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ARTICLE INFO ABSTRACT
Keywords: Field observations of persistent organic pollutants (POPs) in shelf seas presented abnormal phenomena such as
Coupled model high-concentration patches in offshore areas and different vertical profiles of POPs at the same location. We

Bottom cold water mass
Spatial distribution
Persistent organic pollutants
Prediction function

assumed that these phenomena were associated with the presence of bottom cold water mass (BCWM) in shelf
seas and used a hydrodynamic-ecosystem-POP coupled model to confirm this hypothesis. Based on model results,
with the formation of BCWM during summer, POPs accumulated inside BCWM due to their transport across the
thermocline by the sorption to sinking particles. With the intensification of vertical mixing during winter, the
release of POPs from BCWM induced high-concentration patches of POPs on the surface layer. Meanwhile, the
low water temperature in winter was favorable for the gas deposition of POPs, which led to high surface con-
centrations of POPs. Because the accumulation of POPs in BCWM depended on the sorption of dissolved POPs by
particles, not all types of POPs accumulated in BCWM. Some POPs even accumulated at the sea surface above the
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BCWM due to large gaseous deposition and weak sorption by particles. Using this feature, we proposed a pre-
diction function for the accumulation of POPs in BCWM.

1. Introduction

Persistent organic pollutants (POPs) are anthropogenic organic
compounds that are difficult to degrade in the environment [1]. POPs
have been detected in the wild Antarctic, indicating their long-range
transport by the atmosphere and ocean [2]. Furthermore, POPs can
accumulate with increasing trophic levels and are highly toxic to ani-
mals and humans [3].

Many terrigenous pollutants, including POPs, enter the sea from
rivers and the atmosphere [4,5]. The river input and atmospheric
aerosol deposition are the main sources of POPs in coastal waters,
whereas diffusive air-sea exchange is the dominant source in open seas
[6,7]. In seawater, the dissolved POPs are easily absorbed by the bio-
logical particles (planktons and detritus, hereafter referred to as “par-
ticles” for simplification) due to their hydrophobicity and then
experience the same biogeochemical cycles as the particles [4,8].

Air-sea exchange and sorption of POPs by particles are reversible
processes that are in dynamic equilibrium in seawater [9,10]. The
sorption of POPs by particles and their sinking from surface water can
intensify the air-sea exchange flux, which is known as the “biological
pump” of POPs in the ocean [11]. Usually, a two-film model is used to
calculate the air-sea diffusive fluxes of POPs, which depend on the sea
surface temperature (SST), wind speed, Henry’s Law Constant of pol-
lutants, and dissolved POP concentrations in air and seawater [12]. The
carbon content of the particles is the essence of their sorption of POPs,
which includes uptake and adsorption to the matrix and surface of the
particles, respectively [8,13]. The depuration and desorption of POPs
from particles are the inverse processes of uptake and adsorption [8].

POPs are widely detected in seawater [6,14]. These observations
revealed interesting phenomena. For example, dissolved poly-
chlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethanes
(DDTs) in the Greenland Sea have higher concentrations in the lower
layer than in the surface layer, with varying vertical gradients [15]. In
contrast, hexachlorocyclohexanes (HCHs) have a higher concentration
in the surface layer than in the bottom layer of the Greenland Sea [15].
Dissolved DDTs in California coastal waters show a vertical profile
similar to that of the Greenland Sea [16].

In addition to the vertical direction, POPs in shelf seas have special
features in the horizontal direction. Decabromodiphenyl ether (BDE-
209) shows different horizontal patterns in the surface layer and sedi-
ment of the Bohai Sea, indicating that its horizontal patterns in the
surface and bottom waters are probably different [7]. Besides, some
patches with high POP concentrations have been observed in the
offshore areas of the Yellow Sea and South China Sea [5,17].

As a physical feature, the stratification of seawater in the shelf sea
develops from spring to summer, when there is continuous heat input
from the atmosphere [18]. Meanwhile, the tidal currents in shelf seas
work against the development of stratification. If the tidal currents are
sufficiently strong, stratification cannot occur, and vice versa. There-
fore, the spatial variation in tidal currents can induce the appearance of
a bottom cold-water mass (BCWM), whose center has the lowest
bottom-water temperature in summer [19].

Because of the presence of cold bottom water in shelf seas, we hy-
pothesized that the accumulation and release of POPs in the BCWM are
strongly responsible for the spatial distribution of POPs. BCWM appears
from spring to summer when the vertical mixing becomes very weak.
The dissolved POPs in the surface layer are absorbed by the particles and
enter the bottom layer with the sinking of particles [11]. The POPs
within the particles can return to their dissolved form along with the
remineralization of the particles in the bottom layer [20]. In the pres-
ence of BCWM, the dissolved POPs released from the particles are

trapped inside the BCWM. The continuous sinking of particles with POPs
into the BCWM and the remineralization of particles then induce an
accumulation of dissolved POPs inside the BCWM, which may cause
different horizontal patterns of POPs in the surface and bottom layers
[7]. As the BCWM disappears with the destruction of the stratification in
late autumn, the dissolved POPs accumulated in the bottom layer are
released into the surface layer, which may be responsible for the
observed patches of high POP concentrations in the surface layer [5,21].

To verify the above hypotheses regarding the accumulation and
release of POPs in BCWM, we constructed an idealized numerical model
to simulate the behavior of POPs associated with BCWM. This study has
two goals: quantifying the key processes for the accumulation and
release of POPs by the BCWM and finding the necessary conditions for
the occurrence of POPs accumulation at the bottom layer. Poly-
chlorinated biphenyl congener 153 (PCB-153) has typical features of
POPs, such as hydrophobicity, degradation resistance, and high toxicity
[22] and its higher dissolved concentration was detected in the bottom
water than in the surface water (Table 1) [15]. We therefore chose it as
the first target of the simulations. Moreover, the inverse vertical pattern
of another POP, tetrabromodiphenyl ether (BDE-47), was observed in
the Yellow Sea during summer (Table 1) [23], which was higher in the
surface layer than in the bottom layer. Then, the BDE-47 was selected as
the contrast of PCB-153 to find the reasons for their different vertical
distributions.

2. Model description

A hydrodynamic-ecosystem-POP coupled model was developed for
an idealized shelf sea to simulate the formation and disappearance of the
BCWM, as well as the biogeochemical behaviors of POPs related to it.

2.1. Hydrodynamic and ecosystem modules

Seawater pollutants are controlled by ocean dynamics through
advection and diffusion. The three-dimensional hydrodynamic module
for ocean currents was based on the Princeton Ocean Model [25]. The
horizontal grid interval was set to 5 km. The model domain (Fig. 1)
contained 51 grids in the zonal direction and 53 grids in the meridional
direction, and 21 sigma layers (0.000, —0.002, —0.004, —0.010,
—0.020, —0.040, —0.060, —0.080, —0.100, —0.120, —0.140, —0.170,
—0.200, —0.300, —0.400, —0.500, —0.650, —0.800, —0.900, —0.950,
—1.000) in the vertical direction. In the idealized model domain, the
lateral boundary grids were treated as land, and the water depth at all
water grids was set to a constant (100 m). The formation of the BCWM
during summer depended on the distribution of the vertical eddy
diffusivity coefficient [26]. The vertical mixing coefficient at a central
circle area (Fig. 1) was calculated by the level 2.5 turbulence closure
model, which was affected by surface heat flux and wind stresses [25,
271; the vertical mixing coefficient outside the central circle area was
assigned as 0.1 m? s~!, which represented a strong vertical mixing. In
this configuration, wind stresses were used only to calculate the vertical
eddy diffusivity coefficient and did not produce ocean currents.

With the input of surface heat flux from spring to summer, stratifi-
cation in the central circular area gradually appeared, and the vertical
diffusion weakened. Meanwhile, the horizontal difference in the vertical
mixing coefficient caused a temperature front between the central cir-
cular area and the surrounding area. Consequently, cold water was
trapped in the bottom layer of an enclosed space in summer, known as
the BCWM. Seasonal variations in surface heat flux and wind speed were
assigned as a sine function. The peak value of the heat flux (150 Wm~2)
appeared in mid-June, while the trough value (—150 Wm~2) occurred in
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mid-December. The strongest wind speed (8 ms™!) occurred in mid-
February, whereas the weakest (2 ms™!) occurred in mid-August. The
initial values of water temperature, salinity, and current velocity were 8
°C, 35, and 0 ms™!, respectively.

The ecosystem module was based on the biological model proposed
by Fennel et al. [28]. The variables in the ecosystem module included
ammonium, nitrate, phytoplankton, zooplankton, small detritus, and
large detritus. The initial nitrate value was set to 4.0 mmolm~2, while
that of the other variables was set to 0.01 mmolm 3 [28]. There were no
external sources for any of the ecosystem variables. The sum of ammo-
nium and nitrate was referred to as dissolved inorganic nitrogen (DIN).
The sum of phytoplankton, zooplankton, small detritus, and large
detritus were referred to as particles. The biogeochemical cycles of these
variables are shown in Fig. S1, and detailed information is provided by
Fennel et al. [28]. The ecosystem module was run together with the
hydrodynamic module and provided the concentrations of biological
variables and the values of some parameters for the calculation of POPs.

2.2. POP module

2.2.1. Transport equations of POPs

The behavior of pollutants in the POP module was calculated based
on the hydrodynamic and ecosystem modules (Fig. 2). In the POP
module, PCB-153 and BDE-47 had six states: dissolved, phytoplankton-
bound, zooplankton-bound, small detritus-bound, large detritus-bound,
and gaseous, with concentrations denoted as Cy,, Cyp, Cwz, Cysds Cwia, and
C,, respectively. Here C,, was the sum of POPs adsorbed on the
phytoplankton surface (C,p) and that uptake in the phytoplankton
matrix (Cypm). Similarly, POPs in other particles were also divided into
two parts: one was adsorbed on the surface, and the other was uptake in
the matrix. For example, C,, was the sum of Cy,; and Cym; Cysq Was the
sum of Cyys4s and Cyysgm; Cuig Was the sum of Cyygs and Cyyygm. In this study,
the particle-bound POPs(Cy,,-) were defined as the sum of POPs in all
particles (Cyp+Cyz+Cisa+Cuia). Co Was a specified variable that acts as a
source of POPs in seawater through the air-sea diffusive flux. The
equations for each state of POPs in seawater were as follows.
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In these equations, t was the time (s); x, ¥, and z were the zonal,
meridional, and vertical coordinates (m); u, v, and w were velocity
components in three directions (ms™'); w,; and wy, were sinking ve-
locities (ms™!) of small detritus and large detritus, respectively, and
their values were given in Table S1 in Supplementary material; K, was
vertical eddy diffusivity coefficient (m? s71); Cy, Cups, Cupm> Cuwzss Cwams
Cusims Cuwsds> Cwiam, and Cyq; were POP concentrations (ugm~3); D(C,,),
D(CWPS): D(prm): D(szs)a D(szm)» D(Cwsds)’ D(Cwsdm)’ D(Cwlds)’ and
D(Cyiam) were horizontal diffusion terms; Bio(C,,), Bio(Cyyps), Bio(Cupm),
Bio(Clyzs), Bio(Cyzm), Bio(Cysas)> Bio(Cusam), Bio(Cyigs ), and Bio(Cyuam) Were
biogeochemical terms. The biogeochemical terms were described in
Appendix A of Supplementary Material. Egs. (1)-(9) were solved in two
steps: an explicit scheme for horizontal and vertical advection, hori-

9Cy + ua& + va& 9Cy = 9 (Kha&> +D(C,) +Bio(Cy) 1 zontal diffusion, and biogeochemical terms; and an implicit scheme for
o ox % o 0z 0 vertical diffusion.
a(j;;pm + udf)“;m +v a((:;;pm +w 06{;,4;," 2.2.2. Source and biogeochemical cycle of POPs
A schematic of the POP module is shown in Fig. 2. Gaseous POPs can
= ﬂ (Khac‘“’l”"> T D(prm) 4+ Bio (Cme) 2) enter seawater in their dissolved form through the air-sea interface,
oz oz whose diffusive flux was specified as the surface boundary condition of
dissolved POPs (Eq. (10)). Some of the dissolved POPs decomposed
9Cups Tu 0Cups Ty 0Cups tw 0Cyps _ ﬂ ( KhaCWPS> + D(prs) + Bio (prs) slowly in seawater, while the others were absorbed by the particles and
o ox % oz 2 oz experienced a biogeochemical cycle with those particles. The sorption of
® POPs by particles was reversible and included uptake and depuration, as
well as adsorption and desorption. Biogeochemical processes were
aCIWZm aC“WZT’[ aCIWZm aCIWZ"I : : :
o + ™ +v 3y + pe calcu?ated using Eq. FSS-SIB) aqd the fluxes in these equations were
described in Appendix A. In this system, POPs were removed from
= 9 (Khac‘”"‘> + D(Cuyzm) + Bio(Cim) 1)) seawater by sinking to sediment, and remineralization of particles
9z 0z allowed some of them (80 %) to return to seawater as the bottom
Table 1
The observations of water temperature, ecological variables, and POPs in different seas.
Area/Time Variable Vertical Maximum Vertical Minimum Vertical Pattern Ref
Yellow Sea Temperature (°C) 23 6 Surface>Bottom
August, 2011 Nitrate (umolL ™) 8.1 0.1 Surface<Bottom (24]
Phytoplankton (mmolm3) 3.3 0.4 Subsurface maximum
Yellow Sea BDE-47 (pg L D) 0.32 0.01 Surface>Bottom [23]
June and August, 2019 BDE—99 (pg L 1) 0.19 0.01 Surface<Bottom
BDE—-153 (pg L1) 0.32 0.01 Surface<Bottom
Greenland Sea PCB—44 (fg LY 50 0.01 Surface<Bottom [15]
June, 2014-July, 2015 PCB-153 (fg L) 500 155 Surface<Bottom
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condition of dissolved POPs (Eq. (11)), whereas the remaining (20 %)
was buried in the sediment [29,30]. The initial concentrations of POPs
in all states were 0 pgm—3. The coupled model was run for eight years to
reach a balanced state (Fig. S4), and the model results in the last year
were saved for analysis to avoid the influence of initial conditions.

aC
kha_z = Fuw (10)

kha& =08x F;i,.k (11)
0z

Here, F,, (pgm=2 s7!) was the air-sea diffusive flux of POPs;
Faw (pgm~2  s7!) was the sinking flux value of large and small detritus
at the sea bottom. The diffusive air-sea exchange of POPs included
gaseous deposition and volatilization [12], the flux of which can be
calculated as Fp, = kgy x (Cy — &). The bottom sinking flux was
calculated as follows: Fyy = Wi X (Cusam + Cweas) + Ws2 X (Cytdm +
Cyias)- In the calculations, the gaseous concentration of POPs (C,) was
fixed as 2.0 x 10~°pgm~3. The same magnitude of gaseous POP con-
centrations was observed in marginal seas worldwide [6,31]. H was the
dimensionless Henry’s law constant, which was affected by seawater
temperature and the enthalpy and entropy during phase change of target
POPs [12]; kg, was the mass transfer velocity of POPs between air and
sea. The calculations of H' and k., were given in Appendix A.

3. Results

3.1. Temporal-spatial variations of seawater temperature and ecosystem
variables

February, April, August, and November were selected to represent
winter, spring, summer, and autumn, respectively. Driven by the surface
heat flux, the surface water temperature presented an obvious seasonal
variation, which was lowest in February (7 °C) and highest in August (25
°C) (Fig. 3a-d). These seasonal changes were similar to those observed in
the mid-latitude seas [26,32]. The model reproduced the evolution of
the BCWM, which emerged in spring (Fig. 3a6), intensified in summer
(Fig. 3a7), and gradually disappeared from autumn (Fig. 3a8) to winter
(Fig. 3a5). The seasonal variation and water temperature difference
associated with BCWM were consistent with those observed in realistic
seas (Table 1) [24,33]. As shown in Fig. 3a7, the thermocline in summer
was approximately 20 m deep and separated the water column into two

K,=0.1m?s7!

Level 2.5
turbulence closure model

pdaq
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layers.

The spring phytoplankton bloom and the presence of subsurface
maximum concentrations in summer were reproduced using a coupled
ecosystem model (Figs. S2a2, a6, a3, and a7). When stratification
occurred, the particles were distributed mainly at the sea surface and
subsurface, whereas the nutrients maintained a high concentration in
the lower layer (Fig. S2). During most of the year, the nitrogen was in a
dissolved inorganic state rather than in particles, and the concentrations
of phytoplankton and small detritus were higher than those of
zooplankton and large detritus. In addition, high-concentration patches
of DIN and particles were observed at the sea surface during early winter
(Fig. S2al-el). The release of DIN from the BCWM owing to intensive
vertical mixing was the reason for its high concentration at the sea
surface in winter. As for the particles, the high-concentration patch at
the surface was mainly caused by the mixing of small detritus particles
from the subsurface. The vertical distributions and concentrations of
phytoplankton and DIN were close to the field data in the Yellow Sea
(Table 1).

Using a thermocline at a depth of 20 m, we separated the water
column into upper and lower layers (Fig. 1b). In the upper layer, the DIN
concentration was higher in winter than in the other seasons because of
the slow growth rate of phytoplankton and the decomposition of parti-
cles (Fig. S3). During the spring bloom of phytoplankton, the highest
concentrations of phytoplankton appeared in April in the upper layer
and supported a high concentration of zooplankton and detritus here
(Fig. S3). The concentration of detritus in the lower layer was also higher
in April than in other months due to the detritus sinking. Both DIN and
particles showed smaller seasonal variation ranges in the lower layer
than in the upper layer. The DIN concentration in the lower layer was
the highest in summer because of the remineralization of detritus and its
accumulation in the BCWM because of weak vertical mixing with the
upper layer.

3.2. Temporal and spatial variations of PCB-153

The concentration of dissolved PCB-153 was vertically homogeneous
in winter and accumulated in the BCWM from spring to summer
(Fig. 4al-a8). The vertical pattern of dissolved PCB-153 in spring and
summer could be verified by the field data of PCB-153 in the Greenland
Sea (Table 1), which was much higher in the lower layer than in the
upper layer. In addition, the dissolved PCB-153 concentration simulated
by our model was of the same magnitude as the observation in the

Heat flux

| Upper Layer |
|

Level 2.5

w 0g

X

X

Fig. 1. Top view (a) and lateral view (b) of the model domain. The dashed line in (a) is the location of a section for showing vertical patterns of variables calculated
in the model. The dashed box in (b) denotes the upper and lower layers for the area with the bottom cold water mass in summer.
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Fig. 2. Conceptual scheme of the hydrodynamic-ecosystem-POP coupled model.
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Fig. 3. Horizontal (al-a4) and vertical (a5-a8) distributions of water temperature in February (al, a5), April (a2, a6), August (a3, a7), and November (a4, a8).

Greenland Sea (Table 1). When the BCWM was present, the concentra-
tion of dissolved PCB-153 in the upper layer was lower in the area above
the BCWM than in its surrounding area (Fig. 4a2-a4). However, this
horizontal pattern was reversed in the lower layers (Fig. 4a6-a8). This
difference was caused by weak and strong vertical mixing in the central
and surrounding areas, respectively. Weak vertical mixing induced the
presence of dissolved PCB-153 mainly in the lower layer of the central
area, whereas strong vertical mixing induced the presence in both the
lower and upper layers of the surrounding mixed area. When the BCWM
disappeared in February, high-concentration patches of dissolved PCB-
153 appeared on the sea surface (Fig. 4a).

The highest concentration of particle-bound PCB-153 appeared in

the subsurface in spring and summer (Fig. 4b6-b7), which was consistent
with the spatial distribution of the particles. The horizontal patterns of
particle-bound PCB-153 also differed in the surface and bottom layers
when the BCWM appeared. However, the horizontal difference in its
concentration was likely smaller than that of dissolved PCB-153
(Figs. 4b2-b3 and 4b6-b7).

Dissolved PCB-153 had the highest concentration in the upper layer
during winter (Fig. S5a) when the input flux from the atmosphere was
large [20]. With the sinking and decomposition of particles and the
weakening of vertical mixing, it accumulated in the BCWM from spring
to summer (Fig. S5a). Particle-bound PCB-153 had the highest concen-
tration in the upper layer in spring because of the spring phytoplankton



A. WANG et al.

Journal of Hazardous Materials 480 (2024) 136422

PCB 153 (ug m™) x107%
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Nov +

Aug 1
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Fig. 4. Horizontal (al-a4, bl-b4) and vertical (a5-a8, b5- b8) distributions of dissolved (al-a8) and particle-bound (b1-b8) PCB-153 in February, April, August,

and November.

bloom (Fig. S5b); it varied slightly by month in the lower layer, with a
higher value in spring than in the other seasons (Fig. S5b).

Interestingly, the temporal variations of dissolved PCB-153 and DIN
concentrations were similar whereas those of the particle-bound PCB-
153 and particles are also similar. Particle-bound PCB-153 was
composed of PCB-153 in phytoplankton, zooplankton, small detritus,
and large detritus. The temporal and spatial variations in PCB-153 for
each particle type were described in Appendix B.

3.3. Temporal and spatial variations of BDE-47

The dissolved BDE-47 concentration also showed clear vertical
variation from spring to autumn (Figs. 5a2-a4), especially during sum-
mer, due to the appearance of BCWM. However, the dissolved BDE-47
was accumulated at the surface layer (Fig. 5a3) in summer while the
dissolved PCB-153 at the bottom layer (Fig. 5a3). The vertical pattern of
dissolved BDE-47 in summer could be verified by the observation of
BDE-47 in the Yellow Sea (Table 1). In addition, the horizontal pattern of
dissolved BDE-47 was different from that of PCB-153 when the BCWM
was present. The dissolved BDE-47 concentration in upper layer was
higher in the area above the BCWM than in its surrounding area
(Figs. 5a2-a4). The high-concentration patches of dissolved BDE-47 at
the central sea surface appeared in spring, summer, and autumn
(Figs. 5a2-a4), rather than in winter.

The particle-bound BDE-47 concentration was closely related to the
temporal and spatial variations of particle concentrations in seawater,
which was higher in spring than in other seasons and was highest at the
subsurface vertically in spring and summer (Fig. 5b6-b8). The spatio-
temporal pattern of particle-bound BDE-47 was similar to particle-
bound PCB-153, but the ratio of particle-bound BDE-47 concentration
to dissolved BDE-47 concentration was smaller than that of PCB-153 due
to the less lipophilicity of BDE-47.

The spatially averaged concentrations of dissolved and particle-
bound BDE-47 were also calculated in the upper and lower layers,
respectively. The dissolved BDE-47 concentration was highest in June in
upper layer (Fig. S6a) due to the accumulation of dissolved BDE-47 at
the sea surface caused by the weak vertical diffusion. In the lower layer,
the dissolved BDE-47 concentration was higher in winter than in other
seasons (Fig. S6b), which was caused by the intensive vertical diffusion
of dissolved BDE-47 accumulated at the upper layer. As described above,
the seasonal variations of dissolved BDE-47 in the upper and lower
layers were quite different from those of dissolved PCB-153. As for

particle-bound BDE-47, its concentrations were highest in April in both
the upper and lower layers due to the spring bloom of phytoplankton
(Fig. S6), which was similar to the concentration of particle-bound PCB-
153.

The particle-bound BDE-47 included those in phytoplankton,
zooplankton, small detritus, and large detritus. The seasonal and spatial
patterns of BDE-47 in different particles were similar to that of PCB-153
(Fig. S8), which was described in Appendix B.

4. Discussion
4.1. Budget of PCB-153 in the upper and lower layers

The budget of POPs referred to the calculation of spatial-temporally
integrated POP fluxes through boundary and those of the source and
sink processes, in a given seawater volume and during a specified period.
In addition, the balanced budget of POPs in seawater meant that the
total change of POP mass was equal to the sum of integrated POP fluxes
through the boundary and those of the source and sink processes.
Therefore, the budget calculation results were able to quantitatively
understand the transport and biogeochemical cycle of POPs in seawater.

To understand the material flow associated with BCWM and identify
the key processes for the different vertical distributions of POPs during
summer, we calculated the mass budget of PCB-153 (Figs. 5 and 6) and
BDE-47 (Fig. 7) in the upper and lower layers. Because accumulation
and release occurred in different seasons, the budgets of POPs were
given for the period from March to May (warm season) and from
November to the next January (cold season). The detailed equations for
the budget calculation were presented in Appendix C.

Dissolved PCB-153 accumulated in the bottom layer from March to
May, when BCWM formed, indicated by 158.9 g increase in the lower
layer. Meanwhile, there was 93.4 g decrease in the dissolved PCB-153
mass in the upper layer. The decrease in dissolved PCB-153 in the
upper layer was mainly caused by its transfer from seawater to particles
(221.1 g) (Fig. 6a). The increase in dissolved PCB-153 in the lower layer
was mainly caused by the transfer from the particles to the dissolved
phase (173.9 g) (Fig. 6a). In addition, the sinking of particles was an
important mechanism for PCB-153 to move from the upper to the lower
layer (276.4 g) (Fig. 6a). Therefore, the key processes for the accumu-
lation of dissolved PCB-153 in the BCWM included sorption of PCB-153
by particles in the upper water, sinking of particles from the upper layer
to the lower layer, and remineralization of the particles in the lower
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Fig. 5. Horizontal (al-a4, b1-b4) and vertical (a5-a8, b5- b8) distributions of dissolved (al-a8) and particle-bound (b1-b8) BDE-47 in February, April, August,
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water (Fig. 6a), which was a typical pattern of “biological pump” of
POPs. The advection and diffusion of PCB-153 in both the vertical and
horizontal directions were insignificant as compared with the processes
mentioned above from March to May (Fig. 6a).

The vertical diffusion of dissolved PCB-153 (45.7 g) (Fig. 6b) was an
important process responsible for the appearance of high-concentration
patches on the sea surface in February. Air—sea exchange (158.2 g) also
contributed to an increase in dissolved PCB-153 in the upper layer
(Fig. 6b). There were two reasons for the large air-sea exchange flux of
PCB-153 from November to January. One was the concentration dif-
ference of PCB-153 between air and sea, which was large in the earlier
stage of November because the presence of “biological pump” of POPs
kept a low concentration of dissolved PCB-153 at the sea surface. The
other was low surface water temperature, which led to a large fugacity
of PCB-153 from the air to the sea [12]. The integrated exchange flux of
PCB-153 through the lateral boundary was higher in winter than in
spring. The large horizontal gradient of PCB-153 concentration likely
increased the horizontal diffusion flux in winter. In Fig. 6, PCB-153 for
all particles was put together and shown. The details of the trans-
formation of PCB-153 among different particles were described in Ap-
pendix D.

In addition to the time integration of the PCB-153 fluxes shown in
Fig. 6, the time series of the PCB-153 fluxes for the key processes were
also presented (Fig. S11). The PCB-153 fluxes of sorption to particles in
the upper water, sinking of particles from the upper layer to the lower
layer, and remineralization of particles in the lower layer were highest
in spring, consistent with the phytoplankton bloom (Fig. S11a-b). The
air-to-sea flux of PCB-153 was also the highest in spring (Fig. S11a)
when sorption to particles reduced the dissolved PCB-153 concentration
in seawater and increases the concentration difference between air and
sea. The large fluxes of PCB-153 in these four processes during spring
indicated that the spring phytoplankton bloom was an important process
for the accumulation of PCB-153 in the BCWM. In addition, the vertical
mixing fluxes were high in winter (Fig. S11c). Consequently, the dis-
solved PCB-153 that accumulated in the lower layer moved to the upper
layer, leading to the appearance of high-concentration patches of PCB-
153.

4.2. Budget of BDE-47 in the upper and lower layers

The calculation equations for budget and fluxes through biogeo-
chemical processes of BDE-47 were the same as those of PCB-153. The
dissolved BDE-47 was accumulated at the sea surface rather than at the
sea bottom when the BCWM existed (Fig. 5b2-b4), given by 425.5¢g
increase in the upper layer and 350.4 g decrease in the lower layer
(Fig. 7a). Based on the budget result, the accumulation of dissolved BDE-
47 in the upper layer was mainly caused by the large air to sea flux
(Fig. 7a). In addition, the sorption of dissolved BDE-47 by particles was
not so intense as the process of PCB-153 (Fig. 7a). As a result, abundant
BDE-47 from the atmosphere could not be transported to lower layer
through the sinking of particles and accumulated at sea surface when the
BCWM formed. Similar to PCB-153, the horizontal advection and
diffusion through the lateral boundary of BDE-47 were not so significant
compared with other biogeochemical processes from March to May
(Fig. 7a).

Based on the budget of BDE-47 during the disappearance period of
BCMW, a mass of dissolved BDE-47 was transported from the sea surface
to the bottom (Fig. 7b) due to the enhanced vertical diffusion, which led
to the increase of dissolved BDE-47 concentration in the lower layer
(Fig. 7b). As analyzed above, the sorption of BDE-47 by particles was not
so intense, so the decomposition became the important fate process of
dissolved BDE-47 in the seawater (Fig. 7).

Comparing the budget of PCB-153 and BDE-47, the air to sea flux of
PCB-153 was much smaller than that of BDE-47 in both the formation
and disappearance period of the BCWM (Fig. 6 and Fig. 7), although
their concentrations in the atmosphere were set as the same values in the
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model. The difference between PCB-153 and BDE-47 in the air-sea ex-
change flux was related to their different Henry’s Law Constant (H). The
larger H value of PCB-153 led to its higher fugacity from sea to air
compared with BDE-47, so the input of PCB-153 from the atmosphere
was lower. Moreover, the POP lipophilicity was related to the bio-
concentration factor (BCF) of POPs, and the larger BCF of PCB-153 led to
the higher fugacity from seawater to particles compared with BDE-47.
As a result, for dissolved PCB-153, the weak input from the atmo-
sphere and intense transport by particles from the upper layer to the
lower layer contributed to its accumulation at the sea bottom (Fig. 6).
On the contrary, for dissolved BDE-47, the large input from atmosphere
and weak transport by sinking particles (Fig. S12) led to its accumula-
tion at the sea surface (Fig. 7).

4.3. Impact factors on accumulation of POPs in BCWM

Based on the model results of PCB-153 and BDE-47 described in
Sections 3.2-3.3 and observations of POPs in different seawater
(Table 1), it can be indicated that different types of POPs present
different vertical distributions of concentrations when a thermocline
exists. As a result, not all types of POPs accumulated in the BCWM.
Therefore, determining the accumulation of POPs in the BCWM is a
critical issue. As shown by the budget of PCB-153 and BDE-47, the
accumulation of POPs at the sea bottom or the surface when the BCWM
was presented was mainly affected by two processes: the diffusive air-
sea exchange flux and the sorption of POPs by the particles. The diffu-
sive air-sea exchange of POPs included gaseous deposition and volatil-
ization, which were related to the H of POPs [12]. The small and large
values of H indicated the intensive gaseous deposition and volatilization
processes of POPs, respectively. The large value of H led to intensive
fugacity of POPs from the seawater to the atmosphere. The sorption of
POPs by particles was affected by the POP’s BCF. The larger BCF was, the
stronger sorption was [8]. In other words, the large value of BCF led to
intensive fugacity of POPs from the seawater to the particles and pro-
moted the “biological pump” of POPs, which was favorable to the
accumulation of POPs in the BCWM. Therefore, it was possible to predict
the accumulation of POPs in the BCWM using the H and BCF as predictor
variables. In addition, the vertical distribution of POPs was also affected
by other POP properties such as half-lives and solubilities although the H
and BCF were the key parameters related to the “biological pump” of
POPs in a certain BCWM area. This study focused on the effects of H and
BCF on the POP vertical distribution, representing the initial step toward
the theoretical prediction of POP accumulation in the BCWM area.

As shown in budget results (Fig. 6 and Fig. 7), the ratio of the vari-
ation in the spatially mean pollutant concentration (variations in
pollutant mass per unit volume) during the formation period of the
BCWM in the upper layer to that in the lower layer can be used as an
index to quantify the accumulation in the BCWM. Here, the variation in
the pollutant concentration was the sum of the dissolved and particle-
bound pollutants. The pollutant concentration variation in the upper
layer can be estimated by the air-sea flux and sinking flux to the lower
water, whereas that in the lower layer was estimated by the sinking flux
from the upper water and burial flux. The four fluxes mentioned above
were related to the H and the BCF of POPs. As a result, the ratio of
variation in pollutant concentration in the upper layer to that in the
lower layer can be represented by H and BCF of one certain POP as Eq.
(12), which was defined as accumulation ratio (a), whose detailed
derivation was given in appendix E.

1 XBCF+r; xH+r13

12
r4 X BCF +1r5 x H (12

Here r;-rs were undetermined constants related to the water tem-
perature and concentrations of particles.

To fit the prediction function of @ based on H and BCF, we carried out
a series of calculations for POPs with different H and BCF values. A total
of 35 sets of calculations were designed for five values of H and seven
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values of BCF (Fig. S15). These cases were designed for different values
of H and BCF, some of which did not correspond to realistic pollutants. In
these calculations, the other biogeochemical parameters were the same
as those used in the PCB-153 calculation. As shown in Fig. S15, in the
presence of BCWM, the concentration was higher in the surface layer
than in the bottom layer for POPs with small H and BCF. With the in-
crease in H and BCF, the concentration of POPs in the bottom layer
increased, and POPs accumulated in the BCWM.

The accumulation ratios in these cases were calculated using Eq.
(S42). Moreover, the undetermined constants and a in Eq. (12) were
obtained using the H and BCF used in these cases (Table S2). With the
obtained values of the constants, a prediction function for the accumu-
lation ratio of POPs in the BCWM during summer was established with
the specified H and BCF, which approximately captured the primary
features of the model results (Fig. 8). Some accumulation ratios of
realistic POPs with varying H and BCF were presented in Fig. 8, which
was helpful to understand the prediction results. The predicted accu-
mulation ratios of realistic POPs, such as BDE-99 and BDE-153 (Fig. 8),
can match well with the observed data (Table 1). The critical value of a
for the accumulation of POPs in the BCWM was 1. The critical values of
H and BCF were also calculated from critical a. As shown in Fig. 8, the
concentrations of POPs will be higher in the upper water than in lower
water during summer when H is smaller than 7.8 and BCF is smaller than
250.0; the accumulation of POPs in the BCWM need a condition that H is
larger than 7.8 or BCF is larger than 250.0.

5. Conclusions

Interesting spatial patterns of POPs in ocean water have been
observed, such as high-concentration patches on the sea surface and
different vertical distributions of different POPs in the same area. The
POPs are easily absorbed by particles in the euphotic layer due to their
hydrophobicity and then transferred to the lower layer through the
sinking of particles, known as the “biological pump” of POPs. We hy-
pothesized that special phenomena were caused by the accumulation
and release of POPs in the BCWM from the perspective of ocean dy-
namics. A hydrodynamic-ecosystem-POP coupled model was
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established for an idealized sea to investigate how the BCWM affects the
temporal-spatial patterns of POPs in seawater and the conditions for the
occurrence of special phenomena. The BCWM in summer, as well as the
spring bloom and summer subsurface maximum values of phyto-
plankton, were reproduced by the coupled model and were of the same
magnitude as those observed in the shelf waters. The accumulation of
dissolved PCB-153 in the BCWM in summer and its high-concentration
patches in winter were predicted by the coupled model. In addition,
the different spatiotemporal variations of BDE-47 from PCB-153 were
simulated by the model. The biogeochemical cycles of PCB-153 and
BDE-47 in the seawater were quantified based on their budgets in the
upper and lower layers. The sorption of PCB-153 by particles in the
upper layer, sinking with particles, and remineralization of particles in
the lower layer were key processes responsible for the accumulation of
pollutants in the BCWM, and the intensive vertical mixing and air-sea
exchange of PCB-153 in winter were key processes for the high-
concentration patches at the surface. The accumulation of BDE-47 at
the sea surface in summer was caused by its large fugacity from the
atmosphere to the seawater and weak fugacity from the seawater to the
particles. Both the model results and observations indicated that not all
POPs accumulated in the BCWM, and the accumulation ratio was
defined to describe this process. A dependent relationship between the
accumulation ratio and the values of H and BCF was obtained from the
model results for a series of POPs. The critical accumulation ratio was
deduced from the occurrence of POP accumulation in the BCWM, and
the critical values of H and BCF were determined.

The temporal and spatial variations of POPs in the BCWM area are
influenced by both the intensity of thermocline, particle concentration
in seawater, and various POP characteristics, such as lipophilicity,
volatility, half-lives, and solubilities. However, this study focuses pri-
marily on the lipophilicity and volatility of POPs, as these are the key
factors affecting the “biological pump” of POPs in a certain BCWM area.
This focus causes that the prediction function for accumulation ratio is
not universally applicable to different POPs across various BCWMs,
which represents a limitation of this work. Utilizing the POP lip-
ophilicity and volatility as predictor variables is the initial step toward
theoretically predicting the POP accumulation in BCWM area. In future

4 16 64

Fig. 8. Prediction of accumulation ratios in BCWM of POPs with different Henry’s law constants and bioconcentration factors. Dots with black cycles represent model
results. Triangles represent the predicted accumulation ratios of some realistic POPs.
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work, we plan to incorporate intensity of thermocline, particle concen-
tration in seawater, and other properties of POPs such as half-lives and
solubilities into the prediction function.

Environmental implication

Persistent organic pollutants (POPs) are easy to bioconcentrate and
threaten human health due to their high toxicity. The ocean is an
important pool of POPs originating from land and the bottom cold water
in the ocean can capture POPs for the weak material exchange between
cold water and surrounding water. The capture process is related to POP
biochemical features. The universal prediction function for the vertical
distributions of any kind of POPs in the bottom cold water is beneficial to
protect the safety of marine cold-water farming and human health.
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