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3.2.2.3 Scientific contribution:

The maximum reservoir capacity of soils for Persistent Organic Pollutants:

implications for global cycling

Dalla Valle, M.; Jurado, E.; Dachs, J.; Sweetman, A. J.; Jones, K. C

Environmental Pollution. 134 (1), 153-164

Dalla Valle, M.: interpretation, modelling and writing

Jurado, E.: support with modelling tools, retrieval of satellite

parameters and interpretation

Dachs, J.: interpretation

Sweetman, A. J.: interpretation and writing

Jones, K. C.: interpretation
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3.2.2.4 Major issues and conclusions of chapters 3.2.2.2 and 3.2.2.3

• The “Maximum reservoir capacity” (MRC) of the surface oceans, i.e. the capacity of the

surface oceans to store POPs relative to the atmosphere at equilibrium, gives indications

of the tendency of compounds to be retained in surface water, delimited by the Mixed

Layer Depth (MLD). It can be estimated only from biogeophysical parameters (chla, SST,

MLD) and POPs physico-chemical properties when considering a 0-D Level I model.

Since it is independent of the actual occurrence of chemicals, the sensitivity to the

different biogeophysical parameters is easily analyzed.

•  The MRC in oceans is highly seasonal and variable spatially, affected significantly by

phytoplankton patchiness. In the NH winter peaks of MRC are located around 60ºN, not

further north, indicative that the ratio is not governed solely by temperature, instead by

phytoplankton biomass. Conversely, in the NH summer peaks are located around 60ºS.

However, those trends may also be affected by the mass of ice in the high latitudes, where

the satellites used in the study fail to retrieve data.

•  The temperature and physico-chemical properties aren’t enough to predict the reservoir

capacity of the surface oceans, specially for the more hidrophobic PCBs and for high

productivity regions. Indeed, biogeochemistry, specially interactions with biota play a

critical role in the fate of PCBs and other POPs. Nevertheless those are not accounted by

the Global Fractionation Theory, which should be complemented by these findings.

•  Evidence of settling of POPs sorbed to organic matter as an important removal process

from the surface ocean, outstanding in mid-high latitudes and upwelling areas and for the

more hydrophobic compounds. This results in an enrichment of the surface ocean in the

lower chlorinated PCBs, which are not effectively removed by the settling of biogenic

particulate matter. It is also a prove of the importance of non-fugacity driven processes

contributing to non-temperature driven fractionation of POPs at regional and global

scales.

•  Variability of the MRC soil surface skin layer is important; vegetation and snow may

introduce important biases to the theoretical MRC ratio derived from equilibrium

conditions. This affects the LRAT of POPs which will tend to be distributed towards the

areas of highest MRC, highest soil organic matter. Again, this is not explained by the

movement of POPs driven by temperature changes, following the Global Fractionation

Theory.

• Comparison of the MRC values in the surface ocean with that in soils skin layer show an
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important mass in soils, stressing the tendency of soils to retain POPs. Differences are

more remarkable for the more hydrophobic PCBs, which are shown to be retained close to

sources. Furthermore, sharp gradients between soil and ocean are observed in high

latitudes.

• Gradients between soils and oceans MRC can exert an important influence on global POP

cycling. Depleted ocean-land gradients in low latitudes and low MRC values both in soils

and oceans in these latitudes favour the LRAT. Indeed land-to-ocean transfer of pollutants

may be important in low latitudes, which could explain the high measured gas phase

concentrations of POPs in these latitudes.
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3.2.3 Deposition and sinks of POPs and organic matter for the global oceans

3.2.3.1 Rationale, background and outline of chapters 3.2.3.2 - 3.2.3.6

When examining the maximum reservoir capacity, as presented in the previous chapter, it was seen

that the uptake of POPs by phytoplankton and the posterior settling by large particles played a major

role in the occurrence of POPs in the surface waters. It was a further evidence that those sinking

fluxes affected ocean-water exchanges of compounds, in agreement with previous observations and

modelling exercises (Dachs et al., 1999; Larsson et al., 2000; Dachs et al., 2002b). Next, we

questioned whether other non-fugacity driven processes such as deposition of atmospheric

compounds could also affect significantly the occurrence and fate of POPs dynamics. Furthermore,

since the variability of environmental parameters was determinant when evaluation the capacity of

the surface oceans or soils to retain POPs, we predicted that atmospheric inputs may also be affected

by this variability, which is an observation that has been already reported in numerous studies (see

chapter 1.5.2.1). Indeed, we were interested in developing a spatially resolved global model that

accounted also for the temporal variability of meteorological parameters. This was achieved using

as inputs the monthly-mean satellite-derived data (see previous chapter of methodology 3.1 for more

details), and calculating all the fluxes and other parameters of interest each month. It can be

classified as a spatially resolved 0-D Level III model where both atmospheric deposition and

sinking were accounted. The studied system is the surface ocean; inside POP concentrations are

well mixed and at steady state:

Figure 20 POP processes accounted in the 0-D steady state model
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3.2.3.1.1 Atmospheric deposition fluxes of POPs and to the global oceans

The first purpose was to model and quantify the atmospheric depositional fluxes. Details of the

methodology used is presented in chapters 3.2.3.2 and 3.2.3.3. In short, the model was applied each

month to each “point” (pixel) of the Atlantic ocean using the monthly variation of the satellite data,

physicochemical properties of the compounds and assuming constant in time measured atmospheric

concentrations, which were assumed constant along the same latitude but varying for a certain

longitude. Here it is shown (Figure 21) the latitudinal profiles of the measured concentration used as

input data in the calculations (Lohmann et al., 2001; Jaward et al., 2004), which are not explicitely

shown in the referred chapters 3.2.3.2 and 3.2.3.3 but can help in the interpretation of results and

conclusions obtained:
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Figure 21 Profiles of the measured particle and gaseous phase POP concentrations

used in 3.2.3.2 and 3.2.3.3

It is noteworthy the variability of the detected concentrations. Indeed, it is already foreseen the

spatial variability in the transport fluxes of PCBs and PCDD/Fs, which justifies the use of a spatially

resolved model. However, the variability of environmental variables such as wind speed, chla,

temperature, etc. can increase this variability. On the other hand, the particulate fraction presents

increased values towards the poles, according to lower temperatures. Conversely, the gaseous

fraction prevails in the low latitudes, where volatilization is significant. The latitudinal PCB profile

also shows the influence of the contamination from urban centers at the beginning and at the end of

the cruise.
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Summarizing, the novelty of chapters 3.2.3.2 and 3.2.3.3 are: the use of satellite data to derive the

transport fluxes of POPs, the estimation of a variable dry deposition velocity estimated at each point

of the global oceans from wind speeds and sizes and amount of aerosols, the consideration of the

rain in the calculations of the air-water exchange mass transfer coefficients and the consideration the

adsorption of contaminants to the raindrops in addition to the diffusive absorption when evaluating

the gaseous washout. In fact they represent improved parameterizations of the depositional fluxes

presented in section 1.5.2.1, accounting for the available remote sensed data such as the variability

of precipitation rates, wind speeds, chl a, temperatures aerosol sizes and mass, etc. Indeed we

obtained a variability of depositional fluxes closer to the variability of biogeophysical parameters.

The dependence of biogeophysical parameters has been overlooked in previous global modelling

works, where the temperature was nearly the only driver or where properties didn’t change along a

given latitude (see chapter 1.3).. In short novel parameterizations are the following:

dry deposition: The overall dry deposition velocity was been obtained by averaging by weight the

velocity of the midpoint fraction of each interval of sizes considered (it has been chosen 6 due to

good results in different studies):

vD = vD,iw i( )
i=1

6

                                                                                                                           [39]

The mass fraction of each of the intervals of sizes (wi) were deduced from MODIS satellite

parameters, relating the effective radius, which is deffined as the weighted integral of the volume-

surface ratio, and its geometric standard deviation to the parameters of the lognormal distribution

for the number concentration that usually characterizes the oceanic aerosols (see annexes in chapter

3.2.3.2). The velocity of the mid-point interval (vD,i) was estimated by the Williams (1982) model

that gives size and wind dependent dry deposition velocities.   

Values obtained were comparable to those reported in previous studies of particle deposition

velocities in coastal or lake environments (McVeety and Hites, 1988; Holsen et al., 1993), or

modelling studies (Nho-Kim et al., 2004), which usually range from 0.1 to 0.8 cm s
-1

. As noted

earlier, MODIS characterization of aerosols fails to fully account for the importance of dust aerosols

in desert outflow regions and therefore it is possible that vD values are underestimated in some

regions such as the Sahel-Saharan outflow over the Atlantic Ocean.

wet deposition: In the estimation of the gaseous washout it was considered both the absorption to

the raindrop (WG_diss) and the adsorption onto the surface of the raindrop (WG_ads). It differs with the

traditional parameterization of the gaseous washout, where only the absorption is considered (see

1.5.3.3 and 1.5.2.1.3). Practical consequences were that the variability of precipitation rate was also

accounted in the gaseous removal of POPs by rain. This formulation has been used a posteriori by
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other articles (Carafa et al., 2006).

air-water exchange: the air-water exchange flux during precipitation periods was distinguished

from the one in dry periods. The air-water mass transfer coefficient during precipitation periods,

was assumed as the additive result of the rain effect as suggested by Ho et al. (1997) and the wind

effect as suggested by Nightingale et al. (2000a). They both result in an increase of the air-water

mass transfer coefficient around a 10%, as suggested in chapters 3.2.3.3.

Details of the novel parameterizations of fluxes and results obtained are found in chapters 3.2.3.2

and 3.2.3.3.

Also we compared the dominant depositional mechanism for the global oceans. Equations for the

gaseous absorption to the surface oceans and wet and dry deposition fluxes were arranged as the

product of a mass transfer coefficient or velocity and the concentration of pollutant in one of the

atmospheric phases. It can be understood as an analogy to a diagram of electrical resistances in

parallel; each flux is associated to a resistance, or the inverse of a transfer coefficient. Then the

dominant flux may be the one linked with the minor resistance or major mass transfer coefficient,

independent of the aerosol- and gas- phase concentrations of the compounds. An approach with an

analogy to electrical resistances has been also performed to obtain the equations that govern vD or

kAW (Seinfeld and Pandis, 1998).



Results and discussion102

Figure 22 Analogy of POP fluxes between the atmosphere and the ocean to a diagram

of electrical resistances (used in 3.2.3.2 and 3.2.3.3). k is the mass transfer coefficient.

3.2.3.1.2 Residence times over the global ocean atmospheres

Furthermore, residence times of of POPs over the oceans were estimated from the spatially resolved

atmospheric mass transfer coefficients or velocities from the deposition fluxes, using similar

equations as the eq. 1. The novelty consist in the use of spatially resolved fluxes, a different

approach that the one used in zonally averaged models or chemical transport models (see 1.4). First

implications and results are shown in chapter 3.2.3.4.

3.2.3.1.3 Subduction fluxes as a sink of POPs

Taking into consideration the importance of deep water formation in some oceanic regions, we

asked ourselves if this convection of surface waters to deep ocean could carry significant amounts

of POPs. This was also suggested by the high MRC values in the regions were there is formation of

deep oceanic water. It resulted in an article presented in chapter 3.2.3.5, pioneering in the subject.
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Deep water formation regions are namely the Norwegian and Labrador Seas in the North Atlantic

and the Weddell and Ross Seas in the Southern Ocean (Rahmstorf, 2002). Subduction fluxes (Fsubd

[kg m
-2

 y
-1

]) were estimated at each region and assumed negligible at the rest of the oceans. They

were parameterized as the product of the water concentration of the compound

(dissolved+particulate) and the rate of deep water formation of the chosen area (rsubd [Sv]), divided

by the area of interest (A [m
2
]), where 3.15 10

-5
 is a conversion factor

Fsubd =
CW

tot
rsubd

A
3.15 10

 5
                                                                                                       [40]

The magnitude of each flux was compared to the sinking of particle-bound contaminants,

parameterized as described in Dachs et al. (1999; 2002b) and chapter 3.2.3.2. In particular, they are

the product of the PCB concentration in the particulate organic matter phase, obtained from the

dissolved phase using bioconcentration factors, and the vertical flux of organic matters as given by

Baines and Pace (1994) from chl a satellite measurements.

Again meteorological satellite derived parameters were used for such estimations. But for the

concentrations of POPs, regional measurements were accounted (Schulz-Bull et al., 1998; Sobek

and Gustafsson, 2004; Gambaro et al., 2005).

3.2.3.1.4 Atmospheric deposition of organic carbon to the global oceans

As was stressed in the Introduction section, POPs are not only tracers for the total organic carbon

but since they are hydrophobic, their dynamics are related. Therefore we adapted and performed the

methodology to estimate global atmospheric deposition of POPs, which gave a good agreement

between modelled and measured fluxes, to estimate the atmospheric deposition of organic carbon to

the global oceans (see chapter 3.2.3.6). Results are important since it is the first comprehensive

estimation of the global dry, wet deposition and diffusive air-water exchange of total organic carbon

and numbers may contribute significantly in the budget of the marine carbon cycle.

Dry and wet deposition of aerosol organic carbon were computed from a size-dependent dry

deposition velocity, a constant value of WP=2 10
5
 as done for POPs (3.2.3.2, 3.2.3.3) and organic

and black carbon concentrations as determined from dominant plumes of aerosols from optical

values (see Figure 15, and supplementary material in 3.2.3.6). This determination of particle-

concentration of organic and black carbon resulted in surprising good correlations between

measured and modelled values, despite the simplicity, but also the originality of the method.

Furthermore, the potential importance and probable magnitude of gaseous wet deposition and

diffusive exchanges of organic carbon were discussed. However, we encountered difficulties to use
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experimental data since the air-water exchange of total organic carbon is largely unexplored besides

a recent study from Dachs et al. (2005), who suggested than in a regional basis diffusive air-water

exchange of total organic carbon may be very important.

In short, the estimated fluxes of deposition of organic carbon were based on the following

developed parameterizations:

dry deposition

                                                                                                                   [41]

wet deposition

                                                                                     [42]

air-water exchange

FAW_ OC = kAW CEDOC  
CGOC

H'

! 

" 
# 

$ 

% 
&                                                                                               [43]

where CGOC and CEDOC are the gaseous and dissolved organic carbon concentrations. CGOC/H’ is

assumed 40  M  and (CEDOC-CGOC/H’) = 1  M (Willey et al., 2000; Dachs et al., 2005). Further

details are found in 3.2.3.6

FDD_OC =  v DCP _ OC

FWD = p0WPCP_ OC + (p0 /H' )CGOC
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3.2.3.2 Scientific contribution:

Amospheric dry deposition of persistent organic pollutants to the Atlantic

ocean and inferences for the global oceans

Jurado, E., Jaward, F., Lohmann, R., Jones, K. C., Simó, R., Dachs, J.

Environmental Science & Technology. 38 (21), 5505-5513

Jurado, E.: modelling, interpretation and writing

Jaward, F.: measurements of PCBs in oceanic air

Lohmann, R.: measurements of PCDD/Fs in oceanic air and

interpretation

Jones, K. C.: interpretation

Simó, R.: interpretation

Dachs, J.: support with interpretation and writing
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