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3.2.3.7 Major issues and conclusions of chapters 3.2.3.2 - 3.2.3.6

• Remote sensing of biogeophysical data is useful to estimate the mass transfer coefficients

of POP processes.

•  There is an important spatial and seasonal variability of the atmospheric depositional

fluxes, especially noteworthy for the wet deposition fluxes. It is clearly important to

consider spatially resolved data for global assessment of POP cycling instead of limiting

the study to the mean values. In this context the use of remote sensing data is greatly

justified.

• The total dry deposition of  PCBs and  PCDD/Fs to the Atlantic Ocean is estimated to be

2200kg yr
-1

 and 500 kg yr
-1

 respectively, while the wet deposition is 4100 kg  PCBs yr
-1

and 2500 kg  PCDD/Fs yr
-1

 and the net air-water exchange is 22000 kg  PCBs yr
-1

 and

1300  PCDD/Fs yr
-1

. The comparison of estimated values and measured fluxes gave good

results, a factor between 1 and 2 for wet deposition.

• By comparing the mass transfer coefficients of each flux we obtain the dominant flux at a

global scale. They show the tendency for a contaminant to diposit either via dry aerosol

deposition, gaseous absorption to ocean surface or via rain scavenging, independently of

the actual POP occurrence.

• PCBs, which are found mainly in the gas phase, are primarily introduced into the ocean

water surface by gaseous absorption almost everywhere. PCDD/Fs show a higher affinity

to aerosols. Hence, for these compounds, either wet or dry deposition is the dominant

process in some oceanic regions. It should be stressed the importance of particle

deposition mechanisms by marine aerosol in high latitudes of. Furthermore dominance of

wet deposition fluxes is clearly marked in the Intertropical Convergence Zone (ITCZ),

and on a short-term basis it has a dramatic effect.

•  Oceanis deep-water formation is regionally a major transport mechanism. Indeed, in the

main deep-water water formation regions (Norwegian Sea, Labrador Sea, Weddell Sea

and Ross Sea), removal of PCBs by subduction of surface waters exceeds the removal due

to settling of particles. However, on a global scale, settling is greater.

• It has been developed a simple and effective method based on the analyzed dynamics of

POPs to obtain global maps of aerosol organic carbon deposition to the global oceans.

Indeed the deposition of organic and black carbon results only dependent on satellite

measurements. Also, parameterizations of wet gaseous and air-water diffusive fluxes of
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total organic carbon have been implemented at the global scale, the latter indirectly

evaluated as ratio CGOC/H’, where CGOC is the gaseous organic carbon (Dachs et al.,

2005).

•  The estimated organic carbon and black carbon concentrations, necessary to assess the

depositional fluxes, agree with measurements in the northern hemisphere within a factor

of 3 in most cases, but tend to overestimate southern hemisphere, where coarse sea-salt

plays a major role. Overestimations of the measurements may be a reason for such

discrepancy.

• The total dry deposition of aerosol organic carbon is estimated to be 14 Tg C yr
-1

, the total

aerosol wet deposition 78 Tg C yr
-1

. Both numbers are much higher than other global

estimates, based on emission inventories. But in the same order of magnitude of estimated

emission inventories. Again, important variability was noted in the estimated depositional

fluxes of aerosol carbon.

• Dry aerosol carbon deposition can be significant in high latitude dust influenced regions

where wind and aerosol mass enhance the dry deposition velocity. Also in ocean areas

where sea-salt is dominant. However its magnitude is lower than other depositional

mechanisms. Wet aerosol deposition is highly dependent on the precipitation rate, major

in the ITCZ

•  Wet gaseous deposition is estimated to be 190 Tg C yr
-1

, but the validation of the

methodology is not straightforward due to the uncertainties and variability when

measuring DOC.

• Estimated diffusive fluxes of gaseous organic carbon show important figures, higher that

our reported fluxes for dry and wet particle deposition of organic carbon, and already

sizeable to the oceanic CO2 uptake. However the estimation lacks further experimental

evidence. Research in this area is needed.

•  The global spatially resolved models of POPs presented in previous chapters 3.2.3.2 -

3.2.3.6 present the following limitations, which should be accounted for future

developments:

• All water column particles behave like phytoplankton

• Not considered role of microorganisms, colloidal phase, turbulent processes

•  Homogeneous concentration of POPs in the water column (well-mixed water

column)

• Assumed steady state

• Not considered sediment processes, important in a more coastal environment
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3.3 Water column POP dynamics

3.3.1 Rationale, background and outline of chapter 3.3.2

The developed 0-D model at steady state and spatially resolved was not adequate to investigate the

short-term dynamics of POPs in a coastal or shallow aquatic environment. In that case it is

necessary to account for the temporal variation of water concentrations, i.e. to use a dynamic model,

and to account for sediment processes. Having this in mind, it was formulated the BIODEP model,

applied to evaluate the atmosphere-water interactions in a high altitude lake. It is a 0-D dynamic

model (level IV) where both atmospheric and sediment inputs are accounted, and constitutes as a

first step to further formulate a 1D dynamic model. In the atmospheric part, the dry and wet

deposition and diffusive air-water exchange are considered. Indeed, the modelling framework

developed for the atmospheric deposition to the global oceans (chapter 3.2.3) was utile when

implementing BIODEP. However, parameterizations of the BIODEP model were more empirically

based than in 3.2.3 and accounted for other processes such as deposition by snow or the ice melting.

Another novelty was the treatment of the water column as a one well-mixed compartment when no

stratification occurs, but as two well-mixed compartments, i.e. epilimnion and hypolimnion when

stratification takes place. Hence, turbulent mixing was assessed in a very simplified way, assuming

that the contaminants are uniformly mixed in the hypolimnion or epilimnion, delimited by the depth

of the thermocline. On the other hand, all water particles were assumed to behave like

phytoplankton, as in 3.2.3, but the exchange of contaminants between water and particles was not

described by equilibrium partitioning but by uptake and depuration kinetics with growth dilution

taken into account. Further details are found in Meijer et al. (2006).

BIODEP model yielded results in agreement with experimental measurements within a factor of

two. The role of sediments fluxes was proven important and, as happened in global estimations in

this PhD-thesis and in other exercises in shallow aquatic environments (Baker et al., 1991; Blais et

al., 2001; Ko et al., 2003; Palm et al., 2004). Furthermore, diffusive air-water exchange constituted

a dominant mechanism controlling the dynamics of PCBs in the water column. However, the model

was supported by the assumption of well-mixed compartments, i.e. one well-mixed compartment

when no stratification occurs, and two well-mixed compartments, i.e. epilimnion and hypolimnion

when stratification takes place, which could yield to inaccurate conclusions. In fact, it is uncertain

that the turbulence can support the hypothesis of two well-mixed layers in stratification periods

(Hornbuckle et al., 2004), even less of one well-mixed compartment the rest of the time.

Additionally, different budget calculations have seen that only a small fraction of the particulate

organic carbon produced in the surface, to which POPs tend to sorb, is exported to the bottom, due

to the actuation of turbulent processes among others (Fasham, 2003). However, a detailed analysis

of the role of turbulence on the fate of POPs is essentially non-existent as explained in 1.5.2.2. Its
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complex parameterization, the scarcity of vertical profiles or time series of POPs or the assumption

that vertical fluxes are driven by sinking fluxes of particle-bound compounds are reasons explaining

this lack of a related comprehensive study.

The need of a close examination of the role of turbulent mixing in the dynamics of POPs and the

need of analysing the vertical profiles and short-term variability of POPs were primary factors

justifying the development of a 1-D dynamic coupled hydrodynamic-contaminant model to a

continental shelf environment of 50 m depth in the northern Adriatic. The hydrodynamic sub-model

is adapted from COHERENS and the contaminants sub-model is an improvement from the BIODEP

model and considered the contaminant in 3 states: dissolved-colloidal-particulate. It was developed

in collaboration with the Institute for Environmental and Sustainability in the Joint Research Centre

in Ispra, where I did a 4-month stage. Its implementation is explained in chapter 3.3.2. This model

was useful to evaluate the interplay of the different fluxes accounted in the atmosphere-water-

sediments system. It should be noted again that this is the first time that the mutual effect between

turbulent fluxes of POPs and the sinking of particle-bound compounds has been explicitly assessed.

The following sketch presents the accounted contaminant processes:
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Figure 23 POP processes accounted in the 1-D dynamic model in 3.3.2

The model accounted for the total suspended matter as two individual compartments because of its

key role in the re-distribution of POPs in the marine environment (Baker et al., 1991; Swackhamer

and Skoglund, 1991; Meijer et al., 2006). This novel approach allowed to distinguish between

“physical” and “biological particles”, TSM
phys

 and TSM
biol

. In particular, TSM
phys

 accounts for the

atmospheric aerosol inputs and the resuspension of particles from the sediments, while TSM
biol

represents the total particulate of biological origin. Contaminants sorb differently to one or the other

type of particles, since they are characterized by substantial different organic matter content (higher

in TSM
biol

). The related settling is also modelled differently: “physical” particles are characterized

by the constant settling velocity (wse); conversely, “biological” sinking, i.e. the fraction of primary

production lost to sinking, is assumed to be proportional to the flux of organic matter collected in
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the bottom (FOM) (Baines et al., 1994), as eq. 37 :

FSINK=FSINK
phys

+FSINK
biol

                                                                                                                [44]

“Physical” sinking flux in each layer: FSINK
phys

=wse CW
part_phys

“Biological” sinking flux in each layer: FSINK
biol

= CW
part_biol

FOM/NZ*TSM
biol

where NZ is the total number of considered layers (50 in this case).

The 1-D dynamic model estimated surface enriched-depth depleted and benthic layer enriched

vertical profiles of PCB concentrations with temporal resolution, in agreement with the few

available measured values in pristine open-sea regions. The so-called turbulent layer was seen to

delimit the extent to which atmospheric inputs diffuse to the water column. Within this layer, a

significant short-term variability was encountered, highly dependent of precipitation pulses. It

contrasted with more constant values close to sediments, in agreement with the higher capacity of

sediments to retain POPs when compared to waters. Turbulence was also proven to explain the

upward diffusion of pollutants coming from the sediments but its extent was seen to be compensated

by the sinking of particle-bound compounds, acting as an opposing flux of similar magnitude.

This exercise has given the basis to further answer other important questions, such as what supports

and controls the POP concentrations in the food web or to analyze in a further level of detail the

interplay between atmospheric and sediments fluxes. Also the configuration of the model is open to

further implications in 3D by a simple software switch or to the coupling with a complex ecological

model. A first intriguing result (not shown in 3.3.2) was obtained when applying the developed

model to a shallower water column, of 10 m depth. The resulting temporal variation of

concentration profiles for PCB 180 is shown in Figure 24. The turbulent layer breaks and all the

water column is well mixed. Sediments affect all the water column instead of only affecting the

deeper 2-5 m as in the 50 m water column depth.


