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Abstract

One of the main consequences of climate change is the sea level rise (SLR), which impacts
coastal areas affecting many infrastructures, particularly seaports, whose operations may be
jeopardized. In this paper, a methodological framework is developed to assess the impact of SLR
on port operability by using digital elevation models derived from LIDAR data. The methodology is
applied to four ports along the Catalan Coast (NW Mediterranean). The study is made for the
RCP8.5 scenario from IPCC, analysing port operability every 10 years throughout the 21st century.
The approach provided here allows a port authority to determine which berthing areas will be
affected at each port and at each time interval. Results show that, if no adaptation measures are
taken, ports will have significant reductions of present operability for most of their activities, in
particular after year 2070. This work shows that the developed methodological framework is a very
useful tool for port authorities to detect operability tipping points and to design well in advance the

necessary adaptation pathways to overcome the expected impacts.
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1. INTRODUCTION

Coastal areas are among the systems most vulnerable to climate change due to sea level rise
(SLR). Among other effects, SLR will directly flood large coastal stretches and will change the
littoral processes as for example the sediment transport patterns (Nicholls et al., 2011; Sanchez-

Arcilla et al., 2011).

Many studies have analysed the impacts of SLR on beaches (Stive, 2004; Torresan et al., 2012;
Paudel et al. 2015; Monioudi et al., 2016), flooding of coastal areas (Brown, 2006; Revell et al.,
2011; Le Cozannet et al., 2015), coastal habitats (Chu-Agor et al., 2011; Kane et al., 2015; Clough
et al., 2016), coastal defence structures (Chini and Stansby, 2012; Isobe, 2013; Burchart et al.,

2014) or the flooding of coastal urban areas (Hallegate et al., 2011; Paudel et al., 2015).

Since seaports are located on the coast or in estuaries they will also be affected by SLR (Sanchez-
Arcilla et al., 2016; Sierra et al., 2017a). Nevertheless, the studies addressing the impacts of
climate change on ports (Becker et al., 2012; Masse et al., 2013; Ng et al., 2013; Suh et al., 2013;
Sanchez-Arcilla et al., 2016; Sierra et al.,, 2016, 2017a) are few compared with the numerous

analyses carried out in coastal areas (Sierra et al., 2017b).

One of the main potential impacts of SLR on ports is the loss of operability due to reduction of
freeboard in the berthing areas or even the dock flooding (Sanchez-Arcilla et al., 2016). In addition,
SLR will increase the water depth around and inside the harbour. These new water depths will
change the present wave propagation patterns (shoaling, refraction and diffraction processes).
This can in turn produce additional impacts on ports like changes in agitation, siltation or structure
stability (Sierra and Casas-Prat, 2014). The impacts may be either positive or negative, i.e. they

can improve or worsen port operability (Sierra et al., 2016).
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To study potential impacts of SLR on coastal areas, accurate topographic information is needed. In
order to extract this information, Digital Elevation Models (DEMs) are commonly used due to their
availability and relatively low cost (or even free access) when obtained from governmental sources
(Yamamoto et al., 2012). Frequently, these DEMs are constructed from remotely sensed data.
LiDAR (Light Detection and Ranging) data has become a very common source of information from
which DEMs may be obtained with multiple applications to geosciences (Goulden et al., 2016).
Thus, for example, LiDAR-derived DEMs have been used for measuring the 3D structure of forests
(Wulder et al., 2012), for assessing forest biomass (Knapp et al., 2018), for urban land cover
classification (Brennan and Webster, 2006; Chehata et al., 2009; Alexander et al., 2010; Guo et al.,

2011; Zhou, 2013) and in hydrological studies (Goulden et al., 2014, 2016 among others).

In the last years, LiDAR-derived DEMs have also been successfully used for oceanic and coastal
investigations: characterization of tidal marshes (Hladik and Alber, 2012; Buffington et al., 2016);
measurement of shoreline changes (Revell et al., 2002; White and Wang, 2003; Shrestha et al.,
2005; Addo et al., 2008); identification of low-lying areas prone to be inundated (Straatsma and
Middelkoop, 2006); management of coastal defences (Pe’eri and Long, 2011); mapping of dunes
for coastal protection (Stockton et al., 2009; Richter et al., 2013); visualization of bathymetric
features for habitat identification (Collin et al.,, 2008; Yamamoto et al., 2012); definition of
topographic complexity of coral reefs (Costa et al., 2009; Zawada and Brock, 2009); and
measurement of particle distributions of the upper ocean (Hill et al., 2013; Behrenfeld et al., 2017;

Collister et al., 2018).

A number of studies have focussed on the assessment of SLR impacts on coastal areas using
LiDAR-derived DEMs (Webster et al., 2006; Poulter and Halpin, 2008; Gesh, 2009; Wu et al.,
2009; Zhang, 2011; Cooper et al., 2013) but, as far as the authors know, there are no studies using
this technique to analyse the potential impacts of sea-level rise on ports. Nevertheless, LIDAR-
based DEMs could be very useful to study such impacts, in particular the loss of terminal

operability and the dock flooding.
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Therefore, the objective of this paper is to develop a methodological framework using LIiDAR-
derived DEMs that can be used to assess changes in port operability due to SLR. This framework
will be then applied to four ports of the Catalan Coast (NW Mediterranean), in which fishing, leisure
and even commercial activities are carried out to illustrate its potential as a useful tool for future

port planning oriented to adaptation to SLR.

The paper is structured as follows: in Section 2, the different parts of the methodological framework
are widely described. In Section 3, the application of the methodology to the ports is presented,
while in Section 4 the results are discussed. Finally, in Section 5 the main conclusions of the work

are summarized.

2. METHODS

Sea level rise (SLR) induced by global warming will affect present port operability by reducing the
existing freeboard in docks and piers. The extent to which climate change will affect a specific port
operation depends on the features of such port operation. Container ships or general cargo
vessels, due to their dimensions, require the largest freeboards whereas leisure boats, located in
the shallower areas of the harbour due to their reduced draught, have the smallest freeboard
needs. Another aspect to be considered is the elevation reached by the infrastructure. An accurate
definition of the geometry of piers and docks is necessary to determine precisely how a specific

rise of the mean water level will affect port operability.

The methodology used to assess the degree of impact on services due to SLR for a specific
harbour follows 4 main steps: (i) the building of the port Digital Elevation Model (DEM); (ii) the
identification of the areas of interest and their characteristics in terms of type of structure and port
operation; (iii) the time variability of the mean water level for present conditions and under a

climate change scenario and (iv) the construction of port operability maps for different time frames.
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2.1. DEM building

As indicated in Section 1, the high resolution digital geospatial information derived from LiDAR
makes it particularly useful in many fields of geosciences. In this study a DEM has been
constructed for each considered port from LIDAR and topographic data freely available at the
Institut Cartografic i Geologic de Catalunya (ICGC), which is the government agency that has the
competences on geodesy, cartography and geographic information, at regional level. Both types of

data were downloaded from the web page (http://www.icc.cat/vissir3/) of this institute.

LiDAR data collection in the four areas of interest was carried out in flights made in 2010, between
April and July. The cloud of Airborne Light Scanning points was captured with a LiDAR sensor
(Leica ALS50-1l) and calibrated and adjusted with topographic control points. The altimetry
accuracy has a Root Mean Square Error (RMSE) of about 6 cm for flat low vegetated areas as it is
the case of harbours. The point density ranges between 0.5 and 0.7 points/m?, and they are
automatically classified according to the American Society for Photogrammetry and Remote
Sensing (ASPRS) standards. Data are available in square areas of 2 x 2 Km. Table 1 lists the
LiDAR files downloaded from the ICGC webpage and used in this work, as well as some of their

features.

Table 1. LiDAR files downloaded from the ICGC webpage. Coordinates (UTM, fuse 31, ETRS89) are those

corresponding to the SW vertex of each 2 x 2 Km area.

Area File name (.las) x coordinate | Y coordinate Density Flight date
(points/m?)

Palamés lidarcatv01ls12f508632ed01 508000 4632000 0.5 June 2010
Arenys Mar | lidarcatv01ls12f462602ed01 462000 4602000 0.5 July 2010
Vilanova G. | lidarcatv01ls12f392562ed01 392000 4562000 0.7 May 2010
Vilanova G. | lidarcatv01ls12f394562ed01 394000 4562000 0.7 May 2010

Cambrils lidarcatv01ls12f336546ed01 336000 4546000 0.7 April 2010
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Topographic information from ICGC at 1/5,000 and 1/1,000 scales is combined with the LAS data
set in each port to construct its DEM. This information was obtained from photogrammetric flights
carried out between 2009 and 2013 using a digital camera of Z-Imaging type (Leica ADS40). The
accuracy of the topographic cartography is 20 cm in planimetry and 25 cm in altimetry with contour
lines every 1 m. All data coordinates are projected in UTM fuse 31 and the geodesic reference
system considered is ETRS89. Orthometric altitudes are referred to the EGM08D595 geoid. The
original EPSG is 25831 and the supported OGCs are WMS 1.0.0, 1.1.0, 1.1.1, 1.3.0. The
Geographic Information System (GIS) ArcMap® is used to manage all the information and analyse
the port operability. In Table 2, the files used in this work and downloaded from the ICGC webpage

are included.

Table 2. Topographic files downloaded from the ICGC webpage.

Area File name (.shp) Data type Scale
Palamés ctlmv22sh0a001844054400axn1r010 Points with elevation 1:1000
Palamés ctlmv22sh0a001844054400axI1r010 Lines 1:1000

Arenys de Mar bt5mv20sh0f298117an1r040 Points with elevation 1:5000
Arenys de Mar bt5mv20sh0f299117an1r040 Points with elevation 1:5000
Arenys de Mar bt5mv20sh0f298117al1r040 Lines 1:5000
Arenys de Mar bt5mv20sh0f299117al1r040 Lines 1:5000
Vilanova | la Geltrd | ctlmv22sh0f001844055000axn1r010 Points with elevation 1:1000
Vilanova | la Geltra ctlmv22sh0f001844055000axI1r010 Lines 1:1000
Cambrils ctlmv22sh0f001755006500axn1r010 Points with elevation 1:1000
Cambrils ctlmv22sh0f001755006500ax11r010 Lines 1:1000

The complete procedure is as follows (see flowchart in Figure 1). The LIDAR dataset is
downloaded in LAZ format, a compact data file. To visualize this data using GIS, the files must be
uncompressed obtaining the data in LAS 1.2 format (Figure 2b), and a LAS dataset must be
created using ArcCatalog®. The uncompressing LIDAR data process from LAZ to LAS format is
carried out without information loss. Using ArcMap® the point cloud is converted into vector data,
that is, a multipoint shapefile. The type of points to be converted from the cloud of LAS points must

be specified according to the ASPRS standard. In this procedure it is important to properly define
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the point density of the LIDAR data file in order to obtain admissible models adjusted to the reality.
In addition, the study area or area of interest (AOI) is delimited by creating a polygon shapefile,
which combined with the multipoint LAS and the Topographic and Cartographic (TC) shapefiles
(Figure 2a), gives rise to two shapefiles for the AOI. By merging the information of both files, a
Triangular Irregular Network (TIN) file is created (Figure 2c). ArcMap® 3D tool is used for this step
and it considers the points as spot locations of elevation data and the lines to enforce natural
features. In the TIN creation process, the role of each data source input and how they have to be
used in the TIN must be established. The feature types that can be used to build the TIN surface
are mass points, breaklines and hulls, and polygons. The mass points are point height
measurements; they become nodes in the TIN network and determine the overall shape of the
surface. Breaklines and hulls are lines with or without height measurements. They become
sequences of one or more triangle edges. Breaklines typically represent either natural features,
such as ridgelines or streams, or built features, such as roadways. Finally, the polygon feature can
be used as four different polygon surface types: clip polygon, erase polygon, replace polygon and
fill polygon. The first is the one used in the current case of study. It is the responsible of defining
the boundary for the TIN surface. Finally, a DEM (Figure 2d) is generated from the TIN using linear
interpolation. The sampling distance of the output raster is determined as a 0.5 m x 0.5 m cell
sized DEM, since the minimum density of point cloud used is 0.5 points/m? as mentioned before,
and therefore, there is enough information to obtain a raster of this resolution. Moreover, a float
data type for the output raster has been considered, which uses 32-bit floating point, supporting
values ranging from -3.402823466e+38 to 3.402823466e38. Figure 1 summarizes the followed
steps for the construction of the DEM in each studied port, while Figure 2 shows some of the

images (corresponding to the different types of data) obtained during the process.
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170 Figure 1. Flowchart of the construction of a DEM of a port. Area of Interest refers to a polygon created

171 reflecting a specific port extension, its port use, the type of infrastructure and the water body.
172
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Figure 2. Data sets, TIN and DEM obtained for the harbour of Cambrils (Catalonia, Spain).

2.2. Present port uses, infrastructures and operability requirements

There are a number of processes that can hinder or even prevent port operations. The main
processes that may have such impact on those operations are wind, currents, waves and water
levels. If wind or current velocities or wave heights exceed certain thresholds within the harbour
and, in particular, nearby docks and piers, operations such as berthing manoeuvres and loading or
unloading of goods cannot be carried out safely and most of the times have to be suspended. This

leads the affected area to a condition of inoperability.

Concerning water levels, a port activity can be performed safely (guarantying the vessel integrity
and the port operation) if the distance between the top of the berth and the water level, the
freeboard, stays within certain limits. These values can be expressed as a function of the vessel
geometry or the port activity. For the sake of simplicity, as the vessels which can operate in a port

are too heterogeneous to be considered individually, the requirements referring to the port use
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have been taken into account. Because of that, a map of port services and infrastructure use has
been defined for each analysed port following the Master Plan of the Catalan Ports (DPTOP,
2007). Fishing, leisure and commercial uses have been identified as the main port activities, and

the infrastructure typology giving service to such uses has been categorised in piers and docks.

The safety requirements for the three port activities are taken from the Recommendations for the
Design of Maritime Works ROM 2.0-11 (EPPE, 2012), published by the Spanish Port Authority
(Puertos del Estado). These recommendations seek to ensure safety and execution of the port
operations by determining the minimum freeboard of docks and piers necessary for berthing,
mooring and loading/unloading cargo and/or passengers. Although not mandatory, port authorities
in Spain have to meet the proposed values to guarantee the different port operations. Table 3

summarizes the port operability requirements taken into account in this case study.

Table 3. Port operability requirements derived from ROM 2.0-11 (EPPE, 2012)

Commercial use Fishery use Leisure use
Maximum freeboard (m) 2.5 1.0 1.0
Minimum freeboard (m) 1.5 0.5 0.15

A polygon is created for each AOI in which a port activity is observed and the different attributes

(type of infrastructure and port use or water body) are assigned to monitor the impact of SLR on it.

2.3. Mean water level oscillations

The mean water level at any instant (t) can be understood as the sum of the astronomical tide

component, the storm surge and the SLR induced by global warming.

The astronomical tide reflects the gravitational effects of stars and planets over a specific water

body. Water levels due to this forcing can be accurately predicted anytime at any point. High tides
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can take place once or twice a day depending on the geographic location and due to their
permanent nature (although intermittent) they must be considered. The storm surge is the result of
the action of a low pressure system and the wind over the sea free surface and is decoupled from
astronomical tides. Its effects, although predictable (with less accuracy than tides), usually take
place in shorter periods (typically hours) and they are only significant in the case of severe storms,
which take place a few times per year. For this reason and its temporary short-lived nature, this

component has not been considered in the analysis.

The potential impact of SLR induced by climate change on port operability has been done by
considering the Representative Concentration Pathway RCP8.5 scenario and its corresponding
SLR projection, given in the 5th Assessment Report (AR5) of the IPCC for the Mediterranean Sea
(IPCC, 2013). The RCP8.5 corresponds to very high greenhouse gas emissions and for the
Mediterranean it is considered to be the 90% of the global value (Sierra et al., 2017b). This is
because sea level is expected to decrease in semienclosed and inland seas (e.g. Mediterranean
Sea or Black Sea) due to the increase in excess of evaporation (Yin et al., 2010). Therefore,
considering the estimations of Vousdoukas et al. (2018) a SLR 10% smaller than the global

averages has been considered.

Hence, the upper band in year 2100 gives an estimation of SLR of 0.88 m, with respect to the
mean water level in 2000. In Figure 3, the projected SLR for RCP8.5 in the Mediterranean Sea
until year 2100 is presented, where the 95% confidence bands are also plotted (lower and upper
limits). The dataset represented is from 2005 to 2100 and the evidence of the increasing impact of
climate change on SLR in the worst scenario can be observed, assuming that no mitigation action
is carried out. Although the developed methodology can be applied to any scenario, in this study
the values corresponding to the upper band of SLR for RCP8.5 (Table 4) have been selected to

assess the impacts for the worst condition projected in AR5.

Table 4. Values of SLR (with respect to year 2000) considered in this study (upper bound). In brackets lower

bound and central estimate. Elaborated based on Vousdoukas et al. (2018)

11
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Year SLR (m)
2020 0.11(0.05, 0.08)
2030 0.17(0.08,0.13)
2040 0.24(0.10,0.17)
2050 0.33(0.17,0.25)
2060 0.42(0.20,0.31)
2070 0.52(0.25, 0.38)
2080 0.63(0.31,0.47)
2090 0.75(0.37,0.56)
2100 0.88(0.41,0.64)
i
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Figure 3. Upper, mean and lower limit of SLR projection for the Mediterranean Sea under the RCP8.5

scenario with respect to year 2000.
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2.4. Port operability maps

Once the DEM of the port has been created and the harbour activities are identified the next step is
to analyse the effect of SLR on port operability. The analysis is performed every 10 years. This
selected time window is large enough to describe a significant variation in SLR and short enough

to detect possible tipping points in port operability.

The Reclassify tool in ArcMap® has been used to give new values to the raster's properties
according to the selected freeboard criterion. The reclassification is especially useful in this study
since it allows to associate an operability level to a given freeboard. Each cell represents 0.5 m x
0.5 m, to which corresponds a certain level of the terrain in the AOI defined in the raster attributes.
Therefore, the raster map has been re-classified according to four cases of operability: Maximum
operability, minimum operability, not operable and flooded (Figure 4 and Table 5). This process is
repeated for each 10 years’ time window to determine the time sequence of port operability
impacts due to SLR. To do this, a variable MWL is defined as the sum of the mean water level, the

mean high astronomical tide and the SLR.

Table 5. Operability status for a specific time interval used in the Reclassify tool in ArcMap®. MWL is the

mean water level including the astronomical tide and the SLR due to global warming.

Operability status Elevation value in DEM raster

Maximum operability MWL + maximum freeboard

Minimum operability MWL + minimum freeboard
Not operable MWL
Flooded <MWL

The Maximum operability status describes a condition in which the berth’s top is located at a level

greater or equal than the MWL (represented by the blue line) plus the maximum freeboard

13
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permitted for each port operation, as shown by the green line in Figure 4a. The Minimum
operability is achieved when the berth’s top matches the MWL plus the minimum freeboard
permitted, as indicated by the red line in Figure 4b. The port activity is considered not possible
when the berth’s top is lower than the MWL plus the minimum freeboard permitted (not operable),
as can be seen in Figure 4c where the red line indicating the minimum freeboard necessary has a
level greater than the dock’s top. Finally, the Flooded situation is reached when the berth’s top has

a level lower than the MWL (blue line in Figure 4d).

Maximum operability Minimum operability
,,,,,,,,,,,,,,, .
cooaMex .
Max. Frecboard Freeboard Tyt Fresboard
Y MWL Y MWL
(a) (b)
—————————————————————— P MWL
Min. Freeboard
Y MWL
(c) (d)

Figure 4. Port operability categories. (a): Maximum operability indicates that the berth’s top is located at a
level greater or equal than the MWL (blue line) plus the maximum freeboard (green line). (b): Minimum

operability is when the berth’s top is equal to the MWL plus the minimum freeboard (red line). (c): Not

14
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operable is when the berths top is lower than the MWL plus the minimum freeboard. (d): The berth is flooded

when the berth’s top has a level lower than the MWL

3. APPLICATION TO THE CATALAN COAST

3.1. Study area

The Catalan coast is located in the NW Mediterranean and it has a length of about 700 km. The
area is in a fetch-limited micro-tidal environment, with a tidal range of about 25 cm (Bolafios et al.,
2009). There are 47 seaports: 5 commercial harbours (2 large and 3 of medium size) which offer
services for fishing and leisure activities as well, 2 industrial ports dedicated to cement, 18 mixed-

type ports (fishing and leisure) and 22 marinas.

For this study four ports have been selected trying to characterize the Catalan port system in all
their singularities. The main criterion considered has been to cover all type of uses, commercial,
fishing and leisure. In addition, the selected port facilities have to be potentially affected in their
operability by SLR, they have to be of economic relevance in the region and must be well
geographically distributed. Small marinas are not taken into account in the analysis due to their
reduced impact in the economic system and also because they typically present flexible
infrastructures such as floating piers, that can be moved more easily in time to accommodate new

market or environmental demands.

The selected ports are: Palamds, Vilanova i la Geltrd, Arenys de Mar and Cambrils. All of them
have fishing and leisure activities and the two first have also a commercial function (loading and
unloading of goods and/or passengers). They can be considered as a good representation of the
domestic and international sea transport and also are a key element in the short sea shipping.
Their main features are summarized in Table 6 and their location and layouts are shown in Figure

5.

15



298  Table 6. Main features of the 4 studied ports. St and S. are respectively the total port surface and the land
299  surface, both in hectares; L is the berthing length; d is the water depth at the port mouth; Activities are: C

300 (commercial), F (fishing) and L (leisure).

Port Longitude | Latitude | St(ha) | S. (ha) | L (m) | d (m) | Activities

Palamés 3°07'E | 41°50'N | 43.45 | 18.66 | 1549 | 21 CFL

Arenys de Mar 2°33'E [ 41°34'N| 29.14 | 11.77 | 2314 6 FL

VilanovailaG.| 1°43'E |41°12'N| 67.22 | 21.03 | 3012 7 CFL

Cambrils 1°03'E |41°03'N| 25.17 | 8.04 | 1482 | 6.5 FL
301
302
303
304
305
306
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Figure 5. Location of the 4 studied ports and view of their layouts. P: Palamoés, A: Arenys de Mar, V:

Vilanova i la Geltra, C: Cambrils. Graphical scales have been added to give an idea of their dimensions.
Coloured areas indicate port use: commercial (dark brown), leisure (purple) and fishing (orange). Non-

coloured areas correspond to other uses (e.g. dry docks) not analysed.
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3.2 Results

In this section the results corresponding to the impact of SLR on the four studied ports are
presented, by showing their operability maps. These maps have been built by comparing the
resulting freeboard with respect MWL at each considered time (every 10 years) and the values
given in Tables 3 and 5. For the sake of simplicity, the freeboards corresponding to each use have
been taken into account and mapped in the whole port. Nevertheless, when analysing the
operability, only those berthing areas corresponding to each typology (docks or piers) have been
considered, accounting the length of the berths affected and computing the percentage that they
represent with respect to the total berthing length of its typology. The maps have been plotted and
the corresponding operability percentages have been assessed for year 2015 (present situation)
and between 2030 and 2100 at 10-year intervals. The time sequence represents the operability
evolution at each port during the 21st century. As a sample, in Figures 6 to 9 these maps are
presented, corresponding to each port and use for three instants: 2015 (present situation), 2060

(by the middle of the studied period) and 2100 (end of the analysed period).

The presented results have been obtained assuming that no adaptation measures are undertaken
by port authorities and, as a consequence, the port morphology is the same during the entire
century. In the discussion section, the implications of this hypothesis are analysed. The results
show a general reduction of operability in all ports during the 21st century due to SLR. The degree
of impact is different depending on the geometric characteristics of the infrastructure. The
difference of results in each port is a consequence of their different morphology, in particular the
freeboard of the docks. Since even within the same port, various docks can have different

freeboard, the impact in each port and for each use is different.
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Figure 6. Operability maps of Palamés port in year 2015, 2060 and 2100 for the different port uses. Coloured
areas indicate the port operability status: Maximum (green), minimum (light brown), not operable (red) and

flooded (blue).

In the case of Palamoés (Figure 6) the fishing and leisure berths are fully operative during almost
the entire studied period. Only by the end of the century some berths become inoperative. In this
port, some commercial berths start to be inoperative by the middle of the century, while in 2100 all

this area is inoperative.
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Figure 7. Operability maps of Arenys de Mar port in year 2015, 2060 and 2100 for the different port uses.
Coloured areas indicate the port operability status: Maximum (green), minimum (light brown), not operable

(red) and flooded (blue).

In Figure 7, the operability evolution for Arenys de Mar port is plotted for fishing and leisure berths
(this port has no commercial function). In the fishing sector, a few berths do not meet the
operability regulations during all the studied period, being flooded from the middle of the century
onwards. In the case of leisure berths, they are all operative at the beginning and middle of the

century, but by the end most of them are flooded.

The maps corresponding to the fishing and leisure services for Vilanova i la Geltrd port are shown
in Figure 8. In the fishing zone, some berths start to be inoperative by the middle of the century,
while by its end most of them are inoperative. In the same way, leisure berths follow a similar
pattern. The main difference is that by the end of the century most of these leisure berths are not
only inoperative but even flooded.
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Finally, Figure 9 shows the operability evolution maps for Cambrils port and its two functions,
fishing and leisure. For the fishing function, some berths have a freeboard under the recommended
operability threshold for this type of boats, which become flooded by the middle of the century. In
2100 all these berths would be inoperative for this SLR scenario, although only few additional
berths would be flooded. In the case of leisure boats, the number of berths inoperative would be

small by 2060, increasing very much by 2100.

YEAR 2015 YEAR 2060 (SLR = 0.42 m) YEAR 2100 (SLR = 0.88 m)

FISHING

LEISURE

Figure 8. Operability maps of Vilanova | la Geltrd port in year 2015, 2060 and 2100 for the different port
uses. Coloured areas indicate the port operability status: Maximum (green), minimum (light brown), not

operable (red) and flooded (blue).
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Figure 9. Operability maps of Cambrils port in year 2015, 2060 and 2100 for the different port uses. Coloured
areas indicate the port operability status: Maximum (green), minimum (light brown), not operable (red) and

flooded (blue).

4. DISCUSSION

4.1 About the methodology

The building of each port DEM required a quality control check of LAS points in order to remove
spurious data typically associated to the presence of highly reflective structures such as glass
windows of big buildings or metal roofs. This source of errors has been extensively reported in the
literature (Bater and Coops, 2008), however in this study it represents less than the 1% of the total

port surface.

Although the TINs are more complex than rasters and can easily accommodate different sampling
densities, where rasters cannot, in this case study the DEM has been used as it is more efficient

space wise than TINs. The accuracy and resolution of DEMs in coastal environments, where there
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are relatively small differences in elevation over large areas, are of special interest. At low
elevations and gradients, the signal magnitude approaches the noise level of the measurements,
which can lead to large errors in inundation extent forecasts. This issue is particularly important for
developed coastal environments where the spatial extent of inundation can have disproportionate
consequences in terms of loss of life and property (Small and Sohn, 2015). Nevertheless, the
homogeneous and flat nature of docks and piers allows to use less dense grids (compared with
other geoscience areas) and simple interpolation methods to derive the DEM. Lloyd and Atkinson
(2012) conclude that sophisticated approaches do not significantly increase accuracy in the final

result.

The uncertainty in SLR projections is transmitted to the final port operability results. The RCP8.5
SLR values have been chosen in this study as the possible highest scenario and consequently the
obtained results represent an upper limit of port inoperability, according to IPCC projections.
Nevertheless, recent studies project much higher mean SLR for 2100: up to 1.86 m (Jevrejeva et
al.,, 2012; Mori et al., 2013) or even up to 2 m (Rahmstorf, 2007). This very extreme SLR is
physically feasible although with a very low probability of occurrence (<5 % by 2100, Jevrejeva et
al., 2014). Therefore, the increase of inoperability in the studied ports could even be worse,
reducing the response capacity of ports to adapt to these changes. On the contrary, SLR also
could be lower than that considered in the application carried out in this work, in particular if the
global mitigation measures proposed in the Paris Agreement are reached. In this case, the actual

SLR would be smaller, close to that projected in the RCP2.6 scenario from AR5 (IPCC, 2013).

Anyway, whatever the SLR, the proposed methodology is still valid and band confidence analysis
could be added to the final result by constructing different operability maps for different climate
change scenarios to plan well in advance the most suitable responses to such impacts. This is
necessary and of special importance, since the planning horizon in port engineering usually is of
20 or 25 years, due to the different phases that must be followed: diagnosis of the current situation,
forecast of maritime traffic evolution, assessment of infrastructure and superstructure needs, study

of alternatives including an economic-financial analysis for each of them, design of the selected
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alternative including and analysis of its compatibility with urban planning, study of environmental
impact assessment, period of public information and discussion, tender and execution of the works

in several phases (each one lasting several years) to minimize the interference with port activity.

The proposed methodology has not considered the variability of the mean water level due to
meteorological effects such as those generated by atmospheric pressure or wind. The main
reasons to do that are: (i) daily meteorological oscillations can be considered negligible in the area
(EPPE, 2014) and extreme events, due to its nature, are considered as episodic processes that
rarely extend more than few hours (Mendoza, 2008) and (ii) According to Conte and Lionello
(2014) there is not statistical evidence that storm surge frequency and magnitude will change
significantly in future in the Mediterranean coast. However, storm surge oscillations should be
considered in areas with different meteorological conditions, where relevant storm surges are more
frequent and may last longer time spans, since this effect would significantly worsen port

operability conditions.

In the same way, other effects such as wave run-up or overtopping over the docks have not been
considered because such infrastructure is located in sheltered areas, where the wave effects are

limited and only may be significant in the case of very strong storms, which are episodic events.

The used approach considers the future port operability by taking the present port infrastructures
and operations as a reference. Port facilities will change in time due to the need of ports to
accommodate to new trade demands, maritime traffic features and vessel characteristics.
According to UNCTAD (2017) additional traffic resulting from economic growth can be expected
and improvements in ship technology, structure and materials will lead to even bigger megaships,
particularly within the container shipping industry. In the same way, Mangan (2017) does not
foresee any major “disruptive innovation” radically reshaping the shipping sector but observed
trends suggest the existence of a global shipping network serviced by mega-ships. He also points
out that disruptions to the maritime freight transport network can have rapid and wide-range effects

in economies and societies.
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In addition, for the sake of simplicity, a stretch of dock or pier has been defined as inoperable when
the freeboard is smaller than the thresholds defined in table 3. Nevertheless, in some cases and
taking special precautions (e.g. loading or unloading very carefully or reducing velocity) operations
could be carried out even if the vessel was berthed in a structure with a freeboard in the range of

inoperability.

Therefore, the results obtained in this study have to be understood as potential impacts and the
values presented as indicative, but they can be useful for future port expansion plans. The
operability is quantified as a percentage with respect the total length of the analyzed use. The time
evolution of this indicator is a good descriptor of the global port operability in time but should not be
understood as a detailed descriptor of a specific infrastructure functioning. This is principally true
when considering the commercial use; in that case a reduction of 7% of the total activity can
represent an unacceptable inoperability of certain infrastructure (terminal or berthing area) due to
the economic and social impact generated by the unfeasibility of doing the operation for a certain
type of vessel (EPPE, 2000). This may lead to traffic deviations and, as a consequence, losses in
monetary and prestige terms for the port. This could cause malfunction to the entire port and for
this reason has to be considered as unacceptable. Therefore, in this case, port authorities should
act carrying out appropriate actions to prevent such level of inoperability (e.g. engineering works to
increase operability or adaptation of other port areas to give service to this type of traffic). Because

of this, the obtained values should be understood as a measure of the minimum degree of impact.

The present port snapshot showing the port operations and detailed type of infrastructures requires
an “on ground” survey because they are not necessarily reported in available memorandums. An
example of this is the existence of floating piers, that in some cases are described as piers but not

specifically as floating structures, which would not be affected by SLR.

4.2 About the results
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The temporal evolution of inoperability for each port and for the analysed scenario is shown in

Figure 10, assuming the simplifications described in the previous section (no adaptation measures

and no changes in port morphology). There, dashed lines indicate a not operable status whereas

solid lines represent the percentage of berths flooded (which are included in the percentage of

inoperability).

100

100

v
90 _| 4 90 _| T
7
80 _| Palamos Ly 80 _| !
Fishing P / Arenys de Mar
- 70 — Leisure L 4 / . 70 —| Fishing
5 60 _| Commercial P /7 é\’/ 60 _| Leisure
z . / z
g 50 | 7 4 3 50 _|
© 7 / g
Q 4 [
S 40 , / g 40—
c 7 c
= 30 | , / = 30 |
P ]
20 | s 7 20 |
7’ 7 _ -2
Ve el -- Z
10— s, z - - - . 10— -
-——-® - /
o P2~ - - » 0 I
rrr-Tr 1T 1T T T T \ T T T \ \
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year Year
100 100
A ;:
90 _| 90 _| IO
rd
80 | - 80 —| > ¥
Vilanova » Cambrils 4
o L -,
= 70 —| FIS.hIng = 70 — Fls.hlng P
_;_\/ 60 _| Leisure 1\, 60 _| Leisure
z 2
5 50 | 5 50 |
© ©
S 40 | 2 40 |
o o
f= c
= 30 | = 30
20 | 20 |
- - -
10 | 10 |
0 0
T T T \ T T T 1 \ \ I
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year ear

Figure 10. Evolution of the inoperability during the 21st century at the four studied ports. The colour refers to

the port use. Dashed lines indicate inoperability. Solid lines indicate flooding.
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The plots of Figure 10 show, in high detail, the evolution of the berthing inoperability during the
studied period. The advantage of these graphics is that they allow to visualize abrupt changes in
the percentage of inoperability or flooding. Such sudden changes are tipping points, which
according to Kwadijk et al. (2010) may be understood as moments where the magnitude of change
due to climate change or SLR is such that the current management strategy will no longer be able
to meet the objectives and, therefore, other strategies are needed if the operability conditions want
to be maintained. To the best knowledge of the authors the adaptation strategy for the studied
ports is business as usual, i.e. the ports do not have specific master plans that accommodate their
uses to future SLR. The identification of these tipping points allows port authorities to establish
adaptation pathways, i.e. to define different strategies over time to cope with the negative impacts
of SLR. Due to the necessary time for port planning, as indicated in the previous Section, the early
knowledge of the possible impacts and potential adaptation strategies enables port authorities to

allocate the necessary means for undertaking the appropriate measures to overcome the impacts.

According to Figure 10 in Palamés port no berths of any type are flooded throughout the century.
In the case of leisure berths, the piers located within the inner basin and northwards from it appear
in the maps as flooded (Figure 6). Nevertheless, these are floating piers with a very low freeboard.
Due to their floating nature, they are not considered flooded, because they follow sea level

oscillations, easily accommodating to higher levels and remaining operational all the time.

With respect to the commercial berths, they are fully operational until 2040, when the percentage
of inoperability begins to increase reaching 26% in 2070. From that year, the percentage of
inoperability grows at a faster rate, being 100% in 2100. On the contrary the fishing berths only are
affected after 2070, when the inoperability percentage gently increases up to 16% in 2100.
Meanwhile, the leisure berths are unaffected until 2090, but henceforth the inoperability grows until
18% in 2100. These results indicate that the fishing and leisure berths at Palamos port may face
the SLR in the worst scenario (from IPCC-ARS5) without requiring any adaptation measure until the

last part of the century. On the contrary, under this scenario, the commercial berths would need

27



510

512

513

514

515

517

518

519

520

521

522

523

524

525

526

527

528

529

530

532

533

534

535

adaptation measures by the middle of the century. The tipping points in this port are 2040, 2070

and 2090 for the commercial, fishing and leisure functions respectively.

At Arenys de Mar, at present, the 8% of the fishing sector has a freeboard lesser than the
recommended threshold (EPPE, 2012). This is because such zone is occupied by small fishing
boats, which need a smaller freeboard. Only these berths with smaller freeboard are inoperative

throughout the century, although from 2050 onwards they become flooded.

Concerning the leisure craft zone, all the docks and piers are fully operative for much of the
century, but after 2070 there is a very fast increase of inoperability and in 2080 92% of this area is
located under the threshold freeboard, slightly increasing to 93% in 2090 and 2100. In addition,
after 2080 much of this sector becomes quickly flooded with a percentage of about 47% in 2090

and 93% in 2100.

In summary, a tipping point at year 2040 is identified for fishing activities, when some of the berths
that are located below the threshold freeboard but operating for small boats will become flooded.
Another tipping point is in 2070, when most of the leisure zone starts to be inoperative, being most

of it flooded after 2080.

The commercial activity at Vilanova i la Geltra has not been analysed in this study because it gives
service to small general cargo vessels, which need very low freeboards (lower than those indicated
in ROMS 2.0-11). Therefore, for this specific function and considering the minimum freeboard
levels suggested in ROMS 2.0-11, all the commercial berths would be inoperative throughout the
whole century. Therefore, the application of the followed methodology does not make sense for

this type of docks, and for this reason their inoperability due to SLR has not been assessed.

The fishing berths are all operative until 2040, when 2% are located below the threshold freeboard.
After 2050 there is an increase of the inoperability of such berths reaching 15% until 2070, when

this inoperability abruptly rises reaching 79% in 2090 and 2100.

In the case of leisure crafts, 18% of the port berths are at present theoretically inoperative. As in

previous cases this is because they are occupied by small boats, which practically do not need

28



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

552

553

554

555

556

557

558

559

560

freeboard. Nevertheless, since 2040 these berths will be flooded becoming totally inoperative. The
percentage of berths dedicated to leisure crafts under the operability threshold sharply rises after
2070, reaching 55% in 2080 and 76% in 2100. The percentage of flooded berths follows a similar

trend, but with a delay of 10 years.

Observing Figure 10 several tipping points can be observed in this port for each function. For the
fishing crafts, such points are located in 2030 (when some berths start to be flooded) and in 2070
(when the percentage of inoperability triggers). In the case of leisure crafts, the tipping points are
found in 2030 (some berths start to be inoperative), 2050 (the rate of inoperability becomes larger)

and 2070 (when the inoperability sharply rises).

The last port analysed is Cambrils, where only fishing and leisure crafts are moored. As in the case
of Arenys de Mar port and for the same reasons, part (26%) of the fishing docks are under the
recommended operability threshold. This quantity remains unchanged until 2050, when it starts to
slightly increase reaching 39% in 2070. After this year the inoperability of the fishing area
experiences an abrupt change, being 91% in 2080 and 100% in 2100. On the other hand, the
present 26% of docks under the operability threshold become flooded in 2050. This percentage of

flooded berths remains unaltered until 2100, when it amounts to 32%.

In this port, the leisure craft berths are fully operative until 2040. Afterwards the inoperability
increases until 14% in 2060, when it quickly rises, reaching 88% in 2080. From that moment, the
reduction of operability is smoother, until 94% in 2100. Concerning the berthing area flooded, this
is zero until 2050, slightly increasing after until 3% in 2070. After this year the flooded area quickly

increases, reaching 89% in 2090 and 90% in 2100.

The tipping points in Cambrils for the fishing area are 2040 (when some docks start to be flooded),
2050 (when the number of inoperative berths increases) and 2070 (when there is a sharp increase
of the inoperability). In the case of leisure crafts, the tipping points are located in 2040 (when some

berths start to be inoperative) and 2060 (when the rate of inoperability quickly rises).
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In summary, for the SLR scenario considered (RCP8.5 from IPCC), all the studied ports will
experience, to a greater or lesser extent, reductions of their operability due to SLR and for all
activities (fishing, leisure and eventually commercial). In the last part of the century, in particular
after 2070, in most of the cases the reductions of operability will be very significant, generating

disruptions of the service and large economic loses if no adaptation measures are taken.

5. CONCLUSIONS

In this paper, a methodological framework based on LiDAR-derived DEMs has been developed to
assess the impact of SLR on port operability. The proposed approach considers the change of
MWL (including tide and SLR) in time, the type of use of the port facility and its typology, allowing
to determine its operability according to some predefined thresholds. This methodology has been
applied to four ports considering the RCP8.5 scenario of the IPCC, showing to be useful to detect
those berthing areas that for each service (commercial, leisure and fishery) will become inoperative

and when this will occur.

Results show that, assuming the present port morphology and that scenario, which is the worst
projected by IPCC, during the 21st century the operability of Catalan ports would decrease as a
consequence of SLR and the subsequent reduction of the freeboard in berthing areas. The
developed methodology could be applied for other scenarios, so that ports could have a wide
range of possible impacts for planning well in advance the most suitable responses to such
impacts. This is necessary and of special importance, since horizon planning in port engineering
usually is of 20 or 25 years, due to the different phases that must be followed. Anyway, port
authorities have the capability and the technical means to undertake the necessary adaptation

measures to prevent potential negative impacts (whatever they are) generated by SLR.

In summary, this work shows that the developed methodology is a very useful tool for port
authorities to detect potential impacts in port operability and, in particular, tipping points involving
major changes in their efficiency. Therefore, it may contribute to help in the early design of the

necessary adaptation pathways to overcome the expected impacts.
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FIGURE CAPTIONS

Figure 1. Flowchart of the construction of a DEM of a port. Area of Interest refers to a polygon created

reflecting a specific port extension, its port use, the type of infrastructure and the water body.

Figure 2. Data sets, TIN and DEM obtained for the harbour of Cambrils (Catalonia, Spain).

Figure 3. Upper, mean and lower limit of SLR projection for the Mediterranean Sea under the RCP8.5

scenario.

Figure 4. Port operability categories.

Figure 5. Location of the 4 studied ports and view of their layouts. P: Palamoés, A: Arenys de Mar, V:
Vilanova i la Geltra, C: Cambrils. Graphical scales have been added to give an idea of their dimensions.
Coloured areas indicate port use: commercial (dark brown), leisure (purple) and fishing (orange). Non-

coloured areas correspond to other uses (e.g. dry docks) not analysed.

Figure 6. Operability maps of Palamoés port in year 2015, 2060 and 2100 for the different port uses. Coloured
areas indicate the port operability status: Maximum (green), minimum (light brown), not operable (red) and

flooded (blue).

Figure 7. Operability maps of Arenys de Mar port in year 2015, 2060 and 2100 for the different port uses.
Coloured areas indicate the port operability status: Maximum (green), minimum (light brown), not operable

(red) and flooded (blue).

Figure 8. Operability maps of Vilanova | la Geltra port in year 2015, 2060 and 2100 for the different port
uses. Coloured areas indicate the port operability status: Maximum (green), minimum (light brown), not

operable (red) and flooded (blue).

Figure 9. Operability maps of Cambrils port in year 2015, 2060 and 2100 for the different port uses. Coloured
areas indicate the port operability status: Maximum (green), minimum (light brown), not operable (red) and

flooded (blue).

Figure 10. Evolution of the inoperability during the 21st century at the four studied ports. The colour refers to

the port use. Dashed lines indicate inoperability. Solid lines indicate flooding.

42



