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mechanisms (turbulent mixing, advection of water masses organism migrations, etc.) should be

added and as well the transfer of matter is not a sequence of ordered levels of transfer of matter and

energy, as could seem. Instead it is a complex web, which includes the so-called microbial loop

(Azam, 1998). The microbial loop comprises bacteria, viruses and protozoa and controls most of the

autotrophic production and grazing, rather than the larger predators in the food web. However,

besides the work of Wallberg et al. (2000; 2001) and few others, little is known about the role of the

microbial loop on the fate and impact of POPs. The microbial loop, together with processes of

organic matter transfer, is shown in the following picture:

Figure 14 The Carbon Cycle and the microbial loop (Azam 1998)

A substantial amount of primary production is channeled through the microbial loop in form of

DOC prior to be available to zooplankton. Indeed the microorganisms may have an important role in

the fate of POPs. However this subject has long been neglected as stressed in previous chapters

when the state of art of the water column fluxes was presented (1.5.2.2). The knowledge of the cycle

of carbon with the coupling of an ecological model may serve to clarify these gaps.

The effort invested in characterizing the fluxes of total organic carbon in the aquatic environment

contrasts with the fairly unexplored related air-water fluxes. They are: diffusive absorption or

volatilization of gaseous OC, wet deposition due to scavenging of gas and aerosol OC and dry

deposition of aerosol OC. However those have been traditionally not considered significant due to

the large amount of carbon dioxide in the atmosphere and which exchanges with the oceans. Indeed,

major attention of the air-sea exchanges are deviated towards the parameterization and global

estimation of the diffusive air-water exchange glux of CO2 (Takahashi et al., 2002; Fasham, 2003).

But total organic carbon emissions of un- or incompletely combusted organic carbon and biogenic

emission of volatile OC constitute significant carbon inputs to the atmosphere, both in the

particulate and the gaseous form (Fuentes et al., 2000). The understanding of atmospheric carbon is
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important in order to obtain predictive capabilities on POP distribution and cycling, besides the

tremendous importance that the knowledge of the carbon cycle has for global change issues.

Air-water fluxes have been studied for a few organic compounds that are of concern for their

toxicity such as the presented in this Phd-thesis, the POPs, or organic compounds of interest for

their biogeochemical significance: DMS, methanol, acetone etc. (Simó and Dachs, 2002; Jacob et

al., 2005), but do not represent the totality of organic carbon, even if their dynamics may be related.

Until recently the only measurements available for total organic carbon where those related to wet

deposition of dissolved organic carbon (Willey et al., 2000; Raymond, 2005) or dry aerosol

deposition (del Giorgio and Duarte, 2002; de Madron et al., 2003). A comprehensive

parameterization and estimation at the global scale could be obtained with the help of satellite

retrieved products, an approach that has not been developed so far. Diffusive air-water exchange

fluxes are largely unexplored. A pioneering study was presented recently by Dachs et al. (2005)

who quantified for the first time the diffusive air-sea exchanges of total OC and was proven

important in the regional carbon budget for the NE Atlantic. However the extrapolation to the global

oceans is missing and also more experiments are needed to assess the limitations of the technique

used. Having in mind that air-water exchange in POPs plays a significant role, OC air-sea exchange

fluxes may also constitute important inputs to the marine environment.
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2 OBJECTIVES

This thesis focuses on the modelling of the transfer processes of POPs between the atmosphere and

the oceans, accounting for the spatial and temporal variability of the variables that take part.

Especial attention is given to account the interplay with the biogeochemistry of the oceans. It should

be noted that biogeochemical transformations have a further set of distinctive time scales that are in

general not matched with the physical scales; it is the combination of these different and

interdependent processes that produce spatially and temporally varying properties within the ocean

surface. For this reason the analysis of air-water exchange of POPs is primarily focused on the

global scale. However, the modelling of the ocean-water exchanges by the rest of global models

does not serve since they are focused on different objectives and generally the interplay with

biogeochemistry is not well covered. A list of specific objectives is given below.

• Estimation of the spatial and temporal distribution of atmospheric deposition fluxes of

POPs and of total organic carbon (diffusive air-water exchange, dry and wet deposition) at

the global scale.

• Estimation of the dominant atmosphere-ocean transfer flux.

• Analysis of the mutual influences of water column processes and atmospheric deposition

fluxes

• Interplay between of air-water transfer processes and biogeochemical fluxes

• Interplay between air-water transfer processes and turbulent mixing in water

• Interplay between air-water transfer processes and sediment-based fluxes

• Atmospheric vs. sediment as controls of POP levels and variability in the water

column

• Assessment of atmospheric residence times of POPs and how are influenced by

water column processes.

• Assessment of the oceans as a final sink and reservoir of POPs

• Estimation of the reservoir capacity of the surface oceans

• Global estimation of sinking fluxes

• Global estimation of subduction fluxes

• Short-term and seasonal variability of POPs throughout the water column

Furthermore, in addition to answering these questions, the present PhD-thesis aims to be also a

contribution to the current available environmental models. Therefore, methodological objectives

are:

• Coupling of satellite derived data to environmental box models within the level I-III
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classes.

• Detailed assessment of the role of non-fugacity processes, especially atmospheric and

sinking fluxes in environmental models

• Development of a 1D dynamic model (level  IV), and thus incorporation of the water

column turbulence
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3 RESULTS AND DISCUSSION

3.1 Methodology

For fulfilling the objectives of this PhD-thesis various types of contaminant models have been

developed. They are ordered in this chapter by increasing level of complexity, ranging from an

equilibrium 0-D and fugacity-based model, to a dynamic, i.e. time dependent, 1-D model. They are

in fact an evolution of the model developed by Dachs et al. (2002b) and by Simó and Dachs (2002),

which were precedents of this thesis Furthermore, they are all based on the simplicity premise: “A

good model contains significantly fewer adjustable parameters than data to be explained”

(Schwarzenbach et al., 2003). Again, it should be noted that the configuration of each model is

intimately linked to the questions that want to be answered and to the availability of the input

parameters.

The modelling work focus on the air-water transfers and their influence on the POPs cycling in the

open and coastal ocean. In particular, 7 priority PCB congeners are considered (PCB 28, PCB 52,

PCB 101, PCB 118, PCB 138, PCB 153, PCB 180) and selected congeners from tetra to octa

dibenzo-p-dioxins and -furans (Cl4-8DD/Fs). Hence, all degrees of hydrophobicity, related to the

chlorination number, are contrasted. The studied systems are the atmosphere, the water column (and

the sediments for coastal applications). Since we are interested in quantifying feedback mechanisms

involving biogeochemical coupling with atmospheric inputs, it is important to study not only the

processes occurring in the air-water interface, but also the ones in adjacent medias. On the other

hand POPs are modelled until the first step of the trophic chain, i.e. sorption to phytoplankton; this

compartment accounts for a major amount of POPs compared than higher trophic levels, and this

quantitative difference is important when evaluating the air-water transfer mechanisms of those

pollutants. Additionally, by means of simplification no lateral advection fluxes are considered,

which is an assumption accepted in the open-ocean, were contaminants enter primarily by

atmospheric deposition.

In the majority of cases, models developed here are applied at the global scale. In those cases it has

been taken advantage of the large amount of satellite-based environmental data that is nowadays

freely available in the web and which is rarely used in chemical modelling. They correspond to

monthly climatological means Level 3 data with resolutions of 1º x1º or 0.5º x 0.5º (Sea Surface

Temperature, chla, wind speed, precipitation, aerosol size parameters, etc), as explained in detail in

the next section. On the other hand, also a model for a more coastal and regional environment

(Mediterranean continental shelf) has been implemented. It corresponds to a 1D dynamic level IV

model, which requires greater computational times and complexity in process description. Since it is

a dynamic model, all model inputs and outcomes are time-dependent. In this case global satellite

measurements are not desirable since a higher temporal and spatial resolution is desired. It has been

more convenient to use measurements such as the ones provided by reanalisys from the European
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Center for Medium Weather Forecast (ECMWF, http://www.ecmwf.int/), namely 6-h data of air

temperature at 2m, 10m wind speed, precipitation rate, cloud cover, relative humidity. The structure

of the regional dynamic model developed in this PhD-thesis is based on COHERENS

(http://www.mumm.ac.be/coherens), a 3D/1D hydrodynamic finite difference model with a source

code of the program written in FORTRAN 77. Hence the hydrodynamic sub-model has been

coupled to the contaminants sub-model and both parts of the program are solved numerically using

the same time step of 1 min.
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3.2 Spatially resolved global models of POPs

3.2.1 Satellite-based parameters as input data

This PhD thesis uses satellite parameters to model POPs at global scales, a pioneering approach

among global and regional POP estimations in the scientific literature.

Remote sensing is an area of constant evolution since the 1970’s, where dates the first satellite

images. Earth observations measurements with optical instruments, which are limited to cloud-free

areas, have been augmented with instrument performing similar measurements with cloud

penetration techniques (e.g. active microwave). The interest in global parameters has been fuelled

by the development of military applications and by the concerns of climate change. The advantages

of the use of such satellite–based meteorological data is clear: they give a synoptic view of the

Earth, they allow to assess the seasonal and spatial variability of the different processes involved,

and they allow to study pristine ocean remote areas where no land-based measurements exists.

However, the accuracy is sometimes questionable and it should be kept in mind that the algorithms

used to transform the optic signal to parameters have limitations and can yield to important errors

when interpolating sometimes. For example many ocean remote sensing data fails close to coasts

and in ice-covered areas. But those limitations and others such as low quality data of wind speeds at

extreme low and high values, the limitations to characterize aerosols, depth penetration of optical

measurements and uncertainty in atmospheric correction (Kaufman et al., 2002) can be offset by the

large quantity of data which allows data assimilation procedures. Also current remote sensing

measurements are calibrated with in situ observations.

However, the use of remote sensing measurements to model the fate of POPs is an unexplored

subject. Precisely, the work of Dachs et al. (2002b) and Simó and Dachs (2002) were pioneers in

this area. In the present PhD, this line of research has been greatly developed. Indeed, we have used

monthly mean Level 3 satellite retrieved parameters, of global coverage and corresponding to

climatological averages of three consecutive years. It should be noted that Level 3 refers to data that

designed for the final user, which has been interpolated and averaged temporally and calibrated with

in situ observations and data assimilation techniques.

The following meteorological parameters obtained from remote sensing and treated in the Matlab

program environment have been used to model the transport processes of POPs. As pointed before,

satellite parameters are monthly values obtained from averaging the values corresponding to three

consecutive years, in order to obtain a climatological like data set of biogeophysical variables.
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ATMOSPHERE:

Wind speed distributions referred to 10m above the surface of the sea (u10, m s
-1

): Values are

obtained from the NOAA Special Sensor Microwave/Imager (SSM/I) at a resolution of 1º x 1º and

an accuracy of ±  2 m s
-1

 (http://lwf.ncdc.noaa.gov/oa/satellite/ssmi). Increased values are found

towards high latitudes, and in the southern Ocean. Since the retrieved wind speeds are monthly

means and the influence of the short-term variability has been proved to affect the kAW (see

1.5.2.1.1), they have been corrected assuming a Weibull distribution, in a similar way than

described in Simó and Dachs (2002).

Aerosol parameters over the oceans: Values are obtained from the Moderate-Resolution Imaging

Spectrometer Instrument (MODIS, http://modis.gsfc.nasa.gov/) on board the Terra satellite, part of

NASAs Earth Observing System (EOS). In particular, it has been used the effective radius (reff,  m),

its standard deviation (log( eff), log m), which inform about the size distributions of aerosols, the

aerosol optical depth (AOD), related to the aerosol density in the atmosphere, its standard deviation

( AOD), indicative of the AOD variability, and the fraction of optical depth corresponding to

submicron aerosol (!, [0 1]). Their approximate accuracy are of ± 0.1 m for reff , 25% for ! and

±0.03±0.05*AOD for the AOD (Remer et al., 2002). MODIS aerosol retrieved measurements refer

to values integrated over the air column and they refer to the size range detected by the instrument

(aerosol diameters from 0.1 to 20  m). Furthermore they have a resolution of 1º x 1º. Uncertainty is

higher in dust regimes, since retrieved size parameters (reff, log( eff)) can underestimate up to about

40%  the actual aerosol size (Levy et al., 2003).

One of the major novelties presented in this PhD thesis concerning the treatment of satellite data has

been the derivation of the dry aerosol deposition velocity from satellite measurements. The

essentials of the method is found in the chapter 3.2.3.2. Furthermore, a methodology to obtain the

dominant aerosol type over the oceans has been developed (see chapter 3.2.3.6) with the objective to

have maps of the organic carbon fraction in aerosols over the oceans. It is based on a look-up table

where each type of aerosol is determined by thresholds on optical aerosol parameters. Despite the

simplicity of the look-table the obtained aerosol plumes follow typical aerosol climatologies, and

are only function of satellite measurements.
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Figure 15 

Dominant aerosol type over oceans. November 2002-2003. Estimated in 3.2.3.6

It should be pointed that deriving aerosol sizes or concentrations from remote sensing measurements

has higher uncertainty than other parameters such as wind speeds, SST, p0,etc. used in this thesis

(Kinne et al., 2003). MODIS was until very recently the only sensor that gave information about

aerosol sizes (Kaufman et al., 2002). This area is currently under a great development and satellite-

based light imaging radars (lidars) are being launched (CALIPSO from NASA, etc.), providing

information about the vertical structure of aerosol plumes, something that is missing in MODIS.

Precipitation data: It corresponds to monthly rainfall rate (po, [mm month
-1

]) and the fractional

occurrence of precipitation (f, [0-1]) and they are also obtained from SSM/I NOAA

(http://lwf.ncdc.noaa.gov/oa/satellite/ssmi). Determination of rainfall by passive microwave sensors,

such as SSM/I, may be underestimated during low rainfall periods and overestimated during wet

periods, leading to some inaccuracies in the tropics. However, rainfall retrieval over the ocean from

SSM/I represents the best compromise between estimation accuracy and spatial data coverage

(Bauer and Mahfouf, 2003). Uncertainty is about 15 to 30% when compared to rain gauge data sets

(Ferraro, 1997). As shown in the following figure, this parameter is very variable spatially and

temporally and major precipitation rates are located in the ITCZ (Intertropical Convergence Zone).
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Figure 16 Precipitation rate (p0) from SSM/I NOAA, on November 2002-2003

A novelty of the use of precipitation data in wet deposition modelling of POPs has been the

accounting of the influence of the frequency of raining (f). Indeed, the instantaneous flux of

contaminants scavenged by rain may be major in a month with a low frequency of raining. This is

further explained in chapter 3.2.3.3

WATER

Sea Surface Temperatures (SST, [K]): Values are obtained from the Along Track Scanning

Radiometer (ATSR) installed in the European Space Agency ERS-2 satellite

(http://www.atsr.rl.ac.uk/). SST images consist of monthly averaged data with a resolution of

0.5ºx0.5º and an accuracy of +/-0.3K. It has been assumed that the air temperature over the ocean

equals the SST.

Chlorophyll a concentrations (chl a, mg m
-3

): They are estimated from fluorescence signals
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obtained from the Sea-Viewing Wide Field-of-view Sensor (SeaWIFS) from NASA

(http://seawifs.gsfa.nasa.gov/SEAWIFS.html). Resolution is 1º x 1º and the data is averaged

monthly at 1ºx1º resolution and accuracies are around the 15%. This data allows the estimation of

the phytoplankton biomass distribution in the surface mixed layer.

Mixed Layer Depth (MLD, [m]): They are retrieved from the Samuels and Cox monthly global

climatologies prepared from the NOAA database, and obtained from the National Center for

Atmospheric Research website (http://dss.ucar.edu/catalogs). Those MLD data sets are available at a

1º x 1º resolution.

Atlantic latitudinal profiles of monthly climatological means of SST, chla and MLD are presented

in the following picture:

Figure 17 Global distribution over the oceans in January (climatological months

1998-2000) of: (a) Sea Surface Temperature, (b): Chlorophyll a concentrations, (c)

Mixed Layer Depth

In contrast to the smooth profile of Sea Surface Temperature, chlorophyll a concentrations present
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substantial variability and a major seasonality. Hence, chlorophyll a exhibits the patchiness usually

encountered in biological variables, corresponding to a non-uniform spatial distribution of

phytoplankton biomass (Valiela, 1995). Areas of major surface chla, i.e. of major phytoplankton

biomass, may be linked to major sinking fluxes. It effect has been studied in 3.2.2.2. The latitudinal

profile of the MLD has a stronger seasonality than temperature and chlorophyll a. However, along

and around the equator, MLD values remain fairly constant all year round. The MLD is greater in

zones with formation of deep water and poorer water column stratification, such as the North

Atlantic ocean in winter (Apel, 1990). As a major conclusion, this reported variability and seasonal

variations of environmental data greatly justify the use of satellite parameters in spatially resolved

models of POPs, and not single values as used in many global models (Scheringer, 1996; Wania et

al., 2006).
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3.2.2 Tendency to reach the chemical-equilibrium state and potential reservoirs of

POPs

3.2.2.1 Rationale, background and outline of chapters 3.2.2.2 and 3.2.2.3

It is common in simple models and the one used in the analysis of the storage capacity of a number

of environmental compartments to assume equilibrium conditions (Wania and Mackay, 1995). This

full chemical equilibrium state never takes place in reality but is the ideal state towards where the

chemosphere tends to move. Indeed it gives indications of the tendency of the chemicals to partition

or be retained in one compartment or the other.

The model used in chapters 3.2.2.2 and 3.2.2.3 is a 0-D one-box model where the studied system is

the surface ocean, well-mixed and delimited by the MLD. The atmosphere is the main transport

vector and diffusive air-water exchange the main input route to the water column. The chemical is

assumed to be at equilibrium between the gaseous, dissolved and particulate (mainly phytoplankton)

phases. Specifically, PCBs in phytoplankton will move towards equilibrium with the dissolved

phase and the latter will approach equilibrium with the gas phase:

Figure 18 POP processes accounted in the 0-D equilibrium model Level I

The previously shown 0-D model in equilibrium is largely based on the Level I models of Mackay

(2001). Non fugacity driven processes, i.e. processes that work against equilibrium, as atmospheric

wet and dry deposition or the sinking of particle-associated pollutants are not accounted in this
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MRC =  
(ZW +  ZPF ) MLD 

ZG AML
=

(1 +  r COCBCF) MLD 

H'  AML
       MLD  100m

MRC =  
ZW MLD+  ZPF 100 

ZG AML
=

MLD +  r C OC BCF 100 

H'  AML
       MLD > 100m

simplified representation of the POPs fate. Indeed, such model presents the advantage that requires

very few input parameters since most of them are interdependent when writing the mass balance

using a fugacity approach. The fugacities of all phases are assumed equal since equilibrium occurs.

In the PhD-thesis the 0-D equilibrium model was applied to develop a new indicator of the amount

or tendency to retain POPs for a given environmental compartment: the “maximum reservoir

capacity” (MRC). Indeed, the MRC of the oceans is the ratio of the capacities of the surface ocean

and of the atmospheric mixed layer (AML) to hold chemical under equilibrium conditions. Since

only fugacity driven processes are accounted, the MRC can be expressed as only function of

environmental derived biophysical data, by means of the fugacity “phase specific” capacity

constants Z as defined in Mackay (2001) yielding:

                    [38]

where r is the ratio between organic matter and organic carbon and COC is the organic carbon

concentration in the water, assumed dependent on the surface chlorophyll a concentration.

The utility of the MRC is its conceptual simplicity and use. It is a parameter that relates two

compartments at equilibrium, similar to the idea of partitioning coefficients explained previously.

When the hypothesis of chemical equilibrium is applied, MRC simplifies in a way that it is only

function of biophysical parameters and of physicochemical properties of the compound; it is not

influenced by the variability of actual measured concentrations.

The maximum reservoir capacity was estimated for the global oceans in the chapter 3.2.2.2 and as

well the sensitivity to environmental variables such as temperature, phytoplankton biomass and

MLD. Furthermore, results were compared with those obtained when considering the sinking of

particle-bound contaminants, with a Level III steady-state model not in equilibrium as developed in

Dachs (1999; 2002b). Both Level I and Level III 0-D models were applied to each coordinate of the

global oceans using as input data satellite-derived parameters (SST, chla and u10). The following

picture shows the major processes that are accounted in the 0-D Level III model:
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Figure 19 POP processes accounted in the 0-D steady state model Level III

Thereby, the inventory derived from the MRC, based only in fugacity driven processes, which

corresponds to the maximum inventory in the surface ocean since no losts due to sinking are

accounted, was compared to the inventory derived when accounting the sinking of particle-bound

contaminants, which is in steady-state and not in equilibrium. For this purpose it was necessary to

use measured gas-phase PCB concentrations measured in a North-South latitudinal transect of the

Atlantic (Schreitmüller et al., 1994). Profiles differed significantly for higher chlorinated congeners

and mid-high latitudes, indicating that settling was a very important process deviating the system

from equilibrium. This may put limits to the use of Level I models as shown in Figure 18, since

non-fugacity driven processes are shown to contribute importantly, and they are not well

understood.

Finally, the MRC was also computed for the soil skin layer and for vegetation (chapter 3.2.3  Dalla

Valle et al., 2005). The comparison of soil MRC- ocean values at the global scale yield important

implications that cannot be explained by the Global Fractionation Theory. On the one hand the

seasonality and variability of both parameters suggested a LRAT of POPs controlled by a more

complex way than solely explained by the temperature gradients and/or latitudinal gradients. On the

other hand, gradients between oceans and soils were more pronounced in high latitudes, suggesting

a major fugacity gradient in these regions that so far has not been studied in detail.
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3.2.2.2 Scientific contribution:

Latitudinal and seasonal capacity of the surface oceans as a reservoir of

polychlorinated biphenyls

Jurado, E., Lohmann, R., Meijer, S., Jones, K. C., Dachs, J.

Environmental Pollution 128 (1-2), 149-162

Jurado, E.: interpretation, modelling and writing

Lohmann, R.: measurements of POPs in oceanic air and

interpretation

Meijer, S.: measurements of POPs in global soils

Jones, K. C.: interpretation

Dachs, J.: supervisor of PhD-thesis of EJ, support with modelling,

interpretation and writing
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