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Polychlorinated biphenyls (PCBs) concentrations in rivers and the atmosphere have decreased in recent years,
which raises a necessity for a quantitative analysis of the responses of PCBs concentration in coastal seas to this
decline. A hydrodynamic-ecosystem-PCB coupled model was developed to investigate the spatial and seasonal
variations of CB-153 in the Seto Inland Sea and its responses to the decline of CB-153 input from rivers and
atmosphere. The model simulated dissolved and particulate (phytoplankton- and detritus-bound) CB-153 and
their physical and biogeochemical behaviors. Model results indicated that the dissolved CB-153 concentration
peaked in July, which was caused by atmospheric and river input. The particulate CB-153 peaked in April when
the phytoplankton uptake was largest due to the spring phytoplankton bloom, and in July when the dissolved CB-
153 concentration was highest. Among different areas in the Seto Inland Sea, Osaka Bay showed the highest
annual mean concentration of 10.3 ng m~° while the other areas had an annual mean of 2.9 ng m~>. The CB-153
budget calculation revealed that the atmosphere input through air-sea diffusion process was the largest source
(61%), while rivers discharges served as a secondary source (31%). Three scenarios were designed to explore the
responses of the Seto Inland Sea to decline of CB-153 inputs from atmosphere and rivers. With the decline of CB-
153 input from atmosphere, the CB-153 concentration decreases over the Seto Inland Sea except for Osaka Bay.
On the other hand, Osaka Bay greatly responds to the decline of CB-153 input from rivers.

is the dominant depositional process in open oceans (Jurado et al.,
2004a, 2005). Oceans are one of the most important reservoirs for PCBs

1. Introduction

Polychlorinated biphenyls (PCBs) are a traditional and ubiquitous
group of persistent organic pollutants (POPs) that were extensively
manufactured and utilized until they were banned in the 1970s. Because
of their persistence and long-range transport, PCBs have long been
stored in oceans (Jurado et al., 2004b), shelf sediments (Jonsson et al.,
2003), and terrestrial soils (Meijer et al., 2003). Owing to their bio-
accumulation, biomagnification, and high toxicity, PCBs are detrimental
to the health of organisms, particularly advanced predators (Carpenter,
2006; Madgett et al., 2022).

The atmosphere is recognized as the primary source of PCBs in open
oceans (Zhang and Lohmann, 2010). Wet and dry deposition can move
PCBs from the atmosphere into the oceans, but air-sea diffusion of PCBs

(Iwata etal., 1993; Wania et al., 1998), with CB-153 concentration being
0.12 pg L™! in the Northern Hemisphere oceans and about 0.002 pg L™}
in the Southern Hemisphere (Wagner et al., 2019). In addition, urban
and industrial emissions of PCBs have a substantial impact on coastal
and shelf seas through wastewater emissions and river runoff, with
rivers being significant sources of coastal and shelf seas, resulting in
CB-153 concentration in these seas with a range of 1-120 pg L™ that is
much higher than those in open oceans (Lohmann and Dachs, 2019).
Consequently, PCBs in some shelf seas and coastal water become su-
persaturated and volatilize to the atmosphere as re-emission sources
(Berrojalbiz et al., 2014).

PCBs tend to be absorbed by planktons in seawater because they have
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a relatively high octanol-water partition coefficient (K,,), which in-
dicates their lipophilicity (O’ Driscoll et al., 2013). Phytoplankton affects
the biogeochemical processes of PCBs in two aspects: as primary pro-
ducers, they carry PCBs into the marine food chains; as biogenic parti-
cles, they influence the partition of PCBs in dissolved and particle
phases, thereby affecting the air-sea diffusion flux and the downward
flux to the sediment (Dachs et al., 2000, 2002; Gioia et al., 2012;
Madgett et al., 2022; Nizzetto et al., 2012; Wang et al., 2024).

Since the production and use of PCBs were gradually banned on a
global scale, PCBs concentrations have significantly decreased in the
environment (Pavlova et al., 2014; Schuster et al., 2010). Atmospheric
levels have declined due to the reduction of primary emissions (Breivik
et al., 2007; Nizzetto et al., 2010). PCBs concentrations in coastal sedi-
ments follow the temporal trend of global PCBs emissions and respond
rapidly to changes in global industrial usage (Sobek et al., 2015). The
declines of PCBs in the North Sea were suggested as the result of declines
in atmospheric and riverine PCBs concentrations (O’Driscoll et al.,
2013).

This study focused on the Seto Inland Sea due to its early industri-
alization and dense population, which increase the likelihood of po-
tential PCBs emissions through the rivers and atmosphere. Long-term
monitoring by the Ministry of the Environment of Japan indicated that
the Seto Inland Sea was one of the areas with relatively high concen-
trations of PCBs in both water and atmosphere. Previous studies have
suggested that large amounts of PCBs residues in seawater, blue mussels,
and coastal pellets in the Seto Inland Sea (Endo et al., 2005; Tsuno et al.,
2007; Ueno et al., 2010; Isobe et al., 2011). Furthermore, PCBs were
found to be more abundant than other POPs in the samples of high
trophic-level organisms collected from the Seto Inland Sea (Tsuno et al.,
2007; Ueno et al., 2010; Isobe et al., 2011). Our simulation targeted
CB-153, which is one of the 209 congeners and easily accumulates in
organisms. CB-153 concentrations in phytoplankton and higher trophic
level organisms dominate all PCB congeners in the Seto Inland Sea
(Matsumoto et al., 2016).

Although there were some observations of PCBs in the Seto Inland
Sea, they were not sufficient for a full understanding of the physical
transport and biogeochemical processes of PCBs in the sea. As an
alternative way, we will use a numerical simulation to quantitatively
understand the CB-153 transport and budget in the Seto Inland Sea.
Three-dimensional transport models have been applied to assess PCB
levels in open oceans and shelf seas (Ilyina et al., 2006; Ono et al., 2012;
Alekseenko et al., 2018; Wagner et al., 2019; Yang et al., 2022, 2024). In
the region close to the Seto Inland Sea, a coupled model for PCBs in the
Northwestern Pacific Ocean has been used to study the role of the
Kuroshio in the air-sea exchange of PCBs (Yang et al., 2022). Although
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this model covers the Seto Inland Sea, its horizontal resolution (~10 km)
is too coarse to resolve the transport and budget of PCBs in the Seto
Inland Sea.

In this study, we developed a high resolution three-dimensional
hydrodynamic-ecosystem-POP coupled model to reproduce the fate
and transport of CB-153, aiming to elucidate the spatial and seasonal
variations and budget of CB-153 in the Seto Inland Sea. Because the
decreasing trends of CB-153 have been observed by the Ministry of the
Environment in the estuaries and atmosphere around the Seto Inland
Sea, we also used this model to investigate the response of CB-153 in the
Seto Inland Sea to the reduction from atmospheric and riverine sources.

2. Model description

The Seto Inland Sea is a semi-enclosed shelf sea in western Japan. It
has a surface area of approximately 23,000 km? and an average depth of
about 38 m. The sea is bordered by Honshu, Shikoku, and Kyushu, which
are highly industrialized regions in Japan. A total of 21 first-order rivers
and 644 second-order rivers empties this sea. It connects to the Pacific
Ocean via the Bungo and Kii channels.

The model domain (130.98-135.5°E, 32.8-34.8°N) is shown in
Fig. 1a. It features a horizontal resolution of approximately 1 km and 21
layers in the vertical direction. The simulation for PCBs includes hy-
drodynamic, ecosystem, and PCB modules. The hydrodynamic module is
a three-dimensional ocean circulation model based on the Princeton
Ocean Model (Blumberg and Mellor, 1987). When compared with in-situ
observations from the Seto Inland Sea, the simulated results of the hy-
drodynamic module for current fields, water temperature, and salinity
suggest that the model well reproduced the features of the physical field
(Chang et al., 2009; Zhu et al., 2019; please refer to Appendix A for its
details). The ecosystem module is a lower-trophic model that simulated
the interactions among nutrients, phytoplankton, zooplankton, and
detritus, providing the phytoplankton biomass and related biogeo-
chemical parameters for the PCB module. The comparison of simulated
phytoplankton biomass versus observations suggests that the ecosystem
module works well in areas with low biomass (<250 mg C m~3) but
underestimates the high biomass in nearshore regions, and their linear
correlation coefficient was 0.63 (Leng et al., 2023; please refer to Ap-
pendix A for its details).

2.1. PCB module

The three states of CB-153 (dissolved, phytoplankton-bound, and
detritus-bound) were used for simulations in the PCB module, which
includes CB-153 uptake in the phytoplankton matrix and adsorption on
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Fig. 1. (a) Bathymetry of the Seto Inland Sea. The blue dots and green dots represent the position of first-order and second-order river mouths. The solid black lines
indicate the Bungo and Kii Channels, which are the southern boundaries of the model. (b) Conceptual scheme of the coupled model for CB-153 simulation. C,, Cy,
Cyp, and C,,4 are the CB-153 concentrations of the gaseous phase, dissolved, phytoplankton-bound, and detritus-bound, respectively.
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the phytoplankton surface (Fig. 1b). The initial conditions for each state
of CB-153 concentration were set to 0 ng m™~>, and the control equations
are given by Egs. (1)-(4):

aC, 0C, dC,  dC, 9 (. dC, .
T'FUE-‘(‘VW-‘Fngaz (Kh o2 ) +D(Cw) +BlO(Cw) (@D)]
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where C,, (ng m~3) is the dissolved CB-153 concentration, and Cypm,
Cups, and Cyq are the concentrations (ng m~>) of CB-153 in the phyto-
plankton matrix, phytoplankton surface, and detritus, respectively. The
sum of Cypm, Cups, and Cyq is defined as particulate concentrations in this
study; t is time (s); x, y, and z are the zonal, meridional, and vertical
coordinates (m), respectively; u, v, and w are the velocity components (m
s™1) in three directions; wsp and wyg are the sinking velocities of phyto-
plankton (0.1 m d™1) and detritus (1.0 m d’l), respectively; Ky, is the
vertical eddy diffusion coefficient (m? s‘l); D(Cy), D(Cypm), D(Cyyps),
and D(Cyq) are the horizontal diffusion terms; and Bio(Cy,), Bio(Cypm),
Bio(Cyps), and Bio(Cyg) are the biogeochemical terms for each
compartment which will be described in section 2.2. The biogeochem-
ical terms are described as Egs. (51)-(S8) in Appendix B.

The numerical scheme of the CB-153 calculation is like the state
variables such as nutrient concentration and phytoplankton biomass in
the ecosystem module. Egs. (1)-(4) are solved in two steps, with the
explicit scheme for the advection, horizontal diffusion, and biogeo-
chemical terms, and the implicit scheme for vertical diffusion.

2.2. Biogeochemical processes of CB-153

The biogeochemical processes of CB-153 (Fig. 1b) are expressed as
the Bio term in Egs. (1)-(4) for Cy, Cypm, Cups, and Cyq. In seawater,
dissolved CB-153 is absorbed by the surface and matrix of phyto-
plankton and is also degraded through both photolytic and biological
processes. Phytoplankton-bound CB-153 is affected by two primary
processes: uptake and adsorption from dissolved CB-153, and the release
of CB-153 from phytoplankton back into seawater through depuration
and desorption (Del Vento and Dachs, 2002). Additionally, the natural
mortality of phytoplankton transforms phytoplankton-bound into
detritus-bound CB-153. Some of the detritus-bound CB-153 is trans-
ported downward to the seabed by sinking of detritus, while the others
are returned to the dissolved phase through the remineralization of
detritus.

2.3. Source of PCBs

The model has PCB input from 41 rivers (21 first-order rivers and 20
second-order rivers) whose positions are shown in Fig. la. The river
input amount of CB-153 (Fy;, ng s71) is calculated by,

F, riv — Cn'vQ (5)
where Cr;, (ng m~3) is the dissolved CB-153 concentration in river water,

which was monitored by the Ministry of the Environment, Japan; Q
(rn’3 s) is river discharge whose daily values of 21 first-order rivers were
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provided by the Ministry of Land, Infrastructure, Transport and Tourism,
and those of 20 second-order rivers by the local governments. The
annual mean river discharge, CB-153 concentrations, and flux of first-
order rivers are given in Table S3. The sum of second-order river flux
is small and is at an order of flux from one first-order river.

The air-sea interface considers two processes: air-sea diffusion be-

tween gaseous and dissolved CB-153, and wet deposition. Dry deposi-
tion flux was suggested lower than the air-sea diffusion flux at coast
water by one order of magnitude (Totten et al., 2004). In addition, we
also cannot find the data of dry deposition data around the Seto Inland
Sea. Therefore, we did not include it in the PCB module. Consequently,
the surface boundary condition for the CB-153 is expressed as:
Khaa% =Fy +Fyy 6)
where F,;, (ng m~2s 1) is the wet deposition flux, which was obtained
from the GEOS-Chem global atmospheric model (Friedman and Selin,
2016); Fqs (ng m~2 s71) is the air-sea diffusion flux calculated by a
two-film model (Bidleman and McConnell, 1995), whose formula is

Fas:kas(ca/H_Cws) (7)

where kg (m s~ 1 is the air-sea transfer velocity which is a function of
wind speed and sea surface temperature. Cys (ng m_s) is the dissolved
CB-153 concentration in the sea surface; C, (ng m~3) is the CB-153
gaseous concentration; and H' is the dimensionless Henry’s law con-
stant for CB-153, which depends mainly on the water temperature
(Kames and Schurath, 1992; Cetin and Odabasi, 2005; please refer to
Appendix C for its details).

Although the atmospheric concentrations of PCBs calculated by the
GEOS-Chem model have been evaluated at some sites in the Arctic,
Europe, and North America (Friedman and Selin, 2016), the model’s
performance over the Seto Inland Sea remains unknown. Therefore, we
compared the atmospheric concentration of CB-153 from the
GEOS-Chem model with the monitored data provided by the Ministry of
the Environment (Fig. S1), and found that the GEOS-Chem model
significantly underestimated the atmospheric concentration of CB-153
around the Seto Inland Sea. Consequently, based on the slopes of the
linear fitted results from the observed data and model results (Fig. S1),
we enhanced the GEOS-Chem gaseous CB-153 concentration by 30
times, and the seasonal variations were maintained.

Besides rivers and air-sea interface, Seto Inland Sea has two lateral
boundaries (Bungo and Kii channels) connected to the Pacific Ocean,
where the monthly averaged concentrations of dissolved and particulate
CB-153 derived from the results of Yang et al. (2022) were specified.

2.4. Model validation

We collected some observed data near the coast in the Seto Inland
Sea, which are the sum concentrations of dissolved and particulate CB-
153 in the surface layer (Tsuno et al., 2007), to validate the model re-
sults. Fig. S2a shows the mean concentration along the shoreline in July
and October. The concentration of CB-153 from the model results and
observation are nearly identical along the coasts of Suo Nada, Iyo Nada,
and Hiuchi Nada; however, the concentrations from model results are
lower than those from observations along the coasts of Hiroshima Bay,
the northern part of Hiuchi Nada, and Uwajima. Fig. S2b shows the
mean concentrations from May to December, which generally agree
with the observation on the northern coast of Harima Bay and the head
of Osaka Bay, except for the west coast of Awaji Island, where the model
results were lower than the observations. These underestimations may
be caused by either the omission of the local source of CB-153 or the
omission of non-biogenic particles in the model. Fig. S2¢c demonstrates a
significant positive relation (p < 0.01) between the observations and
model results, with a correlation coefficient of 0.6. The root mean
squared error (RMSE) and mean absolute error (MAE) are 6.7 and 6.3 ng
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m~3, respectively. Overall, the model results generally capture the
spatial variations of CB-153 in the Seto Inland Sea.

3. Results and discussion
3.1. Spatial and seasonal variations of CB-153 concentrations

The average concentrations of dissolved and particulate CB-153 over
the entire model domain in three years of the simulation are shown in
Fig. 2. The CB-153 concentrations in the second and third simulation
years were almost identical, indicating that the calculations reached a
stationary state in the third simulation year. In the following analysis,
we used the results from the third simulation year to investigate the
spatial and seasonal variations of CB-153 concentrations in the Seto
Inland Sea.

Dissolved and particulate CB-153 concentrations exhibit a clear
seasonal variation (Fig. 2a). The dissolved CB-153 concentration ranged
from 1.3 to 2.8 ng m~>, with an average of 1.9 ng m >, while the par-
ticulate CB-153 concentration ranged from 0.2 to 0.6 ng m~>, with an
average of 0.4 ng m~>. Dissolved CB-153 concentration was highest in
July, whereas particulate concentration peaked in April and July,
respectively. Both phases of CB-153 concentrations were the lowest in
January. Particulate CB-153 consists of phytoplankton- and detritus-
bound CB-153, both of which exhibited two peaks over a year (Fig. 2b).

We selected January, April, July, and October to represent the four
seasons and examined the spatial distributions of CB-153 concentrations
in these four months. There are apparent spatial differences in the
horizontal distributions of the dissolved CB-153 concentration (Fig. 3a,
b, ¢, &d). The range of dissolved CB-153 concentration is broad, with the
highest concentrations of 35.0, 32.4, 76.6, and 29.1 ng m > in Osaka Bay
in these four months, primarily due to the input of dissolved CB-153
from Yodo River into Osaka Bay. The other regions with relatively
high concentrations are the Suo Nada, Iyo Nada, Hiuchi Nada, Harima
Nada, and Hiroshima Bay, where the concentration decrease from the
nearshore to the offshore areas. The minimum dissolved CB-153 con-
centration in the offshore areas is approximately 0.2 ng m~>. The
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Fig. 2. Time series of the averaged concentrations over the entire model
domain for (a) dissolved and particulate CB-153, (b) phytoplankton- and
detritus-bound CB-153. The particulate CB-153 concentration is the sum of
phytoplankton- and detritus-bound CB-153 concentrations.
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particulate CB-153 concentration also changes spatially in four seasons
(Fig. 3e, £, g, &h). High concentration is observed in the estuary areas,
especially in the nearshore area of Osaka Bay, due to the presence of the
high concentration of dissolved CB-153 and high phytoplankton
biomass there. In general, the concentration of dissolved CB-153 is
higher than that of particulate CB-153 in the Seto Inland Sea except for
the nearshore area of Osaka Bay where the two phases of CB-153 have
the same concentrations.

3.2. CB-153 mass flow and balance

The annual mean masses of dissolved, phytoplankton-, and detritus-
bound CB-153 in the Seto Inland Sea are 1.71, 0.23, and 0.14 kg,
respectively. To understand their fate and transformation, we calculated
the mass flow with the biogeochemical processes and the mass balance
with the physical processes (Fig. 4). The annually integrated fluxes (Fp,
kg y 1) of the biogeochemical processes are calculated using Eqg. (8),

F,— [ ' ///F(x, v.2, t)dxdydadt ©)

where F (kg m~3s 1) is the flux due to a biogeochemical process; dx, dy,
and dz are the unit distance (m) in three directions; and T and dt are a
year and unit time (s), respectively. Equation (8) was applied to all the
grid points of the model domain and obtained the total mass flow cor-
responding to each biogeochemical process in the Seto Inland Sea.

Regarding the biogeochemical flux of dissolved CB-153, the net ab-
sorption (uptake-depuration) by phytoplankton is 11.9 kg y !, the
degradation is 1.0 kg y!, and the decomposition of detritus is 9.5 kg
y~1; their total effects is the loss of 3.4 kg y~'. Regarding the physical
flux, the river input is 2.0 kg y 1, the atmosphere input is 4.0 kg y !, and
the output to the Pacific Ocean is 2.6 kg y'; their total effects is the
supply of 3.4 kg y~!, which is balanced with the loss of CB-153 due to
biogeochemical processes.

Regarding the phytoplankton-bound CB-153, its uptake of dissolved
CB-153 (11.9 kg y 1) is balanced by the mortality of phytoplankton that
transformed phytoplankton-bound into the detritus-bound CB-153
(11.5 kg y 1), and the outflow of phytoplankton-bound CB-153 into the
Pacific Ocean (0.4 kg y1). Regarding the detritus-bound CB-153, in
addition to its production by the mortality of phytoplankton (11.5 kg
y~1) and its decomposition into dissolved phase (9.5 kg y 1), its sinking
to the sea bottom is 1.7 kg y* and its outflow to the Pacific Ocean is 0.3
kgy L.

The ratios of each physical process and biogeochemical process to
the total input or output are presented (Fig. 4b). At the air-sea interface,
diffusion induces two directions of flux. One is from air to sea (3.9 kg
y’l), while the other is from sea to air (0.4 kg y’l). The air-sea diffusion
flux from air to sea accounts for approximately 61% of the total input of
dissolved CB-153 (6.4 kg y ). River inputs (2.0 kg y~!) account for
approximately 31% of the total input of CB-153. As shown later, river
input exhibits a strong regional dependence because the Yodo River
contributes 75% of the total river input and is the primary source for
Osaka Bay. Besides the primary input of air-sea diffusion flux and the
secondary input from rivers, wet deposition from air is the third one,
supporting 8% (0.5 kg y1) of the total input of CB-153 into the Seto
Inland Sea.

The outflow flux of CB-153 from the Seto Inland Sea into the Pacific
Ocean is 3.3 kg y 1, with the fluxes through the Bungo and Kii channels
are 1.1 and 2.2 kg y?, respectively. Its proportion to the total sink is
51%, suggesting that lateral transport to the open ocean is the primary
removal pathway for CB-153 in the Seto Inland Sea. The sinking of
detritus-bound CB-153 to the sea bottom is 1.7 kg y !, being the sec-
ondary sink (27%). The degradation of the dissolved CB-153 is 1.0 kg
y 1, which corresponds to 16% of the total sink, consistent with the
situation in the global ocean (Wagner et al., 2019). The air-sea diffusion
flux from the Seto Inland Sea to the above air (0.4 kg y %) has a
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proportion of 6% of the total sink, being the fourth sink for CB-153.
3.3. The reasons for the seasonal variations of dissolved and particulate
CB-153 concentrations

As shown in Fig. 2, the concentrations of dissolved and particulate
CB-153 in the Seto Inland Sea exhibit apparent seasonal variations. The

concentrations of CB-153 in seawater are affected by the physical pro-
cesses at several boundaries and by the physical and biogeochemical
processes inside the ocean. We integrated the fluxes of these processes
over the model domain and analyzed their effects on the seasonal var-
iations in dissolved and particulate CB-153 concentrations, respectively.

The net flux (Fs pet, 8 d™), net physical flux (Fppy, g d™), and net
biogeochemical flux (F pio, g d™1 for dissolved (* = dis) and particulate
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(* = par) CB-153 are defined in Egs. (9)-(14).

Net flux of dissolved CB — 153 Fys_ner = Fais_phy + Futs_bio )

Net flux of particulate CB — 153 Fyar_net = Fyar_phy + Fpar_bio (10)

Net physical flux of dissolved CB — 153 Fis_phy = Fos + Friy + Fup — Fais_ba
1D

Net biogeochemical flux of dissolved CB — 153 Fyis_pio = —Fnu + Frem — Faeg

12)
Net physical flux of particulate CB — 153 Fyor_phy = —Fg — Fpar (13)
Net biogeochemical flux of particulate CB — 153 Fyqr_pio = Fuu — Frem  (14)

Here, Fgs, Friy, Fup, Fpq, and Fg are the physical fluxes for net air-sea
diffusion (sum of air to sea diffusion and sea to air diffusion), river input,
wet deposition, lateral boundary (sum of the Bungo and Kii channels),
and detritus sink, respectively. The Fy, Frem, and Fg,, are the biogeo-
chemical fluxes corresponding to net adsorption by phytoplankton,
detritus decomposition, and self-degradation of dissolved CB-153,
respectively. The unit of these fluxes is g d~1.

Fig. 5a shows the seasonal variations of net flux, net physical flux,
and net biogeochemical flux of dissolved CB-153 in the Seto Inland Sea.
For dissolved CB-153, the physical processes are the source, while
biogeochemical processes are the sink. Fgis ner is positive until August,
indicating an increase in dissolved CB-153 concentration in the sea.
During this period, Fg;s pny has a larger magnitude than Fg;s pio. As shown
in Fig. S3a, air-sea diffusion flux is a primary contributor to Fg; yny, and
it displays two positive peaks in March and July, respectively, which is
controlled by K, gaseous CB-153 concentration, and H’, as shown in Eq.
(7). The river input flux of CB-153 is the secondary contributor to Fgs pny,
exhibiting its highest value in July (Fig. S3a).

After August, with the decrease of Fgjs pry, Fais nec becomes negative
values, indicating a decrease of dissolved CB-153 concentration. F;s pny
approaches zero after August, indicating a state of dynamic equilibrium.
As shown in Fig. S3a, such equilibrium is archived by the input of CB-
153 from the atmosphere and rivers and the output from lateral
boundaries. The lateral boundary flux has significantly increased since
August, particularly in the Kii Channel (Fig. S3a). Interestingly, the peak
flux in the Kii Channel occurs with a time lag of nearly 1 month as
compared to the peak of river input flux, which is consistent with the age
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of Yodo River water at the Kii Channel (=30 days, Wang et al., 2019).
Therefore, a major part of CB-153 through the Kii Channel likely comes
from the Yodo River. The air-sea diffusion flux input decreases signifi-
cantly after August (Fig. S3a). At the end of the year, the Seto Inland Sea
even plays a role in emissions of CB-153 into the atmosphere. Notably,
the air-sea diffusion flux exhibits upward values throughout the year in
the northeastern of Osaka Bay (Fig. S5). Yodo River carries a large
amount of dissolved CB-153 into Osaka Bay, resulting in a supersatu-
ration of dissolved CB-153 at the surface around the estuary. Conse-
quently, Yodo estuary acts as a continuous source of CB-153 released to
the atmosphere throughout the year. As a sink, Fg;; pio is always negative
throughout the year, and the phytoplankton adsorption is the major
reason for its seasonal variation (Fig. S3b).

Fig. 5b shows the seasonal variations of net flux, net physical flux,
and net biogeochemical flux of particulate CB-153 in the Seto Inland
Sea. For particulate CB-153, physical processes act as a sink, while
biogeochemical processes act as a source. Fyqr net is positive from January
to April, making the concentration of particulate CB-153 peaks around
April (Fig. 2). During this period, the phytoplankton bloom increases the
phytoplankton uptake flux (Fig. S4b, Fig. S6). From April to June, the
concentration of particulate CB-153 is declining because the sinking flux
keeps a high value, resulting in Fuqner becoming negative. Phyto-
plankton mortality transformed phytoplankton-bound into detritus-
bound CB-153, which sinks to the sea bottom. The peak in particulate
CB-153 concentration around July is attributed to a brief positive value
of Fpar ner- During this period, a large amount of dissolved CB-153 is
adsorbed to the phytoplankton (Fig. 2, Fig. S4b), and subsequently,
phytoplankton-bound CB-153 is converted to detritus-bound through
the mortality process. After August, the negative value of F,q ner makes
the particulate CB-153 concentration decline. During this period, Fpar pny
is mainly influenced by the sink flux. Meanwhile, the outflux through
the lateral boundaries also begins increasing, especially in the Kii
Channel (Fig. S4a).

3.4. Response to atmospheric and riverine CB-153 concentrations

Air-sea diffusion and river input are the two primary inputs that
bring over 90% of CB-153 into the Seto Inland Sea. They are affected by
atmospheric and riverine CB-153 concentrations. According to the
monitoring by the Ministry of the Environment, Japan, both riverine and
atmospheric concentrations of CB-153 around the Seto Inland Sea have
declined by approximately 50% over the past decades. Therefore, we
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Fig. 5. Time series of (a) dissolved and (b) particulate CB-153 for net flux, net physical flux, and net biogeochemical flux in the Seto Inland Sea. Positive fluxes

increase CB-153 concentration, while negative ones decrease CB-153 concentration.
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aim to examine how the Seto Inland Sea responds to the decline of
riverine and atmospheric CB-153 concentrations by conducting sensi-
tivity experiments. We designed three experiments in each of the sce-
narios for the atmospheric concentration, riverine concentration, and
their combination. In three experiments, we reduced the atmospheric
CB-153 concentration, the riverine CB-153 concentration, and both by
25%, 50%, and 75%, respectively, but maintained the same seasonal
variations as them in the original calculation (hereafter, refer as to
control experiment).

3.4.1. Response of dissolved and particulate CB-153 concentrations

We calculated the reduction ratio, i.e., (Cconrol-exp — Cscen—exp)/
Ceontrol—exp t0 assess the responses of dissolved and particulate CB-153
concentrations in the Seto Inland Sea. Here, Cconrol.exp represents the
CB-153 concentration in the control experiment, and Cgcenexp represents
the CB-153 concentration in the experiments of three scenarios.

Because the seasonal variations of dissolved CB-153 for the three
scenarios exhibited similar patterns to those given in the control
experiment (Fig. S7), we present the annual mean concentration and its
reduction for examining the responses (Table 1). The annual mean
concentrations of total CB-153 concentrations in the Seto Inland Sea are
1.9, 1.4, and 1.0 ng m~3 for experiments A-25, A-50, and A-75,
respectively; are 2.3, 2.2, and 2.1 ng m~2 for experiments R-25, R-50,
and R-75 respectively; are 1.8, 1.3, and 0.7 ng m > for experiments AR-
25, AR-50, and AR-75, respectively. The CB-153 decreased more in the
atmospheric scenario than in the riverine scenario, which is due to the
larger CB-153 input from the atmosphere than from rivers in the control
experiment (Fig. 4b). Furthermore, the reduction of the combination
scenario is almost the sum of the reduction ratios of the atmospheric and
riverine scenarios (Table 1).

Fig. 6 shows the horizontal distribution of the reduction ratio for
annual mean concentration of total CB-153. In the atmospheric scenario,
total CB-153 concentration shows a significant reduction in most regions
of the Seto Inland Sea except for Osaka Bay (Fig. 6a, b, &c), indicating
that the air-sea diffusion input dominates these areas. In the riverine
scenario, the total CB-153 concentration shows decreased apparent in
Osaka Bay (Fig. 6d, e, &f), indicating a strong control of river input on
the CB-153 concentration there. In the combination scenario, there is
little spatial variations in the reduction ratio (Fig. 6g, h, &i). The com-
parison of different scenarios but with the same reduction ratio in
Table 1 tells us that the atmospheric scenario explains about 80% of the
reduction in the combination scenario, and the riverine scenario ex-
plains the other 20%.

3.4.2. Response of air-sea diffusion flux of CB-153

In the control experiment, the concentration of dissolved CB-153 in
the western part of the Seto Inland Sea is always lower than C,/H,
resulting air-sea diffusion flux from air to sea (Fig. S6). In the atmo-
spheric scenario, when the atmospheric CB-153 concentration decreases
while the riverine input is kept, the downward air-sea diffusion flux

Table 1

Reduction ratio of annual mean dissolved, particulate, and total CB-153 in three
experiments for the atmospheric scenario, riverine scenario, and their
combination.

Scenario Reduction Experiment Reduction ratio (%)
ratio (%) name Dissolved  Particulate  Total
Atmospheric 25 A-25 19.1 16.7 18.6
scenario 50 A-50 38.1 33.3 37.1
75 A-75 57.1 49.9 55.6
Riverine 25 R-25 4.2 7.0 4.8
scenario 50 R-50 8.3 139 9.5
75 R-75 12.5 20.8 14.3
Combination 25 AR-25 23.2 23.6 23.4
scenario 50 AR-50 46.5 47.2 46.7

75 AR-75 69.7 70.8 70.0
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presents an apparent reduction in the western areas of the Seto Inland
Sea (Fig. 7a, b, &c), indicating that the replenishment of the atmosphere
is decreasing. Therefore, dissolved CB-153 concentration is reduced
apparently in these areas (Fig. S8a, b, &c). In the riverine scenario, since
C, is not changed, C,s will decrease with the reduction of CB-153 con-
centration in rivers, the term of (Co/H g Cys) in eq. (7) increases and
leads to an increase in air-sea diffusion flux from air to sea (Fig. 7d, e,
&f). The increased air to sea flux of CB-153 can partly offset the
reduction of CB-153 in the sea due to the reduction of riverine input of
CB-153 in the western part of the Seto Inland Sea, where the surface
dissolved CB-153 concentration in the river scenario as high as that in
the control experiment in these areas (Fig. S8d, e, &f).

In Osaka Bay, the high river input flux making C, in Osaka Bay
exceeds the Co/H , inducing a negative air-sea diffusion flux of CB-153
in the control experiment (Fig. S6). In the atmospheric scenario, the
upward air-sea diffusion flux in Osaka Bay extends to the Harima-Nada
and Kii Channel (Fig. 7a, b, &c) with the reduction of atmospheric
concentration of CB-153, where the surface dissolved CB-153 concen-
tration exhibits a small reduction (Fig. S8a, b, &c). In the riverine sce-
nario, the surface concentration of CB-153 in Osaka Bay decreases
significantly (Fig. S8d, e, &f), because of the reduction of river input flux
of CB-153 and the area with negative air-sea diffusion fluxes (Fig. 7d, e,

&f).

3.4.3. Different reductions of dissolved and particulate CB-153
concentrations

The dissolved and particulate CB-153 concentartions show different
reductions in these scenarios (Table 1). In the atmospheric scenario, the
particulate CB-153 presents a smaller reduction than dissolved CB-153;
in the riverine scenario, the particulate CB-153 shows a larger reduction
than the dissolved CB-153. To understand this difference, we define a
transformation efficiency (E) between the dissolved and particulate CB-
153.

pr + Cywa

E=
Cy

15)

The E of control experiment is greater than one around the Yodo
River estuary and decreases gradually in the offshore direction, and E of
other areas of the Seto Inland Sea lower than one (Fig. S10a). The spatial
of E is mainly caused by the phytoplankton uptake flux (Fig. S11). E
displays a similar distribution in the experiments for the atmospheric
and riverine scenarios with the control experiment (Fig. S10). The low
value of E in the Seto Inland Sea, except for Osaka Bay, determines that
the concentration of particulate CB-153 did not decrease as significantly
as the concentration of dissolved CB-153 in the atmospheric scenario
(Fig. S9a, b, &c). The high value of E in Osaka Bay relies on the high
phytoplankton uptake flux (Fig. S11), which determines that the con-
centration of particulate CB-153 exhibits an increase as large as the
concentration of dissolved CB-153 in the riverine scenario (Fig. S9d, e,
&f).

We calculated the difference (Diff) of E between the experiments for
the atmospheric and riverine scenarios and the control experiment to
evaluate E. Diff for all experiments in the atmospheric and riverine
scenarios exhibit larger values in Osaka Bay than other areas in the Seto
Inland Sea (Fig. 8, Fig. S12). Positive Diff in the atmospheric scenario
indicates the increases in the transformation efficiency from dissolved to
particulate CB-153 as compared to the control experiment (Fig. 8).
Conversely, Diff in the river scenario is negative, which means that the
decreases in the transformation efficiency from dissolved to particulate
CB-153 as compared to the control experiment (Fig. 8). Summarily, re-
ductions in CB-153 concentrations originating from atmospheric or
riverine sources influence dissolved CB-153 through air-sea diffusion
and river input flux, thereby regulating the partitioning efficiency of
dissolved and particulate CB-153 in the Seto Inland Sea.
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4. Conclusions

This study established a three-dimensional hydrodynamic-
ecosystem-POP coupled model in the Seto Inland Sea to understand the
spatial and seasonal variations of CB-153 and related physical and
biogeochemical processes. The concentration of dissolved CB-153
peaked in July, while the particulate CB-153 concentration peaked in
both April and July. The maximum CB-153 concentration appeared in
Osaka Bay with a value of 76.6 ng m~> which is at the same order as
those found in the Mediterranean Sea, North Sea, Baltic Sea, and South
China Sea.

Over a time scale of one year, the model results indicates that the CB-
153 in the Seto Inland Sea is supplied by the air-sea diffusion (61%),
river inputs (31%), and wet deposition (8%). 51% of CB-153 in the Seto
Inland Sea outflows to the Pacific Ocean, 27% accumulates at the sea
bottom, and 16% of CB-153 is self-degraded. The seasonal variations in
air-sea diffusion flux and river input of CB-153 strongly influence the
seasonal variation of dissolved CB-153 in the sea. The air-sea diffusion
flux is a major source of CB-153 in many areas except for Osaka Bay
where Yodo River delivers a large amount of CB-153 into the bay and
Osaka Bay becomes an area releasing CB-153 to the atmosphere.
Biogeochemical processes influence the seasonal variation of particulate

CB-153, which peaks in April due to the increase of phytoplankton
biomass, and another one in July resulting from the high concentration
of dissolved CB-153 in the sea.

The sensitivity experiments demonstrated that the air-sea diffusion
process dominates the input of CB-153 in most regions of the Seto Inland
Sea except for Osaka Bay, where river input of CB-153 is the dominant
factor. Dissolved and particulate CB-153 concentrations exhibited
different responses to the reduction in the atmospheric and riverine
concentrations of CB-153. In particular, dissolved CB-153 is more sen-
sitive than particulate CB-153 to the decreases of atmospheric CB-153
concentration, but particulate CB-153 is more sensitive than dissolved
CB-153 to the decreases of riverine CB-153 concentration. This differ-
ence is attributed to the more efficient transformation of CB-153 from
dissolved phase to particulate phase for CB-153 from the atmosphere
than that from rivers.

The present study focused on the spatial and seasonal variations in
climatological CB-153 concentrations, which is a foundational step for
understanding the transport and cycle of CB-153 in the shallow sea.
However, the behaviors of suspended particulate matter such as resus-
pension from sediments are likely an important to the transport and
cycle of CB-153 in shallow seas. Our future modeling will incorporate
the behavior of suspended particulate matter and its interaction with
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CB-153.
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