratios are sensitive to differences in the measurement set-

up and to differences in the solution. This is well 

reflected by the results of this comparison.  

The optimum measurement point is the reference point 

of PSS-78 at Salinty 35 and 15°C (on IT-PS 68) at which 

R=1 (per definition). PSS-78 is empirically established on 

the cell design still integrated in an Autosal 8400B. 

Hence, it can be expected that these results are subject to 

low GSW and GKCl contributions and therefore they 

show low variability all over the salinity scale. The small 

decrease in the equivalence of the Autosal results with 

decreasing salinity is probably because of the 

measurement at 21°C and a slightly insufficient 

adjustment of the salinometers to temperatures deviating 

from 15°C. 

For what concerns the results at other temperatures, it 

can be seen from table 1 that with only a few exceptions 

the uncertainties of the medians basically increase the 

more salinity and temperature deviate from 35 and 15°C, 

respectively. Even though most participants have used the 

same measurement principle (two electrode cells), the 

setups have varied in geometry and signal evaluation. 

Other measurement principles have also been used, one 

of which was another type of commercial salinometer. 

That type basically performs as well as the Autosal 

devices, if Practical Salinities are compared. However, it 

showed a significant deviation from the medians of this 

comparison. Hence, for the reasons mentioned it is 

assumed that the variability of the results in table 1 

mainly reflects the variability in measurement setups used 

for the comparison. 

 IV. CONCLUSION 

Calibration of the conductance ratio of standard 

seawater can be achieved with a degree of equivalence 

around 10
-5

 as long as high-end Autosal instruments are 

used, or if the corresponding conductance measurement 

cell and technique are used at least. However, if these 

instruments should not be available one day or other 

manufacturers of SSW become established, future 

calibrations of SSW could be biased with respect to 

today’s calibration. In this case all future Practical 

Salinity measurements could hardly be compared to 

preceding results, leading to a significant discontinuity in 

the data bases of global observation systems. For such 

reasons, measurement results must not depend on a 

specific instrument. Efforts have to be made to put 

Practical Salinity measurements on a solid, independent 

metrological ground. Therefore, a network of 

metrological institutes, oceanographic laboratories and 

industrial manufacturers of SSW and salinometers is 

needed to establish a metrological infrastructure for this 

important oceanographic observable. 
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APPENDIX A: TEMPERTURE KOEFFICIENTS 

 

 

Table 2.1 Coefficients G(t)=at
2
+bt+c used to calculate the linear conductivity 

temperature coefficients according to eq. (4) and based on results of Inst. 16. 

coefficients KCl-solution SW 1 S m
-1

 SW 2.5 S m
-1

 SW 4.3 S m
-1

 

a / (S/°C
2
) 2.02378E-04 7.53339E-05 1.79396E-04 2.92625E-04 

b / (S/°C) 8.72683E-02 2.09528E-02 5.20513E-02 8.69523E-02 

c 3.01081E+00 6.55992E-01 1.65747E+00 2.81693E+00 

 

 

 

 

  

Table 3.2 Coefficients used for conductance ratio correction: 

𝑅(𝑡𝑠𝑒𝑡) = 𝑎(𝑡𝑠𝑒𝑡
2 − 𝑡𝑎

2) + 𝑏(𝑡𝑠𝑒𝑡 − 𝑡𝑎) + 𝑅(𝑡𝑎) 

 

 

SW 1 Sm
-1

 SW 2.5 Sm
-1

 SW 4.3 Sm
-1

 

a / (1/°C
2
) -4.34586E-06 -5.32171E-06 -7.47316E-06 

b / (1/°C) 6.26189E-04 1.18182E-03 1.67458E-03 

u(a) 8.41E-08 3.56E-07 2.41E-07 

u(b) 3.46E-06 1.47E-05 9.82E-06 
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APPENDIX B: REPORTED RESULTS 

 

Table 4. Results for the aqueous KCl solution and the 1 S m
-1

 seawater 

 

 
KCl-aqu (32 g kg-1) SW 1 S m-1 

Inst. t
KCl

 u(t
KCl

) G(t
KCl

) u(G(t
KCl

)) t
SW

 u(t
SW

) G(t
SW

) u(G(t
SW

)) 

ID °C °C S S °C °C S S 

1 15.005 0.0004 43.7072 0.0002 15.005 0.0004 9.8724 0.0001 

 
25.001 0.0004 53.2935 0.0002 25.001 0.0004 12.2732 0.0001 

2 4.996 0.00076 0.0111 2.8E-07 
    

 
14.999 0.0011 0.013761273 1.8E-07 

    

 
25.001 0.0018 0.016779933 3.5E-07 

    

 
35.000 0.0023 0.019762633 4.7E-07     

3 15.000 0.0032 0.0007 0.00000004 15.001 0.00128 0.0002 0.0000 

 
25.002 0.0010 0.0009 0.00000002 24.999 0.00273 0.0002 0.0000 

4 4.996 0.0015 0.0004 0.00000001 5.007 0.0015 0.0001 0.0000 

 
15.006 0.0015 0.0005 0.00000002 15.004 0.0015 0.0001 0.0000 

 
25.006 0.0015 0.0006 0.00000001 25.003 0.0015 0.0001 0.0000 

5 20.991 0.002 2.0185 0.00002100 20.991 0.002 0.4617 0.0000 

6 15.006 0.0057 0.429266 0.000019 15.635 0.0063 0.098526 0.000014 

 
25.006 0.0059 0.523300 0.000035 25.042 0.0057 0.120779 0.000006 

7 25.024 0.0058 0.524204 0.000034 25.026 0.0057 0.120729 0.000006 

8 15.002 0.0031 0.019723 0.000004 15.001 0.0031 0.004596 0.000001 

 
25.001 0.0031 0.023818 0.000005 25.000 0.0031 0.005698 0.000001 

9 23.994 0.0015 2.010300 0.000020 23.994 0.0015 0.462460 0.000020 

10 15.032 0.044 0.010400 0.000001 15.037 0.044 0.0023770 0.0000002 

11 15.000 0.005 33.1966 0.0018 15.000 0.005 7.5008 0.0008 

 
25.000 0.005 40.4642 0.0018 25.000 0.005 9.3261 0.0013 

12 5.060 0.019 21.9293 0.0015 5.055 0.019 4.69655 0.00046 

 
14.912 0.02 27.6736 0.0040 14.920 0.02 6.0683 0.0011 

 
24.792 0.020 33.74965 0.00094 24.797 0.020 7.5470 0.0013 

 
34.659 0.020 40.04410 0.00094 34.666 0.020 9.1078 0.0013 

13 15.003 0.006 13.65270 0.00040 14.998 0.006 3.0927 0.0007 

 
25.000 0.006 16.6306 0.0022 24.998 0.006 3.8425 0.0035 

14 21.003 0.0009 1.009240 0.000013 21.004 0.0009 0.230875 0.000013 

15 21.005 0.01 1.009220 0.000003 21.005 0.01 0.230900 0.000003 

16 5.043 0.005 3.456823 0.000065 5.025 0.005 0.763358 0.000005 

 
15.013 0.005 4.364337 0.000060 15.024 0.005 0.987254 0.000015 

 
25.007 0.005 5.321951 0.000061 25.019 0.005 1.227904 0.000008 

 
35.043 0.005 6.316774 0.000099 35.046 0.005 1.482650 0.000011 

17 15.000 0.003 377.5110 0.0220 15.000 0.003 85.3110 0.0010 

 
25.000 0.003 460.2630 0.0230 25.000 0.003 106.1140 0.0050 

18 5.064 0.003 3.46430 0.00030 5.069 0.003 0.76354 0.00020 

 
14.999 0.003 4.36580 0.00030 15.001 0.003 0.98641 0.00020 

 
24.999 0.003 5.32485 0.00040 25.000 0.003 1.22715 0.00020 

 
35.042 0.003 6.32220 0.00050 35.042 0.003 1.48050 0.00020 

19 15.003 0.004 4.3540 0.0005 15.001 0.004 0.9865 0.0005 

 
25.005 0.004 5.3020 0.0005 25.006 0.004 1.2260 0.0005 
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Table 5. Results for 2.5 S m
-1

 and 4.3 S m
-1

seawater 

 

 
SW 2.5 S m-1 SW 4.3 S m-1 

Inst. t
KCl

 u(t
KCl

) G(t
KCl

) u(G(t
KCl

)) t
SW

 u(t
SW

) G(t
SW

) u(G(t
SW

)) 

ID °C °C S S °C °C S S 

1 15.005 0.0004 24.7960 0.0001 15.005 0.0004 41.9011 0.0001 

 
25.001 0.0004 30.7387 0.0001 25.001 0.0004 51.8151 0.0001 

2 5.001 0.00076 0.0062 7.4E-08 
    

 
15.001 0.0011 0.007904535 2.1E-07 

    

 
25.001 0.0018 0.009810033 2.6E-07 

    

 
35.000 0.0023 0.011725667 3.7E-07 

    
3 14.998 0.00121 0.0004 0.0000 15.002 0.00233 0.0007 0.0000 

 
25.002 0.00072 0.0005 0.0000 24.999 0.0009 0.0008 0.0000 

4 5.005 0.0015 0.0002 0.0000 4.997 0.0015 0.0004 0.0000 

 
14.999 0.0015 0.0003 0.0000 15.008 0.0015 0.0005 0.0000 

 
25.006 0.0015 0.0003 0.0000 25.004 0.0015 0.0006 0.0000 

5 20.991 0.002 1.1573 0.0000 20.991 0.002 1.9526 0.0000 

6 15.064 0.0063 0.243895 0.000019 15.009 0.00555 0.412098 0.000010 

 
25.047 0.0058 0.302162 0.000021 25.036 0.0055 0.509759 0.000013 

7 25.052 0.006 0.302016 0.000030 25.027 0.0055 0.509876 0.000016 

8 14.998 0.0031 0.01137875 0.000003 14.999 0.0031 0.019 0.000004 

 
25.002 0.0031 0.014025333 0.000003 25.001 0.0031 0.0231927 0.000005 

9 23.995 0.0015 1.158210 0.000020 23.994 0.0015 1.952620 0.000020 

10 15.038 0.044 0.005940 0.000001 15.040 0.044 0.009981 0.000001 

11 15.000 0.005 18.8505 0.0053 15.000 0.005 31.8288 0.0022 

 
25.000 0.005 23.3352 0.0016 25.000 0.005 39.3525 0.0042 

12 5.048 0.019 12.20715 0.00056 5.061 0.019 20.70195 0.0014 

 
14.906 0.02 15.7108 0.0017 14.913 0.02 26.54890 0.0029 

 
24.788 0.020 19.4810 0.0012 24.794 0.0195 32.83220 0.00083 

 
34.660 0.020 23.4528 0.0012 34.659 0.0195 39.43830 0.00083 

13 15.001 0.006 7.7615 0.0003 14.994 0.006 13.0993 0.0012 

 
25.002 0.006 9.6173 0.0015 24.999 0.006 16.1876 0.0065 

14 21.003 0.0009 0.578670 0.000013 21.004 0.0009 0.976275 0.000013 

15 21.005 0.01 0.578690 0.000003 21.005 0.01 0.976245 0.000003 

16 5.029 0.005 1.924211 0.000018 5.044 0.005 3.263752 0.000096 

 
15.029 0.005 2.478895 0.000017 15.020 0.005 4.186492 0.000033 

 
25.014 0.005 3.073112 0.000026 25.016 0.005 5.177660 0.000066 

 
35.047 0.005 3.701570 0.000062 35.051 0.005 6.223418 0.000073 

17 15.000 0.003 214.2530 0.0090 15.000 0.003 362.0080 0.0070 

 
25.000 0.003 265.7670 0.0120 25.000 0.003 447.808 0.010 

18 5.061 0.003 1.92320 0.00020 5.064 0.003 3.2687 0.0004 

 
15.000 0.003 2.47725 0.00030 15.000 0.003 4.1873 0.0004 

 
24.999 0.003 3.07290 0.00030 24.999 0.003 5.1805 0.0005 

 
35.043 0.003 3.70150 0.00040 35.042 0.003 6.2262 0.0005 

19 14.999 0.004 2.4775 0.0005 15.001 0.004 4.1840 0.0005 

 
25.002 0.004 3.0690 0.0005 25.001 0.004 5.1690 0.0005 

 

 

222



IMEKO International Conference on 
Metrology for The Sea 
Naples, Italy, October 11-13, 2017  

Traceability of pHT values of equimolal TRIS 
buffered artificial seawater solutions in brackish 

waters 
Frank Bastkowski1, Beatrice Sander1, Steffen Seitz1, Jens Daniel Müller2 

1 Physikalisch-Technische Bundesanstalt, Department of Physical Chemistry, Bundesallee 100, 
38116 Braunschweig, Germany, frank.bastkowski@ptb.de, beatrice.sander@ptb.de, 

steffen.seitz@ptb.de, 2Leibniz Institute for Baltic Sea Research Warnemünde, Department of Marine 
Chemistry, Seestr. 15, 18119 Rostock-Warnemünde, Germany, jens.mueller@io-warnemuende.de 

 
Abstract – Assessment of seawater acidification can be 
achieved by the measurement of pH. A prerequisite for 
reliable and comparable pH values is traceability of 
pH measurement results to an agreed higher order pH 
standard. While this has already been established for 
low ionic strength aqueous solutions, traceability of 
pH measurement results for high ionic strength 
solutions is about to be realized for artificial seawater 
samples in the middle salinity range (5-20) on the so 
called total pH scale (pHT). In the present work we 
show details of the pHT measurement procedure for 
the measurement of TRIS (Tris(hydroxymethyl)-
aminomethane) buffered artificial seawater solutions 
and the traceability of the measurement results to the 
SI system of units. 
 

I. INTRODUCTION 
 
Anthropogenic CO2 emission lead to a continuous 
acidification of the oceans with severe consequences for 
biological and biochemical processes. Therefore, spatial 
and temporal record of the acidification is particularly 
important. Acidification can be expressed by the pH of an 
aqueous solution. According to the IUPAC definition, pH 
is generally measured on low ionic strength buffer 
solutions (I ≤ 0.1 mol·kg-1) [1]. Traceability of this pH 
can only be achieved by taking the uncertainty of the 
Bates-Guggenheim convention (which is part of the pH 
definition) into account [1]. In this case the overall 
measurement uncertainty is increased by about 0.01 pH 
units. 
In seawater media, however, ionic strength is usually 
higher than 0.1 mol·kg-1 and hence pH according to the 
IUPAC definition cannot be determined in seawater up to 
now [2]. Pitzer parameters allowing to determine pH in 
seawater media are part of current ongoing research. For 
seawater media it is convenient to determine pH on the 
total scale (pHT). The concept of pHT has originally been 
proposed by Sillén, was first used by Hansson and refined 
by Dickson [3,4,5,6]. pHT is frequently determined on 

discrete samples on research vessels. While 
spectrophotometric pHT measurements can be performed 
with very high precision under repeatability conditions, 
traceability of these pHT measurement results has been 
hardly achieved so far due to questionable calibration of 
the spectrophotometric instruments leading to 
incompatible measurement results. In order to achieve 
traceability of spectrophotometric pHT measurement 
results under these conditions, calibration of 
spectrophotometers is necessary using higher order pHT standards. In this work we present details of the 
electrochemical pHT measurement setup, the 
measurement procedure and the route of traceability of 
pHT measurements in the salinity range 5-20. 
 
 

II. DETERMINATION OF PHT OF ARTIFICIAL 
SEAWATER SAMPLES IN THE 
SALINITY RANGE 5-20 

 
A. Spectrophotometric pHT determination 

 
The spectrophotometric pHT determination is based on 
the Henderson-Hasselbalch and the Lambert-Beer law, 
which can be expressed for spectrophotometry according 
to equation (1): 
        





 



RII
HIRHITSpKpHT 2

1
2

2
21log),( 

              (1) 
 

with the salinity (S) and temperature (T) dependent acid-
base constant of the indicator dye pK(S,T), the extinction 
coefficients  for protonated (HI-) and deprotonated (I2-) 
forms of the indicator dye at wavelenghts 1 and 2 and R, 
which is the ratio of absorbance at wavelengths 1 and 2 
[7]. Once pK(S,T) and the extinction coefficients been 
determined as a function of salinity and temperature, the 
purified indicator dye, can serve as a molecular standard 
allowing to determine pHT of a seawater sample [8]. The 
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determination of pK, however, requires a series of initial 
measurements in solutions of stable and well-known pHT, 
commonly TRIS buffered artificial seawater solutions. 
Traceability of spectrophotometrically measured pHT 
values can therefore only be achieved via traceability of 
pK(S,T) using independent measurement methods. 
 

B. Electrochemical pHT determination 
 

According to the work of DelValls and Dickson (1998) 
pHT of equimolal TRIS buffered artificial seawater 
solutions can be measured electrochemically according to 
equation (2) using the same Harned cell measurement 
system which is commonly used to determine pH values 
of low ionic strength buffers [9].  
      OHClT bRT

FEEpH 2lglg10ln
*0                            (2) 

 
with the measured electric potential E of the Harned cell 
filled with sample solution, the standard potential of the 
silver/silver chloride electrode (acting as the reference 
electrode in the Harned cell) in seawater medium E0*, the 
Faraday constant F, the molar gas constant R, the 
absolute temperature T, the molality of chloride of the 
sample solution bCl- and the specific water content of the 
sample solution H2O. 
pHT determination with the Harned cell consists of two 
main steps. 

1. Determination of the standard potential of the 
silver/silver chloride electrode E0*: 

Determination of E0* can be achieved by variation of HCl 
in artificial seawater matrix without TRIS and quadratic 
extrapolation to zero HCl molality according to equation 
(3): 
 

 ClHClHClASWHCl bbF
RTEE   lg10lnlim /0

*0      (3) 
 
with the Harned cell potential of HCl added ASW 
solution EASW/HCl, the molality of chloride bCl and the 
molality of HCl in the solution bHCl  

2. Determination of the Harned cell potential E 
 
In the second step the Harned cell potential E of the 
TRIS/TRISH+ buffered artificial seawater sample 
solution is measured using the same setup as for step 1) 
Finally pHT is calculated according to equation (2). 
 
pHT values measured with the electrochemical 
measurement procedure are traceable to the international 
system of units (SI). Therefore, SI traceability of 
spectrophotometric pHT measurement results can be 
achieved via buffer solutions characterized by 
electrochemical measurements. 

pHT values measured with the Harned cell are available 
for freshwater and high salinity (20-40) seawater but 
were missing for the middle salinity range of 5-20 
particularly dominant in the Baltic sea [9,10,11].  
 

C. Sample preparation 
 

The variation of the HCl content in both the buffered 
artificial seawater solution and the solutions for the 
determination of E0* must be compensated by reduction 
of other salts as to keep the ionic strength and salinity 
constant. At higher salinities this was previously achieved 
by reduction of NaCl alone leading to a rather moderate 
change of the cation ratios [9]. Towards lower salinites 
however the change of cation ratios by reduction of NaCl 
alone would be more pronounced. For a typical HCl 
concentration of 0.04 mol·kg-1, NaCl would be entirely 
replaced at a salinity of around 4. In contrast, 
proportional reduction of all salt components keeps the 
composition of the artificial seawater solution closer to 
that of natural brackish waters. 
 
 

III. EXPERIMENTAL SETUP 
 
The potentials E and EASW/HCl can be determined using a 
so called Harned cell which consists of a platinum 
hydrogen electrode and a silver silver chloride reference 
electrode placed into a measurement cell (e.g. U tube) 
without junction. It furthermore comprises a unit for 
humidification of the hydrogen gas. The utilized 
electrodes are in-house made. The platinum hydrogen 
electrode is prepared by weldering a platinum plate to the 
free end of a glass covered platinum wire. The resulting 
platinum electrode is platinized for 9 minutes with 45 
mA·cm2 in an aqueous solution of H2PtCl6·6H2O and 
Pb(CH3COO)2·3H2O and afterwards cleaned in distilled 
water. AgAgCl electrodes are prepared using the thermal-
electrolytic method [12].  
The Harned cells are filled with the solution to be 
measured and placed into a thermostatting bath controlled 
by a DLK 45 and a PV 36 thermostatting unit both from 
Lauda. The temperature inside the bath is measured at 
four positions using PT100 probes connected to a ASL 
F250 MKII thermometer, switched by a ASL Multi 
Switch SB250. The air surrounding the cells is 
temperature-controlled using a Lauda Proline RP 855 
inside a temperation box. The temperature inside the 
thermostatting bath is kept constant by ± 0.005 K. The 
hydrogen gas used is of 6.0 purity. The cell voltage is 
measured using a A3458 Digital voltmeter from Agilent 
after temperature stability is reached. The cell voltage is 
corrected for the actual partial pressure of the hydrogen 
gas pH2 according to equation (4). 
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RTE H                 (4) 
With pH2: the partial pressure of hydrogen gas (Eq. 5) at 
the position of the electrode immersed into the 
measurement solution (Pa) and p0: standard pressure 
(101325 Pa) 

waterchydrostatiatmH pppp 2                 (5) 
With patm: the hydrogen gas pressure outside of the 
measurement cell measured with a Setra Systems 
barometer 

hgp chydrostati  42.0 (hydrostatic pressure)     (6) 
with : Density of the measurement solution, g: gravity 
constant, h: immersion depth of the platinum hydrogen 
electrode 
The factor 0.42 for the correction of the hydrostatic 
pressure was empirically found by Hills and Ives [13]. 
pwater: saturated vapor pressure of water calculated from 
the Clausius-Clapeyron equation 
 

IV. TRACEABILITY OF 
ELECTROCHEMICALLY MEASURED 
PHT 

 
According to the International vocabulary of Basic and 
General Terms in Metrology (VIM) metrological 
traceability is defined as the property of a measurement 
result whereby the result can be related to a reference 
through a documented unbroken chain of comparisons, 
each contributing to the measurement uncertainty [14].  
 

A. Traceability of the spectrophotometrical pHT measurement procedure: 
 
According to this definition traceability of pHT measured 
spectrophotometrically is achieved by directly linking the 
spectrophotometric measurement results to the primary 
pHT measurement procedure described above. This can be 
achieved by characterizing the pK value of the indicator 
dye by absorption measurements in artificial seawater 
standard solutions with a electrochemically determined 
pHT value. pK values of the indicator dye - once 
determined at different salinities and temperatures – then 
can serve as a molecular standard allowing to trace back 
spectrophotometrically measured pHT values to the 
primary pHT measurement procedure or even to SI. 
 
In any case all uncertainty contributions from the input 
quantities of equation (1) have to be taken into account to 
obtain traceable spectrophotometrically measured pHT 
values. Real traceability however is only achieved if the 
uncertainty arising from the different composition of 
natural seawater and the artificial seawater standards is 
taken into account. The differences are even more 
significant for lower salinities, where the contribution of 

the TRIS buffer to the overall ionic strength is more 
significant than for higher salinities. These issues are 
currently matter of further investigations. 
 

B. Traceability of the primary pHT measurement 
procedure to the SI system of units: 

 
According to equation (2) pHT can be expressed by input 
quantities which themselves are more or less directly 
traceable to the SI system of units. Table (1) gives an 
overview of the traceability routes of pHT input quantities 
 
Table 1: Input quantities of pHT measurement equation 
(2) and their traceability to SI units 
Input quantity Unit Traceable to SI unit 
E V Ampere 
pH2 kg·m-1·s-2 Kilogram, meter, 

second H2O 1 Kilogram 
EASW/HCl V Ampere 
R V·A·s·mol-1·K-1 -1) 
T K Kelvin 
F A·s·mol-1 -1) 
bHCl mol·kg-1 Kilogram, Ampere, 

second 
bCl mol·kg-1 Kilogram 
1) Fundamental constant 
 
In order to consider electrochemically measured pHT 
values of artificial seawater samples traceable to SI all 
uncertainties of the input quantities mentioned in Table 1 
as well as the uncertainty of the non-linear regression for 
the determination of E0* have to be taken into account 
(cf. equations (1) and (3)). 
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Abstract – In the framework of the EMRP project 
“ENV 58. Metrology for essential climate 
variables”, a new technique to perform traceable 
temperature measurements of the sea water column 
and sea water surface was designed and it is being 
studied and applied to real situation in the 
submarine observatory (www.obsea.es).  
This new technique is based on optical fiber Bragg 
gratings, which implies the distribution of 
temperature sensors along the fiber. In the design of 
these distributed thermometers special attention 
was paid to the involved materials in order to avoid 
the damages of such corrosive environment. 

These fibers were calibrated as optical instruments 
and as thermometers, in order to get traceable 
measurements, as well as, reliable uncertainty 
calculation of the seawater temperature profile and 
of the sea water surface temperature, that are being 
continuously measured. Besides, these new devices 
are continuously compared to the current 
thermometers, CTD, located in the submarine 
observatory. 
 

 I. INTRODUCTION 
The behaviour and characteristics of the sea is a key 

parameter to be studied since it plays a very important 
role in the climate evolution due to the continue heat 
interchange between the seawater surface and the 
atmosphere. For this reason, the number of studies 
about sea has been increasing for the last years. 
Nowadays a big amount of studies is focused on the 
measurements of parameters like acidify, salinity and 
acoustic noise. But temperature of the sea water is, by 
far, one of the most important parameter. Currently, the 
sea water temperature is mainly measured by three 
different methods. In the first one, the temperature 
measurement is performed via satellite observation. A 
second method consists on the attachment of 
thermometers to buoys and its launched into the sea at 

fixed positions. In the third one, the seawater 
temperature is measured in research campaigns by 
ships, where different arrays, known as CTD [1] are 
launched in order to perform measurements of 
conductivity, temperature, and depth. All these three 
methods present disadvantages like, satellite 
measurements are not possible at higher sea depths 
than 1 metre, the buoys provides measurements at 
fixed positions and the research campaigns do not 
supply measurements for a long period of time.  

 
In this paper the use of thermometers based on the   

distribution of temperature sensors along an optical 
fibre is proposed, explained and analysed to measure 
seawater temperature profile and seawater surface 
temperature. After the design of the fiber optics, the 
characterization, and calibration of these thermometers 
with the evaluation of all the associated uncertainty 
components are analysed and the real test in an onsite 
environment, permanent underwater observatory 
OBSEA [1] is described.  
 
The paper is structured in six parts. In the first part, the 
design and optical calibration of the fiber optics, 
performed at IO-CSIC, is described. Then the 
calibration of the optical fibers and CDTs as 
thermometers, performed by CEM, is analysed. The 
fifth point consist on the explanation of the deployment 
of the fiber optics in the sea performed by UPC. The 
sixth point describes the on site measurements of 
seawater temperature profile and sea surface 
temperature. The last point explains the comparison of 
the temperature measurements taken by the fiber optics 
and by the CTDs. 
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 II. DESIG AND THE OPTICAL 
CHARACTERIZATION OF THE FIBER OPTICS 

 
Two different fiber optics were designed, built and 

charactrized. One of them with 10 points of 
measurements and the other one with three point of 
measurements. The reason of designing two different 
fiber optics is to keep the fiber optics with more points 
of measurements, measurements fiber, permananently 
in the sea water, since its removement means a risk of 
damage. The fiber optic with three points of 
measurements, control fiber, would work as a drift 
control of the measurement fiber. The original idea was 
that the control fiber would be removed each short 
periods of time for its calibration and evaluation of its 
drift. 

 
The distributed temperature sensors designed for this 

experiment are based on the insertion of several Bragg 
gratings along the 40 meters of the fiber optics. The 
FBGs (Fiber Bragg Gratings) are written on Single 
Mode Optical Fiber SM-ITU652 coated with Acrylate. 
In the design of these distributed temperature sensors 
special attention was payed to the involved materials in 
order to avoid the damages of such corrosive 
environment. The fiber is inside a 1/4" x 0.35 wall 
thickness 316L stainless steel tube and the final 
encapsulation is done with a layer of 
Polypropylene/PEEK with resistance to sea water. 

 
Each Bragg grating reflects the light pulses, with a 

specific wavelength, sent and received by an 
interrogator. The particular frequency reflected by eacg 
Bragg grating depends on its period.  Small variations 
in the frecuency of the reflected pulses are temperature 
dependence by means the thermal expansion of the 
Bragg gratings´ period. 

 

 
 

T

T

T 

λ

λ-Δλ

λ+Δλ  
Figure 1. Theoretical explanation of the FBG 

working as thermometers   
 
The optical calibration of the fiber Bragg gratings 

(FBG), figure 2 implies the determination of the 

measurement errors of the interrogator, following the 
calibration procedure and technique developed at IO-
CSIC [2], figure 2. In the uncertainty evaluation all the 
influence quantities are considered and evaluated, 
following the requirements expressed in the Guide to 
the expression of uncertainty in measurements m guide 
[3]  

 

 
Figure 2  SM-125 calibration results 
 

 III. CALIBRATION OF THE FIBER OPTICS AS 
THERMOMETERS 

The relation between wavelength displacement and 
temperature was determined by means the calibration 
of the optical system, fiber optics and interrogator, as 
thermometers, against the Spanish National Standard of 
Temperature at CEM. The calibration was performed in 
the temperature range (0, 30) ºC in a large calibration 
bath of 195 liters, specifically designed for this 
purpose. The results of the calibrations of the two 
optical fibers with the uncertainty evaluation of such 
calibration is shown in figure 3 and figure 4 .  
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Figure 3. Calibration of the optical fiber, with 10 
measurements points, as a thermometer. 
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Figure 4. Calibration of the optical fiber, with 3 
measurements points, as a thermometer. 
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The reference temperature at each calibration point 
was determined by two platinum resistance 
thermometers, Pt-100, calibrated by comparison with 
an expanded uncertairy (k = 2) of 10 mK. The reading 
of the Pt-100 were measured by a resistance bridge 
ASL, F-700. The stability and uniformity of the 
calibration bath was determined at each calibration 
point, having as maximum value of 10 mK for both 
componentes.  The total expanded uncertainty (k = 2) 
for the calibration of the fiber optics as thermometers is 
80 mK. The complete budget of the uncertainty 
calculation with all the considered componentes is 
displayed in table 1. 

The sensitivity of the fiber optics, working as 
thermometers was determined in the calibration, taking 
a value of 0.1 ºC/pm. 

 

Source of Units probability Divisor coeficient Standard uncertainty

uncertainty distribution ci=/x i component, u (x i)
Laboratory system ºC
L p W/W 0.000001 Rectangular  Rs/sp 0.000 15
dL W/W 0.0000061 Rectangular  Rs/sp 0.000 90
R s W 0.000021 Normal 2 Lref/sp 0.000 05
dRsd W 0.0001 Rectangular  Lref/sp 0.000 30
dt c ºC 0.01 Normal 2 1 0.005 00
dt d ºC 0.005 Rectangular  1 0.002 89
dt e ºC 0.009 Rectangular  1 0.020 21
dt u ºC 0.008 Rectangular  1 0.020 21
Componentes due to the instrument:
dt i/resolution pm 0.5 Rectangular  1/sf 0.03

Standard uncertainty/ ºC 0.04
Expanded Uncertaity/ ºC k  = 2 0.08  

Table 1. Calibration uncertainty of the fiber optics 
working as thermometers. 

 IV. CALIBRATION OF CTDS. 
The submarine observatory OBSEA already had two 
different devices to perform measurements of sea 
temperature water located at seabed. These devices are 
CTDs. They perform measurements of the conductivity 
and temperature of the sea water and depth. In order to 
perform a comparison about the measurements taken 
by the CTDs and by the fiber optics, it was needed to 
calibrate CTDs in temperature quantity. The calibration 
was performed in the calibration bath described 
previously and the reference temperature at each 
calibration point was determined by two resistance 
thermometers Pt-25, calibrated in fixed points with an 
expanded uncertainty (k = 2) of 2.2 mK. An equalizer 
block was added to the calibration bath in order to 
improve its thermal stability and uniformity, having 
values of 2 mK and 1 mK respectively. 
 

 

The CTDs used in the submarine observatory 
OBSEA are Seabird model 37SMP and model 16plus. 

The calibration results of both CTDs with the 
corresponding uncertainty calculation are shown in 
figures 5, 6 and table 2. The calibration uncertainty of 
the CTD seabird 16 plus is higher due to in this 
calibration was performed with pt-100 as standards and 
calibrated by comparion with an expanded uncertainty 
(k = 2) of 10 mK 
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Figure 5. Thermal calibration of the CTD seabird 
37SMP 
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Figure 6. Thermal calibration of the CTD seabird 
16plus. 

 
Uncertainty component description

Quantity Unit Uncertainty Probability 
distribution

Divisor Sensitivity 
coefficient

Standard 
deviation

x i c i
u(x i)                          
°C

Measuring system of the laboratory
Resistance bridge calibration L p W/W 1.00E-06 Rectangular 3 R s/sp 1.48E-04

Drift of the resistance bridge d L W/W 6.10E-06 Rectangular 3 R s/sp 9.03E-04

Reference Resistor calibration R s W 2.80E-04 Normal 2 L ref /sp 7.18E-04
Drift reference Resistor dR sd W 1.00E-04 Rectangular 3 L ref /sp 2.96E-04
Calibration of Reference thermometers dt c ºC 0,002 2 Normal 2 1 1.00E-03
Drift of Reference thermometers dt d ºC 0.002 Rectangular 3 1 1.15E-03
Temperature bath Stability dt e ºC 0.002 Rectangular 3 1 1.15E-03
Temperature bath Uniformity dt u ºC 0.001 Rectangular 3 1 5.77E-04

Characteristics of the CTDs
Resolution of CTD t i ºC 0.005 Rectangular 3 1 0.0029

Combined uncertainty ºC 0.004
Expanded uncertainty ºC k  = 2 0.008  

Table 2. Uncertainty budget of the calibration of CTDs 
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 V. DEPLOYMENT OF THE FIBER OPTICS 
UNDERWATER  

The fiber optics were deployed following the draft of 
figure 7, between a buoy in the sea surface and the 
OBSEA underwater observatory, located on the 
seabed, at 20 m sea depth, close to the coast of 
Vilanova i la Geltrú (Barcelona, Spain). 
 
The interrogator of the fiber optics was located on the 
seabed, but as this system is not water proof, a holder 
for keeping the interrogator underwater was designed 
and built. Several pressure tests in an hyperbaric 
chamber was performed to such device in order to 
guaranty the lack of contact of the interrogator with the 
sea water   
 

  

Figure 7 .Scheme the connections underwater 

During the on site measurements several problems had 
to be faced. In January 2017 a storm destroyed all the 
experiment with irreparable injury in the  fibers and 
severe damages in the surface buoy. Then a leakage 
was detected in the device for holding the interrogator, 
with the risk of the interrogator being in contact with 
water, with the corresponding irreversible damage.  
The holder device was repaired and since then the 
system had been collected data from June 2017 to 
September 2017. 

In order to have all the system under control and in 
order to know the influence of air temperature on sea 
surface temperature, an air thermometer with a 
radiation shield was attached to the buoy, as it is shown 
in figure 8. 

 

 

Figure 8. Air thermometer attached to the buoy  

 VI. SEA TEMPERATURE MEASUREMENTS 
 
At the time this paper was written, the measurements 
performed by optical fibers, CDTs and air thermometer 
were being analysed, but, even this fact, some 
conclusions came from the preliminary analysis.  
 
The preliminary analysis of the measurements taken 
along three months show several problems. One of the 
problem is related with the noise observed in the 
measurements (Figure 9). An explanation of this noise 
could be the vibration of the fiber optics under water 
due to the marine currents. Although the fibers were 
calibrated in stirred liquid bath, the fibers were affected 
by lower movement during the calibration than when 
the onsite measurements were taken. Additional tests 
are needed in order to confirm this noise is due to the 
movement of the fiber optics.  
 

 
Figure 9. Noise of the sea water temperature 
measurements. 

 
The data were statistically treated in order to reduce the 
influence of the noise on sea temperature 
measurements. The methodology used was the 
encapsulation of the measurements in sets of 20 
samples, taking one measurement every 3 seconds and 
with and elapsed time of 1 minute between sets of 20 
measurements. In each set of measurements, the mean 
and its standard deviation was calculated. The standard 
deviation is added to the uncertainty budget of sea 
temperature measurements, as it is shown in figure 10. 

230



 

 

 

 

Figure 10. Uncertainty of sea temperature 
measurements performed by fiber optic at 0.5 m under 
the water.  

A sample of the temperature measurements taken by 
fiber optic with 10 points of measurement along a 
specific time interval is shown in figure 11. This figure 
shows that the decrease in temperature with depth is 
lower than 3 ºC in the first 10 meters. Probably the 
high air temperatures along the summer and the fact 
that the time period corresponds to the end of the 
summer are fundamental factors to be considered in the 
low temperature variations. This explanation is in 
agreement with figure 12, where a difference 6 ºC 
between the sea surface and 10 m depth is observed at 
the beginning of the summer. Even this agreement, 
further analysis and measurements in other seasons 
would be useful to confirm the explanation.   
 

 
Figure 11. Sea water temperature profile in August. 
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Figure 12. Sea water temperature profile in June 
 
  

 VII. COMPARISON BETWEEN TEMPERATURE 
MEASUMENTS TAKEN BY FIBER OPTICS AND 

CTD 

One of the objectives of this activity was the 
comparison of the temperature measurements taken by 
fiber optics and by CTDs and a preliminary analisys 
shows that the difference between both methods is 
lower than 0.1 ºC. Figures 13 and 14 shows 
temperature measurements taken by both means in a 
specific time interval 

 

Figure 13. Values obtained in by fiber optic and CTD, 
both at 20 m of depth. 

 

Figure 14. Zoom from figure 13 

 

VIII. CONCLUSIONS 

Optical systems based on optical fibers were designed, 
built and calibrated as optical instruments and as 
thermometers, with an expanded uncertainty of 80 mK 
(k =2) 
 
CTDs sited in underwater observatory were calibrated 
with an uncertainty of 8 mK (k =2). 
 
A watertight system was designed and tested. This 
system allows to put the interrogator of the fiber optics 
at the seabed   
 
The deployment of all the instrumentation associated 
with the experiment was performed and traceable sea 
temperature measurements were taken. 
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Some problems related with the onsite measurements 
appeared, like the noise of the measurements. 
Additional tests are needed in order to check if this 
noise is due to the movement of the fiber optics under 
the sea and due to merine currents. Even this fact, the 
fiber optics allows the measurement of traceable sea 
temperature profile and sea surface temperature during 
long periods of time. 
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Abstract – Multibeam bathymetry has deeply changed 

our vision of the seafloor, allowing to map a large suite 

of landforms associated to oceanographic, 

sedimentary, volcanic and tectonic processes. Besides 

the advances in understanding the processes shaping 

the seafloor, these data represent a basic input both 

for a first assessment of marine geohazards and for 

planning more detailed studies. In this regard, the use 

of repeated bathymetric surveys in geologically-active 

areas is becoming a fundamental tool to evidence and 

monitor areas affected by rapid seafloor variations, 

whose genesis can be linked to active natural 

phenomena that otherwise would be often 

undetectable. In this paper, we show a review of 

examples from Southern Italy, where the application 

of such methodological approach allowed to monitor 

active erosive-depositional and volcanic processes.  

 I. INTRODUCTION 

In the last few decades, advance in seafloor imagery 

systems (especially multibeam bathymetry) has enabled 

to extensively map the main morpho-bathymetric features 

of the Italian Seas from coastal to deep waters [1, 2, 3], 

providing an unprecedented view of oceanographic and 

geological processes shaping our seafloor [4, 5, 6, 7, 8]. A 

large spectrum of landforms associated to volcanic, 

tectonic and sedimentary features has been recognized. 

These data were often useful also for biological [9,10] 

and archeological studies [11], including paleo-landscape 

reconstruction [12].  

Despite multibeam data can be used for several purposes, 

representing a basic information for any kind of more 

detailed seafloor observation and in-situ study, in the last 

years attention has been focused on the study of 

landforms that can be associated to marine geohazards, 

such as active canyon heads, tsunamigenic landslides, 

active faults and volcanism [13, 14, 15, 16]. In this regard, 

repeated bathymetric surveys represent a fundamental 

tool to monitor the morphological evolution of landforms 

associated to marine geohazards and more generally to 

evidence rapid seafloor variations occurring in 

geologically-active areas [17, 18]. This is particularly 

evident for shallow-water areas, where the resolution of 

multibeam data increases exponentially along with the 

possible hazard associated to the geohazards-related 

features due to the proximity with the coastlines and the 

higher tsunamigenic potential. 

The aim of this paper is to show a brief review of 

published examples on the use of repeated bathymetric 

surveys along geologically-active areas in southern Italy 

as well as to evidence possible uncertainties related to the 

correct interpretation of the measures provided by this 

methodological approach. Specifically, this latter point is 

dealt with in the next section. 

 II. DATA AND METHODS 

 Multibeam data used for this work have been acquired 

in the last 20 years from the University Sapienza of Rome 

and National Research Council (CNR) during several 

oceanographic cruises carried out aboard the R/V Thetis, 

Urania and Minerva1 (CNR), Universitatis (CONISMA, 

Inter-University Consortium for Marine Sciences) and 

small launch for shallow-water sectors (< -100 m). Data 

were acquired with different multibeam systems working 

at frequency, ranging from 50 to 455 kHz and coupled 

with DGPS (commonly at depths greater than 100 m) or 

RTK/PPK (coastal surveys in the first 100 m) data for 

spatial positioning. Repeated patch tests (i.e. ad-hoc 

sounding lines acquired for the calibration of the 

multibeam sensor) in areas close to the survey zone and 

daily sound speed profiles were acquired during the 

surveys. Data were processed with a non-standard 

procedure to ensure the maximum possible resolution for 

each bathymetric interval; for details on data acquisition 

and processing, refer to references [3 and 7]. The cleaned 

data were gridded to obtain Digital Elevation Models, 

having a cell-size variable from sub-metric in shallow-

water (down to -100 m) up to 25 m in deep water (down 

to -2500 m). Vertical accuracy of bathymetric data has 

been roughly estimated at 0.1 m in shallow water and 
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several meters for deeper hydrographic data [7]. 

The methodology to monitor seafloor changes consists 

in computing the difference between two co-registered 

Digital Elevation Models obtained from repeat multibeam 

surveys. The resulting “residual map” quantifies the 

change in elevation between the two surveys, with 

positive values showing seafloor accretion (or 

deposition), negative values showing seafloor erosion, 

and null values showing unchanged surfaces. However, 

the correct interpretation of morphological changes and 

their use to compute mobilized volumes should be 

carefully checked. Several sources of errors can affect the 

accuracy of soundings, including geo-positioning 

techniques (GPS, DGPS, RTK, PPK), type of sonar 

system used (i.e., frequency and beam width), meteo-

marine conditions, vessel configuration, tide and vessel 

draught, parameters of the water-column affecting sound 

velocity and its absorption, use of real-time sound 

velocity probe close to the transducer for beam-forming 

and ray-tracing, speed and overlapping between survey 

track lines, bottom detection algorithm, etc [7 and 19]. 

Moreover, it is fundamental a careful processing of 

multibeam data, able to recognize the type and variability 

of faults induced by the incorrect application of sound 

velocity profiles, instrumental offset, motion sensor 

parameters and delete the acoustic artifacts. 

 Once data have been correctly cleaned and residual 

maps generated, it is fundamental to check the results in 

areas presumably not affected by seafloor variations (for 

instance, bedrock outcrops). These areas represent a 

benchmark to constraint the error range of the residual 

maps and estimate the reliability of the data. Seafloor 

variations larger than this error range could be considered 

reliable and then linked to specific oceanographic or 

geological processes acting on the seafloor based on their 

overall shape, location and information retrievable from 

literature or web. It is also noteworthy that errors in the 

estimation of seafloor variations and associated 

volumetric computation are strongly dependent from the 

local seafloor morphology. Indeed, in the case of steep 

slope even a minimal lateral offset would result in 

substantial changes of the correct figure with respect to 

gently sloping areas. 

 III. RESULTS AND FINAL REMARKS 

 

Several examples of repeated bathymetric surveys 

were carried out around some of the most active areas in 

the southern Italy, encompassing active insular volcanoes 

and canyon heads along tectonically-controlled margin.  

As active insular volcanoes are concerned, the best 

example is represented by the morphological monitoring 

of the submarine part of Sciara del Fuoco depression (SdF, 

Fig. 1) at Stromboli Volcano in the last 15 years. The Sdf 

is the last of four sector collapses that affected the NW 

flank of Stromboli in the last 13 ka [20 and 21]. This scar 

has acted as a main channel for the seaward transport of 

the large amount of volcaniclastic products produced by 

the persistent Strombolian activity at the summit craters 

[21]. All this material has formed a steep volcaniclastic 

apron into the first -300 m, where a tsunamigenic 

submarine landslide occurred in 2002, representing the 

final stage of a complex eruption-driven instability 

process [22]. The extent and geometry of the 

tsunamigenic submarine failure were reconstructed only 

through the comparison of multibeam surveys carried out 

before and after the event [23]. This comparison also 

allowed to compute the volume mobilized from the 2002 

slide, accounting for about 10x106 m3. This value was 

also a fundamental input for the numerical modelling of 

the related landslide-generated tsunami waves [23]. More 

interestingly, the successive bathy-morphological 

monitoring of this area [24] revealed a very rapid infilling 

of the 2002 scar, that was mostly sealed in 2007, only 

five years after the event. In addition, a new effusive 

eruption started in March 2007, forming a large lava delta 

within the 2002 scar. Repeated bathymetric surveys were 

realized during and after the 2007 eruption (Fig. 1), 

enabling to reconstruct the growth and evolution of the 

submarine part of the 2007 lava delta [18].  

 
Fig 1. Aerial photo and isobaths (pre-2007 eruption, 

equidistance 50 m) of the Sciara del Fuoco depression at 

Stromboli. Residual map obtained as difference between 

multibeam bathymetries collected pre- and post- 2007 

eruption is also shown, evidencing the accretion (up to 

65m) of the seafloor due to the emplacement of the 2007 

lava delta; for details see [18]. 

The residual map shows that the 2007 lava delta 

extended down to 600 m water depth, covered an area of 

420×103 m2, with a maximum thickness of 65 m, 

accounting for an estimated volume of ≈7×106 m3, i.e., 
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three times larger than its subaerial counterpart. Since the 

2007 eruption, the evolution of the delta has been yearly 

monitored through bathymetric surveys, evidencing its 

overall dismantling through the occurrence of small 

mass-wasting processes (unpublished data). 

As tectonically-controlled margins are concerned, 

repeated bathymetric surveys have been realized at the 

head of submarine canyons off Calabria coastline and in 

the Messina Strait (Fig. 2). These areas are characterized 

by narrow or totally lacking continental shelves and steep 

continental slopes, carved by several canyons, whose 

head often arrive up to some meters of depths, few tens of 

meters far from the coast [16]. Most part of the 

morphological variations can be associated to small 

landslides occurring at the head of the canyons [13, 17, 

25, 26]. These landslides typically mobilize volume of 

several tens of thousands of cubic meters and are 

characterized by a retrogressive evolution, causing a 

landward retreat of the canyon head of several tens of 

meters (Fig. 2). In the Western Messina Strait, submarine 

landslides occurred during or shortly after the 2009 flash-

flood, suggesting that the drained/undrained load exerted 

by the flash-flood generated hyperpycnal flows on the 

seafloor can be a plausible triggering mechanism for the 

development of small slope failures at the canyon 

head[13]. 

 
Fig 2. Aerial photo, shaded relief map and isobaths 

(equidistance 20 m) of the Western Messina Strait, where 

several submarine canyons carved the continental slope. 

The zoom in the upper left shows residual map obtained 

as difference between pre- and post- 2009 flash flood 

occurred in the area, where a retrogressive submarine 

landslide is recognizable at the canyon head; for details 

see [13].  

By considering the proximity of these canyons at the 

coast (few hundreds of meters, Fig. 2), it is evident that 

the morphological evolution of their head should be 

carefully monitored, because future retrogressive 

landslides could intersect the coastline, representing a 

main geohazard for the densely inhabited coastal sectors. 

The destructive potential of these processes has been, in 

fact, witnessed by two recent examples of tsunamigenic, 

retrogressive landslides occurred at the head of the Gioia 

Tauro (Calabria, Italy) and Var Canyons (Nice, France) 

in 1977 and 1979, respectively [27; 28]. Both landslides 

mobilized 5-10 x 106 m3 and produced several damages 

to the facing coastal infrastructures, i.e. the Gioia Tauro 

harbor (the main terminal for the Mediterranean 

transhipment) and the Nice Airport, respectively. 

Similarly, repeated bathymetric surveys carried out 

between 2005 and 2006 off Punta Alice (Ionian Calabria) 

showed a retrogressive submarine landslide occurred at 

the head of the Madonna del Mare Canyon [17]. The 

landslide caused a landward retreat of the canyon head of 

about 60 m and mobilized a volume of approximately 

1x106 m3. The Punta Alice slide caused severe damage to 

the coastal chemical plant present in the area, showing its 

significance as geo-hazard for this coastal sector.  

Summarizing, the above-mentioned examples 

highlight the need of repeated bathymetric surveys to 

monitor active natural phenomena in geologically-active 

areas that otherwise would remain undetectable. This is 

fundamental to assess their role as geohazards for 

surrounding submarine and coastal infrastructures, 

especially in strongly exploited areas such as the 

Southern Italy coastlines and more generally in the 

Mediterranean area. However, we remark that the results 

and interpretations arising from this methodological 

approach should be carefully checked, as seafloor 

variations can be affected by several sources of error, so 

hindering their reliability.  
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2. 
Abstract – The widespread, increasing availability of 
high-resolution multibeam swath bathymetric data in 
the last years provides an opportunity to study with 
unprecedented detail the seafloor morphology 
throughout the use of morphometric parameters. 
These are characterized by factors that help to 
highlight local or general properties of the seafloor 
both in coastal and deep marine environment as well 
as in volcanic and non-volcanic settings. Here, we 
show some tools used over the last ten years, either 
new or readjusted from previously existing, which 
helpe to improve the interpretation and emphasize the 
results in terms of quantitative descriptions of the 
morphological features of marine landforms. We show 
the use of morphometric indicators to enhance: 1) the 
structural properties of seamounts; 2) the spatial 
arrangement and structural control on apparently 
chaotic sets; 3) the semi-automatic mapping such as 
the use of profile curvature to identify objects/targets 
outcropping from the seabed as archaeological 
outliers. 
 

1. INTRODUCTION 
 
Morphometric tools are quantitative parameters of Digital 
Terrain Models (DTMs) that help to highlight or to better 
understand the geometry and geomorphology of terrains 
by providing repeatable, quantifiable measures of shapes. 
The use of geomorphometry led to an improvement of the 
understanding of morphologic features, particularly in 
remote areas where data related to direct observations are 
poorly available, especially in both qualitative and 
quantitative approaches in regards to the marine 
environment [1]. The aim of this paper is to show some 
tools that we introduced in the last years. In particular, the 
tools summarized here are able to clarify: A) the presence 
of flat surfaces (e.g., marine terraces) and their to 
reconstruct the vertical displacement of an area; B) to 
highlight the existence of potential preferential pathways 

arising from a structural control in apparently chaotic sets 
of features and C) the semi-automatic mapping tools such 
as the use of profile curvature to identify objects/targets 
outcropping from the seabed, such as man made outliers. 
In order to properly show these features, we will use three 
real case-studies: A) Palinuro Seamount, B) the Banco 
della Montagna volcanic high located in the Northern 
sector of Naples Bay, and C) the ruins of the Pozzuoli 
Baia underwater archaeological site, located in the 
northernmost sector of Pozzuoli Bay. 
 

2. CASE STUDIES. 
 
Gorringe Bank 
 

The Gorringe Bank is a 140 km ENE-WSW striking  
bathymetric high that belongs to the Horseshoe 
submarine chain, located 300 km SW form the coast of 
Portugal. The bathymetric dataset of Gorringe Bank was 

 
Fig. 1. A) DTM and B) Elevation Histogram of 

Gettisburg Seamount. C) DTM and D) Elevation 
Histogram of Ormonde Seamount. 
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acquired during the Gorringe_2003 Cruise of the IAMC-
CNR of Naples, by using a Reson Seabat 8101 multibeam 
equipment [2]. Its morphology consists in two summits, 
Gettysburg and Ormonde, whose tops reaches -27 and -30 
m below sea level (bsl), respectively. Gettysburg and 
Ormonde highs are divided by a morphological saddle 
located at ≈ 1000 m bsl.  
 

The final Digital Terrain Model (DTM) of Gettysburg 
Seamount consists of 170 km2 with 10 m grid cell size, 
(bathymetric range is -27/-400 m bsl), here presented. 
The Ormonde Seamount dataset consists of 120 km2, 
located in the -33 /-420 m bsl (grid cell is 10m).  
Both the Gettysburg and Ormonde summits are located in 
a bathymetric range that allowed the set up of coastal 
processes linked to sea-level stands of the global sea-
level curve, which led to the formation of several order of 
terraces on their flanks. It is worth noting that marine 
terraces are optimal indicators for the quantitave 
evaluation of vertical rate of movements [3]. The 
challenge for this study was to find the height of marine 
terraces and their possible relations with uplift/subsidence 
rates of the whole Gorringe Bank. 
To address this task, we used the computation histogram 
of elevations, which consists in a simple plot of elevation 
versus their percentage of the area. In this plots, the 
presence of a specific value of elevation in the DTM is 
reported as its relative abundance with respect to the 
other values. Consequently, flat surfaces (like marine 
terraces) result in relative maxima. Thanks to the 
obtained graphs, we found several pikes (Fig. 1, A-D) 
corresponding to potential records of sea-level still-
stands. The comparison of the global sea level curve of 
Waelbroek allowed to check the available orders of 
terraces that were exposed on Gettysburg and Ormonde 
(Tab.1) and to evaluate the subsidence rate of the edifice, 

that resulted to be about 0.1 mm/y. The obtained result 
were confirmed by studying marine terraces with 
geomorphologic inspection of DTM [4, 5]. 
 
Banco della Montagna 
 
The Northern sector of Naples Bay (Fig. 2A) is 
characterized by the presence of some active and 
hazardous volcanic edifices, Campi Flegrei (from about 
300 ka to 1538 AD), Somma-Vesuvius. (from < 360 ka to 
1944 AD) in particular. Huge hydrothermal activity (CO2 
output up to 1500 t/d), ground deformations (e.g., 
bradyseism with an uplift of 1.8 m during the 1982-1984 
unrest episode), seismic activity and slides are some of 
the multiple, hazardous effects directly linked to the still 
active volcanic nature of this area.  
Multibeam data acquisition was carried out during the 
SAFE_2014 oceanographic cruise onboard of the 
Minerva Uno oceanographic vessel (CNR) with the use 
of a 100 KHz Simrad EM710 multibeam sonar system 
(Kongsberg). A sub-circular morphological high called 
Banco della Montagna (BdM) was mapped with a very 
high resolution DTM (1 m) during the cruise. BdM 
extends over an area of about 16 km2 (Fig. 2 B), 
characterized by a mound-like morphology. Pumices-
sandy diapiric structures that rise through the upper 
Holocene deposits compose the rugged shaped top of 
BdM [6]. We recognize 37 gas emissions from echo-
sounder images of the water column and direct 
observations on the sea bottom with ROV acquired 
during the SAFE_2014 cruise. The acoustic anomalies of 
these emissions show vertically elongated shapes 
upraising from the seafloor and a height between 12 and 

about 70 m [7]. In some places, the acoustic anomalies 
form nearly continuous ‘trains’. BdM top is also 
characterized by the presence of several morphologies 
that are typically associated to gas vents, i.e. mounds, 
small cones and pockmarks.  

 
Tab.1 Marine terraces elevation derived by elevation 

histogram 

Terrace order Ormonde Seamount Gettysburg Seamount Inferred age (ka b.p.)
M1 Absent -42 192
T1 -47 -47 230
T2 -49 -49 230
M2 -52 (-56) Absent
T3 -61 -62 88
T4 -67 -68 38 or 55
T5 -77 (-74) -79 168
M3 -83 (-86) Absent
T6 -101 -95 178
T7 -110 (-113) -113 (-116) 220
M4 -117 ?
T8 -123 -125 19
M5 -131 (-135) Absent
T9 -143 (-140) -140 (-146; -152) 244
M6 Absent -161

 
Fig. 2. Location map (left) and DTM (right) of the 

Banco della Montagna 

239



The DTM allow us to map 280 sub-circular to elliptical 
mounds, 665 cones and 30 pockmarks (Fig. 3A). One of 
the major challenge in such a case was to identify 
preferential patterns that ruled the emplacement of fluid 
vent-morphologies. Despite their apparent chaotic 
disposal, a first result was obtained by calculating the 
spatial density of the cones and pockmarks, which 
evidenced major NW-SE alignments delimiting the 
northeastern and southwestern boundary of the dome and 
subordinate (and less extended) NE-SW (Fig. 3B). In 
addition, we highlighted some characteristics of 
dimension and shape of these features by plotting their 
circularity vs. perimeter and the azimuth angle of the 
major axis (for the elliptic shapes) perimeter of 
morphologies. These plots demonstrated that features 
with larger perimeter were characterized by minor values 
of the index of circularity (Fig. 3C). Moreover, shapes 
with larger differences between the major and the minor 
axis (i.e., less circular) align along the same orientations 
defined by the spatial density of cones (Fig. 3D). These 
elements led to infer a definitive structural control from 
NW-SE  and NE-SW structures, that also correspond to 
the main tectonic alignments of the Naples Bay.  
 
 
Pozzuoli-Baia underwater archaeological site 
 
The Pozzuoli Bay (Fig. 1) is the offshore counterpart of 

the Campi Flegrei caldera, a volcanic district located in 
the Neapolitan area, characterized by a complex set of 
vertical ground movement called bradyseism (Fig. 4A). 
Bradyseism consists of a set of spot uplifting crises inside 
an overall sinking of the caldera. As a consequence of 
both the CF subsidence and sea level rise, the coastline of 
Baia-Pozzuoli receded of several meters in the last 
≈2Ka. several archaeological ruins are also located in 
this area. They constitute the Pozzuoli-Baia underwater 
archaeological site. The archaeological find (Fig. 4B) 
belongs to the ancient Puteoli (the actual Pozzuoli) 
harbour, which was initially a military complex later 
converted in a commercial one. The site also includes 
Baianus Lacus (Baia), essentially made of Villas luxury 
buildings (e.g. Villa a Protiro, Pisonian Villa, etc.). These 
were sites of several thermal complexes [8]. Multibeam 
swath bathymetric data were acquired in this area from 
CNR between 2003 and 2005 by using the Reson Seabat 
8111 and the Reson Seabat 8125 multibeam equipments. 
The resulting Digital Terrain Model (DTM; Fig. 4) was 
obtained by merging the results of several surveys. 
Despite the multibeam bathymetry was potentially 
characterized by a lower average nadir footprint value 
(about 1.5 m) in the archaeological area, the limitation 
induced from the GPS positioning precision results in a 
metrical spatial uncertainty of beam positioning, that can 
not be resolved with a lower than 5x5m grid cell size. 
Due to their importance , archaeological remains were 
mapped as “outliers” by using a morphologic inspection 
of DTM, that was not satisfying. Thus, a GIS procedure 
was developed by using the GRASS GIS Open Source 
package. A spatial re-sampling of data was initially 
carried out. DTM grid cell spacing was reduced from 5 m 
to 1 m by linear interpolating them by means of 
regularized spline with tension interpolator. Thus, the 
calculation of the profile curvature of the DTM was made 
by using the “r.param.scale”, that allowed to highlight 
local “outliers” (Fig. 4C). Profile curvatures highlight the 
presence of objects that rise up from the surrounding 
seafloor as “positive” shapes (that correspond to convex 
profile curvature). Conversely, concave shapes of the 
calculated profile curvature are “negative” morphologies. 
We obtain the final mapping by joining the profile 
curvature and the slope map, where high slope gradients 
are mainly concentrated on the border of the 
archaeological outliers (Fig. 4C). The contour map of the 
obtained numerical matrix allowed to distinguish the man 
made objects elevating from the seafloor. 
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Abstract – Here we show a tool for the auto-cleaning of 
Digital Terrain Models (DTM) from spikes. This tool 
basically fits the contiguity of well developed depth 
measurements in a regularly spaced DTM, that helps 
to individuate and remove spikes from survey records. 
The method consist in a recursive approach in which a 
bathymetric grid is generated starting from very large 
cell size values (e.g., about ten times the grid cell size of 
the final product) and then compared with the vertical 
distance between each measurement and the filtered 
DTM (residuals). Finally, a threshold value is 
opportunely chosen and beams with residuals that are 
larger than the threshold value are excluded from the 
cleaned record. The processing flow requires several 
iterations cycles, made by reducing both the cell size 
and the threshold value for each iteration step. The 
method here proposed is a self-excluding process that 
helps to choose between data by killing (or not) each 
single measurement, thus resulting in a simple removal 
of wrong measurement from the original bathymetric 
record. 
 
 

 I. INTRODUCTION 
Bathymetric soundings are a powerful tool for seafloor 
studies of the seafloor morphology. Since the information 
available in a survey dataset are resolution-dependent, 
multibeam data are usually processed by taking into 
account the final aim of the survey. Thus, while large-scale 
geological structures can be properly imaged by using 
Digital Terrain Models (DTMs) with grid cell sizes of tens 
of meters (e.g., seamounts or basins), coastal area and even 
more specific targets on the seafloor (e.g., archaeological 
manufacts) need metric or sub-metric grid cell sizes. In 
recent years, a rapid improvement in the development of 
sonar systems was recorded, particularly in regards to on-
shore and coastal areas purposes. Multibeam sonar 
systems, in particular, are continuously evolving, often by 
increasing the number of beams in the swath, thus resulting 
in a dramatic increasing of time needed (and related costs) 
for data processing, both for public and private companies. 
Even if characterized by very high precision, accuracy and 
reliability, standard tools available on the market (e.g., 

Reson PDS2000 or Caris Hips and Sips swath editing 
tools) require swath editing of multibeam records, thus 

determining a dramatic increasing in cost and time needed 
for data processing. However, such a kind of approach, 
basically consisting in a manual removing of spurious 
measurements, is strongly recommended by the 
International Hydrographic Organization (IHO) standard, 
that were created with the purpose of exchanging 
hydrographic data between national hydrographic offices 
and users of hydrographic data products [1]. Such a 
standard protocol implies a manual editing for random 
noise removal of multibeam swath bathymetry wrong 
measurements that typically affect data records.  
Since the multibeam echo sounding data are huge in large 
area, efficient processing tool is necessary to deal with 
such vast amount of data. However, the smaller the cell 
size, the larger the processing time required to proper 
image the survey targets. Typically, multibeam bathymetry 
may suffer of several errors, due to tilted swaths, wrong 
calibration, wrong positioning due to GPS “jumps”, 
heave/pitch/roll/yaw-failed correction of the motion 
sensor, etc [2], [3]. Once processed for navigation 
“jumps”, tides, etc., multibeam soundings suffers of the 
presence of “random” wrong measurements called spikes, 
mainly due to poor acoustic beam detection or to the 
presence of obstacles along beam pattern.  
Following the IHO standards, once calibrated and 
corrected for positioning and tide gauge, bathymetric data 
should be processed by manually removing wrong 
measurements from swaths. This step often results in a 

 
Fig. 1. Flow chart of the RAD iteration cycle 
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time-consuming approach.  
 
II. THE RAD PROCESSING TOOL 

 
Here we propose a multi-resolution and recursive method 
for a fast auto-cleaning of multibeam records that, once 
started, need only time-machine costs. The method consist 
in a recursive approach in which a bathymetric grid is 
generated starting from very large cell size values (e.g., ten 
times or more with respect to the desiderata) and then 
compared with the vertical distance between each 
measurement and the filtered DTM (residuals). Finally, an 
opportunely chosen threshold is identified and beams with 
residuals larger than the threshold value are excluded. This 
processing-flow requires several iterations, made by 
reducing both the cell size and the threshold value for each 
cycle. The method here proposed is a self-excluding 
process that helps to choose between data by killing (or 

not) each single measurement, with the result that all the 
final data arise from the original bathymetric records and 
remain untouched.  
III: RESULTS AND DISCUSSION 

 
 In order to properly test the efficiency of the RAD 
approach, we used a double-steped test. More in detail, 
1)We have compared the results of the swath processing 
approach made in a “classic” way with the elaboration of 
the same bathymetric line made up by applying the RAD 
processing tool. 2) We show the results of the RAD 
approach over two real, large case studies, i.e. Naples Bay 
and the southern sector of Ischia Island. 
The first comparison takes into account a bathymetric line 
acquired by using an EM710 Simrad (Kongsberg©inc) 
echo-sounder, an equipment that offers 400 beams in a 
140° swath coverage for each ping. This equipment allows 
to collect soundings until about 2800 m below the seafloor 
(bsf). Data were acquired during the ‘‘Milazzo 2013’’ 
Cruise and the crew of R/V Urania of the National 
Research Council (CNR) on January, 2013. The 
bathymetric line was acquired with an Eastward 
navigation, thus the central portion (with respect to the 
vertical) represents the central sector of the swath, while 
the northern is its left side. To note that the seafloor slopes 
northward in this sector. This line seems particularly 
suitable for our test because it shows both flat and rugged 
seafloor morphologies.  
The DTM derived by the raw-data (Fig. 2A), here reported 
with a 10 m grid cell spacing, is characterized by the 
presence of a large number of spikes, particularly on its 
northernmost portion (that constitute the left side of the 
acquired pings). By applying a classic bathymetric 
processing (i.e., by using a swath tool under Caris Hips and 
Sips) we obtained a huge increasing of Signal to Noise 
(S/N) ratio, as can be easily seen by the disappearing of 
wrong measurements (Fig. 2B). The bathymetric lines was 
made up by 1.641.107 beams, and during the swath editing 

 
Fig. 2. A) Unprocessed bathymetric line acquired in the Patti Gulf. B) Result of the processing of A) by 

using a standard approach. C) Results of the processing obtained with RAD. D) Main differences 
between C and D (red dots are grid cells that differs more than 1 m). 

 
 
Fig. 3. Plot of bathymetric residuals of 
measurements vs. Easting coordinates. Red 
circles are derived by RAD, black crosses by 
standard swath editing processing of data. 
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49.384 measurements were manually deleted.  
Results of the RAD tool (eight-cycles) applied to the raw 
data are showed in Fig. 2C. The final result is obtained by 
removing 56.497 measurements. To note that the RAD 
approach seems to obtain better results on the central and 
the northern sectors of the bathymetric line. Main 
differences between the two processing approaches are 
reported by showing bathymetric measurements that 
differs for more than 1 m in depth between the “classic” 
and the RAD processed data (red dots in Fig. 2D). To note 
that the main discrepancies between the two grids are 
concentrated on the same sectors (northern and central) 

that seems to be better processed by using RAD. Finally, 
we plot the RAD (red dots) and the swath-edited (Black 
crosses) with respect to the X coordinates (Fig. 3). The two 
datasets are resulted to be partially coincident but some, 
local huge differences are also evident.  
Finally, we tested the RAD approach over a larger 
bathymetric sector, made up by several swath lines. 
Bathymetric data were acquired in the Patti and Milazzo 
Gulfs, that are characterized by an articulate seafloor 
morphology due to the presence of structurally controlled 
canyons (Gamberi et al., Cultrera et al.,). The DTM, here 
reported with a 20 m spacing, shows the presence of 

 
 

Fig. 4. Test of RAD over a large bathymetric dataset (Gulfs of Patty and Milazzo). 
A) raw dataset. B), C), D), E) and F) are plots of results derived from each cycle 
of processing. G) is the final result.  
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several channels and canyons comprised between the 
North coasts of Sicily and the southern part of Aeolian Arc. 
Fig. 4 shows the original dataset (Fig. 4A) and the data 
processing obtained by applying 6 cycles of RAD (Figs. 4 
B-G) respectively. The final DTM (Fig. 4G) well shows 
the effect of filtering over lateral beams (most of the 
swaths were acquired E-W, as can be seen by lateral beam 
noise which is particularly evident in the early stages of 
data processing (Fig. 4 A-C). 
 

CONCLUSIONS 
 
We presented a method for a fast, semi-automatic 

cleaning of multibeam records from incoherent 
spikes. This method is based on a self-exclusion of 
wrong measurements from the original records, made 
up by taking into account residual measurements of 
each beam with respect to the DTM itself. The tested 
the method both over a single line, with a comparison 
between results arising from the standard approach 
and the RAD application, and over a large 
bathymetric dataset acquired in a sector where the 
rugged morphology helps to properly view the 
cleaning results. The method, which is coast-
effective, appears to give good results in terms of the 
final S/N ratio. 
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Abstract – One of the most intriguing feature along the 

entire Adriatic coast is the bay of Boka Kotorska, 

where the sea enters inland for over 20 km. The Bay is 

located along the Montenegro margin and is part of a 

ria coastal system surrounded by high mountains that 

are part of the Dinaric range. The Bay is composed by 

three major basins, connected by two narrow straits 

with a maximum depth of 67 m. Despite its historical 

and geostrategic role the morphology and geology of 

the Bay is poorly known. New high resolution 

multibeam and seismic reflection data reveal 

unknown details of present-day morphologies and 

sedimentary infilling geometries. Several processes are 

involved in shaping the bay and its seafloor. Our 

results show that the observed morphologies are due 

to the interaction at different timescales of climate, 

water circulation, sealevel changes, erosion, 

sedimentation and tectonics constrained by the 

geological and structural setting of the area. 

 I. INTRODUCTION 

The interactions between climate, sealevel changes, 

erosion, sedimentation and tectonics determine littoral 

morphology worldwide. The eastern border of the 

Adriatic Sea is characterized by fragmented coastlines, 

islands, coastal bays, that interact with the main basin 

influencing it and being influenced by it in terms of 

circulation patterns and freshwater supply. One of the 

most important feature along the entire Adriatic coast 

from both historical and economical viewpoint is the bay 

of Boka Kotorska, where the sea enters inland for over 20 

km. The Bay is located along the coast of Montenegro 

and is composed by three main basins: Herceg Novi, 

Tivat and Morinj-Risan-Kotor; connected by two narrow 

straits: Kumbor and Verige straits ~350 m wide (Fig.1). 

The Bay is surrounded by high mountains that are part of 

the Dinaric range and for this reason is improperly 

considered as the southernmost fjord in Europe, although 

its origin is not related to glacial processes [1,2]. Instead, 

Boka Kotorska Bay is part of a ria coastal system, where 

the valleys were formed mainly during sealevel low-

stands allowing regressive erosion of the landscape since 

the Messinian Salinity Crisis (~5 Ma). This resulted in a 

very deeply incised morphology below modern sealevel 

by a river flowing NE-SW, orthogonal to the orientation 

of the main tectonic structures, with its tributaries, 

parallel to them. In the hard limestone formations, narrow 

and steep valleys were incised while in the soft flysch 

layers, the river and tributaries formed wide valleys, 

causing the NW-SE orientation of the major basins [2,3]. 

The area is the richest region for precipitations in this part 

of the Mediterranean and represents one of the most 

highly karstified areas in the world.  

 

Despite the historical and geostrategic role of Boka 

Kotorska, little is known on the morphology of the 

submerged portion of the area. Here, we report on the 

first detailed multibeam morphological and bathymetric 

mapping of the entire Bay resulting from high resolution 

seismic reflection profiles, magnetics and swath 

bathymetry data collected during several geological-

geophysical cruises from 2008 to 2013. 

 II. GELOGICAL SETTING 

Montenegro is part of the thrust-and-fold system 

forming the Dinaric Alps. Relative movements between 

the European plate and the Adria microplate during  the 

Mesozoic and the Tertiary controlled the evolution of 

Montenegro and of the adjacent areas. The Mesozoic 

rifting phase related to extension, was followed by 

continental convergence from the Late Cretaceous/Early 

 

Fig. 1. Topography of the Boka Kotorska Bay. White 

dots, earthquake epicentres with magnitude > 4 since 

1976 from International Seismological Data Centre. The 

numbered white boxes refer to the area displayed in 

figures 2, 3 and 4. 
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Eocene to the Upper Pleistocene, that formed a series of 

thrust-and-folds belts and associated foreland and back-

arc basins [4]. The 200 km-long plate boundary along 

Montenegro consists of a WNW trending thrust, cut by 

N-S and rarely ENE oriented strike-slip faults, which 

laterally segment the major thrust front [5]. Starting from 

the Adriatic Sea, four NW-SE trending geomorphological 

provinces can be distinguished onshore: “Coastal 

Montenegro”, “Budva-Cukali”, “High Karst” and 

“Durmitor Zone”.  

The Coastal Montenegro Zone is the innermost part of 

the Ionian-Adriatic Thrust Zone, build up by Cretaceous 

limestones, anhydrites and dolomites, and Eocene-

Oligocene flysch deposits. Thrust-folded over this 

tectonic unit is the Budva-Cukali Zone consisting of 

Triassic flysch deposits and carbonates, Cretaceous 

limestones and Paleocene flysch. Budva-Cukali tectonic 

unit is overthrust by the High Karst Zone made mainly of 

Mesozoic limestone and dolomites with thickness 

reaching several kilometres due to reverse faulting and 

overthrusting that duplicate the carbonate series. Along 

the northern sector of Kotor Bay from Morinj to Kotor, 

across Risan and Perast, this unit is in direct contact with 

the sea. The northernmost tectonic unit is the Durmitor 

Zone consisting of different thrust sheets build up by Late 

Paleozoic and Lower Triassic sedimentary deposits (clay, 

marl and sand beds), and Jurassic diabases and cherts 

rock [6,7]. 

 III. DATA  AND METHODS 

Data were collected during several geological-

geophysical cruises from 2008 to 2013 with the R/V 

Dallaporta, R/V Urania and R/V Maria Grazia of the 

Consiglio Nazionale delle Ricerche (CNR), under the 

framework of ADRICOSM-STAR and MEDPOL 

projects. Oceanographic cruises ADR08, ADR02_08, 

MNG01_09, MNG02_09, and MNG03_10 were carried 

out in 2008, 2009 and 2010, respectively, in order to 

explore the area with high resolution seismic reflection 

profiles, magnetics and swath bathymetry data. 

Bathymetric data were acquired during the R/V Urania 

cruises using a SEABAT-8160 RESON multibeam 

system (50kHz, 126 beams with a resolution of 0.5° and a 

150° aperture) in 2008; and an EM710 Kongsberg-

Simrad multibeam system (~70 kHz, 400 beams with a 

resolution of 1°x2° and a 150° aperture), in 2009. During 

the R/V Maria Grazia cruise in 2009, the multibeam 

system was a Kongsberg EM3002D Dual Head (~300 

kHz, 508 beams with a resolution of 0.5° and a 170° 

aperture). Continuously surface water acoustic velocity 

data for beam-forming was recorded by a sound velocity 

probe, located 1 m above the sonar head. Sound velocity 

profiles within the water column were determined by a 

conductivity-temperature-depth (CTD) SeaBird SBE 911 

probe. Positioning was provided by a High Precision 

differential GPS. Multibeam data were processed using 

Kongsberg NEPTUNE software including tide 

corrections based on the Split and Durres tidal reference 

stations, lines adjustments, removal of coherent and 

incoherent noise. Cartographic data homogenization to 

WGS84 of digitized maps (with coordinates referring to 

the Zone-7 of the MGI/Balkans cartographic system) was 

carried out using DIGMAP and DATUM software [8,9]. 

Spatial analysis and mapping were performed using the 

PLOTMAP package [10]. Digital terrain models were 

produced down to a horizontal resolution of 0.5 m. 

A dense grid of single channel seismic reflection 

profiles was carried out using a Benthos CHIRP-III SBP 

system (operating with 16 hull-mounted transducers). The 

system generates a 0.02 s-long signal with frequency 

linearly varying from 2 to 7 kHz. Maximum sub-bottom 

penetration is 50-60 m with a vertical resolution of about 

0.2-0.5 m. The seismic dataset was processed using 

SeisPrho software [11], applying time variant gain, 

automatic gain control and band-pass filters. Seismic data 

interpretation was carried out through the Kingdom Suite 

software and the seismic dataset was merged together 

with the high resolution DEM to allow integrated 

interpretations. 

 IV. RESULTS 

Boka Kotorska Bay hosts a large number of species of 

seabed fauna which has adapted to specific environmental 

conditions [12]. The seafloor and sub-bottom are mostly 

covered by well stratified sedimentary layers of fine mud 

interbedded to clay loam, clay sand, silt and sand. These 

unconsolidated sediments, deposited during the last 

sealevel high stand (Holocene), rest on an erosional 

surface in direct contact with the Mesozoic-Early 

Cenozoic basement or above alluvial and/or marine syn- 

and pre-LGM deposits, and reach their maximum 

thickness of about 25÷30 m in the depocenters [13]. Boka 

Kotorska can be divided into three major basins based on 

morphological and structural differences (Fig. 1): Herceg 

Novi Bay; Tivat Bay and Morinj-Risan-Kotor Bay. 

 A. Herceg Novi Bay 

This basin has a sub-triangular shape and lies almost 

entirely within the “Coastal Montenegro Zone” with 

basement mostly represented by Early Cenozoic flysch 

deposits. It shows a flat seafloor with an average depth of 

~42 m reaching the maximum depth of ~48 m in the 

channel entering from the south along the narrow passage 

to the Boka Kotorska Door (Fig. 1). The steepest flanks 

are located in the south, toward the Lustica peninsula that 

is made by Cretaceous and Early Cenozoic limestones 

and presents slopes ranging from 10° to 20°. The northern 

flanks show more gentle slopes ranging from <1° to 3°. 
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Despite this, these flanks are affected by several ~5 m-

high 150 m-wide linear ridges running perpendicular to 

the coast between Melijine to Zelenika in the lower part 

of the slope (Fig. 2a). The seismic profile shown in figure 

2c, suggests that they are relicts of older marine 

sediments cut by V-shape deeply incised valleys, formed 

during the LGM and filled by the recent marine deposits. 

 

Herceg Novi Bay is connected to the east with Tivat 

Bay through the ~800 m-wide ~3.5 km-long Strait of 

Kumbor (Figs 1 and 2b). The narrow passage shows steep 

flanks cut by several deeply incised valleys and a central 

~100 m-wide ~50 m-deep channel that follows three short 

linear segments running along and perpendicular to the 

major tectonic lineaments. A seismic profile crossing the 

SW-NE segment is shown in figure 2d. The seismic 

cross-section shows a ~300 m–wide valley with depth 

ranging from 40 to 45 m, filled by ~20 m of sediments. 

The acoustic basement across the strait presents a flat 

reflector, slightly dipping toward east, offsets by a ~5 m 

step with overlying sediments broken and discontinuous 

suggesting an active fault. 

 B. Tivat Bay 

The southern and the central sector of the Tivat 

triangular basin lies within the Coastal Montenegro Zone, 

while the northernmost area, north of the village of 

Bijela, lies within the Budva-Kukali Zone (Fig. 1). The 

Bay present a wide-almost flat central area with depths > 

35 m, with a maximum depth of 45 m reached close to 

Kumbor Strait. The northern and the south-western slopes 

are steeper than the eastern and south-eastern slopes that 

gently grade toward the deepest central area with 

gradients < 0.5°. A narrow elongated ridge, along the 

alignment of the Ostrvo Cvijeca peninsula and of the 

Sveti Marko (1.5 km-long) and Gospa od Milosrda (200 

m-long) islands, divides the south-eastern corner area of 

the Bay in two shallow sub-basins (max depth of 20 m). 

On the two islands conglomerates, sandstones and marls 

of the Early Cenozoic flysch unit outcrop. The Chirp 

profile shown in figure 3c, crosses an elongated structural 

high parallel to the southern coast and aligned along the 

prosecution of the narrow ridge formed by Sveti Marko 

and Gospa od Milosrda islets (Fig. 3a). The seismic sec-

tion reveals a very thin sedimentary sequence (thickness 

< 10 m) onlapping basement rocks in sub-vertical strata. 

Hummocky terrains with huge (>5 m–high) blocks 

mark the eastern upper slope of Tivat Bay, just south the 

town of Tivat (Fig. 3b). The seismic section crossing this 

feature shows that blocks are free of sediments, 

suggesting a very recent mass wasting event (Fig. 3d). 

 

 Tivat Bay is connected to the Morinj-Risan-Kotor Bay 

by the Verige Strait. The Strait striking SSW-NNE, forms 

a 400 m-narrow passage within the Mesozoic carbonates 

of the Budva-Kukali Zone and shows very steep flanks. 

In the central part, two deeper channels (max depth of 45 

m), bounding a few meter-high central dome, develop. 

The southern and northern 200 m-wide central domes are 

dominated by linear sediment wave fields (Fig. 4a). The 

sediment waves run almost perpendicular to the axis of 

the valley, with a wavelength of 25 m and heights ranging 

from 1 m up to 3 m. The seismic profile in figure 4c 

shows that the mobilized sediment layer, represented by 

acoustically transparent material without internal 

coherent reflections, can reach the thickness of 10 m. 

This layer overlays a lower sequence with coherent 

 

Fig. 3. Multibeam bathymetric details of selected areas. 

(a) Southern flank of Tivat Bay, to the west of Sveti 

Marko and Gospa od Milosrda islets. (b) Eastern flank 

of Tivat Bay. Red lines indicate location of high 

resolution seismic profiles. (c) Tivat Bay, southern slope. 

The seismic line crosses the structural high in front of 

Bjelila village. (d) Tivat Bay, eastern slope. The profile 

crosses the small slide located just south of Tivat. 

 

Fig. 2. Multibeam bathymetric details of selected areas. 

(a) Northern slope of Herceg Novi Bay. (b) Eastern 

sector of Kumbor Strait. Red lines indicate location of 

high resolution seismic profiles (CHIRP III). (c) Herceg 

Novi Bay: profile running parallel to the coastline 

across the northern slope of the basin. (d) cross-section 

of Kumbor Strait. The SW-NE fault located in the middle 

of the strait cuts the entire sedimentary sequence. 
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reflectors sub-parallel to the top of the acoustic basement. 

 C. Morinj-Risan-Kotor Bay 

This Bay represents the innermost basin of Boka 

Kotorska and straddles the overthrust zone between the 

High Karst Zone to the north and the Budva-Kukali zone 

to the south. It displays a hour-glass shape (Fig. 1) and 

can be divided into two major sub-triangular embayments 

to the NW and to the SE (Morinj-Risan and Kotor bays, 

respectively). The deepest part (~45 m) of the entire basin 

is found at the northern mouth of the Verige Strait, where 

the two channels, that come out from the narrow outlet, 

impact against a structural high, and join together 

following a semi-circular path (Fig. 4b). The structural 

high is formed by a narrow ridge parallel to the northern 

coastline, with steep flanks and a roughly simmetric 

cross-section, that rises above sea-surface at Gospa od 

Skrpjela and Sveti Dordje islets (Fig. 4b).  

The central area connecting the Risan-Morinj and 

Kotor bays, in correspondence of the northern foot slope 

near Perast, displays a large number of circular to 

elliptical depressions at depths ranging between 27 and 

41 m (Fig. 4b). Isolated circular depressions are the most 

representative of the area and occur in a wide range of 

depths, with diameter ranging from 10 to 100 m. These 

depressions display a well-developed, funnel-shape 

vertical section, that can locally cut the entire 

sedimentary sequence (Fig. 4d).  

 

 V. DISCUSSION 

Past sealevel changes together with the geological 

setting of the area played an important role in shaping the 

modern Bay morphology. Incised valleys across conti-

nental margins represent the response of fluvial systems 

to changes in their equilibrium dynamics, mainly driven 

by base level fall forced by glacial-eustatic cycles [14]. 

Given that the maximum depth of present day sill toward 

the open Adriatic Sea is 37.6 m (Fig. 1), the  bottom floor 

of Boka Kotorska was exposed during Late Pleistocene 

glacial maxima, when global sea level fell more than 100 

m [15-18]. The pronounced upstream deepening of the 

valleys related to river/stream incisions of MIS5e and 

older highstand deposits, forms relict ridges perpendi-

cular to the coastline (Figs 2a and 2c). Sea level rise 

reached Boka Kotorska during the Early Holocene, 

drowning the Bay and leading to the formation of an 

embayment confined toward land. At this time, part of the 

incisions remained under-filled with a marked bathy-

metric expression; the Bay was then rapidly filled by 

highstand deposits. Also the lobate structures on the 

southern flank of Kumbor Strait, interpreted as fan-deltas, 

would have been deposited sub-aerially during sealevel 

lowstands. Channels cutting the present-day fan surface 

and extending for several hundred metres down are 

clearly visible in the bathymetric imagery (Fig. 2b). This 

suggests that these channels were incised subaerially, and 

have since been submerged by rising sea level and 

subsidence of Boka Kotorska Bay [19]. Along the 

steepest upper slope of Boka Kotorska flanks, hummocky 

terrains (Figs 2b and 3b) suggest mass-wasting events 

probably related to slope failure triggered by the strong 

earthquakes affecting the region and enhanced by 

overpressure induced by gas and fluids. 

The action of water currents is another important factor 

that contributes to determine the submerged morphology 

of Boka Kotorska Bay. The water circulation is mainly 

driven by meteorological condition and fresh water input, 

thus it suffers of a strong seasonality. Strong surface 

currents are due to the action of winds, while bottom 

currents are controlled by fresh water inputs [20]. The 

freshwater input from the numerous sources in the bays 

strongly modifies temperature, salinity and current 

patterns, with formation of density driven flows [20]. 

Bottom currents are stronger within the narrow passages 

connecting the several basins forming the Bay. In fact, 

most of the morphological features observed within the 

Kumbor and Verige straits can be ascribed to the action 

of bottom currents, such as: incised channels bounding 

the slopes of the straits (Figs 2b, 4a and 4b); contourites 

forming the lobate sedimentary geometries shown in the 

cross-section of Kumbor Strait (Fig. 2d); and sediment 

wave fields at the southern and northern end of the 

Verige Strait (Figs 4a, 4b and 4d). 

Although precipitation in the catchment area of Boka 

Kotorska Bay is the highest in Europe (>5000 mm/a) 

[21], small watercourses are present in the Bay drainage 

area. Despite this, an enormous mass of freshwater flows 

 

Fig. 4. Multibeam bathymetric details of selected areas. 

(a) Southern end of Verige Strait. (b) Northern end of 

Verige Strait and central sector of Morinj-Risan-Kotor 

Bay including Gospa od Skrpjela and Sveti Dordje 

islets. Red lines indicate location of high resolution 

seismic profiles. (c) Verige Strait, along axis profile. (d) 

Morinj-Risan-Kotor Bay: seismic profile running paral-

.lel to the northern coast in front of Perast. 
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into the basin through submarine syphons, springs and 

resurgences due to the karst environment [22]. Several 

springs are found along the edges of the Boka Kotorska 

Bay and are characterized by high variations in discharge 

due to intensively karstified rocks in the catchment area 

and an extremely fast propagation of rainfall. Some of 

those springs even dry out completely during summer, 

while after intensive rainfall or at the end of winter, some 

of them can discharge over 100 m
3
/s [23]. 

 

The deep circular depressions with sharp edges and 

smooth outer boundaries (Figs 1 and 4b) observed at the 

seafloor in several places across the Bay, are interpreted 

as pockmarks due to groundwater discharge (i.e., spring 

outlets) into the basin (Fig. 5). We count over 143 of 

these features across the entire Bay. Most of these 

circular depressions are located in Morinj-Risan-Kotor 

Bay close to the village of Perast. These spring outlets are 

aligned parallel to the coast, suggesting that they 

originate at the lateral ramp of the reverse fault between 

karstified limestone and dolomites of the Sanik mountain 

and the autochthonous Eocene flysch [13]. 

 VI. CONCLUSIONS 

High-resolution geophysical data reveal unknown 

details of present-day morphology and sedimentary 

infilling geometry of the Boka Kotorska Bay. Multibeam 

bathymetry combined with seismic reflection images 

suggests that the observed morphologies are due to the 

interaction at different timescales of climate, water 

circulation, sealevel changes, erosion, sedimentation and 

tectonics constrained by the geological and structural 

setting of the area. The Bay is composed by three major 

basins connected by two narrow straits and reaches the 

maximum depth of 67 m. It shows steep upper slopes and 

flat sub-basin central sectors lying at depths ranging from 

35 to 45 m. Among the several morphological features 

shaping the seafloor, we note: deeply incised valleys and 

delta fans related to past sealevel falls; slope failures and 

mass wasting triggered by strong earthquakes; channels 

bounding the steep slopes of Kumbor and Verige narrow 

passages, and sediment wave fields in Verige Strait 

formed by strong bottom currents; karst morphologies 

developing at seafloor with submarine siphons, springs 

and resurgences (pockmarks) fed by karst hydrology of 

Boka Kotorska Bay’s surroundings.  
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Abstract – Within the framework of the BioMAP 

Project (BIOcostruzioni Marine in Puglia, - P.O. 

FESR 2007/2013), new acoustic data were acquired in 

order to identify and locate Coralligenous Habitats 

(CHs) along the Apulian continental shelf (South 

Adriatic Sea – Northern Ionian Sea). The analysis of 

the multibeam echosounder (MBES) dataset allowed 

us to identify different morphological expression of 

CHs. Geomorphometric techniques have been applied 

on the MBES data in order to (1) figure out 

relationships between the observed morphologies and 

the associated habitat distribution and (2) quantify 

the total volume of selected Coralligenous build-ups. 

Our results were obtained applying a quantitative 

analytical approach, focusing on the exploitation of 

the full potential of seafloor data sets in an objective 

manner. Our approach can be even used to monitor 

future changes, from anthropogenic impacts (e.g., 

bottom trawl damage) to the impacts of global change 

including ocean warming and acidification that can 

affect the structural complexity and total volume of 

carbonate deposits characterising the Mediterranean 

benthic environment. 

 I. INTRODUCTION 

Coralligenous Habitats (CHs) constitute the second 

most important ‘hot-spot’ of species diversity in the 

Mediterranean, after the Posidonia oceanica meadows 

[1], able to produce large deposits of biogenic calcium 

carbonate [2], becoming very sensitive to the ongoing 

global change [3], [2]. For this reason, a precise 

knowledge of Coralligenous (C) distribution is nowadays 

strongly important. 

The BioMAP project (BIOcostruzioni Marine in Puglia, 

- P.O. FESR 2007/2013) promoted actions in order to 

map and monitor CHs along the Apulian shelf (southern 

Adriatic margin and northern Ionian margin – 

Mediterranean sea), collecting seafloor acoustic data (i.e.: 

multibeam bathymetric data and side-scan sonar mosaics) 

and videos.  

In this work, multibeam data were analysed by means 

of geomorphometric techniques, in order to extrapolate 

quantitative information able to characterize the 

morphology and the volume of the observed carbonate 

bioconstructions. Our analysis was applied on three 

different groups of Digital Terrain Models (DTMs) 

collected in three selected CHs mapped in the project: (1) 

Mosaic of Coralligenous and Posidonia meadows (MCP), 

(2) Coralligenous Biocenosis (BC) and (3) Mosaic of 

Coralligenous and coastal Detritic (MCD). 

 II. MATERIALS AND METHODS 

The acoustic dataset was obtained from several 

oceanographic research cruises, performed between 

March 2012 and May 2013 under the framework of the 

BIOMAP project. Two main research ship-based surveys, 

carried out using the R/V MINERVA UNO (BIOMAP I 

and BIOMAP II respectively on March and May 2012), 

explored the deepest areas, between 30m and 100m water 

depth, using the 50kHz Teledyne RESON 8160 MBES. 

Side scan sonar (SSS) data were obtained using two 

different models of dual frequency SSS: the 100/500 kHz 

Klein3000 system and the 100-400 kHz EdgeTech 

system.  

Shallower sectors of the study area, located between 2 

and 30 m below the sea level were surveyed during 

several small cruises carried out on board the CoNISMA 

research boat Calafuria ISSEL (from July 2012 until June 

2013) using the Teledyne RESON SeaBat 8125 MBES. 

The deepest areas, located between 30m and 100m of 

water depth (w.d.), were explored during two main ship-

based surveys carried out on board the R/V MINERVA 

UNO (BIOMAP I and BIOMAP II respectively on March 

and May 2012), using the 50kHz Teledyne RESON 8160 

MBES.  

Teledyne PDS2000 Hydrographic suite was used for 

survey planning, MBES data acquisition and processing. 

SSS data were provided by a pole-mounted Klein3000 

system. 

MBES data where acquired and processed using 

Teledyne RESON PDS2000 software, the entire dataset 

did not cover all the investigated areas with 100% of 

coverage, but provided high-resolution bathymetry of the 

surveyed seafloor (i.e. from 0.3m cell size at 5m w.d. to 1 
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m cell size at 100 m w.d.). The DTMs, provided by the 

MBES survey, were used for the final georectification of 

the processed SSS mosaic obtained from the R/V 

MINERVA UNO surveys. 

SSS operated at 200 m range setting and we reached 50% 

of overlap between adjacent lines. SSS data processing, 

performed using Triton ISIS (Triton Elics Information-

TEI) suite software packages, produced geo-referenced 

gray-tone acoustic images of the seafloor at 0.5 m 

resolution. Only for SSS data acquired during the survey 

on the R/V Minerva 1, the track of the fish was computed 

using the position of the ship, the length of the tow cable, 

and the elevation of the fish above the sea floor. On the 

R/V ISSEL the SSS fish was fixed on a vertical pole, 

consequently a simple static offset (from the dGPS 

antenna position) was used to obtain georeferenced SSS 

images. 

Groundtruthing were made by video inspections collected 

during all the oceanographic cruises. 3 ROV dives were 

performed using a Prometeo ROV (R/V MINERVA 

UNO) and more than 30 subaqueous transects were 

collected by the Quasi-Stellar© (Elettronica Enne) 

trawled camera (R/V Calafuria ISSEL). 

 III. GEOMORPHOMETRIC ANALYSIS 

This first step started from a selection of testing areas 

(within the huge BioMAP dataset) able to represent each 

CHs (MCP, BC and MCD), matching two main criteria: 

(1) data resolution (0.30m for MCP and BC, 1m for 

MCD) and (2) the absence or significant artefacts. Three 

testing areas for each CHs were selected from the entire 

dataset. 

The primary goal of the performed methodology was the 

detection of distinct C morphologies at the maximum 

resolution. Considering the three dimensional nature of C 

morphologies, that rise from the seafloor with steep and 

often sub-vertical flanks and sharp boundaries [4], we 

adopted an algorithm that allow to discriminate between 

CHs morphotypes [5] and the surrounding seafloor. The 

Topographic Position Index [6][7][8] tool of the SAGA 

software (System for System for Automated 

Geoscientific Analyses) [9], was then used to support the 

performed analysis.  After several testing analysis that 

used different inner and outer radius, we recognised as 

the most efficient solution the selection of 1 cell for the 

inner radius and 10 cells for the outer radius. Then, using 

ArcGIS all the C structures were isolated and removed 

from the DTMs (Fig.1). 

A “reference surface” without bioconstructions was 

created for each DTM through Golden Software Surfer®. 

The interpolation function, used for the creation of the 

reference surface, was the natural neighbour [10].  

 IV. VOLUME ANALYSIS 

The last analytical step included the comparison of the 

analyzed DTMs, with their associated reference surface, 

in order to calculate the volume of those C 

bioconstructions selected from the analysis. ArcGISTM 

provides a Cut/Fill tool that summarizes the areas and 

volumes of change from a cut-and-fill operation, i.e. by 

taking surfaces of a given location at two different time 

periods, the function will identify regions of surface 

material removal, surface material addition, and areas 

where the surface has not changed. 

 

 

Fig.  1. Workflow for the area and volume analysis 

 V. RESULTS 

Volume calculus performed through the above-mentioned 

analysis, provided quantitative results for each CH 

selected by the TPI algorithm. In order to relate this 

volume to all areas mapped by the BioMAP project, a 

ratio value between the total areas of CHs mapped by 

BioMAP project and by the one obtained from the 

method here presented, was calculated. 

We therefore obtained for each analysed area the actual C 

coverage, and the corresponding percentage was 

calculated. The average percentage obtained from all the 

areas (for each habitat) was considered as representative 

of the real coverage provided by C bioconstructions in 

each habitat. Table 1 shows new area values and volume 

for all the CHs mapped by the BioMAP project, as 

estimated by the proposed analysis.  

Table 1. Resulting Area and Volume of coralligenous 

bioconstructions, as derived from the proposed analysis. 

Habitat Coverage MCP BC MCD 

BioMAP Project (Km2) 103,8 185,6 101,9 

New Methods (Km2) 30.84 12.81 81.30 

Volume (mln m3) 80.94 55.40 200.89 
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 VI. DISCUSSION 

MCP polygons identified by our methodology show the 

highest difference between highness values. C 

bioconstructions within the MCP habitat show indeed a 

minor lateral continuity than the C bioconstructions 

included within the other CHs (CB and MCD) and are 

definitely more isolated within the entire habitat. They 

are more developed in the vertical direction than the 

horizontal one, forming isolated columns or field of 

columns, as described by Bracchi et al. (2014).  

MCP build-ups are usually not as big as the ones 

representative of CB, since they likely lay in competition 

with P. oceanica.  

Bioconstructions that typify the CB, even if not higher 

as the ones of MCP habitat, provide characteristic bank 

frameworks (sensu Ballesteros, 2006), with large and flat 

forms, laterally continuous and well developed in 

highness. 

MCD represents the end-member of the series, showing 

very low difference in highness (indicative of more 

rounded morphologies).  

The present results highlight how the different CHs are 

actually characterized by distinctive C morphologies, 

showing that C biocnstructions may have different 

morphological expression. The observed differences may 

be related to the different environmental condition in 

which C build-ups growth. For instance, from MCP 

through CB to the MCD there is a progressive increase of 

the depth, and consequently a decrease of light 

penetration. MCP is usually located in the shallowest 

zone, and develop where good conditions for seagrass 

growth are reported. CB develops in deeper bathymetric 

interval than MCP, where those typical dim light 

conditions, that favour the growth of those crustose 

coralline algae responsible of coralligenous formation, 

occur. MCD represents a CH that thrives in the deepest 

bathymetrical area of our dataset (maximum 100m w.d.). 

Very dim light condition characterize this zone, growth 

form are more rounded than the ones representative of the 

MCP habitat, but not well developed as in the BC habitat.  

Other data are actually necessary to better outline the 

relationships between environmental conditions and 

growth forms in different CHs (i.e substrate, nutrient 

supply, current speed, ecc...), nevertheless the present 

work documented for the first time a quantitative 

relationships between C growth forms and the associated 

habitats in which they are distributed (that is in turn 

controlled by environmental conditions). 

REFERENCES 

[1] Boudouresque, C.F. “The erosion of Mediterranean 

biodiversity. In The Mediterranean Sea: An Overview 

of Its Present State and Plans for Future Protection.” 

Lectures from the 4th International Summer School on 

the Environment, C. Rodríguez-Prieto & G. Pardini 

(eds), Girona: Universitat de Girona, 53–112. 

[2] Basso D. “Carbonate production by calcareous red 

algae and the global change”, in Basso D. & Granier 

B. (eds), Calcareous algae: from identification to 

quantification. Geodiversitas, 2012, 34 (1) : 5-11. 

[3] Kuffner I.B., Andersson A.J., Jokiel P.L., Rodgers 

K.S., Mackenzie F.T. “Decreased abundance of 

crustose coralline algae due to ocean acidification.” 

Nature Geoscience, 2007, 1 : 114-117 

[4] Bracchi V.A., Savini A., Marchese F., Palamara S., 

Basso D., Corselli C.: “Coralligenous habitat in the 

Mediterranean Sea: A geomorphological description 

from remote data.” Italian Journal of Geosciences 

12/2014; 134(1). DOI:10.3301/IJG.2014.16 

[5] Bracchi V.A., Basso D., Marchese F., Corselli C., 

Savini A.: “Coralligenous morphotypes on 

subhorizontal substrate: A new categorization.” 

Continental Shelf Research 144: 10-20, 

10.1016/j.csr.2017.06.005. 

[6] Guisan, A. & Zimmermann, N.E. “Predictive habitat 

distribution models in ecology.” Ecological Modelling, 

2000, 135, 147-186. 

[7] Weiss, A.D. “Topographic position and landforms 

analysis.” Poster Presentation, ESRI Users 

Conference, San Diego, CA, 2001. 

[8] Gallant, J. C., and J. P. Wilson. “Primary Topographic 

Attributes.” In Terrain Analysis: Principles and 

Applications, J. P. Wilson and J. Gallant (eds.). New 

York: John Wiley & Sons Inc., 2000, pp. 51–85. 

[9] Conrad, O., Bechtel, B., Bock, M., Dietrich, H., 

Fischer, E., Gerlitz, L., Wehberg, J., Wichmann, V., 

and Böhner, J.: System for Automated Geoscientific 

Analyses (SAGA) v. 2.1.4, Geosci. Model Dev., 8, 

1991-2007, doi:10.5194/gmd-8-1991-2015. 

[10] Sibson R, “A brief description of natural neighbour 

interpolation.” In V Barnett, editor, Interpreting 

Multivariate Data, 1981, pages 21–36. Wiley, New 

York,USA. 

 

254



Index of Authors

Adamo, Francesco, 158
Agate, Mauro, 111
Aguzzi, Jacopo, 13, 39
Aliani, S., 22
Altepe, Corentin, 68
Amato, Lucio, 183, 186
Andria, Gregorio, 158
Andráš, Imrich, 123
Angelino, Antimo, 167
Angrisano, Antonio, 83, 89
Antonelli, Gianluca, 44
Aracri, S., 22
Armenio, Elvira, 143
Arrichiello, Filippo, 44
Ausili, Antonella, 202
Azzopardi, Joel, 17
Azzurro, E., 13

Balestra, Cecilia, 50
Barrera-Figueroa, S., 28
Basilone, Gualtiero, 95
Basilone, Luca, 95
Basso, Daniela, 252
Bastianini, Mauro, 22, 39
Bastkowski, Frank, 223
Bergamasco, A., 22
Bergami, C., 22
Bergamin, Luisa, 173, 202
Biber, A., 28
Bommarito, C., 22
Bordone, A., 196
Borghini, M., 22
Borsani, J.F., 28
Bortoluzzi, Giovanni, 246
Bozzano, R., 22
Bracchi, Valentina Alice, 252
Brunetti, F., 22
Bruni, Fabio, 104
Budillon, Francesca, 167
Buogo, S., 28

Caiti, Andrea, 44
Calendreau, François, 58
Cantoni, C., 22
Capezzuto, Francesca, 162
Capodici, Fulvio, 17
Carandell Widmer, Matias, 78
Cardin, V., 22
Carlucci, Roberto, 162
Carluccio, Angela, 162
Casalbore, Daniele, 233
Caslino, Giuseppe, 44
Casotti, Raffaella, 50, 54
Catalucci, Sofia, 1

Caterini, E., 22
Cavuoto, Giuseppe, 183, 186
Cesarini, C., 22
Chiocci, F.L., 133
Cianflone, Giuseppe, 186
Ciraolo, Giuseppe, 17
Ciuccoli, Nicolò, 68
Ciuffardi, T., 196
Colucci, R.R., 22
Conversano, Fabio, 54
Coppola, Giuseppe, 179
Corgnati, Lorenzo, 39
Corredera, P., 227
Corselli, Cesare, 101, 252
Cossart, Thibaut, 58
Cotecchia, Federica, 158
Crisafi, E., 22
Crise, A., 22
Crognale, Jacopo, 150
Curcuruto, S., 28

D’Adamo, R., 22
D’Onghia, Gianfranco, 162
Davidde Petriaggi, Barbara, 74
Davidsson, P., 28
De Padova, Diana, 143
De Rosa, Rosanna, 186
De Serio, Francesca, 143
Deiana, Giacono, 138
Del Bianco, Fabrizio, 246
del Campo, D., 227
Del Pizzo, Silvio, 83, 89
del Rio Fernandez, Joaquin, 13, 78, 227
Denis, Michel, 58
Di Fiore, Vincenzo, 179, 183, 186
Di Nisio, Attilio, 158
di Sarra, A.G., 22
Dominici, Rocco, 186
Drago, Aldo, 17
Drutarovský, Miloš, 123
Dubelaar, George, 58
Dugenne, Mathilde, 58

Egi, S. Murat, 68
Esposito, Carlo, 150

Fabri, Marie-Claire, 101
Fanara, C., 22
Fanelli, Emanuela, 13, 39
Ferrante, Valentina, 246
Freiwald, Andrè, 101

Gaglianone, Giovanni, 150, 210
Gaglione, Salvatore, 83, 89



Galajda, Pavol, 123
Galea, Anthony, 17
Gambi, Maria Cristina, 62
Garcia-Benadí, Albert, 78, 227
García Izquierdo, C., 227
Gasperini, Luca, 246
Gauci, Adam, 17
Giglio, Federico, 246
Giordano, Laura, 186
Giorgetti, A., 22
Golick, A., 28
Gomez de Ayala, Gabriele, 74
Griffa, Annalisa, 39
Grilli, F., 22
Grégori, Gérald, 58
Guarneri, Massimiliano, 62

Hammes, Frederik, 50
Hayman, G., 28
Hernandez, S., 227

Iavarone, Michele, 186
Indiveri, Giovanni, 44
Inghilesi, Roberto, 17
Innangi, Sara, 117
Insinga, Donatella D., 167
Iorio, Marina, 167

Kocur, Dušan, 123
Kools, Harrie, 58

Langone, L., 22
Lanzolla, Anna Maria Lucia, 158
Leccese, Fabio, 7, 127
Ligi, Marco, 246
Linné, M., 28
Lipizer, M., 22
Lirer, Fabrizio, 186
Lo Iacono, Claudio, 111
Ludeno, Giovanni, 186

Macekova, Ludmila, 123
Magno, Maria Celia, 173, 202, 210
Maiorano, Porzia, 162
Mantovani, Carlo, 39
Marchese, Fabio, 101, 252
Marini, M., 22
Marini, Simone, 13, 39
Marsella, Ennio, 183, 186
Marsili, Roberto, 1
Matano, Fabio, 206
Mauro, S., 28
Meleddu, Antonietta, 138
Menegon, S., 22
Meo, Agostino, 133, 167
Micallef, Aaron, 95
Miccoli, Daniela, 158
Michaeli, Linus, 123
Micheli, Fiorenza, 68

Minuzzo, T., 22
Miserocchi, M., 22
Moretti, Michele, 1
Mossa, Michele, 143
Müller, Jens Daniel, 223

Napolitano, Rachele, 62
Nardone, Gabriele, 17, 34
Natale, Antonio, 186
Nogueres-Cervera, M., 227

Orasi, Arianna, 17, 34
Orrù, Paolo Emanuele, 138
Ottaviani, Ennio, 39

Panebianco, Luca, 68
Panza, Michele, 162
Partescano, E., 22
Paschini, E., 22
Passarelli, Augusto, 50, 54
Passaro, Salvatore, 111, 206, 238, 242
Pavesi, F., 22
Pelosi, Nicola, 179, 186
Penna, P., 22
Pennecchi, F., 196
Pensieri, S., 22
Petritoli, Enrico, 7, 127
Picone, M, 34
Picone, Marco, 17
Pierfranceschi, Giancarlo, 210
Placenti, Francesco, 111
Pollini, Lorenzo, 44
Poulain, Pierre Marie, 39
Pugnetti, A., 22
Pulido de Torres, C., 227
Punzo, Michele, 179, 183, 186

Raicich, F., 22
Raiteri, G., 196
Ravaioli, Mariangela, 22, 246
Ricci, Pasquale, 162
Riminucci, F., 22
Robinson, S., 28
Rolle, Francesca, 192
Romano, Elena, 173, 202, 210
Rossi, Gianluca, 1

Sacchi, Marco, 206
Sander, Beatrice, 223
Sarrazin, Jozee, 101
Sarretta, A., 22
Savini, Alessandra, 101, 252
Sbragaglia, V., 13
Scardozzi, David, 68
Schroeder, K., 22
Scirocco, T., 22
Sega, Michela, 192
Seitz, Steffen, 215, 223
Senatore, Maria Rosaria, 133, 167



Sigray, P., 28
Sigrist, Jürg, 50
Silovic, Tina, 58
Simetti, Enrico, 44
Sion, Letizia, 162
Sollecito, Francesca, 158
Spadavecchia, Maurizio, 158
Spatola, Daniele, 95
Specchiulli, A., 22
Sprovieri, Mario, 111
Stanghellini, G., 22
Stefanutti, Eleonora, 104
Sulli, Attilio, 95, 111

Tamburrino, Stella, 111
Tarallo, Daniela, 179, 183, 186
Taviani, Marco, 101
Thyssen, Melilotus, 58
Todaro, Francesco, 158

Toma, D., 13
Tomasini, Enrico Primo, 62
Tonielli, Renato, 117
Tranchida, Giorgio, 179
Troisi, Salvatore, 83, 89
Tursi, Angelo, 162

Van Dijk, Mark, 50, 54
Venti, Francesco, 210
Ventura, Guido, 238
Vertino, Agostina, 101
Vetrano, A., 22
Vitone, Claudia, 158
Vultaggio, Mario, 83, 89

Zingaretti, Silvia, 68

Çorakçi, A.C., 28

Šaliga, Ján, 123


	WORKSHOP PROGRAM
	Thursday, October 12
	General Track – PART I
	Comparison between image analysis techniques for boat shape measurements
	A High Accuracy Attitude System for a Tailless Underwater Glider

	Session on Multidisciplinary observation systems - PART I
	Seasonal changes in coastal fish assemblages by multiparametric video-observatory monitoring
	Inter-comparison of HF radar wave measurements in the Malta-Sicily Channel
	The Italian Fixed-point Observatory Network for marine environmental monitoring – IFON
	Underwater acoustic calibration standards for frequencies below 1 kHz: current status of EMPIR "UNAC-LOW" project
	Sea Surface Temperature monitoring in Italian Seas: analysis of long-term trends and short-term dynamics

	Session on Autonomous Moving Monitoring Systems in Oceanography
	An Autonomous Imaging System for Argo Floats
	ISME trends: Autonomous Surface and Underwater Vehicles for Geoseismic Survey

	Session on Biological Measurements at Sea and in the Sea
	Real-Time microbial concentrations by automated on-line flow cytometry for marine coastal monitoring
	Phytoplankton dynamics by autonomous high-frequency flow cytometry from a floating buoy in the Gulf of Naples
	A new automated flow cytometer for high frequency in situ characterisation of heterotrophic microorganisms and their dynamics in aquatic ecosystems

	Session on Underwater Measurement for 3D Characterization of Subsea Objects
	Evaluation and comparison of non-contact measurement techniques for the observation and shape reconstruction of sessile benthic organisms
	Procedures and Technologies for 3D Reconstruction with Divers of Underwater Archaeological Sites and Marine Protected Areas
	Development of a laser scanner for analysis of vast submerged archaeological areas

	Session on Multidisciplinary observation systems - PART II
	Obsea, a marine sensors testing site for metrology


	Friday, October 13
	General Track - PART II
	Vessel attitude estimation by camera sensors
	Enhanced pseudorange weighting scheme using local redundancy

	Session on Acquisition, Processing and Interpretation of Marine Geology Data – PART I
	Gathering different marine geology data (seismics, acoustics, sedimentological) to investigate active fluid seepage (AFS) in the southern region of the central Mediterranean Sea
	Measuring growth structure of reef frameworks in Mediterranean deep-water coral-topped mounds
	Signal denoising using the Stationary Wavelet Decomposition
	Morpho-sedimentary setting and evolution of Marettimo Valley (Egadi Islands, Sicily) during middle-late Quaternary: interaction between sea level changes and oceanographic circulation

	POSTER SESSION
	Precision, accuracy and sources of errors in multibeam data acquisition and processing for a correct interpretation of the backscatter data (both from seafloor and water column)
	Multi-parametric Sensor Network for Water Quality Monitoring
	A High Accuracy Navigation System for a Tailless Underwater Glider
	Morphometric measures to assess the maturity of the submerged drainage basins. The case of the Taranto Canyon upper reach
	Morphological and morfometric analysis of bed forms in the Bonifacio channel (Mediterranean occidental)
	Monitoring system for the sea: analysis of meteo, wave and current data
	High resolution with small budget: the "GeoDive" method for detailed 3D reconstruction of submerged morphologies and related measurements
	Instrumentation and Geotechnical Measurements on Submarine Contaminated Sediments
	Exploring and monitoring deep-sea using underwater video system
	Reliable High Resolution Physical Properties Correlation in sediments as a Powerful Tool for Geological Exploitation and Natural Hazar Issues
	Grain Size Data Analysis of Marine Sediments, From Sampling to Measuring and Classifying. A Critical Review
	Dielectric constant determination using bistatic ground-penetrating radar: a case study at the Colombaia marine archeological area, Trapani, Italy
	Predictability of sea wave anomalous (microtsunamis modeling) by submarine landslides applied to Cirò Marina coast along the Calabro Ionian margin
	Application of X-Band Wave Radar for coastal dynamic analysis: case test of Bagnara Calabra (south Tyrrhenian Sea, Italy)

	Session on Metrological Traceability of Oceanic Parameters - PART I
	Carbon Dioxide Determination in Atmosphere and Seawater: Approaches for the Comparability of Measurement Results
	Uncertainty evaluation of CTD measurements: a metrological approach to water-column coastal parameters in the Gulf of La Spezia area

	Session on Acquisition, Processing and Interpretation of Marine Geology Data - PART II
	Comparison of Gravity and Vibro Corer for Acquisition of Environmental Data in Highly Impacted Areas. The Case of Augusta Harbor (Eastern Sicily, Italy)
	Integrated geophysical techniques to image short- to very short-term ground deformation associated with unrest at coastal calderas: a case study from the Pozzuoli Bay, Campi Flegrei, South Italy
	Grain Size Analysis: A Comparison Between Laser Granulometer and Sedigraph

	Session on Metrological Traceability of Oceanic Parameters - PART II
	Verification of the metrological Reliability of Standard Seawater Calibration
	Traceability of pHT values of equimolal TRIS buffered artificial seawater solutions in brackish waters
	Traceable Sea Temperature measurements performed by Optical fibers

	Session on Acquisition, Processing and Interpretation of Multibeam Data
	Repeated bathymetric surveys as a fundamental tool to measure rapid seafloor variations in geologically-active areas: examples from Southern Italian coastlines
	On the use of morphometric indicators to improve and simplify the interpretation of multibeam swath bathymetric data: case studies from volcanic and non-volcanic settings
	A tool for a fast, semi-automatic cleaning of multibeam swath bathymetric records from spikes
	The seafloor geomorphology of Boka Kotorska Bay
	Using geomorphometric techniques to assess spatial distribution and volume of coralligenous bioconstructions (Mediterranean Sea)


	Index of Authors

