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Abstract

Hypoxia is increasingly reported off the Changjiang River Estuary with the confluence of multiple high volume
nutrient sources. The Regional Ocean Modeling System coupled with a biological model was used to analyze the
effect of different nutrient sources on the development of hypoxia off the Changjiang River Estuary. By comparing
to observed data, our model suitably captured the regional dynamics of chlorophyll a, dissolved oxygen, and
nutrient concentration. A series of sensitivity experiments were conducted to investigate the hypoxia response to
the various nutrient sources, such as loading from the Changjiang River, Kuroshio and Taiwan Warm Current.
Our model results indicated that nutrients from different sources significantly influenced the hypoxia off the
Changjiang River Estuary, and it was mostly affected by nutrients sourced from the Kuroshio. The nutrients input
from the Changjiang River had larger impacts on the hypoxia in the north of 30°N than that in the south of 30°N.
The nutrients sourced from the Taiwan Strait had a least influence on the hypoxia off the Changjiang River Estuary.
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1 Introduction

Hypoxia is defined as dissolved oxygen (DO) concentrations
less than 2 mg/L (Diaz and Rosenberg, 1995; Boesch and Rabal-
ais, 1991). Hypoxic conditions threaten the life of marine aquatic
organisms, especially benthic animals such as shrimp and crab
(Karlson et al., 2002; Renaud, 1986). The occurrence of hypoxia in
coastal bottom waters is an increasingly global phenomenon
(Diaz and Rosenberg, 2008; Rabalais et al., 2010). Recently, the
total volume of nutrients and other pollutants discharged into the
Changjiang River has dramatically increased, which has greatly
promoted primary production and thereby exacerbated hypoxia
off the Changjiang River Estuary (Chen et al., 2017; Liu et al.,
2015; Wang et al., 2021; Lu et al., 2017).

The formation and evolution of hypoxia off the Changjiang
River Estuary are not only significantly related to the physical
processes (wind, topography, tide), but also by the biogeochem-
ical processes associated with nutrient loading from the Changji-
ang River, Taiwan Warm Current (TWC) and Kuroshio subsur-
face water (Li et al., 2011; Wang, 2009; Wei et al., 2007; Zhu et al.,
2011; Zhou et al., 2010; Zhang et al., 2020; Grofie et al., 2020). It is
generally accepted that the increased nutrient loads which pro-
mote primary production, increase the severity of hypoxia off the
Changjiang River Estuary (Ning et al., 2011; Wang et al., 2015;
Zhou et al., 2020).

The nutrient concentration off the Changjiang River Estuary
can be attributed to the discharge of the Changjiang River, Kur-
oshio subsurface water, and Taiwan Warm Current. Based on two

surveys in the winter and summer, Liu et al. (2000) reported that
the Kuroshio subsurface water provided constant nutrient fluxes
to the East China Sea (ECS) shelf, which were considerably great-
er than the Changjiang River inputs. Fang (2004) reported that
the P fluxes discharged by the Changjiang River were relatively
small compared to those from the Kuroshio and the Taiwan
Strait. Chen (1996) confirmed that the nutrients in the ECS shelf
were mainly sourced from the upwelling of Kuroshio subsurface
water, particularly for phosphate. However, how the different
sources of nutrients affect the hypoxia off the Changjiang River
Estuary remains unclear. Moreover, among the numerous nutri-
ents inputs from the Changjiang River, Kuroshio, and Taiwan
Strait, which one is the dominant contributor to the hypoxia off
the Changjiang River Estuary?

Primary production on the ECS shelf is commonly phosphate
limited, especially in the Changjiang River plume where the wa-
ter is rich in nitrite and silicate but relatively low in phosphate
(Chen et al., 2004; Gong et al., 1996; Wang et al., 2015). Based on
in situ observational data in 2003, Chen et al. (2006) reported that
the mean ratios of N/P on the ECS shelf were 22.8+15.0 and
22.0+14.8 in June and August respectively, suggesting that the
growth of phytoplankton was limited by phosphate, as the phyto-
plankton assimilate nitrogen (N) and phosphorus (P) with a Red-
field ratio N:P=16:1. Recently, an N-based model was coupled
with a three-dimensional hydrodynamic model to investigate the
influence of river discharge, and wind on the extent of hypoxia off
the Changjiang River Estuary (Zheng et al., 2016). However, this
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model did not include P and therefore assumed that the growth
of phytoplankton was only limited by light and nitrogen. In our
study, we extend this ecological model to include dissolved inor-
ganic P (DIP) to investigate the influence of different nutrient
sources on the hypoxia off the Changjiang River Estuary.

2 Methods

2.1 Field and satellite data

ECS Environmental Monitoring Center had conducted inter-
disciplinary, comprehensive field surveys off the Changjiang
River Estuary most years. In this study, cross-sectional survey de-
noted as blue dots in Fig. 1 was carried on August 20-25, 2011
and August 12-14, 2012, the sampling stations denoted as red
dots in Fig. 1 were carried on August 10-25, 2011. Monthly aver-
age surface chlorophyll was extracted from MODIS data (http://
oceancolor.gsfc.nasa.gov) inside the model domain and mapped
onto the model grid.

2.2 Physical model

A 3-D hydrodynamic model based on Regional Ocean Model-
ing System (ROMS) was implemented in the ECS and validated
against observation data (Zheng et al., 2016). This model was
built for the ECS (22.3°-53.1°N, 114°-143°E) with a (1/15)° hori-
zontal resolution (Fig. 1a). The model contains 30 vertical layers,
with increased resolution near the surface and bottom.

The model was initialized with climatological temperature
and salinity from the Generalized Digital Environment Model
(GDEM) (Carnes, 2009). The climatological data of Simple Ocean
Data Assimilation (SODA, http://dsrs.atmos.umd.edu/DATA/
soda_2.2.4/) provided the temperature, salinity, and sea level
measurements at open boundaries. Atmospheric forcing was de-
rived from National Centers for Environmental Prediction/Cli-
mate Forecast System Reanalysis (NCEP/CFSR) reanalysis
products (http://rda.ucar.edu/datasets/ds093.0), including 6
hourly wind stress, net heat flux, freshwater flux, and shortwave
radiation. The tidal forcing at open boundary consists of 10 con-
stituents (M,, S,, N,, K,, K, O;, P;, Q,, Mf, Mm) are extracted
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from the global inverse tide model TPX07.2 of Oregon State Uni-
versity (Egbert and Erofeeva, 2002). The freshwater discharge of
the Changjiang River was implemented from monthly mean ob-
servations of the Datong Hydrologic Station (Gao et al., 2012).

2.3 Biological model

The hydrodynamic model was coupled with a nitrogen cycle
model previously published by Fennel et al. (2006). This model
included 10 state concentration variables: nitrate (NO3), am-
monium (NH]), phytoplankton (Phy), zooplankton (Zoo),
chlorophyll (Chl), Small detritus (SDet), Large detritus (LDet),
oxygen (Oxyg), total inorganic carbon (TIC), and total alkalinity
(TALK). In the model, the sources of DO were air-sea gas ex-
change and primary production, and the sink included the zo-
oplankton excretion, nitrification, detritus remineralization and
sediment oxygen consumption (Fennel et al., 2013).

For this study, the model was extended to include DIP. DIP is
absorbed by phytoplankton and released through the excretion
by zooplankton, remineralization of detritus in the water column
and sediment. Phytoplankton growth is limited by temperature,
light and nutrients. It was assumed that the uptake of DIP in the
model by phytoplankton follows Michaelis-Menten dynamics,
with nutrient limitation mainly determined by the most limiting
nutrient, DIN (N limitation, includes NO; and NH} ) or DIP (P
limitation). In the model we used the limitation factors Ly =
LNO; + LNHj for N and Lp for P. They were calculated as follows:

_ Noy] 1 0
NOs kNo; +[NO3] 1+ [NH;]/ kNer 7
[NH, ]
L = 2
i kNHj + [NH] @
Ly = LNO; + LNH4+7 (3)
[DIP]
= 4
P kprp + [DIP} ( )
127°E

121° 122° 123° 124° 125° 126°
1 1 1 1 1 1

a4 a5 a6
e e o
a7 a8 a%al3
e e o o
o *al4

—Box1

Fig. 1. Model domain and water depth (a), the red two-way arrows indicate the Taiwan Strait boundary and Kuroshio boundary,
respectively. In b, Red dots represent station observation in August 2011; blue dots represent observations in August 2011, 2012. The

blue and red rectangles indicate Box1 and Box2, respectively.


http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://dsrs.atmos.umd.edu/DATA/soda_2.2.4/
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0
http://rda.ucar.edu/datasets/ds093.0

60 Zheng Jingjing et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 11, P. 58-72

where [] means concentrations of components; the kNo;' NH
and kp were the half-saturation for the NO; , NH; and DIP up-
take by phytoplankton, respectively. The values of kNo;' NH and
kpip were set to 0.5 mmol/m3 (in terms of N), 0.5 mmol/m3 (in
terms of N) and 0.03 mmol/m3 (in terms of P). The list of biolo-
gical parameters is presented in Table 1.

The growth rate of phytoplankton was closely related to the
light, temperature, and nutrient limitation. It was calculated as

U = Umax(T) - fE) - min(Ly, Lp), )

where Umax (T) was the maximum growth rate of phytoplankton,
which was limited by temperature, and f(E) was the function of
photosynthesis-irradiance relationship.

At the sediment-water interface, the model assumed “instant-
aneous remineralization” by the organic matter (Fennel et al.,
2006, 2013). This represents organic matter that is instantaneous
remineralized into NH; and PO]~ when reaching the sediment.
All P returned to the water column as PO}, but a constant frac-
tion of N is lost through denitrification in the sediment.

The initial and boundary conditions for NH;, PO3~, DO de-
rived from the World Ocean Atlas 2009 (WOA2009, http://www.
nodc.noaa.gov/OC5/WOA09/pr_woa09.html). The initial and
boundary values of ammonium were set to homogeneous, value
of 1 mmol/m3. The initial field of Chl was provided by SeaWiFS
monthly climatological data. SeaWiFS has only surface data, so
the initial value of Chl in the vertical direction was based on the
formula proposed by Morel and Berthon (1989). The initial and
boundary values of phytoplankton, zooplankton, and detritus

Table 1. The parameters used in ecosystem model

concentrations were set to 0.5, 0.25, and 0.25 times the Chl con-
centration, respectively (Liu et al., 2002). The nutrients of the
Changjiang River from the four seasonal surveys were based on
previously reported data (Chen et al., 2012; Gao et al., 2012; Wang
etal., 2016).

The physical model was spun up for 10 years driven by clima-
tological forcing, and then the coupled physical-biological mod-
el was run from January 1, 2006 to December 31, 2012 by realistic
forcing. A series of numerical experiments in 2010 were set up to
study the influence of different nutrient sources (the Changjiang
River, Taiwan Strait, and Kuroshio intrusion) on the hypoxia off
the Changjiang River Estuary.

2.4 Sensitivity experiments

Excess nutrient loading from the Changjiang River enhances
primary production and promotes the expansion of hypoxia off
the Changjiang River Estuary. However, numerous studies sug-
gested that the nutrients from the Taiwan Strait and Kuroshio
were the major sources in the ECS (Chen and Wang, 1999; Li et
al., 2014; Zhang et al., 2007). In order to study the effect of nutri-
ents from the Changjiang River, Taiwan Strait and Kuroshio on
the hypoxia off the Changjiang River Estuary, four sensitivity ex-
periments were conducted. Casel set the nutrients from sea sur-
face to the bottom along the southern boundary (from 114°E to
Taiwan Island) to 0 mmol/m3, which considered only the nutri-
ents from the Changjiang River and Kuroshio. In Case2, the con-
centration of nutrients from the sea surface to the bottom along
the southern boundary (from the Taiwan Island to 124°E) where
Kuroshio water occupied was set to 0 mmol/m3, which con-
sidered the nutrients from the Changjiang River and Taiwan

Parameter Value Unit
Light attenuation by chlorophyll 0.024 86 m!

Light attenuation due to seawater 0.04 (mg-m?2)-1 (in terms of chlorophyll)
half-saturation for phytoplankton NO; uptake 0.5 mmol/m3 (in terms of N)
half-saturation for phytoplankton NH;" uptake 0.5 mmol/m3 (in terms of N)
half-saturation for phytoplankton PO}~ uptake 0.03 mmol/m3 (in terms of P)

Phytoplankton, initial slope of P-I curve 0.025 mol/(g-W-m?-d) (in terms of C)
Phytoplankton growth rate 0.69 d-!
Zooplankton maximum growth rate 0.6 m3/(mmol-d) (in terms of N)
Zooplankton half-saturation constant for ingestion 2 (mmol/m?)? (in terms of N)
Phytoplankton mortality rate 0.15 d-!
Maximum chlorophyll to carbon ratio 0.0535 mg chlorophyll per mg C
Nitrification rate: oxidation of NH; to NO; 0.05 d-1
Half-saturation radiation for nitrification inhibition 0.1 W/m?
Radiation threshold for nitrification inhibition 0.009 5 W/m?
Zooplankton nitrogen assimilation efficiency 0.75 -

Zooplankton mortality rate 0.025 d-!
Zooplankton basal metabolism 0.1 d-!
Zooplankton specific excretion rate 0.1 d-!
Large detritus remineralization rate N-fraction 0.1 d-!
Small detritus remineralization rate N-fraction 0.2 d-!
Large detritus remineralization rate C-fraction 0.1 d-!
Small detritus remineralization rate C-fraction 0.2 d-!
Coagulation rate 0.05 d-!

Vertical sinking velocity for phytoplankton 0.5 m/d

Vertical sinking velocity for large detritus 5.0 m/d

Vertical sinking velocity for small detritus 2.0 m/d

Note: - represents no dimension.
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Strait (Fig. 1b). Case3 set the nutrients input from the Taiwan
Strait and Kuroshio to 0 mmol/m3, which considered only the
nutrients from the Changjiang River. To investigate the impacts
of nutrients input from the Changjiang River on the hypoxia off
the Changjiang River Estuary, the Case4 set riverine nutrients to
zero. In the Base run, the nutrients input from the Changjiang
River, Taiwan Strait, Kuroshio were all included (Table 2).

3 Results

3.1 Model verification

The spatial distribution of the modeled surface Chl was in
agreement with satellite observations (MODIS) in September
2010 in Fig. 2. The root mean square error (RMSE) of surface Chl
was 1.31 mg/m3. In the Box1 and Box2 (Fig. 1b), the modeled res-
ults compared well with the satellite observations, showing high
surface Chl adjacent to the Changjiang River plume and the
Zhejiang coast. Surprisingly, another high value of modeled sur-
face Chl was found in the areas of 30°-31.5°N, 124°-126°E. This

Table 2. Model sensitivity experiment
Nutrients input source

Base Changjiang River +Taiwan Strait + Kuroshio
Casel Changjiang River + Kuroshio
Case2 Changjiang River + Taiwan Strait
Case3 Changjiang River
Case4 Kuroshio + Taiwan Strait
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Both the model and observational data captured the high
PO}~ concentration (>0.5 mmol/m3) at the bottom, but low
(<0.2 mmol/m3) at the surface along the section at 30°N in Au-
gust 2011 (Fig. 3). The PO2™ contours near the coast tilt down-
ward, which suggests the existence of the upwelling.

DO simulated results were consistent with observed data,
showing high DO concentration in surface layer and low DO con-
centration in bottom layer along the section at 30°N in August
2011 and 2012 (Fig. 4). In August 2011, both simulated and ob-
served bottom minimum DO concentrations were less than
4 mg/L. The modeled maximum DO concentration in the surface
layer was 7 mg/L, and the observed maximum DO concentration
was 8 mg/L. In August 2012, the hypoxic zone with DO less than
3 mg/L was captured by the model and observation along the
section at 30°N. The maximum value of DO in the surface layer of
the model and observation was 7 mg/L.

Figure 5 illustrates the comparison between the in situ and
model results of NO3, PO}~ and DO concentrations at the sta-
tions in August 2011 (Fig. 1b). The RMSE of surface NO;, PO3~
and DO concentrations were 1.61 mmol/m3, 0.173 mmol/m3,
0.66 mg/L, respectively. The mean bias (MB) is defined as the dif-
ference between average value of model and observation. The
MB of surface NO; concentration between the model and obser-
vation was acceptable (—0.47 mmol/m3). With regard to the sur-
face POZ_ concentration, MB is 0.012 mmol/m3, which indicates
that the model overestimated the surface PO}~ concentration on
average. The surface DO concentration performed significantly
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better with MB=0.06 mg/L. The concentration of DO in the sur-
face layer is generally high (>6 mg/L).

In Fig. 6, the model results reveal that it can capture the pat-
tern of the circulation in the ECS, such as the Kuroshio, TWC and
Changjiang diluted water (CDW). There were strong northeast
streams originating from the Taiwan Strait (Fig. 6a). It flowed
mostly parallel to the coastline until 28.5°N, and then divided in-
to two branches. The offshore branch flowed east and then
northwest before heading into the Tsushima Strait. The inshore
branch was so weak that it was not easily distinguished from the
surface circulation. It extended northward to the Changjiang
River Estuary along the Zhejiang coast. The distribution of TWC
in the model was comparable to in situ observations (Hu et al.,
2010; Isobe, 2008). The strong Kuroshio originated from east of the
Taiwan Island and flowed northeast into the ECS. The CDW
flowed southwestward along the Zhejiang coast and became a
major part of the Zhejiang coastal current. At the bottom, a
branch of the Kuroshio Current flowed northwest from the north-
east of Taiwan Island, and then flowed northeastward affected by
the terrain after reaching 28°N. In the process of northward intru-
sion, the Kuroshio gradually weakened and was divided into two
branches near 29°N. One branch was weak and continued to in-
trude northward until 31°N, while the second flowed northeast
into the Tsushima Strait along the continental slope.

3.2 Hypoxia variability off the Changjiang River Estuary

Hypoxia is generally defined as DO concentration <2 mg/L
(Diaz and Rosenberg, 1995), although in some studies it has also
been defined as DO concentration <3 mg/L (Chen et al., 2007;
Zhou et al., 2017). In our study, hypoxia is denoted as DO con-

centration <2 mg/L, and we use the term “Low DO” for DO con-
centration between 2 mg/L and 3 mg/L. There was significant
variability of hypoxia in the ECS in July to October (Fig. 7). In July,
no hypoxia was present and only two zones (south, north corner)
indicated Low DO conditions (Fig. 7a). The southern zone of Low
DO was larger than the north, and extended northeastward along
the isobaths from the southwestern and reached as far as nearly
30.5°N. In general, DO concentration was lower in the south part
of the study area, with the minimum DO concentration reaching
2.1 mg/L, which was close to hypoxia. In August, the DO concen-
tration in the bottom was significantly decreased, and the minim-
um DO concentration was less than 2.0 mg/L. Hypoxia occurred
off the Changjiang River Estuary in a small area in the north of
31°N. In September, the hypoxic zone off the Changjiang River
Estuary further expanded. There were two zones where DO con-
centration was less than 2 mg/L and the minimum DO concen-
tration was less than 1 mg/L. In October, the DO concentration in
the bottom water off the Changjiang River Estuary significantly
increased, and the hypoxic zone was disappeared. The bottom
water DO concentration in the northern part was mostly greater
than 3.0 mg/L, but remained low in the south (<3.0 mg/L). This
model captured the seasonal variation of hypoxia, and the simu-
lated results of DO concentration resembled the observed data
(Wang et al., 2012).

3.3 Hypoxia response of P limitation

In order to investigate the influence of P limitation on the
hypoxia, two types of simulation were conducted. The first was
the control simulations (Base), which used the complete model
with DIP. The second (N-only simulations) included only the ori-
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ginal N cycle, and the other settings were the identical. The time

series of simulated hypoxic areas between the Base and N-only

simulation were similar (Fig. 8). We quantified the hypoxic ex-

tent by calculating integrated hypoxic area that had the bottom
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Fig. 8. The simulated hypoxic area (DO concentration<2 mg/L)
between the Base and N-only simulations.

DO concentration below 2 mg/L at each day and integrated over
all days in 2010. This comparison also reveals that, in the N-only
run (simulation without P limitation), the integrated hypoxic area
reached 330.5x103 km?, while it was 250.1x103 km? in the Base
run (simulation with P limitation), a decrease of the integrated
hypoxic area by 24%.

3.4 The contribution of different nutrient sources to the hypoxia off
the Changjiang River Estuary
The input from different nutrient sources strongly influenced
the simulated hypoxic area. By calculating the total area of water
with bottom DO concentration below the threshold value
(<2 mg/L), the extent of the hypoxia can be quantified. In the
Base run, the hypoxic zone developed from August to October,
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Fig.9. The comparison of the simulated hypoxic area (DO con-
centration<2 mg/L) among the sensitivity experiments.

peaking in September (Fig. 9). Our results agreed with previous
studies (Wei et al., 2015). In Casel, without the the nutrients in-
put from the Taiwan Strait, the seasonal variation of the hypoxic
area was almost equivalent to the Base run. The integrated hyp-
oxic area and the Low DO was reduced by 77.8%, and 51.1%, re-
spectively. In Case2, without the nutrients input from the Kur-
oshio, the hypoxic area was almost 0 km?, which was consistent
with Case3, and Low DO was decreased by 86.1%. In Case3, when
there was no nutrients input from the Kuroshio and Taiwan
Strait, the hypoxia disappeared, and the areas of Low DO were al-
most decreased to zero (Table 3). In Case4, without nutrients in-
put from the Changjiang River, the hypoxic area off the Changji-
ang River Estuary was decreased sharply. The hypoxic area de-
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Table 3. The total area of hypoxic area under different
thresholds of DO concentration
Integrated hypoxic area/(10% km?)

Experiment <2 mg/L (hypoxia) <3 mg/L (Low DO)
Base 250.1 1021.6
Casel 55.4 (~77.8%) 499.2 (-51.1%)
Case2 0.7 (-99.7%) 142.1 (-86.1%)
Case3 0 (~100.0%) 3.3 (~99.7%)
Cased 37.0 (-85.2%) 274.5 (-73.1%)

Note: Low DO indicates dissolved oxygen concentration between
2mg/L and 3 mg/L.

creased by 85.2% and Low DO decreased by 73.1% (Table 3).
From the comparison of the these sensitivity experiments, we can
conclude that the hypoxia off the Changjiang River Estuary was
mainly affected by the nutrients input from the Kuroshio, fol-
lowed by the Changjiang River, and the nutrients from the
Taiwan Strait had the least contribution to the hypoxia.

3.5 Changes in surface nutrients off the Changjiang Estuary
In Casel, when the nutrient inputs from the Taiwan Strait
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were set to 0 mmol/m3, the distribution of NO; was consistent
with the Base run, though the value of NO; concentration was
somewhat lower than Base run in the area of 30.5°-31.5°N,
123°-125°E (Fig. 10b). In Case2, when the nutrient inputs were
from the Taiwan Strait and Changjiang River, the concentration
of NO; decreased rapidly eastward to the open shelf. The distri-
bution of NO; was mainly extended northward, with the high
value area of NO3 concentration distributed north of 30.5°N.
Compared with the Base run, the concentration of NO; in the
south of 30.5°N and the area of 30.5°-31.5°N, 123°-~125°E was sig-
nificantly decreased (Fig. 10c). In Case3, the NO; originated only
from the Changjiang River and it mainly extended northward in
summer due to the southward monsoon (Chang and Isobe,
2003). In Case3, the NOj distribution was mainly present at the
north of 30.5°N, while it was negligible at the south of 30.5°N (Fig.
10d). The NOj distribution in Case3 was similar with that of
Case2. In order to quantitatively examine the nutrient influence
from different origins on the hypoxia off the Changjiang River Es-
tuary, two hypoxic zones (Box1, Box2) were selected (Fig. 1b).
The model daily mean NO; amount in Box1 and Box2 were care-
fully calculated from July to October 2010, respectively (Figs 10e, f).
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Fig. 10. The monthly mean NOj concentration distribution at the sea surface in September 2010 among the different sensitivity
experiments (a—d). The total NO; amount in Box1 (e) and Box2 (f) (refer to Fig. 1b) from July to October, respectively.
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The trend and value of NO; concentration in Casel were similar
to the Base run, both in southern region (Box1) and northern re-
gion (Box2). Furthermore, the NO3 concentration in Casel was
nearly an order of magnitude larger than that of Case2 and Case3
in the Box1. This indicated that off the coast of Zhejiang, the NO;
was mainly sourced from the Kuroshio, and that the amount of
nutrients transported from the Taiwan Strait or the Changjiang
River was very small. A similar result was reported by Liu et al.
(2000).

From the comparison of PO~ distributions in Casel and
Case2 (Figs 11b, c), we determined that the P02~ concentration
was higher in Casel off the coast of Zhejiang and the area of
31°-32°N, 121.5°-123°E, but lower in the area of 30°-31°N,
123°-126°E. While in Case3 PO3™ concentration was sharply re-
duced. The PO3™ concentrations in Casel contributed to Box1
and Box2 more than in Case2 (Figs 11e, f). In Case3, the PO}~
concentration was the lowest compared with that of Casel or
Case2. Therefore, the PO}~ presents off the Changjiang River Es-
tuary originated mainly from the Kuroshio, with less input from
the Taiwan Strait and Changjiang River.
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4 Discussion

The coupled physical-biological model for the ECS was ap-
plied to investigate the development of hypoxia off the Changji-
ang River Estuary in 2010. The spatial patterns of simulated nutri-
ents, DO and Chl were similar to those collected from in situ ob-
servations and remotely sensed data. However, in some areas
there were deviations from the observed results. These may have
arisen from the use of monthly averaged data for the Changjiang
River nutrient inputs, due to insufficient observed data. The res-
ults of model validation determined that the coupled model of
ROMS-Fennel can successfully reproduce the variations of biolo-
gical variables and the hypoxia off the Changjiang River Estuary.

4.1 The effect of P limitation on the hypoxia off the Changjiang
River Estuary
The P limitation reduced the magnitude of hypoxia com-
pared with the N-only simulation. We attribute this to the fact
that P limitation dilutes the effect of eutrophication off the
Changjiang River Estuary. As a result, it reduces the primary pro-
duction, which will lead to less DO consumption by organic mat-
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Fig. 11. The monthly mean PO}~ concentration distribution at the sea surface in September 2010 among the different sensitivity
experiments (a-d); the total PO3~ amount in Box1 (e) and Box2 (f) from July to October, respectively.
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ter decomposition. Thus, bottom DO depletion is reduced, and
hypoxia decrease. In future studies, we will explore the individu-
al contribution of different nutrient (NO; or PO3™) to hypoxia off
the Changjiang River Estuary. Furthermore, we will attempt to
solve the more practical problems of how far the individual nutri-
ents (N or P) or combined nutrients load would have to be re-
duced to effectively relieve the hypoxia.

4.2 The influence of different source of nutrients on the hypoxia
Since the distributions of NO; and POi_ in Casel were simil-
ar to the Base run (Figs 10 and 11), the corresponding distribu-
tion of Chl was also comparable with the Base run, though
slightly less (Figs12a, b). In Casel, when set the nutrients input
from the Taiwan Strait to zero, it had little influence on the sur-
face Chl, only impacted the surface Chl in the southern region
(Box1) and the area of 30.5°-31.5°N, 124.0°-125.5°E. In addition,
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there were three high Chl concentration cores in the Base run
and Casel. One was in the southern region (Box1), second was in
the northern region (Box2) and the third of particular interest
was located at the area of 30.5°-31.5°N, 124.0°-125.5°E. In Casel,
the total Chl amount was tightly correlated with the Base run
both in Box1 and especially in Box2 (Figs 12e, f). Similarly, the
volume-averaged Chl in September reduced by 11% in southern
region and 4% in the northern region compared with Base run
(Table 4). In Case2, removing the nutrients input from the Kur-
oshio had strongly effect on the surface Chl in the southern re-
gion (Box1). Surface Chl also decreased in the northern region,
especially near Zhoushan Islands (Fig. 12¢). The volume-aver-
aged Chl in southern region and northern region decreased by
69% and 23% relative to the Base run , respectively (Table 4). In
Case3, when there was no nutrients input from the open ocean,
the surface Chl maintained a high value in the northern region.
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Fig. 12. The monthly mean chlorophyll (Chl) distribution at the sea surface in September 2010 among the sensitivity experiments
(a—d). The total Chl amount in Box1 (e) and Box2 (f) from July to October, respectively.
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Table 4. The volume-averaged chlorophyll concentration
(mg/L) in sensitivity experiments in September 2010
Region Base Casel Case2  Case3  Case4

Box1 1.54(100%)1.37(89%)0.48(31%)0.18(12%) 1.36(88%)
(southern region)
Box2
(northern region)

3.24(100%)3.12(96%)2.48(77%)2.20(68%) 1.89(58%)

While the monthly mean Chl deceased dramatically in the south-
ern region and near the Zhoushan Islands. And we did not detect
any high Chl concentration cores in the southern region, which is
similar to Case2 (Figs 12c, d). Without the nutrients input from
the Kuroshio and Taiwan Strait, the volume-averaged Chl in
September reduced by 88% in southern region and 32% in the
northern region.

In Case4, without the nutrients input from the Changjiang
River had little effect on the surface Chl in the southern region.
The high Chl concentration cores were still remained in the
southern region and the area of 30.5°-31.5°N, 124.0°-125.5°E.
However, the monthly mean surface Chl concentration was obvi-
ously decreased in the northern region (Fig. 13a). Removing the
nutrients input from the Changjiang River, the volume-averaged
Chl in southern region and northern region decreased by 12%
and 42% compared with the Base run, respectively. In other
words, the nutrients input from the Changjiang River fuel about
42% of Chl biomass in the northern region. Among the sensitivity
experiments, the nutrients input from the Changjiang River made
the largest contribution to Chl in the northern region. In a word,
we can conclude that the Chl in the northern region (Box2) was
mainly driven by the supply of nutrients from the Changjiang
River. This was related to that the nutrients input from the Chang-
jiang River extend northeastward in summer due to the prevail-
ing southwest wind (Chang and Isobe, 2003). However, the Chl in
the southern region (Box1) was controlled by the nutrients from
the Kuroshio. The possible reason for this was that compared
with the Changjiang River, the Kuroshio current provided a lar-
ger amount of nutrient to the ECS shelf to promote the growth of
phytoplankton (Xu et al., 2018). And the nutrient input from the
Taiwan Strait made little contribution to the Chl in the northern
region and southern region. These results were consistent with
the results reported in the study conducted by Xu et al. (2020).

In Casel, from the monthly mean DO concentration distribu-
tion at the bottom in September (Fig. 14b), the hypoxia disap-
peared, while the Low DO remained (Figs 14e, f). In Casel, the

120°
33°
N

121°

122° 123° 124° 125° 126°E

32°

31°

30°

29°

Chlorophyll concentration/(mg-m?)

28°

minimum value of DO concentration less than 2 mg/L appeared
off the Changjiang River Estuary in August, September and early
October which was the same as that in Base run. Additionally, in
Casel, the minimum value of bottom DO concentration in Box1
and Box2 were reduced to 0.83 mg/L and 1.47 mg/L, respectively.
Table 5 showed that without the nutrients input from the Taiwan
Strait, the integrated Low DO area decreased by 45% in the
southern region and 52% in the northern region with respect to
the Base run. Among the four sensitivity experiments, the nutri-
ents input from the Taiwan Strait has the least contribution to the
integrated Low DO area. While in Case3, the hypoxia and Low
DO both completely disappeared, and the minimum value of
bottom of DO concentration was basically greater than 3 mg/L
(Figs 14e, f). This was mainly due to a significant decrease in the
Chl concentration, which lead to a decreased consumption of DO
by the decomposition of organic matter, eventually resulting in
an increased DO concentratrion in the bottom layer and the dis-
appearance of hypoxia.

In Case2, due to a lack of NOj in the south of 30.5°N, the Chl
concentration was lower in this area than in the Base run. The
hypoxia completely disappeared, and the zone of Low DO was al-
most negligible (Fig. 14c). The decrease in Chl concentration res-
ulted in decreased DO consumption by the decaying of dead
phytoplankton, which eventually lead to the disappearance of
hypoxia. In Case2, there was no hypoxia off the Changjiang River
Estuary from July to October (Figs 14e, f). The minimum value of
bottom DO concentration in Box1 and Box2 were reduced to
2.11 mg/L and 2.21 mg/L, respectively, which was almost twice as
much as Casel. Removing the nutrients input from the Kuroshio
reduced the integrated Low DO area by 90% and 84% in the
southern region and northern region, respectively (Table 5). This
indicated that the hypoxia was dramatically influenced by the
nutrient from the Kuroshio, and the contribution of Kuroshio nu-
trient to the Low DO in the southern region is slightly greater
than that in the northern region.

In Case3, the concentration of Chl was the lowest among the
sensitivity experiments (Fig. 12d). As a result, the bottom DO
concentration was significantly increased and hypoxia was ab-
sent due to the decomposition of organic matter being reduced
in the bottom water (Fig. 14d). The minimum value of DO con-
centration was generally greater than 4 mg/L in Box1, and great-
er than 3 mg/L in Box2 (Figs 14e, f). And the integrated Low DO
area was almost reduced to zero both in the southern and north-
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Fig. 13. The monthly mean chlorophyll concentration distribution at the sea surface in September 2010 in Case4 (a); the monthly
mean DO concentration distribution at the sea bottom in September 2010 in Case4 (b).
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Fig. 14. The monthly mean DO concentration distribution at the bottom in September 2010 among the sensitivity experiments (a-d).
The minimum value of DO concentration at the sea bottom water in Box1 (e) and Box2 (f) from July to October, respectively.

Table 5. Integrated Low DO area (103 km?) in Box1 and Box2
in each experiment in 2010
Base

Casel Case2 Case3 Case4

Box1
(southern region)
Box2
(northern region)

Note: Low DO indicates dissolved oxygen concentration between
2mg/L and 3 mg/L.

415(100%) 227(55%) 41(10%) 0(0%) 178(43%)

555(100%) 264(48%) 90(16%) 2(0%) 90(16%)

ern regions (Table 5).

In Case4, when there was no nutrients input from the Chang-
jiang River, the volume-averaged Chl decreased by 42% in north-
ern region, which caused an increase in oxygen levels at the bot-
tom layer through less decomposition of organic matters. As a
result, the DO concentration in bottom layer increased signific-
antly (Fig. 13b), and the integrated Low DO area decreased by 84%
in the northern region (Table 5). In the southern region, the

volume-averaged Chl was obviously greater than that in the
northern region, which would lead to more DO consumption.
Thus, the integrated Low DO area in the southern region was re-
markably larger than that in the northern region. In other words,
the nutrients input from the Changjiang River made more contri-
bution to hypoxia in the northern region than that in the south-
ern region.

Above all, it can be concluded that the nutrients input from
the Kuroshio contributed most to the hypoxia off the Changjiang
River Estuary. The nutrients input from the Changjiang River
played a more important role in the hypoxia in the northern re-
gion than that in the southern region. And the hypoxia off the
Changjiang River Estuary was not strongly affected by the nutri-
ents input from the Taiwan Strait. Zhou et al. (2017) illustrated
that what are the roles of nutrient from the river and Kuroshio in
the hypoxia off the Changjiang River Estuary. The author found
that the maximum hypoxia extent increased by 29% associated
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with the Kuroshio nutrient up 25%, while the maximum hypoxia
extent increased by 14% with the riverine nutrient up 30%. This
showed that the Kuroshio nutrient had a greater effect on the
hypoxia off the Changjiang River Estuary with respect to the riv-
erine nutrient. These findings are consistent with our results.

4.3 Mechanisms of nutrient transport and influence on hypoxia
Off the coast of Zhejiang, the high nutrient and Chl concen-
trations were reproduced in the numerical experiment of Casel.
We propose a forcing mechanism to explicate this phenomenon
(Fig. 15). During the process of the Kuroshio mainstream turning
from the east of Taiwan Island to the northeast, the northwestern
Kuroshio subsurface water is detached from the Kuroshio main-
stream, forming a nearshore Kuroshio branch current (NKBC)
(yellow arrows, Fig. 15). The NKBC continuously transported the
nutrients from the Kuroshio to the bottom water off the coast of
Zhejiang, bringing them to the surface through the upwelling.
The upwelling off the coast of Zhejiang was influenced by the
combination of CDW and TWC. The TWC flowed almost parallel
to the coast of China in the upper 60 m depth until it reached
28°N (blue arrows, Fig. 15), before suddenly turning east. Due to
the large velocity shear effect of the southward CDW and the
northeastward TWGC, it had strong positive vorticity that caused a
strong upwelling off the coast of Zhejiang. Therefore, the bottom
PO}~ and NOj; were absorbed by the phytoplankton through the
upwelling to euphotic layer, which promoted the growth of
phytoplankton, and increased the concentration of Chl off the
coast of Zhejiang. In addition, the NO; and PO] ™ carried by the
upwelling off the coast of Zhejiang were further transported to
the areas of 30.5°-31.5°N, 124.0°-125.5°E by the northeastward
TWC. In this area, a large density of phytoplankton with a con-
stant supply of NO; and PO, resulted in a high Chl concentra-
tion. Due to the high concentration of Chl off the coast of Zheji-

ang, the bottom DO concentration was reduced through contin-
ued decomposition of organic matter, ultimately leading to hyp-
oxia off the coast of Zhejiang. We propose that the hypoxia off the
coast of Zhejiang was likely attributed to the NKBC and up-
welling.

5 Conclusions

In this study, we utilized a physical-biogeochemical model to
investigate the influence of various nutrient sources on the hyp-
oxia off the Changjiang River Estuary. Our model was compar-
able with observations and reasonably reproduced the variability
of biological variables and the distribution of hypoxia. We illus-
trated the effect of P limitation inducing a reduction in hypoxia
off the Changjiang River Estuary. Simulations also demonstrated
that the different sources of nutrients had various impacts on the
bottom DO concentrations and hypoxia formation off the Chang-
jiang River Estuary. When the nutrients originated from the
Changjiang River and Kuroshio, the distribution of nutrients off
the coast of Zhejiang showed good consistency with the Base run,
and also maintained high Chl content. Ultimately, although the
hypoxic area was decreased, the seasonal variation in the hypox-
ic area was almost coincident with the Base run. The nutrients in-
put from the Taiwan Strait had little impact on the hypoxia in the
northern region and southern region. Adjusting the nutrients in-
puts from the Kuroshio to zero led to the significantly reduction
in the concentrations of nutrients and Chl off the coast of Zheji-
ang, which resulted in the disappearance of hypoxia, and Low
DO decreased by 86.1%. When there were no nutrients input
from the open ocean, both nutrients and Chl were further re-
duced, resulting in the disappearance of the hypoxia and Low DO
conditions. Without the nutrients input from the Changjiang
River, the integrated Low DO decreased by 84% in the northern
region and 57% in the southern region, respectively. The nutri-
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ents input from the Changjiang River contributed more to the
hypoxia in the northern region than that in the southern region.

Overall, the nutrients input from the Kuroshio make the most
contribution to the development of hypoxia off the Changjiang
River Estuary, follow by the Changjiang River, and The Taiwan
Strait have the smallest contribution. Although the hypoxia off
the Changjiang River Estuary is more responsive to the Kuroshio
nutrient than the riverine nutrient, the nutrients input from the
Changjiang River have a direct effect on the hypoxia. This im-
plies that reducing the riverine nutrients loading is likely to re-
duce the hypoxia, effectively.
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