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ARTICLE INFO ABSTRACT
Editor: Paromita Chakraborty The deep-water environment and its ecosystem are becoming the ultimate sinks for Polychlorinated Biphenyls
(PCBs). A three-dimensional hydrodynamic-ecosystem-PCB coupled model was applied to the Sea of Japan (SoJ),
Keywords: where deep water is isolated from the surrounding oceans, to elucidate the accumulation processes of CB153 and
Ocean model assess the contributions of physical and biological processes to the accumulation. We suggest that the dissolved

Oceanic biological pump
Vertical advection
Intermediate water
Thermocline

CB153 concentration formed a three-layer vertical structure in the SoJ: the highest concentration is in the in-
termediate layer (100-600 m), followed by those in the deep (600 m to the bottom) and surface layers (0-100
m). Different accumulation mechanisms in the northern and southern SoJ were discovered. The oceanic bio-
logical pump enhances the accumulation in the northern SoJ by taking CB153 out of the thermocline in summer
and contributes 70 % to the accumulation in the intermediate layer; while the vertical advection contributes 70
% to the accumulation in the intermediate and deep layer in the southern SoJ.
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1. Introduction

Polychlorinated biphenyls (PCBs) are highly toxic and readily
accumulated by marine mammals owing to their lipophilicity, which
detrimentally impacts the immune system, thus posing a critical risk to
the marine ecosystem (Friedman and Selin, 2016; Jepson et al., 2016).
High PCBs concentrations have been detected in deep-sea organisms (de
Brito et al., 2002; Storelli et al., 2009), for example in fish at a depth of
10,000 m in the Mariana Trench, Antarctic, and Arctic waters (Corsolini
etal., 2017; Jamieson et al., 2017). Observations also indicate that PCBs
are much more concentrated in deep-sea fish than in surface fish. In the
Atlantic Ocean, PCBs concentrations at a depth of 800 m are 10 times
higher than those in surface fish, and this factor is approximately 4 for
the Pacific Ocean (Froescheis et al., 2000).

The Sea of Japan (SoJ) is a semi-closed marginal sea in the north-
western Pacific Ocean, surrounded by the Japanese Archipelago and Far
Eastern Eurasia, and characterized by its marked bathymetric isolated
geography (Gamo et al.,, 2014). The average depth of the sea is
approximately 1667 m, and the maximum depth is approximately 3800
m (Fig. 1). It is connected to the northwestern Pacific Ocean through the
Tsushima, Tsugaru, Soya, and Tartar Straits (Lee et al., 2008; Oba and
Irino, 2012), and the maximum depth of these four straits is <150 m.
Such bowl-shaped bathymetry separates its intermediate and deep water
masses from the adjacent seas and confines the effect of flows through
the straits to the upper 200 m (Isobe, 2020; Oba and Irino, 2012; Yanagi,
2002). The upper circulation of the SoJ consists of the Tsushima Warm
Current and the Liman Cold Current. Water below the thermocline is
Japan Sea Proper Water, which has a very narrow temperature and
salinity range (Gamo et al., 2014).

The SoJ is a possible candidate for PCB sinks due to the heavy human
activities around the sea. The high primary productivity in the subpolar
front region of the SoJ may enhance the vertical sinking of particle-
associated pollutants such as PCBs (Takahashi et al., 2014). In addi-
tion, the semi-enclosed topography of the sea isolates deep water from
the surrounding oceans, which is conducive to PCB accumulation in
deep water. The concentration of PCBs in fish in the SoJ was reported to
be 2-9 times higher than that in the North Pacific Ocean (Ueno et al.,
2003). In addition, crab (king crab, snow crab, etc.) is one of the
deepwater species in the SoJ (Kanawa et al., 2014; Yosho et al., 2009),
and contributes significantly to the income from fisheries (Dvoretsky
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and Dvoretsky, 2018). However, high PCBs concentrations can lower the
resilience of crabs in deep water, which may be one reason why crab
catches have declined in recent years.

Few studies have been conducted on the concentration of PCBs in the
deep ocean, and available measurements are mainly located in the
Atlantic Ocean and its marginal seas, the Arctic Ocean, and the Southern
Ocean (Lohmann et al., 2006; Maldonado and Bayona, 2002; Schulz-Bull
et al., 1998; Sobek and Gustafsson, 2014; Sun et al., 2016). The only
study that reported the presence of PCBs in the SoJ showed that the
vertical distribution of dissolved PCBs concentration was high in middle-
depth water and low in both surface and bottom waters (Kannan et al.,
1998). However, the mechanisms underlying the formation of these
structures remain unclear. High organophosphate esters (OPEs) con-
centration was observed below the surface water in the Changjiang
River estuary where the fronts/upwelling activity could induce phyto-
plankton blooms, indicating the combined impacts of hydrological and
biogeochemical processes (Zhang et al., 2023).

Clarifying the accumulation of PCBs and their mechanisms is
important for the conservation of deep-sea ecosystems and fishery re-
sources in marginal seas. However, most ocean models of PCBs have
focused on the biochemical processes in surface water (Dachs et al.,
2002; Jurado et al., 2004, 2005). The extent and mechanism of PCBs
accumulation in deep water are still poorly investigated. In this study,
we established a three-dimensional high-resolution hydrodynamic-
ecosystem-PCBs coupled model and targeted at the SoJ to examine the
accumulation of PCBs in the deep sea. The relative contributions of
physical and biological processes to the vertical transport of PCBs are
therefore quantitatively discussed.

2. Materials and methods

We use the three-dimensional hydrodynamic-ecosystem-PCBs
coupled model to depict the accumulation of CB153 in deep water,
which has been successfully applied to the northwestern Pacific Ocean
(Yang et al., 2022). The hydrodynamic module provides daily water
temperature, current velocity in three directions, and the horizontal and
vertical eddy diffusivity coefficients. This module has been demon-
strated to effectively reproduce the oceanic conditions of the Sea of
Japan (Miyazawa et al., 2017). The ecosystem module provides the daily
biomass and the related biological parameters such as the mortality rate
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Fig. 1. Model domain and bathymetry of the Sea of Japan (SoJ). White dashed (solid) line denotes the 131°E (37°N) section, and the grey solid lines denotes the

ocean currents in the SoJ.
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of phytoplankton, and the decomposition rate and sinking velocity of the
detritus. We included dissolved and particulate-bound PCBs in the PCB
module, and the concentration of particulate-bound PCBs depends on
the concentrations of phytoplankton and detritus. Mass exchange and
chemical degradation are the principal processes considered in the PCBs
module. Mass exchange processes include advection and diffusion,
biogeochemical processes, and air-sea exchange. The hydrodynamic,
ecosystem, and PCBs modules and atmospheric boundary conditions for
the PCBs module in the northwestern Pacific Ocean are provided in
Supporting Information (Text S1-S4). In this study, two main im-
provements to the model were made: (a) the processes for the self-
degradation of dissolved PCBs were modified by including the degra-
dation of dissolved CB153 due to photolysis, which essentially intro-
duced the dependence of photolytic degradation of PCBs on water depth;
and (b) the biological processes of PCBs included not only the uptake
and adsorption of CB153 by phytoplankton but also by detritus.

PCBs degrade through both photolytic and biological processes
(Abramowicz, 1990; Sinkkonen and Paasivirta, 2000). Previous research
suggests microbial degradation of PCBs is approximately one order of
magnitude lower than photolytic degradation (Sinkkonen and Paasi-
virta, 2000; Zhang et al., 2015). We thus considered only the photolytic
process (Eq. (1)):

RAD,

D ¢

Kdeg = kbu.se‘T

where Kpgs, 1 is the temperature-adjusted degradation base rate s,
RADg,s and RAD, are the shortwave radiation intensity (W m™2) at the
surface and at depth z, respectively (Wagner et al., 2019).

The contribution of each PCB congener to deep-sea fish is different.
Highly chlorinated congeners such as hexa-CBs (CB138 and CB153) are
the most abundant, followed by hepta-CBs (CB180) and less chlorinated
congeners (CB28 and CB52) (Froescheis et al., 2000; Storelli et al.,
2009). Therefore, CB153 was selected as the target compound in this
study. The initial values for the dissolved, phytoplankton, and detritus
phases of CB153 concentrations in the ocean were set to zero. Under the
climatological data of the physical, ecosystem module, and the clima-
tological concentration of atmospheric CB153, the PCB module was
solved offline using these modules and integrated over 21 years. During
the 21 years of calculation, the model results in the upper 200 m layer
were almost the same in the 20th and 21st years, indicating that the
model essentially reached a steady state in the upper layer. Hereafter,
this calculation is referred to as the control run, and the results for the
last year were analyzed.

This model was previously validated by comparing its results with
the observations of PCBs concentrations in various oceans and their
marginal seas (Yang et al., 2022). And both the dissolved and particulate
concentrations of PCBs on the northwestern Pacific Ocean surface given
by the ocean module are within the range of known observations.
Although our model covers the northwestern Pacific Ocean, we focused
on the SoJ (33-52°N, 126-143°E; Fig. 1) in this study. Sensitivity sim-
ulations were conducted to examine the roles of physical (advection and
diffusion) and biological processes in the accumulation of PCBs in the
SoJ.

3. Results and discussions
3.1. Temporal-spatial distribution of CB153 concentration in the SoJ

The annual mean distributions of the dissolved and particulate
CB153 concentrations are different (Fig. 2). The concentration of dis-
solved CB153 in the sea surface decreases from the southern area (~0.5
pg LY to the northern area (~0.3 pg L™!) (Fig. 2a). The CB153 con-
centration in the 50 m layer is lower than 0.3 pg L™ in the western
Japan Basin (Fig. 2b). However, there is a significantly high concen-
tration (~0.7 pg L™}) distributed in the middle layer from 100 to 600 m
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Fig. 2. Horizontal distributions of annual mean concentrations of dissolved
CB153 (a-h) and particulate CB153 (i-m) at different depths in the SoJ.

depth in the Japan Basin (Fig. 2¢-f), which is approximately twice that
in the upper 100 m layer. The CB153 concentration in the deep layer
(600-1500 m, ~0.5 pg L’l) is lower than that in the middle layer
(100-600 m) but is higher than that in the upper 100 m layer, and this
pattern is uniformly distributed across the SoJ (Fig. 2g, h). The distri-
bution and magnitude of the dissolved concentration in the layers
deeper than 1500 m are similar to those in the 1500 m layer; thus, these
results are not shown in Fig. 2. The concentration of dissolved CB153
showed a three-layer structure from the sea surface to the deep layer,
which allows us to divide the SoJ into three layers: the surface layer
(0-100 m), intermediate layer (100-600 m), and deep layer (600 m to
the bottom).

The annual mean concentration of particulate CB153 is lower than
that of dissolved CB153 and is mainly distributed in the upper 200 m
(Fig. 2i-m). The 50-100 m layer shows the highest concentration of
~0.1 pg L™} in the Japan Basin, while the sea surface shows a lower
concentration. Particulate CB153 includes phytoplankton and detritus
bound CB153, and the concentration of phytoplankton bound is
approximately twice that of the detritus bound.

Due to the lack of vertical observations of PCBs, we found only one
report of the observed concentrations of PCBs in the SoJ. The vertical
profiles of dissolved CB153 concentration observed in the SoJ (Siribesi
Trough) showed high value in 500 m depth, lower value in the surface
layer and the depths >1000 m (Table S1) (Kannan et al., 1998). Our
model results actually show a similar three layers of structure. In other
seas, such as the Norwegian Sea, where deep water formation also oc-
curs, the dissolved CB153 measurements showed a higher concentration
at a depth of 200 m than in the surface layer (Lohmann et al., 2006;
Sobek et al., 2004). Therefore, this model portraits a reasonable vertical
structure of CB153 in the Sea of Japan.

3.2. Vertical distribution of CB153 concentration in the SoJ

To visually describe the seasonal characteristics of CB153 in the
vertical direction, we present the vertical distribution of CB153 con-
centrations along the 131°E section (white line in Fig. 1). This section is
selected as the seasonal variation of the CB153 concentration in the
western Japan Basin is more pronounced and representative of that in
the SoJ (Fig. 2). The three-layer vertical structure of the dissolved CB153
concentration also appears along the section (Fig. S7). As CB153 is
mainly distributed in the upper 600 m, Fig. 3a—d give a close look at the
dissolved CB153 concentrations from the sea surface to the 600 m layer.
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Fig. 3. Vertical distributions of dissolved CB153 concentrations (pg L™!) in
(a-d) control-run, (e-h) nobio-run, and (i-m) the difference of dissolved CB153
concentration between the control-run and nobio-run (control-run minus nobio-
run) in the upper 600 m along 131°E section, whose position is given by the
white dashed line in Fig. 1, in January, April, July, and October. The white solid
lines in (c, d) denote the isopycnal lines.

In the surface layer, dissolved concentrations exhibit significant
seasonality. From spring to autumn, the surface concentration is
significantly higher (~0.7 pg L) and lower (~0.4 pg L™!) in the
southern and northern areas of the SoJ, respectively (Fig. 3b—d). How-
ever, the dissolved concentration is higher in the northern region (~0.5
Pg .71 than in the southern area in winter (~0.4 pPg L™ (Fig. 3a).

In spring and summer, the atmospheric CB153 concentration is
higher over the southern SoJ than over the northern SoJ (Fig. S6), which
contributes to the high concentration in the southern area (Fig. 3b, c).
Meanwhile, water with a high concentration of dissolved CB153 is also
transported from the East China Sea to the SoJ via the Tsushima Warm
Current (Fig. S1). However, this water cannot reach the northern SoJ
because most of it is transported by the Tsushima Warm Current, which
flows along the subpolar front at around 40°N (Fig. S1). Consequently, a
low CB153 concentration is maintained in the northern region
(Fig. 3b-d).

In January, although the atmospheric CB153 concentration is ho-
mogeneous over the entire SoJ, the water temperature is approximately
10 °C and 5 °C in the southern and northern SoJ (Fig. S2), respectively.
Since lower water temperature favors CB153 entering the ocean from
the air, we obtain a high concentration in the surface layer in the
northern area (Fig. 3a).

Another feature is that there is a low-concentration in the subsurface
layer from spring to autumn (Fig. 3b-d). A higher concentration of
phytoplankton in the western Japan Basin in April (Fig. S3) absorbs
more dissolved CB153, which results in the increase of the particulate
CB153 concentration (Fig. S8) but decrease of the dissolved CB153
concentration there (Fig. 3b—d). Thereafter, the low-concentration water
in the western Japan Basin is transported to the southern SoJ along the
isopycnal layers (white lines in Fig. 3¢, d), leading to a low concentra-
tion in the subsurface layer along the 131°E section (Fig. 3c, d).

The dissolved CB153 concentration below a depth of 100 m shows
little seasonality and is twice that in the surface layer. In the area north
of 40°N, there is a permanent high concentration of ~0.7 pg L' and the
concentration is vertically uniform in the intermediate layer throughout
the year. The concentration in the area south of 40°N is lower than that
in the northern area by ~0.1 pg L™!. The particulate CB153 is mainly
distributed in the surface layer in the area north of 40°N in April
(Fig. S8b), which is influenced by the distribution of bio-particles.
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Particulate CB153 does not appear in the deep layer because of the
decomposition of the detritus-bound CB153.

3.3. The accumulation process of CB153 in the SoJ

The three-layer vertical structure of the dissolved CB153 concen-
tration in the SoJ suggests that though the concentration in the surface
layer is low, there is a permanently high concentration in the interme-
diate layer. The formation of the three-layer vertical structure and the
origin of the high concentration in the intermediate layer need further
examination.

Fig. 4 shows the vertical distributions of the annual mean concen-
tration and the differences between years of dissolved CB153 along
section 131°E from the first simulation year to the 21st year. The initial
concentrations of the dissolved, phytoplankton, and detritus phases of
PCBs in the ocean are zero in the simulation. In the 1st year, the annual
mean concentration of dissolved CB153 is ~0.3 pg L™! in the surface
layer, and the concentration is very low at depths >100 m (Fig. 4a). With
the increase in simulation time, the surface layer concentration
increased slightly, suggesting that the concentration in the surface layer
reached a steady state (Fig. 4b-k). The concentrations in the interme-
diate and deep layers continue to increase, with positive accumulation
rates over the simulation time of 21 years. However, the accumulation
rates change with years and depths, being high in the intermediate layer
from the second to the fourth year but gradually moving to the deep
layer after six years. The dissolved concentrations in the intermediate
layer in the areas north and south of 40°N increase from a low value of
<0.3 pg L1 in the first year (Fig. 4a) to >0.7 and 0.6 pg L™! in the 21st
year (Fig. 4m), respectively. The concentration accumulation rate is
faster in the area north of 40°N, and the highest accumulation rate ap-
pears in the Japan Basin water at this section (Fig. 4b-k). Furthermore,
the dissolved concentration in the deep layer also increased from a very
low value in the first year to ~0.5 pg L~! in the 21st year, which reached
a concentration level similar to or even higher than that in the surface
layer (Fig. 4m).

To know the accumulation rate of dissolved CB153 over the entire
SoJ, we calculated the mean dissolved CB153 concentration in the sur-
face layer (0-100 m), intermediate layer (100-600 m), and deep layer
(>600 m) over the 21 years (Fig. 5). The mean CB153 concentration in
the surface layer shows remarkable seasonal variation with a high value
in summer and a low value in winter. The seasonalities in the interme-
diate and deep layers are weak (Fig. 5a). The accumulation rates of
dissolved CB153 in three layers decrease gradually with the simulation
time (Fig. 5b). Initially, the accumulation rate is higher in the inter-
mediate layer than in the deep layer. However, after 4 years of simu-
lation, this rate in the deep layer exceed that of the intermediate layer.
The rates in the 21st year were 0.003, 0.010, and 0.013 pg L™} year ! in
the surface, intermediate, and deep layers, respectively (Fig. 5b), which
suggests that the CB153 concentration in the intermediate and deep
layers will continue to increase with the extension of simulation time.

The vertical distribution of dissolved CB153 in the deep layer of SoJ
is controlled by a combination of physical and biological pumps. Phys-
ical pump means that the water masses originating from continental
margins transport CB153 to the deep ocean through lateral advection
along the isopycnal layers and eddy diffusion. Biological pump means
the transport of CB153 from the sea surface to the deep sea with the
sinking of particulates, whose decomposition releases dissolved CB153
in the deep layer.

To clarify the role of physical processes on the vertical distribution of
dissolved CB153 concentration in the SoJ, we examined the dissolved
CB153 concentration on different density surfaces (isopycnals), which
are defined by the potential density (61) referred to 1000 db (Fig. 6). The
water above 61 = 27.5 is in the surface layer, that of 61 = 27.5-30.5 is in
the intermediate layer, and that heavier than 61 = 30.5 is in the deep
layer. The dissolved CB153 above the 61 = 27.5 isopycnal accumulated
mainly in the area south of the subpolar front in the SoJ (Fig. 6A). On the
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ol 27.7 isopycnal, the dissolved CB153 concentration increases
significantly in the subpolar front region between 100 and 120 m depth
(Fig. S9) owing to the sinking and remineralization of detritus-bound
CB153 at this depth. The high CB153 concentration in the Japan Basin
is maintained for the range of 61 = 27.7-30.5, and the CB153 is uni-
formly distributed below the 61 = 30.5 isopycnal.

In the southern SoJ, the high concentration in the surface layer
originates from the Tsushima Warm Current and the strong downward
air-sea exchange in summer. The streamlines of ocean currents suggest
that the Tsushima Warm Current transports the CB153 to the north-
eastern SoJ, and this process mainly occurs above the 61 = 27.5
isopycnal.
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Below the surface layer, there is a high CB153 concentration in the
Ulleung Basin compared to the Yamato Basin, which maintains to 1000
m depth. To investigate the effect of the physical process on the accu-
mulation of CB153 in the intermediate and deep layers, we examined the
vertical current velocity (w) and calculated the vertical advection flux of
dissolved CB153 along the zonal cross section of 37°N (the white solid
line in Fig. 1). Positive and negative w alternately distributed along 37°N
section (Fig. 7a, b). In summer, the downward w is prominent, especially
in the western region (the Ulleung basin), where the large downward w
is maintained from the surface layer to the layer below 1000 m.
Correspondingly, the vertical advection flux of the dissolved CB153
distributes similarly to w, and shows significantly downward transport
of dissolved CB153 in the Ulleung basin (Fig. 7c, d), which results in the
higher CB153 concentration accumulation in this region as compared to
the Yamato basin. The vertical advection fluxes through the depths of
100 m and 600 m were integrated in the southern SoJ and both show
negative values year-round (Fig. 7e). The flux through the depth of 100
m is large in summer owing to the high CB153 concentration and large
downward current velocity in summer. The flux through depth of 600 m
is larger than that through depth of 100 m and shows weak seasonal
variation. In addition, there are a variety of anticyclonic eddies in the
southern SoJ, which also enhance the downward transport of the surface
CB153 to the intermediate and deep layers. Therefore, the downward
vertical advection in the southern SoJ is in favor of the accumulation of
CB153 in the intermediate and deep layers in the southern SoJ.

The biological processes between dissolved and particulate CB153 in
this model include the absorption by phytoplankton and detritus
(Fig. S10), and the remineralization of detritus-bound CB153. The
monthly remineralization flux along the 131°E section is high from
March to September but lower from October to the next January, and
occurs mainly in the subsurface layer (Fig. 6B). In summer and autumn,
the magnitude of the flux is similar in the southern and northern SoJ, but
the depth of detritus decomposition is greater in the northern region
(60-140 m) than in the southern region (40-120 m). In addition to the
effect of cold-water subduction in the northern area, the low water
temperature in the northern region also slows down the decomposition
rate of detritus. Consequently, detritus-bound CB153 can be transported

to deeper layers in the northern area before decomposition.

The magenta dashed line in Fig. 3B indicates the monthly mixed
layer depth (MLD), which is defined as the depth whose water temper-
ature is 0.2 °C lower than the sea surface temperature (Miller, 1976).
The MLD reaches a depth of 60 m in the majority of the SoJ from
December to the next February, and is <10 m from May to September.
According to the sinking velocity of detritus in the model, it can reach a
depth of 6.7 m in one day. In summer, the sinking of detritus is not
affected by the strong stratification and brings the detritus-bound CB153
below the mixed layer. Meanwhile, the decomposition of detritus-bound
CB153 induces the accumulation of a large amount of dissolved CB153
in the subsurface layer (60-120 m). With the increase of the MLD from
October to December, the previously accumulated high concentration of
dissolved CB153 in the subsurface layer is mixed with the lower con-
centration in the surface layer. Therefore, the dissolved CB153 in the
subsurface layer is diluted with the surface mixed layer. If we have a
shallower MLD layer and a deeper decomposition depth of the detritus-
bound CB153, the dilution rate is low. This likely occurs in the northern
region, which makes the intermediate layer more prone to accumulate
dissolved CB153 than in the southern region. Therefore, it is the
decomposition of biogenetic particles sinking through the thermocline
that transports dissolved CB153 from the surface layer to the interme-
diate layer, resulting in the accumulation of dissolved CB153 in the in-
termediate layer in the northern SoJ (Fig. 4m).

3.4. Discussion of the dominant processes controlling the accumulation of
CB153

To investigate the relative contributions of physical processes and
biological pump to the accumulation of CB153 in the intermediate layer
of the SoJ, one sensitivity experiment was conducted. In this calculation
(nobio-run), the initial and boundary conditions and the simulation time
are the same as those in the control-run. However, biological processes
related to CB153 are removed; therefore, only the dissolved CB153 was
calculated by solving its advection and diffusion equations.

Compared to the results of the control-run (Fig. 3a-d), the vertical
distribution of dissolved CB153 along the 131°E section in the nobio-run
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Fig. 7. Distribution of (a, b) the vertical current velocity (w), (c, d) the vertical
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dissolved CB153 through depths of 100 m and 600 m in the southern areas of
Sea of Japan. The negative (positive) w and advection flux indicate downward
(upward) direction.

exhibits significant differences in the layer below 100 m depth, and
these differences in the southern and northern 131°E section are
inconsistent (Fig. 3e-h). In the northern area, the CB153 concentration
of the intermediate layer in the nobio-run is <0.4 pg L™! throughout the
year. Without biological processes, the dissolved CB153 has a higher
concentration in the surface layer than in the intermediate layer, sug-
gesting that it cannot accumulate in the intermediate layer without the
participation of bio-particles. Therefore, the biological process is an
effective factor in controlling the accumulation of CB153 in the inter-
mediate layer in the northern SoJ. In the southern area, however, the
CB153 concentration of the intermediate layer in the nobio-run de-
creases less compared to the northern region. The high concentration in
the southern region is maintained by the anticyclonic eddies, which
results in downward transports of the surface CB153 to intermediate and
deep layers in the southern SoJ.

In addition, compared to the control-run, the concentration in the
surface layer is higher in the northern area than in the southern area in
the nobio-run. As previously mentioned, the low concentration in the
surface layer of the northern area is caused by the southwestward
flowing water with a low CB153 concentration from the northernmost
region. In the nobio-run, the absence of the absorption of dissolved
CB153 by bio-particles results in an increase in the dissolved CB153
concentration in the surface layer of the northern region.

The concentration difference between the control-run and nobio-run
is prominent in summer and autumn (Fig. 3k, m). In July, this concen-
tration differences in the surface, intermediate, and deep layers of the
northern region are ~—0.4, ~0.5, and ~0.3 pg L, respectively,
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indicating that the biological processes in the northern region remove
the surface dissolved CB153 to the deeper layer, and increase the dis-
solved CB153 concentration in the intermediate and deep layers. The
concentration difference in the surface layer of the southern region is
smaller (~—0.2 pg L™!), which corresponds to the smaller increase of
dissolved CB153 concentration in the deeper layer (~0.2 pg L™1) of the
southern region. Correspondingly, the contributions of biological pro-
cesses to the accumulation of dissolved CB153 in the intermediate and
deep layers in the northern area are approximately 70 % and 60 %,
respectively, and this contribution is only 30 % in the southern area,
indicating that the physical processes contribute approximately 70 % to
the accumulation of dissolved CB153 in the southern SoJ. In conclusion,
the biological pump plays a dominant role in the accumulation of dis-
solved CB153 in the intermediate layer in the northern SoJ, while the
physical processes are the main factors affecting the accumulation of
CB153 in the southern SoJ.

4. Conclusions

In this study, a three-dimensional hydrodynamic-ecosystem-PCB
coupled model was applied to the semi-enclosed SoJ to depict the
accumulation processes of dissolved CB153 in deep water and to
quantitatively evaluate the relative contributions of physical processes
and biological pump. To accurately characterize the accumulation
processes of dissolved CB153, the model was calculated for 21 years
from zero concentration for all phases of CB153. Dissolved CB153 shows
significant accumulation in the Japan Basin with the highest concen-
tration in the intermediate layer. The biological pump contributes to the
accumulation of dissolved CB153 in the intermediate layer in the
northern SoJ by transporting the dissolved CB153 from the surface layer
through the thermocline with the sinking of biological particles that
absorb the dissolved CB153 in the surface layer. The downward vertical
advection in the southern SoJ contributes to the accumulation of dis-
solved CB153 in the intermediate and deep layers in the southern SoJ by
transporting the dissolved CB153 from the surface layer to deeper layer.

Many semi-enclosed fjords exist in the global oceans (e.g., the SoJ,
the Norwegian Sea, and the Labrador Sea). The PCBs concentrations are
usually higher in these seas than in the open ocean. The discussion of the
relative contributions of oceanic biological pump and physical processes
to the accumulation of PCBs in deep water of the SoJ can be naturally
tested in other semi-enclosed fjords in the future. Such studies can
deepen our understanding of the regulation and diversity of accumula-
tion mechanisms among different semi-enclosed fjords and provide
fundamental information for the study of deep-sea marine fishery
resources.
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