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a b s t r a c t
Mass budgets of hexachlorocyclohexanes (a-HCH and c-HCH) and a polychlorinated biphenyl (PCB 153)
for 1995–2001 were calculated based on model simulations and observations for the North Sea as a
whole and the German Bight, a coastal shallow subregion. For the North Sea the air–sea ﬂuxes of the three
pollutants were net depositional and dominated by local sources (c-HCH and PCB 153) or atmospheric
deposition (a-HCH). The air–sea ﬂuxes were net volatilizational in the German Bight. Unlike HCH, PCB
153 does not show a downward trend in the North Sea marine environment during the study period.
Due to its physicochemical properties it is expected to readily enter the food chains. Model results suggest that during studied period, the North Sea was a sink for PCB 153 and a source of HCHs for the outer
world.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
The fate and behavior of persistent organic pollutants (POPs),
e.g. hexachlorocyclohexanes (HCHs) and polychlorinated biphenyls (PCBs) in the environment has attracted considerable scientiﬁc and political interest arising from concern of human and
wildlife exposure to these chemicals and their discovery in pristine
environments far from the sources. POPs are ubiquitously distributed in the global oceans as a consequence of atmospheric deposition and river inputs (e.g. Tanabe et al., 1983; Iwata et al., 1993;
Bidleman et al., 1995; Lakaschus et al., 2002). The study of processes and pathways that POPs undergo in the aquatic environment is particularly important as the hydrosphere is where many
POPs resist degradation (hence, accumulate) and are more prone
to bioaccumulation (hence, enter the food chains). Oceans can be
considered as a global reservoir and ultimate sink compartment
of many POPs (e.g. Iwata et al., 1993). However, in response to
long-term uptake of POPs coastal and even open ocean water
bodies may turn into net volatilizational, i.e. act as sources to the
atmosphere, seasonally or permanently (Bidleman et al., 1995;
Bruhn et al., 2003). In shallow seas like the North Sea the sinking
particles carrying POPs down to the bottom sediments may enter
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the water column via resuspension. Therefore, even when primary
pollutant sources are reduced, remobilization from water bodies
could act as a secondary source for the atmosphere.
Mass budgets of POPs and POPs-like chemicals in the marine
environment are required to evaluate both scientiﬁc knowledge
and chemicals management options. For a south-eastern part of
the North Sea (the German Bight), such budget calculations were
already performed for several POPs based on measurements (Hühnerfuss et al., 1997). However, measurements of most POPs in seawater are too sparse to allow a comprehensive assessment of their
pathways and ﬂuxes in and out of the North Sea or its subregions.
Furthermore, mass budgets of sea areas based on ﬁeld data are
uncertain as the variability of the concentrations in both time
and space can be high in particular in shelf seas and coastal areas
(e.g., Bruhn et al., 2003). A multimedia mass balance model was
used to budget the fate of the sum of 6 PCBs (Wania et al., 2001)
and HCH (Breivik and Wania, 2002) in the Baltic Sea based on constant water ﬂuxes. Mass budgets of POPs-like contaminants in seas
have not been assessed so far with a three-dimensional hydrodynamic model capable to resolve environmental conditions and processes. Many pollutants sources in the North Sea are land-based.
Thus, ﬁner spatial resolution of the model can improve the representation of distribution of POPs in the near-coastal areas and their
transport with sea currents. For instance, by comparing the results
of a meso-scale and a large-scale circulation model Pohlmann
(2006), showed that especially in the coastal North Sea along the
Dutch and German coast, a meso-scale model better captures the
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observed patterns of temperature and salinity and more accurately
quantiﬁes the kinetic energy of residual ﬂow. This study is the ﬁrst
attempt to estimate mass budgets and the contribution of individual key processes to the burdens of organic pollutants using a
model with high spatial and temporal resolution. We address
a-HCH, c-HCH and PCB 153 in the North Sea. This choice of substances includes different physicochemical properties, i.e. lipophilicity (PCB) vs. water solubility (HCHs; Table 1), as well as different
historical usage and emission trends, i.e. banned in Europe three
decades ago (a-HCH, PCB 153) vs. usage restrictions introduced
in the 1990s (c-HCH).
2. Model description
FANTOM (Fate and Transport Ocean Model) is a three-dimensional numerical model designed for simulating the long-term fate
of pollutants in the shelf and coastal aquatic environment. A full
description of the model, its forcing and model validation is given
by Ilyina et al. (2006) and Ilyina (2007). The pollutants can enter
the model domain via rivers, adjacent seas or atmospheric deposition. In seawater they are transported with vertical and horizontal
ocean currents and large-scale turbulent diffusion calculated by a
circulation model (Pohlmann, 1996). A pollutant is either dissolved
or bound to particulate organic carbon (POC) present in seawater.
POC concentrations in the North Sea were calculated by an ecosystem model (Pätsch et al., 2002). The particle-bound fraction is a
function of substance lipophilicity and is subject to gravitational
sinking and deposition to the bottom sediments. Particles can also
re-suspend back to the water column when sediments are disturbed by ocean currents and waves. Sediment compartment is
represented by the upper 2 cm of the sediment bed, a layer where
nearly all the benthic biomass is found. Degradation in seawater is
described by a ﬁrst order rate decay coefﬁcient (Table 1). It is assumed to double per 10 K temperature increase. The reversible
air–sea gaseous ﬂux of pollutants is determined based on the
two-ﬁlm model in accordance with the fugacity concept formulation (Schwarzenbach et al., 1993). Henry’s law constant Hc
(Pa m3 mol1) is used to describe the equilibrium partitioning of
POPs between air and water. Experimentally derived relationships
for Hc are calculated from a temperature dependant equation (Table 1; Paasivirta et al., 1999; Sahsuvar et al., 2003) using intercept
b and slope m (K) at sea surface temperature Tw (K):
log Hc ¼ b þ

m
Tw

ð1Þ

The dry atmospheric particle deposition ﬂux is calculated as a product of the pollutants particle-bound concentration in air and dry
deposition velocity. The wet deposition ﬂux is calculated as a product of the pollutant concentration in precipitation based on measurements, which includes both the dissolved and particulate
phases, and the precipitation rate.

Model calculations were initialized by measurements-based
POPs seawater concentrations (DOD, 2005). Oceanic boundary conditions were extrapolated from the measured values used for the
model initialization. Boundary conditions were based on monitoring data of POPs in air (Fig. 1; EMEP, 2005) and in the rivers
(OSPAR, 2002; DOD, 2005; DONAR, 2005). Monthly mean concentrations of POPs in air and rain available from the few coastal stations (i.e. for PCB 153 only from Lista, for c-HCH and a-HCH also
from Westerland and Kollumerwaard) were interpolated on the
entire model gird. River loads were calculated as a product of
the daily fresh water discharge and the concentration of POPs at
the last tidal gauge station of each river (Fig. 1). Measurements
in the rivers were available as annual (for the British rivers),
monthly (for the rivers Ems and Weser) or weekly and bi-weekly
(for the other continental rivers) mean concentrations. Note that
the seasonal and spatial variability of the atmospheric deposition
ﬂuxes are uncertain as only precipitation rates were available in
gridded form. Pollutant concentrations in air and precipitation
(Fig. 1) were only available at a few coastal monitoring stations
and were extrapolated to the entire model domain (Ilyina et al.,
2006). As air pollutants’ concentrations show no or negative spatial
trend from coastal areas to the open sea, the pollutant deposition
ﬂuxes might be somewhat overestimated.
The model was applied to the southern North Sea, a shallow region with the mean depth of 50 m and a maximum depth of 160 m
(Fig. 2). The horizontal resolution of the model is 1.5’ to 2.5’ corresponding to 2.5–3 km. The model has 21 vertical layers of varying
depth. The simulation period was from July 1995 to December
2001.
Mass budgets of c-HCH, a-HCH and PCB 153 calculated by FANTOM include exchange ﬂuxes between the air and seawater as well
as between seawater and the upper sediment and the sinks and
sources to the seawater burden. These calculations were performed for two regions further on named as the North Sea (entire
model domain, i.e. south of 57 °N) and the German Bight (northern
border at 55 °N and the western border at 6°25’E; Fig. 2). The total
mass change (DMPOP) was integrated over a period of time (Dt) for
these two sea regions. It is given as:
DM POP
¼ NetGas þ Dep  Deg þ NetFlow þ Riv  NetSink
Dt

ð2Þ

with gaseous dry deposition ﬂux minus the volatilization ﬂux (NetGas), wet and dry particle depositions (Dep), degradation rate in
seawater (Deg), net ﬂows through the lateral boundaries into and
out of the model domain (NetFlow), river input ﬂow (Riv), the loss
rate due to sinking minus rate of resuspension from the bottom
sediments (NetSink). The annual mass change is obtained by
integrating these ﬂuxes over time, i.e. one year in this study. Inventories calculated that way demonstrate the contribution of an individual key process for the abundance of studied POPs in the North
Sea.

Table 1
Physicochemical properties of c-HCH, a-HCH and PCB 153 at 298 K and temperature dependencies of Henry’s law constant used in FANTOM (cf. Eq. (1))

Saturation vapor pressure, p (Pa)
Water solubility, s (mg l1)
Octanol-water partitioning coefﬁcient, Kow (–)
Degradation rate in seawater, kdeg (s1)
Intercept of the temperature dependent Henry’s law constant, b (–)
Slope of the temperature dependent Henry’s law constant, m (K)
a
b
c
d
e

Rippen (2000).
Klöpffer and Schmidt (2001).
Beyer et al. (2002).
Sahsuvar et al. (2003).
Paasivirta et al. (1999).

c-HCH

a-HCH

PCB 153

6.6  103a
7.4a
3.98  103b
2.7  108b
10.14 ± 0.55d
–3208 ± 161d

8.4  103a
2.0a
5.89  103b
2.3  108b
10.13 ± 0.29d
–3098 ± 84d

4.1  105c
8.8  104c
5.62  106c
1.6  109c
14.05e
–3662e
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Fig. 1. Total riverine input ﬂux of c-HCH, a-HCH and PCB 153 (mg s1, sum of continental rivers Elbe, Weser, Ems, Rhine, Meuse and Scheldt and British rivers Thames,
Welland, Humber, Tees, Tyne and Forth) and c-HCH, a-HCH and PCB 153 concentrations in air (pg m3) and rain (ng l1) measured at the EMEP station Lista (58.1°N, 6.5°E).
Geographical locations of rivers are shown in Fig. 2. Note that logarithmic scales are used.

3. Results and discussion
The spatial distributions of the vertically integrated annual
mean concentrations of c-HCH, a-HCH and PCB 153 (Fig. 2) show
positive gradients towards the coasts with highest concentrations
in the southern and south-eastern part of the North Sea. High concentrations close to the estuaries indicate the importance of riverine sources. In fact, river inﬂow inﬂuences the local circulation. In
combination with wind and tidal induced residual currents it leads
to a mean anti-clockwise pattern of sea currents commonly observed in the North Sea. This favors the accumulation of POPs in
the German Bight located in the inner south-eastern corner of this
circulation cell. Such pattern is calculated for all three pollutants.
Low concentrations in the north-western North Sea are due to
the inﬂow of cleaner Atlantic water.
In the case of c-HCH, the largest input for the North Sea as a
whole occurred through atmospheric deposition and lateral transport with ocean currents (Fig. 3). The total atmospheric deposition
(76–95% of all sources) is much higher than the net inﬂow through
the lateral boundaries (1–10%) and riverine inﬂow (<2% of all
sources). The net air-sea gas exchange ﬂux was depositional for
the North Sea as a whole, but volatilizational for the German Bight.

Although the particle-bound mass fraction of c-HCH was <2% the
contribution of net sinking to the sea bottom is found among the
most signiﬁcant processes both for the North Sea and for the German Bight (Fig. 3). This is due to high POC content in the North Sea.
The resuspension ﬂux corresponded to about 10% of the sinking
ﬂux. The North Sea as a whole lost c-HCH (Fig. 3) to adjacent seas
(28% of all sinks), most through the northern boundary, and to the
air above (60% of all sinks). Degradation and sinking with particles
made up 5–12% of all sinks in the German Bight and the North Sea
as a whole.
Similar to the North Sea, the German Bight also was exporting
c-HCH with the atmospheric input (65%, 1995–2001 mean) and
rivers (10–30%) accounting for the main sources. Mass budgets calculations using concentration measurements in 1991 and 1992 together with mean water mass ﬂows and annual atmospheric
deposition averaged for the years 1991–1997 suggested that the
outﬂow of c-HCH from the German Bight was lower than the inﬂow (Hühnerfuss et al., 1997). This was attributed to degradation
of c-HCH and to partial isomerization of c-HCH to a-HCH induced
by marine microorganisms. The riverine sources were of similar
magnitude but the atmospheric deposition ﬂux was one order of
magnitude lower than for 1996–2001 used in this study. Inherent
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Fig. 2. Modeling domain, boundaries of the German Bight (lines) and mean vertically integrated concentrations of c-HCH, a-HCH and PCB 153 (ng l1) in the North
Sea calculated by FANTOM for the years 1996–2001. Rivers locations are indicated.

to the uncertainties of this semi-empirical approach the mass balance is an estimation of the order of magnitude. These uncertainties or the isomerization process, not considered in the model
could explain the disagreement.
One of the major processes contributing to the a-HCH budgets
in seawater is gaseous air-sea exchange (Fig. 3). The net gaseous
transfer of a-HCH was depositional for the entire North Sea
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throughout the simulation period. For the German Bight, analogous
to c-HCH a net volatilizational ﬂux of a-HCH during the entire simulation period is found. Net volatilization from coastal waters had
been observed in summer 1995 (Bethan et al, 2001). Following the
ban of technical HCH in the 1980s a-HCH had not been used in Europe. However, this pollutant is still cycling in the region in consequence of remobilization from ground surfaces (including the sea).
Model experiments with oceanic inﬂow of a-HCH at the lateral
boundaries switched off showed only small effects on a-HCH North
Sea concentrations (Ilyina, 2007). As in case of c-HCH the ﬂux into
and from the bottom sediment layer is rather high.
Other signiﬁcant processes for a-HCH in the German Bight were
river inﬂow (<40% of all sources), net transfer through the lateral
boundaries and degradation (both <5%, mean of 1995–2001). The
total outﬂow ﬂux through the lateral boundaries increased gradually during the 6 years of the model calculations. This, together
with gradually decreasing a-HCH mass (Fig. 3) suggest that the
North Sea region as a whole loses a-HCH mostly through the oceanic boundaries. Additionally, the ratio c-HCH/a-HCH calculated
from the seawater concentrations of these isomers (Fig. 2) show
offshore gradients in the North Sea with values of about 5 in the
German Bight and <1 in the central North Sea. These ratios can indicate the different degradation rates and possibly isomerization
(Hühnerfuss et al., 1992) of these two isomers. They also imply
the signiﬁcance of local sources for the levels of c-HCH in the North
Sea as compared to a-HCH, at least throughout the simulation
period.
For PCB 153 in the North Sea, contribution of atmospheric deposition, sinking with particles and oceanic inﬂow is quite high, while
contribution of the river inﬂow and degradation components is
low. The wet deposition ﬂux (30–40% of all sources) exceeds gaseous air-sea exchange. This reﬂects rather high concentrations of
PCB 153 in rain measured at the EMEP station Lista used for model
calculations (Fig. 1). The net gaseous ﬂux is depositional in 1996,
reversed in 2001 and close to equilibrium from 1998 to 2001.
The net gaseous air-sea ﬂux integrated for the German Bight similar to HCHs was very close to zero and volatilizational in 1997 and
2001 (Fig. 3), as a consequence of both higher seawater concentrations of PCB 153 and higher mean sea surface temperatures in the
German Bight than in the whole North Sea. Note that the accuracy
of volatilization ﬂux quantiﬁcation for PCB is limited by the uncertainty of the temperature dependency of the Henry’s law constant
(Bruhn et al., 2003) and is thought to be least certain under present
model setup.
PCB 153 is the least water soluble and the most lipophilic chemical addressed in this study (Table 1). About 30–50% of PCB 153 is
bound to particles in the open North Sea and about 90% in the German Bight (Ilyina, 2007). A simple equilibrium partitioning approach (i.e. partitioning ratio linear with Kow) is used in the
model, well justiﬁed by ﬁeld observations (e.g. Sobek et al.,
2004). The high particle-bound mass fraction provides an explanation for the large magnitudes of PCB 153 settling and resuspension
ﬂuxes both for the North Sea and for the German Bight. In fact, the
model results indicate that the sinking ﬂux can be high enough to
dominate the mass budget in contrast to the budgets of the two
HCH isomers.
Accordingly, the vertical distribution of PCB 153 in the water
column follows the distribution of suspended particulate material
with maxima at the surface in summer and in the bottom layers in
winter shaped by sinking of POC and repeated resuspension due to
frequent storm events (Ilyina, 2007). In comparison to PCB, more
soluble HCH isomers follow water mass stratiﬁcation with maximum at the surface throughout the year. Such vertical patterns
are in agreement with observations in other shelf seas, i.e. the Baltic Sea and the Black Sea (Axelman et al., 2000; Maldonado and
Bayona, 2002).
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Fig. 3. Masses of c-HCH, a-HCH and PCB 153 (tons) accumulated over a year due to different processes calculated for the North Sea and the German Bight. NetGas is the net
gaseous air-sea ﬂux (dry atmospheric deposition minus volatilization); Dep is wet (in dissolved and particulate phase) and dry atmospheric particle depositions; NetFlow is
the net ﬂow through the lateral model boundaries (inﬂow minus outﬂow); Riv is rivers input; NetSink is the ﬂux between seawater and upper sediments (sinking minus
resuspension); Deg is elimination due to degradation in seawater; the overall mass change of a compound in seawater over a year is given by DMPOP (cf. Eq. (2)).

The ratio between sinking and resuspension ﬂuxes of PCB 153 is
close to unity in the shallow and well mixed German Bight. The
German Bight has high contributions from the riverine inﬂow
which exceeded the gaseous deposition and the net sinking ﬂux.
This is attributed to the high PCB 153 loads in rivers (Fig. 1), mainly
in the river Elbe, which were one order of magnitude higher than in
other rivers. Because measured concentrations of PCB 153 in rivers
were low and often lie at or below the detection limit, the river
loads might have been overestimated. Nevertheless, measured
and modeled PCB 153 seawater concentrations near the major rivers estuaries were in the same range throughout the simulation
period (Ilyina, 2007). The inﬂow – outﬂow rates through the northern boundary provided the largest contribution to the PCB 153
inventory, but were very close in magnitude.
The results of this study indicate that PCB 153 seawater concentrations are still largely controlled by atmospheric depositions and
primary discharges rather than by remobilization from the sediments, a major repository of PCBs in the aquatic environment
(e.g. Palm et al., 2004). Remobilization may become a prominent
source for the North Sea in the future. According to model calculations, a tendency for a slight increase of this contaminant in the
North Sea is detected (Fig. 3). As degradation and river inﬂow
played minor roles, the North Sea waters must have been a sink
of PCB 153 for the outer world (including the air above). Measurements of PCB levels in precipitation and air from coastal and continental background sites in northern and central Europe (Aas and

Breivik, 2007) and in Baltic Sea sediments (data until 1998; Olsson
et al., 2000) reveal no obvious trend for the study period. Downward trends are suggested in air on a longer time scale when the
years after 2001 were included (Holoubek et al., 2007).
A comparison of PCB 153 concentration in ﬂatﬁsh (dab) liver
(BFAFI, 2006) and seawater in the German Bight shows a parallel
behavior (r = 0.94, p > 0.99; Fig. 4). Both measurements in ﬁsh liver
and modeled concentrations in seawater indicate an increase of
PCB 153 levels during 1999–2001. No long-term trend could be
established so far, because the very low levels made quantiﬁcation
unreliable. In the Baltic Sea PCB levels in biota were declining
(UNEP, 2002). Due to high lipophilicity of PCB 153 the concentrations in ﬁsh liver are high given low seawater concentrations.
The levels of the HCH isomers in ﬁsh liver in the North Sea are lower despite higher concentrations in seawater as a consequence of
the higher water solubility of HCHs. They decrease obviously following the emission trend (Fig. 4).
Overall, air–sea ﬂux and transport with ocean currents are the
major mechanisms which determine the cycling of the three POPs
in the North Sea environment. Model test simulations with atmospheric deposition switched off (Ilyina, 2007) show that it is the
main supplier of the studied POPs in the open North Sea. The model experiment results suggest that the atmospheric deposition is
largely responsible for the annual cycle in seawater concentrations
of these three pollutants. This is supported by calculated mass budgets and by the knowledge that the sea currents in this subregion
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Fig. 4. Concentrations of c-HCH, a-HCH and PCB 153 in ﬂatﬁsh (dab) liver (ng g1
wet weight) measured (courtesy of BFAFI, 2006) in the German Bight (bars, left axis)
and annual mean modeled seawater concentrations (ng l1) averaged for the German Bight area (dashed lines, right axis).

of the North Sea are weaker favoring weaker exchange and longer
residence times of water masses. In the subregions close to the major estuaries model results suggest that the river inﬂow can be
responsible for more than 50% increase in the studied pollutants
concentrations, while volatilization causes decreases in the concentration values of c-HCH, a-HCH and PCB 153 by a factor of 2,
4 and 6–20, respectively (Ilyina, 2007). This phenomenon is less
pronounced in the open North Sea where seawater concentrations
of the three pollutants are lower than in coastal zones (Fig. 2).
4. Conclusions
Model-based mass budgets of c-HCH, a-HCH and PCB 153 in the
North Sea were calculated for the ﬁrst time. The southern North
Sea was a sink for PCB 153 and a source of HCHs during 1996–
2001 for the outer world (including the North Sea atmosphere).
The results are strongly inﬂuenced by the spatially and temporally
resolved characteristics of the ambient environment, e.g. the
hydrographic conditions (ocean currents, water mass stratiﬁcation), emphasizing the added value of comprehensive modeling.
Obviously, the pathways of pollutants in a shelf sea, as well as
the relative importance of their sources and sinks can signiﬁcantly
differ on a rather small spatial scale, i.e. in the North Sea and a
coastal subregion. The spatial variability might even be higher as
some insufﬁciently available input data was interpolated.
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