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Abstract

The East China Sea (ECS) is a marginal sea with high productivity, especially in the summer. In the Zhejiang coastal region
of the ECS, the large local phytoplankton biomass in summer is attributed to the nutrients pumped up by Zhejiang coastal
upwelling (ZCU), and oceanic nutrients supplied by the Kuroshio intrusion (KI) onto the continental ECS. However, the
interannual variations in these two processes are not consistent, which complicates coastal nutrient supplies. In this study, to
distinguish the contributions of ZCU and KI to the interannual variations of nutrient supplies, nutrient concentrations, and
phytoplankton biomass, a physical-biochemical coupled model was applied. According to the model results and observations,
the years 2013 and 2018 were identified as strong and weak ZCU years within the 2010-2018 period, respectively. In 2013,
nutrient and chlorophyll-a concentrations were higher than 2018 in coastal areas, but nutrient concentrations were lower than
2018 at the bottom of wide offshore areas. Strong wind stress in 2013 induced strong ZCU and shoreward net nutrient flux along
the 60-m isobath, which was seaward in 2018. The fewer nutrient supplies from KI in the spring of 2013 decreased the nutrient
concentrations at the bottom of offshore areas, but its influence on nearshore nutrient concentrations was not as obvious as that
caused by ZCU. Phytoplankton biomass in the nearshore and offshore areas reflected different mechanisms of nutrient supplies.
In conclusion, the intensity of ZCU, rather than KI, is the principal factor influencing the coastal primary productivity of the

ECS in summer.
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Key Points:

e A strong upwelling year and a weak upwelling year are identified from 2010 to 2018
based on model results and observations.

e (Coastal upwelling and Kuroshio intrusion mainly control the nutrient supply in nearshore
and offshore areas, respectively.

e Nearshore chlorophyll-a and offshore subsurface chlorophyll maximum are accordingly
determined by ZCU and KI intensities, respectively.
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Abstract

The East China Sea (ECS) is a marginal sea with high productivity, especially in the summer. In
the Zhejiang coastal region of the ECS, the large local phytoplankton biomass in summer is
attributed to the nutrients pumped up by Zhejiang coastal upwelling (ZCU), and oceanic
nutrients supplied by the Kuroshio intrusion (KI) onto the continental ECS. However, the
interannual variations in these two processes are not consistent, which complicates coastal
nutrient supplies. In this study, to distinguish the contributions of ZCU and KI to the interannual
variations of nutrient supplies, nutrient concentrations, and phytoplankton biomass, a physical-
biochemical coupled model was applied. According to the model results and observations, the
years 2013 and 2018 were identified as strong and weak ZCU years within the 2010-2018
period, respectively. In 2013, nutrient and chlorophyll-a concentrations were higher than 2018 in
coastal areas, but nutrient concentrations were lower than 2018 at the bottom of wide offshore
areas. Strong wind stress in 2013 induced strong ZCU and shoreward net nutrient flux along the
60-m isobath, which was seaward in 2018. The fewer nutrient supplies from KI in the spring of
2013 decreased the nutrient concentrations at the bottom of offshore areas, but its influence on
nearshore nutrient concentrations was not as obvious as that caused by ZCU. Phytoplankton
biomass in the nearshore and offshore areas reflected different mechanisms of nutrient supplies.
In conclusion, the intensity of ZCU, rather than KI, is the principal factor influencing the coastal
primary productivity of the ECS in summer.

Plain Language Summary

The Zhejiang coastal region in the East China Sea is one of the most important fishing grounds
in China. The highest productivity in this region appears in summer. It is reported that the coastal
productivity benefit from the nutrients transported by local upwelling in summer and Kuroshio
intrusion from the open sea in spring. To reveal the contributions of the two processes, we used a
numerical model to investigate the nutrient supply and phytoplankton biomass influenced by the
upwelling and Kuroshio intrusion. The results showed that the more intense alongshore wind in
summer induced stronger upwelling, and significantly increased nutrient supply in nearshore
areas. The Kuroshio intrusion mainly influenced the nutrient supply from the open sea and the
nutrient concentrations in offshore areas at the sea bottom. The nearshore nutrient supply and
phytoplankton biomass are primarily determined by the intensity of upwelling and secondarily
influenced by that of Kuroshio intrusion. This study distinguished the effects of local and remote
processes, and highlighted the contributions of the local process at an interannual time scale.

1 Introduction

Upwelling is a worldwide phenomenon that transports deep cold water to the upper layers and
decreases sea surface temperature (SST; Jing et al., 2011; Xie & Hsieh, 1995). Deep nutrient-rich
water is pumped up to the euphotic layers, thereby promoting local primary production and the
associated species interactions (Capone & Hutchins, 2013; Hu & Wang, 2016; Menge & Menge,
2013). Upwelling systems are widely distributed in open oceans. In the Eastern Boundary
Upwelling Systems, upwelling induced by alongshore winds appear over a wide range of
latitudes in coastal areas (Sydeman et al., 2014; Wang et al., 2015). Marine fish caught in these
upwelling regions account for 20% of the fish caught globally (Fréon et al., 2009). In equatorial
regions, upwelling generated by trade winds can decrease iron limitation and promote primary
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production (Strutton et al., 2004). In some marginal seas, upwelling induced by local seasonal
winds (e.g., the Asian monsoon) also plays an important role in regulating biological
productivity. In the western Arabian Sea, the area of water with high biomass caused by the
Oman Coastal Upwelling extends up to 700 km offshore (Barber et al., 2001). Correlations
between upwelling and biological production are also found in many other marginal seas, such as
that south of Madagascar (Ramanantsoa et al., 2018), the eastern Great Australian Bight (van
Ruth et al., 2018), the southwestern Japan Sea (Hahm et al., 2019), and the East China Sea (ECS;
Hu et al., 2014).

Many quantitative indices, defined by the causes or effects of upwelling, have been used to
describe the intensity of upwelling. Bakun (1973) introduced a coastal upwelling index based on
wind-induced Ekman transport and evaluated the temporal and spatial variations in upwelling
along the west coast of North America. Bograd et al. (2009) further developed this index and
found a delayed and weak upwelling in El Nifio years in the California Current System. The
Ekman pumping induced by wind stress curl is also an important cause of upwelling in some
regions, such as the Peru Current System (Albert et al., 2010) and the South China Sea (Wang et
al., 2013). The effects of upwelling, such as lower SST and higher chlorophyll-a (Chl-a)
concentration, were also used to determine the intensity of the upwelling. The weakening
upwelling in the northern Arabian Sea is indicated by an increase in SST and a decrease in Chl-a
concentration (Lahiri & Vissa, 2022). Using the difference in SST between the upwelling area
and the surrounding area, the lifecycle of short-term upwelling processes northeast of Taiwan
was determined to be approximately 15+5 days (Yin & Huang, 2019). Using these indices, it was
found that upwelling in the low-latitude regions of Eastern Boundary Upwelling Systems exists
almost year-round (Wang et al., 2015), but the upwelling induced by monsoons only exists in a
certain season when the wind field favors its formation (Ningsih et al., 2013; Villanoy et al.,
2011).

The intensity of upwelling presents interannual variations that are important for biological
production. The interannual variability of seasonal upwelling was found to be greater than that of
existing year-round upwelling (Nykjer & Van Camp, 1994). Sun et al. (2016) suggested that El
Nifio-Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) could enhance or
weaken the summer monsoon in the ECS, respectively, and also affect the intensity of upwelling.
Using numerical simulations, Jacox et al. (2015) pointed out that wind and remote forcings (e.g.,
ENSO and PDO) drive the interannual fluctuations of the upwelled nitrate flux in the California
Current System. In the South China Sea, an abnormally strengthened coastal upwelling,
indicated by satellite-derived SST, was the reason for an unusual coastal phytoplankton bloom in
the summer of 2018 (Hu et al., 2021). Along the northwestern coast of the Iberian Peninsula,
Picado et al. (2014) found that summer upwelling was strong during the years with the highest
Chl-a concentrations (over 7 mg/m?).

The ECS (Fig. 1) is a marginal sea in the northwestern Pacific Ocean, with high biological
productivity (Shan et al., 2011; Tan & Shi, 2006). In summer, the southwest monsoon creates
favorable conditions for the northeastward alongshore current and the occurrence of the Zhejiang
coastal upwelling (ZCU; Gan et al., 2016; Hu et al., 2016; Liu et al., 2021a). Both satellite-
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derived data and numerical simulations indicate that the ZCU occurs in nearshore areas within
the 60-m isobath in summer (Lou et al., 2011; Lii et al., 2007). Although the ZCU is close to the
Changjiang River, the largest river in China, the discharged nutrient-rich freshwater mainly
flows northeastward, away from the ZCU (Liu et al., 2021b). The Kuroshio intrusion (KI) on the
continental shelf of the ECS is the major nutrient source of the ZCU, particularly a phosphate
source. The coastal ECS is dominated by N-rich water and exhibits P-limitation (Wang, 2006;
Wang et al., 2003). A nearshore branch current with a low N/P ratio originates from the
Kuroshio subsurface water northeast of Taiwan (NKBC in Fig. 1b) and intrudes into the ECS
continental shelf (Yue et al., 2021; Zhou et al., 2018). In climatological numerical experiments,
the NKBC extends shoreward and northeastward, and reaches the Zhejiang coastal region in
summer (Xu et al., 2018; Yang et al., 2011). The ZCU then transports this water with a low N/P
ratio to the sea surface, which relieves P-limitation and promotes primary production (Xu et al.,
2020). Evidence of upwelled P-rich water was also found through in situ observations (Chen et
al., 2021; Wang & Wang, 2007). Therefore, the ZCU and KI, two successive processes, jointly
supply nutrients to the Zhejiang coastal region when ZCU occurs.

The intensities of the ZCU and KI are both characterized by obvious interannual variations. As
indicated by satellite-derived SST, the maximum cold-water coverage of the ZCU in a year
varies from 17000 km? to 25000 km? (Lou et al., 2011). Through numerical simulation, it was
found that the transport of phosphate from KI to the continental ECS varies from -0.25 kmol/s to
0.30 kmol/s, which is attributed to the shift of the Kuroshio axis (Lin et al., 2019). However,
according to previous studies, the interannual variations in the intensities of these two processes
seem inconsistent. As revealed by SST-derived indices, the intensity of the ZCU demonstrated a
decreasing trend in the period 1993-2007 (Yang et al., 2020). The intensity of KI, as indicated
by the onshore flux, showed an increasing trend during the same period (Li et al., 2013). In
addition, the most intense years for the two processes were different. Such inconsistency
probably affects the nutrient supply to the ECS shelf as well as coastal primary production,
which cannot be determined by climatological research. However, this inconsistency has not
drawn sufficient attention, and the contributions of these two processes have not yet been
investigated.

In this study, a three-dimensional physical-biochemical coupled model was used to distinguish
the effects of ZCU and KI on nutrient supply and phytoplankton biomass in the ECS. Section 2
describes the model and observation data. Section 3 presents the distributions of the water
temperature, vertical velocity, nutrients, and Chl-a concentrations. Section 4 discusses the
contributions of the ZCU and KI to nutrient fluxes and phytoplankton biomass, and the factors
controlling the two processes. Finally, a summary of the study is presented in Section 5.



153
154
155
156
157
158
159
160
161
162

163

164

165

166
167
168
169
170
171
172
173
174
175
176
177

manuscript submitted to Journal of Geophysical Research: Oceans

(a) se‘ © Liaohe ot 5000 (b) 30
Luanhe 60
o o A\ 32°N o)
39°N Ml _° 50 % 2000 ) "
l; h 03?0 H...;%,}% (Yangtze) Cl{ri':ﬂ?;g
uanghe Z
(Yellow) 9\!\ 1000 Hangzhou 60
36°N 500 30°NA Qiantanggang >
. e G 200 Zhejiang
i . I
EChan;iang bh . : 100 28°N.
. " - - 50
30°N :Qiantangjiang:' Y A
| 2
Zhejiang .:'-._‘ L 20 Minjiang
: \ 26°NY O  NKBC [Baoo
27°N : b 10 > Kuroshio
W 0y v
A & L N Taiwan
| Talwa . 2 ¥
24°N — 24°N

|
120°E  122°E  124°E  126°E

120°E 123°E 126°E 129°E

Figure 1. (a) Map of the model domain and (b) enlarged coastal East China Sea (ECS). Scatters
in (a) denote coastal nutrient sampling sites in the summer of 2013 and 2018, among which red
circles are the sites of this study, blue squares are the sites from Yu (2014), black triangles are
the sites from Lyu et al. (2020). Blue-white dots in (a, b) are the positions of inflow from rivers.
ZC region: Zhejiang coastal region, EZC region: East Zhejiang coastal region, NKBC: nearshore
Kuroshio Branch Current. Sections N27, B60, and N30 are the open boundaries of the ZC
region. A, B, C, and D represent the endpoints of the sections N27, B60, and N30. Section M is a
cross-shelf section. Section B200 is the location where NKBC intrudes into the ECS. The gray
lines represent the isobaths.

2 Methods

2.1 Model description

The three-dimensional physical-biochemical coupled model used in this study consists of two
modules. The physical module is based on the Princeton Ocean Model (Blumberg & Mellor,
1987; Mellor, 2003), and the biochemical module is based on the biological part of the
NORWECOM (Skogen & Seiland, 1998). The physical module provides the water temperatures,
current velocities, and turbulent viscosity coefficient to the biochemical module. There are seven
state variables in the biochemical module: dissolved inorganic nitrogen (DIN), dissolved
inorganic phosphorus (DIP), silicate, diatoms, flagellates, detritus, and biogenic silica. The
biomass of both diatoms and flagellates was quantified using the concentrations of Chl-a.
Detailed information on the physical module and coupled model has already been given in the
previous studies (Guo et al., 2006; Wang et al., 2008; Wang et al., 2019; Zhao & Guo, 2011).
The horizontal resolution of the model was 1/18° (~6 km), and there were 21 terrain-following
sigma layers in the vertical direction.
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The model domain is 117.5-131.5°E, 24.0-41.0°N, which covered the Bohai Sea, Yellow Sea,
and ECS (Fig. 1a). The Zhejiang coastal (ZC) region is defined as the enclosed area surrounded
by three open boundaries and the coastline of Zhejiang Province (Fig. 1b). Sections N27 and
N30 are the southern and northern open boundaries, which are located along the latitudes of
27°N and 30°N, respectively. Section B60 is set as the 60-m isobath, separating the ZC region
from the outer sea. The endpoints of the three sections are denoted as A, B, C, and D. The cross-
shelf section M extends from (121.5°E, 28.5°N) to (122.5°E, 27.5°N). According to previous
studies on water exchange, the Kuroshio intrudes into the continental ECS through the 200-m
isobath from the area northeast of Taiwan Island (Li et al., 2013; Liu et al., 2014; Zhang et al.,
2019; Zhou et al., 2015). Therefore, in this study, the southwestern part of the 200-m isobath is
defined as section B200 (Fig. 1b). The flux of nutrients through B200 was calculated to evaluate
the effects of KI.

2.2 Model configurations

The model results of the climatologically seasonal variations in the physical and biochemical
variables of the ECS have been validated and analyzed by Wang et al. (2019). In this study, the
climatological results on 1 January from Wang et al. (2019) were used as the initial conditions.
The model was integrated for 3 years, driven by the forcings of 2010, and then integrated
continuously for 9 years, from 1 January 2010 to 31 December 2018. The model results from
2010 to 2018 were used to analyze the interannual variations.

Atmospheric forcing data from 2010 to 2018, including wind stress, sea surface pressure, surface
net heat fluxes, evaporation, and precipitation, were derived from the ERA-interim reanalysis
dataset of the European Center for Medium-Range Weather Forecasts (ECMWF; Dee et al.,
2011). The data with a spatial resolution of 1/8° were interpolated to model grids. The model
was driven by the 6-hourly wind stress data and the daily means of other atmospheric fluxes. The
monthly runoff of the Changjiang River from 2010 to 2018 was obtained from the China River
and Sediment Bulletin. The riverine DIN and DIP concentrations of the Changjiang River were
set as constants (118.4 mmol/m? for DIN, 1.3 mmol/m? for DIP) according to observations in
2014 by Liang & Xian (2018). The physical open boundary conditions from 2010 to 2018,
including the monthly means of the sea level, water temperature, salinity, and velocity, were
obtained from the results of an assimilative model of the Japan Coastal Ocean Predictability
Experiment (JCOPE2; Miyazawa et al., 2009). The other forcing data were set to be the same as
those of Wang et al. (2019), therefore, they did not have interannual variations. These forcing
data included (1) the nutrients from atmospheric deposition; (2) the freshwater runoff and
riverine nutrient concentrations from rivers except for the Changjiang River; (3) the monthly
concentrations of suspended particulate matter in the water; and (4) the nutrient concentrations
and tidal constituents along the open boundary.

To quantitatively investigate the effects of the atmospheric forcing, river runoff from the
Changjiang River, and KI on the nutrient supply and Chl-a concentration in the ZC region, four
numerical experiments were carried out for the reference years 2013 and 2018. The details of
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each numerical experiment are listed in Table 1. The 2018 simulation was set as the CONTROL
run. The wind stress and other atmospheric conditions, including evaporation, precipitation, sea
level pressure, and air-sea heat flux, were changed to those of 2013 in the experiments labeled as
WIND and OTHERS, respectively. In the KURO experiment, the southern open boundary
conditions were changed to those of 2013 to represent the change of KI northeast of Taiwan. In
the RIVER experiment, the Changjiang River runoff was changed to that of 2013.

Table 1

Forcing conditions for the numerical experiments.

Other atmospheric Southern open

Experiment Wind stress forcings except for boundary Chan%]l:iﬂ%lever
wind stress conditions
WIND 2013 2018 2018 2018
OTHERS 2018 2013 2018 2018
KURO 2018 2018 2013 2018
RIVER 2018 2018 2018 M

2.3 Observations

The daily SST data from 2010 to 2018 are acquired from the Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA) system (Donlon et al., 2012). The spatial resolution
of this SST data is 1/20°. In addition, the hourly satellite surface Chl-a concentrations were
obtained from the Geostationary Ocean Color Imager (GOCI) provided by Korea Ocean Satellite
Center (Ryu et al., 2012). The spatial resolution of this Chl-a data is 500 m. The satellite-derived
SST and surface Chl-a concentrations are used to validate the modeled results.

In this study, samples for nutrient analysis were collected by R/V haili at 57 stations in the
coastal areas of the ECS in the summer (5 to 19 August) of 2018 (Fig. 1a). The concentrations of
DIN and DIP (unpublished data) were measured using a continuous-flow analyzer
(AutoAnalyzer 3, Seal Analytical Ltd., UK) (SEAL Analytical Ltd., UK) (Zhao et al., 2018).
Besides, the nutrient concentrations in August of 2013 derived from Yu (2014), and the DIN
concentrations in July of 2018 derived from Lyu et al. (2020) are also collected (Fig. 1a) to
validate the model results in summer when the ZCU prevails.

3 Results

3.1 Developing processes of the ZCU

The ZCU occurs in summer when the southwest summer monsoon prevails along the coastline of
the ECS. The distributions of the 9-year average SST from late spring to early autumn indicate
the developing processes of the ZCU (Fig. 2). In June (Fig. 2a), the SST decreased from south to
north owing to the meridional variations in solar radiation. Cold water with a temperature lower
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than 26 °C extended southward along the coastline of Zhejiang Province. The SST decreased
from the open sea to the coast. In July (Fig. 2b), SST became warmer than that in June. The
warm water extended northwestward from the open sea to the coastal areas. The 28 °C isotherm
reached north to the latitude of 30°N. Near the coast of Zhejiang Province from the latitude of
28°N to 31°N, there was an isolated cold-water band enclosed by the 26 °C isotherm, which is
thought to be the evidence of the formation of the ZCU. In August (Fig. 2c), the SST was high
and became comparably uniform throughout the ECS owing to the strong solar radiation. The
cold-water band enclosed by the 28°C isotherm could still be noticed near the coast of Zhejiang
Province, but was not as obvious as that in July. Until early autumn (Fig. 2d), the SST increased
southward and seaward. The isolated cold-water band caused by the ZCU tended to disappear.

Section M lies across the cold-water band near the coast (Fig. 2b, 2¢). The vertical structures of
the water temperature along section M from late spring to early autumn also indicate the
developing processes of the ZCU. The isotherms tilted upward near the coastal area, indicating
the occurrence of upwelling. In June (Fig. 2e), the 20 °C isotherm reached a depth of 30 m in the
nearshore area but remained much deeper (about 50 m) in the offshore area. In July (Fig. 2f), the
water was well-mixed in the nearshore area shallower than 15 m. Next to the well-mixed area
was the cold-water band. The 20 °C isotherm reached up to a depth of 20 m, which was
shallower than that in June, indicating more intense upwelling. In the offshore area, the water
column was well-stratified. Until August (Fig. 2g), although the cold-water band at the sea
surface was not as obvious as that in July due to the strengthened solar radiation (Fig. 2c), the
upwelling in the nearshore area was still robust, as indicated by the upward-tilted isotherms. In
September (Fig. 2h), upwelling disappeared, as indicated by the horizontally extended isotherms.

The modeled SST and vertical structures of temperature suggest that the ZCU starts to appear in
June, strengthens in July and August, and then attenuates in September. The cold-water band at
the sea surface is most obvious in July, therefore the SST distributions in July are used to analyze
the interannual variations in the ZCU intensity.
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Figure 2. The modeled climatological (2010-2018) temperature. (a—d) SST and (e—h) the
vertical structures of temperature along section M from June to September. Section M is noted
by the thick red line in (a—d). The ZC region and EZC region are noted by the thick black line in

(b).

3.2 Interannual variations in ZCU intensity

Upwelling pumps deep cold water up to the sea surface, forms a cold-water band, and increases
the SST difference between the upwelling region and surrounding areas. Therefore, the zonal
difference in SST between the upwelling region and the adjacent region is typically used to
quantify the intensity of an upwelling (Jayaram et al., 2010; Lahiri & Vissa, 2022; Xu et al.,
2017). In this study, the zonal SST difference (Ulssr) is defined as:

Ul =SST,,. - SST

ssT zc

where SSTzc is the mean SST of the ZC region, and SSTxzc is the mean SST of the East ZC
(EZC) region, which is defined by shifting the ZC region eastward by 2° (Fig. 1b). A larger Ulssr
indicates a stronger ZCU. The mean vertical velocity (w) in the entire ZC region is regarded as
an explicit index of the ZCU intensity. In this study, both the Ulssr and w were used to define the
strong and weak years of the ZCU.

The modeled SST averaged in the ZC region was compared with the satellite-derived SST from
OSTIA for July from 2010 to 2018 (Fig. 3). The year-by-year variations of these two time series
in July were consistent with a correlation coefficient of 0.87, which suggests that the model was
able to reproduce the interannual variations in SST in the ZC region. The modeled interannual
variations of SST in the ZC region were obvious, with a maximum value of 28.4 °C in 2018 and
a minimum value of 25.8 °C in 2013. SST in the ZC region presented an obvious increasing
trend from 2015 to 2018 and fluctuated from 2010 to 2014.
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Figure 3. The model (black) and OSTIA (red) regionally averaged SST for July from 2010 to
2018. The averaged area is the ZC region denoted in Fig. 1b.

The differences in SST between the EZC and ZC regions (Ulssr) are shown in Fig. 4. The
average SST in the EZC region was much higher than that in the ZC region (Fig. 2b), thus the
Ulsst was positive in July for all the simulated years. The average value of Ulssr was 2.0 °C from
2010 to 2018, with a maximum value of 2.8 °C in 2011, and a minimum value of approximately
1.2 °C in 2014 and 2018. The larger the Ulssr, the stronger the upwelling. The Ulssr in 2011,
2013, and 2017 was much higher, exceeding one standard deviation during the nine years. The
ZCU was weak in 2014 and 2018, as indicated by the lower Ulssr.

The interannual variations in w, which was averaged vertical velocity in the ZC region in July,
are shown in Fig. 4 for a comparison with those of the Ulssr. The two variables exhibited similar
interannual variations with a correlation coefficient of 0.80 (Fig. 4). Therefore, both the Ulssr
and w gave the same result when they were used to define the strong and weak years of the ZCU.
In the following analyses, 2013 was chosen to represent the strong ZCU year, when Ulssr was
high and w was the strongest among the nine years. Between 2014 and 2018, we chose 2018 to
represent the weak ZCU year. The reason for this choice is that there were intensive cruise
observations in the coastal areas of the ECS in the summer of 2018, and the observed DIN and
DIP concentrations can be used to validate the model results.

—e— Ulo; r=0.80, p<0.01 '

—.—W

w (m/day)
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Figure 4. Time series of Ulssr (black) and w (red) for July from 2010 to 2018. Ulssr is the zonal
SST difference between the EZC and ZC regions. w is the vertical velocity averaged in the entire
ZC region.

3.3 Comparisons of temperatures and vertical velocities in the strong and weak ZCU
years

The modeled SST in 2013 and 2018 were both characterized by low SST along the coast of
Zhejiang Province in the summer (Fig. 5a, 5b), which indicated the occurrence of ZCU.
Comparing the SST in these two years, it was obvious that the cold-water band was much more
intense in 2013 than in 2018. The average SST in the ZC region was 25.8 °C in 2013 and 28.4 °C
in 2018. Meanwhile, the Ulssr was 2.7 °C and 1.2 °C in 2013 and 2018, respectively. The larger
Ulsst indicates a stronger ZCU in 2013 than in 2018.

The vertical structures of water temperature along section M also showed obvious differences
caused by the different intensities of ZCU (Fig. 5c, 5d). The isotherms were located at a

shallower place in 2013 than in 2018. Taking the 25 °C isotherm as an example, it reached the
sea surface of the coastal area in 2013 but remained at a depth of approximately 10 m in 2018.

The average vertical velocity along section M was 1.11 m/day in 2013, which was approximately
4.5 times the value in 2018 (Fig. Se, 5f). The upward vertical velocities appeared from near the
coast to a longitude of 122.2°E along section M. The upward velocities occupied a larger area
along section M in 2013 than in 2018. The maximum upward vertical velocity was 9.1 m/day
occurring at the bottom of the longitude of 122.0°E in 2013, but it was only 5.1 m/day in 2018.
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Figure 5. Comparisons of (a, b) SST, vertical distribution of (c, d) water temperature and (e, f)
vertical velocity along section M in July of the strong (2013) and the weak (2018) ZCU years.
Section M is noted by thick red line in (a, b). Positive values of the vertical velocity in (e, f)
represent upward one.
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3.4 Comparisons of nutrient concentrations in the strong and weak ZCU years

The climatologically seasonal variations in nutrient concentrations in the ECS have already been
validated in previous studies (Wang et al., 2019; Zhang et al., 2019). In this study, intensive
observations of nutrient concentrations in the coastal areas of the ECS in the summer of 2013
and 2018 overlapped with the modeled distributions (Fig. 6, 7). The agreement between the
observations and model results suggest that the model successfully reproduced the distributions
of nutrient concentrations in summer when the ZCU occurred.

The concentrations of DIN and DIP at the sea surface and bottom in 2013 and 2018 were
compared to quantify the influence of the ZCU on nutrient supply. At the surface, the
distributions of DIN concentrations in both 2013 and 2018 were similar (Fig. 6a, 6b). The area
with a concentration greater than 50 mmol/m? appeared near the Changjiang Estuary (Fig. 1b)
and extended northeastward along with the extension of the Changjiang diluted water, which was
also validated by observations. This indicated that the Changjiang River is an important source
of DIN for the northern ECS. DIN concentrations were high along the coastline of Zhejiang
Province within the 60-m isobath, and decreased sharply seaward. The concentrations remained
low (less than 1 mmol/m?) in areas with depths greater than 60 m. To probe the interannual
variations in DIN concentrations, the differences in DIN concentrations between 2013 and 2018
were calculated (Fig. 6¢). In the ZC region, DIN concentrations were much higher in the strong
upwelling year (2013), as indicated by the positive differences. Positive DIN differences were
also found in the Changjiang Estuary and its northeastward area. The Changjiang runoff was
2.7x10" m? from April to June 2013, which was larger than that in 2018 (2.2x10'! m®). Greater
amounts of river input in 2013 induced higher DIN concentrations near the Changjiang Estuary.
Moreover, the stronger southwest monsoon in 2013 contributed to the northeastward extension
of N-rich river water.

The modeled concentrations of DIP were low throughout the entire ECS at the surface (Fig. 6d,
6e), during the summers of both 2013 and 2018. This is because DIP acts as the limiting nutrient
in the ECS, and was nearly used up by phytoplankton growth. The DIP concentrations had
comparably high values (over 0.2 mmol/m?) in coastal regions, and then decreased seaward, as
indicated by both model results and observations. In 2018, scattered high DIP concentrations
(over 0.6 mmol/m®) appeared near the Changjiang Estuary and Hangzhou Bay (Fig. 1b), which
were caused by the episodic supply contributed by the Changjiang River, but they were not
captured by the model. In the ZC region, there was an area with weak positive differences in DIP
concentrations (Fig. 6f), whose position was consistent with that of the cold-water band induced
by the ZCU (Fig. 5a). However, the interannual variations in the DIP concentrations were not as
obvious as those of the DIN (Fig. 6¢). Because DIP was the limiting nutrient, the standing stocks
did not reflect the amount supplied by the ZCU. In contrast to the DIN, the differences in DIP
concentrations were negative near the Changjiang Estuary, indicating that the DIP concentration
in the ECS was not determined sorely by Changjiang River runoff. Biological processes played a
more important role in the distribution of DIP concentrations.
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Figure 6. Comparisons of (a, b) DIN and (d, €) DIP concentrations at the sea surface in July of
the strong (2013) and the weak (2018) ZCU years, and (c, f) differences between these two
years. The contour plot represents model results while the colored dots represent in situ
observations in the summer of 2013 and 2018.

At the bottom, the highest DIN concentrations also appeared near the Changjiang Estuary in both
2013 and 2018 (Fig. 7a, 7b). The DIN concentrations were much higher at the bottom than at the
surface on the continental shelf of the ECS. A higher DIN concentration band (over 5 mmol/m?),
originating from the shelf break northeast of Taiwan Island, passed through the 200-m isobath
(section B200 in Fig. 7), extended northwestward to the coast, and then turned northeastward
along the coastline to the Changjiang Estuary. The location of the band was consistent with the
intrusion path of NKBC in the ECS, which is known to deliver the nutrients from KI (Yang et
al., 2011, 2013). The differences in DIN concentrations were positive within the nearshore area,
but negative in the wide deeper areas of the continental shelf (Fig. 7c).

The DIP concentrations at the bottom (Fig. 7d, 7e) were significantly higher than those at the
surface (Fig. 6d, 6¢), which agreed well with the observations. The concentrations in the coastal
areas were over 0.6 mmol/m® and remained at high values of 0.4 mmol/m? out of the 60-m
isobath. The path of NKBC was also indicated by the extension of the band with higher DIP
concentrations (over 0.6 mmol/m?). Therefore, KI can be regarded as a critical source of
nutrients to the bottom of the ZC region in summer, especially for DIP (Xu et al., 2020; Yang et
al., 2013). In nearshore areas, there were positive DIP differences, indicating higher DIP
concentrations in 2013 with a stronger ZCU (Fig. 7f). The much wider areas of the ECS were
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dominated by negative differences at the bottom. The differences in DIN and DIP concentrations
between 2013 and 2018 exhibited similar distributions at the bottom (Fig. 7c, 7f).
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Figure 7. Same as Figure 6, but for the nutrients at the sea bottom. The sea bottom is defined as
the deepest sigma-layer in the model that is 97.5% of the total water depth. For the grids deeper
than 200m, the data are replaced by the data at 200m depth. Section B200 is noted by the thick
black line.

3.5 Comparisons of the phytoplankton biomass in the strong and weak ZCU years

In summer, the surface phytoplankton biomass was much higher in the Changjiang Estuary and
the adjacent ZC region, with Chl-a concentrations higher than 2 mg/m?, as indicated by both the
model results and satellite observations from GOCI for these two years (Fig. 8a, 8b, 8d and 8e).
The high surface Chl-a concentrations in the Changjiang Estuary were supported by the large
input of nutrients from the Changjiang River, whereas the high values along the coast of
Zhejiang Province were attributed to the supply of nutrients due to the ZCU. Comparing the
situations in 2013 and 2018, the modeled differences in Chl-a concentrations were positive in the
ZC region (Fig. 8c). The distributions of satellite-derived differences were patchier and not as
uniform as the model results (Fig. 8f). However, they both suggested that Chl-a concentrations
were higher in the ZC region in 2013. In the deeper continental shelf region, there were no
obvious differences in the Chl-a concentrations between these two years.
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Figure 8. Comparisons of (a, b) modeled and (d, ¢) GOCI sea surface Chl-a concentrations in
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years.

4 Discussion

4.1 The nutrient transports of the ZCU and KI

The ZC region is surrounded by three open boundaries (N27, B60, and N30) and the coastline
(Fig. 1b). The fluxes of DIN and DIP through these three open boundaries in July 2013 and 2018
were calculated to interpret the nutrient budget of the ZC region (Fig. 9). In July 2013 and 2018,
nutrients were transported into the ZC region through the southern boundary (N27) for both DIN
and DIP, and were transported out of the region through the northern boundary (N30). The
northeastward currents along the coastline, induced by the summer monsoon (Gan et al., 2016),
were responsible for the transport of nutrients across N27 and N30. However, the distribution of
nutrient fluxes at B60 was much more complicated. Shoreward transport dominated the lower
water layers (deeper than 20 m), which was induced by the ZCU going up along the sea bottom.
Meanwhile, seaward transport occupied the upper layers, which was the effect of offshore
Ekman transport induced by alongshore wind stress.

The nutrient fluxes at these three open boundaries exhibited clear differences between 2013 and
2018 (Fig. 9). Taking DIP as an example (Fig. 9c, 9d; Table 2), the amounts of DIP transported
into the ZC region across N27 were 4.54x108 mol and 3.24x10% mol in July 2013 and 2018,
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respectively. During the same period, the DIP fluxes across N30 were -2.88x10® mol in 2013 and
-1.95x10% mol in 2018. Negative values indicate the export of DIP at N30. The transport
amounts were much larger in 2013 than those in 2018 for both imports at N27 and exports at
N30, which was attributed to the stronger alongshore currents in 2013. The distributions of DIP
fluxes at B60 were similar in 2013 and 2018, with seaward transport in the upper 20 m, and
shoreward transport in the deeper water layers; nevertheless, the fluxes in 2013 were much more
intense. At deeper layers of B60 (20-60 m), 4.23x10% mol of DIP was transported into the ZC
region by the ZCU in July 2013, which was about 10 times the value in 2018 (0.40x10® mol).
This indicated greater transport by the stronger ZCU in 2013. The net flux over the entire B60
was 1.40x10® mol in July 2013. However, the value was -0.83x10® mol in 2018. At B60, the net
inflow in 2013 and net outflow in 2018 resulted in positive differences in DIP concentrations in
the nearshore areas (Fig. 6f, 7f). The net DIP flux through these three open boundaries was
3.06x10% mol in July 2013, which was approximately six times that of 2018 (0.46x10® mol). DIP
acted as a limiting nutrient in the ZC region. More DIP supplies in 2013 promoted
biogeochemical cycles of N and P in the seawater. Taking the variations in DIP as an example,
the net contributions of biological processes, including photosynthesis, respiration,
mineralization, and benthic release was -2.45x10% mol in July 2013, but only -0.38x10% mol in
July 2018. The greater absorption of DIP resulted in higher Chl-a concentrations in the ZC
region in 2013 (Fig. 8c).
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Figure 9. Spatial distributions of (a, b) DIN and (c, d) DIP fluxes along the three open
boundaries of the ZC region (N27, B60 and N30, see Fig. 1b) in July of the strong (2013) and
weak (2018) ZCU years. Positive values represent the flux into the ZC region. The flux at B60
was horizontally 5-points running mean. The A, B, C, and D represent the endpoints of the
sections.

Kl is regarded as an important source of nutrients in the ECS, especially for DIP (Lin et al.,
2019; Yang et al., 2013). The amounts of nutrients transported across B200 between 2013 and
2018 were compared to evaluate the effects of KI. Given that there is a time lag between the
occurrence of the KI at B200 and its effect in the coastal areas, Xu et al. (2020) used a group of
numerical experiments to point out that the nutrients from the KI integrated from March to June
influenced the growth of phytoplankton in July in the coastal areas of the ECS. Based on the
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results of our model, 1.21x10'! mol DIN and 1.63x10'° mol DIP were transported to the
continental ECS across B200 from March to June in 2013, whereas in 2018 the values were
1.64x10"" mol DIN and 2.10x10'° mol DIP. It was apparent that the supplies from KI in 2013
were less than those in 2018, which was the reason for the negative differences in DIN and DIP
concentrations at the bottom of the wide continental ECS between 2013 and 2018 (Fig. 7c, 71).

4.2 The key factors determining nutrient supply in the ZC region

There were obvious differences in the nutrient supply, nutrient standing stocks, and Chl-a
concentrations between 2013 and 2018. To probe the key factors determining these differences, a
group of numerical experiments were carried out as described in Table 1.

In WIND, the wind stress was changed to that of 2013, and the other conditions were the same as
those in 2018 (CONTROL). The ZCU intensity in WIND varied significantly compared with that
in 2018 (Table 2). The simulated average w in the ZC region was 1.46 m/day, which was
approximately three times the value in 2018 (0.42 m/day). Comparing the results of WIND and
2013, the same stronger wind stress induced the stronger upwelling, as indicated by the similar
w. Therefore, wind stress was an important factor in deciding the ZCU intensity. The amount of
DIP supplied by KI from March to June was 2.04x10'° mol in WIND, which was similar to the
value of 2.10x10'° mol in 2018, but larger than the value of 1.63x10'° mol in 2013. Therefore,
wind stress did not have a significant influence on the nutrient supply by KI. In the ZC region,
the DIP fluxes through N27 and N30 were larger in WIND than in 2018, and a stronger ZCU
also transported more DIP across B60 into the ZC region. Therefore, the local alongshore wind
in the summer determined the ZCU intensity and played an important role in establishing the
nutrient supply of coastal regions. As a result, a greater nutrient supply in the ZC region
supported the growth of phytoplankton, which was reflected in the higher Chl-a concentrations
of 2.06 mg/m? in WIND and 1.85 mg/m?® in 2013 than the value of 1.34 mg/m? in 2018.

In KURO, the southern open boundary conditions of the model were changed to those of 2013.
The amount of DIP supplied by KI from March to June in KURO (1.58x10'° mol) was smaller
than that in 2018 (2.10x10'° mol) but was similar to that in 2013 (1.64x10'° mol). Therefore, the
southern open boundary conditions determined the nutrients supplied by KI to the continental
ECS. However, with the same weaker alongshore wind stress in KURO and in 2018, the ZCU
intensity and DIP fluxes at the three open boundaries of the ZC region were similar (Table 2).
This suggests that the different amounts of nutrients supplied by KI between 2013 and 2018 did
not significantly influence the nutrient budget of the ZC region. As a result, the Chl-a
concentration in the ZC region in KURO was as low as that in 2018.

The results of the experiments OTHERS and RIVER were similar to those of 2018 (not shown in
Table 2). This suggests that the other atmospheric forcings except wind stress did not influence
the nutrient supply or phytoplankton biomass in the ZC region. The Changjiang diluted water
extended northeastward, driven by the southwest summer monsoon. Therefore, nutrients from
the Changjiang River tend to influence the areas north of the ZC region. Previous studies have
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also noted that the input from the Changjiang River does not influence the phytoplankton
biomass in the coastal areas of Zhejiang Province (Xu et al., 2020).

Table 2
Comparisons among the cases 2013, WIND, KURO and CONTROL (2018) in July in the ZC region
ZCU intensity DIP flux Chl-a .
Case (m/day) (10% mol) concentration
Y (mg/m)
N27 B60 N30
2013 1.51 4.54 1.40 -2.88 1.85
WIND 1.46 4.93 1.55 -3.02 2.06
KURO 0.41 2.98 -0.62 -1.86 1.31
CONTROL
2018) 0.42 3.24 -0.83 -1.95 1.34

Note. The ZCU intensity is quantified as the average vertical velocity in the ZC region.

To identify the main areas where the ZCU and KI distribute DIP, the results of WIND and
KURO were compared with those of 2018. Figure 10 shows the differences in DIP
concentrations in WIND and KURO minus those in CONTROL (2018) at the surface and
bottom. In WIND (Fig. 10a, 10b), the positive differences dominated the coastal areas of
Zhejiang Province at both the surface and bottom, which is consistent with the shoreward
nutrient supply induced by the stronger ZCU in WIND (Table 2). The differences in the DIP
concentrations between 2013 and 2018 in the nearshore areas (Fig. 6f, 7f) can also be attributed
to the effects of the ZCU. However, the negative differences in DIP concentration between 2013
and 2018 dominated the bottom of the wide continental areas (Fig. 7f), which cannot be
explained by the results of WIND (Fig. 10b). The weaker KI was the main influencing factor, as
indicated by the similar distribution of negative DIP differences at the bottom in 2013 (Fig. 7f)
and in KURO (Fig. 10d). However, the KI did not have an obvious influence on the DIP
concentrations at the surface (Fig. 10c).

The nutrient supply revealed by the numerical experiments indicated that KI intensity determined
the nutrient concentrations at the bottom of the ECS. The amount of these nutrients transported
to the surface in the ZC region depended on the intensity of the wind-induced ZCU.
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Figure 10. The differences in DIP concentrations between numerical experiments and
CONTROL (2018). The differences between WIND and CONTROL at (a) surface and (b)
bottom. The differences between KURO and CONTROL at (¢) surface and (d) bottom. For the
grids deeper than 200 m, the data are replaced by the data at 200 m depth. Section B200 is noted
by the thick black line.

4.3 The eftects of the ZCU and KI on phytoplankton biomass

To investigate the response of phytoplankton biomass to nutrient supply, the vertical structures
of the Chl-a concentrations, averaged in the ZC and EZC regions (Fig. 1b) in July, were
analyzed for cases 2013, WIND, KURO, and 2018 (Fig. 11).

The vertical structures of the Chl-a concentrations in the ZC and EZC regions were significantly
different in summer. In the ZC region, the Chl-a concentrations remained higher (over 2.0
mg/m?) in the upper water layers that were shallower than 10 m, and then decreased with
increasing water depth (Fig. 11a). At a depth of 30 m, the Chl-a concentration decreased to
approximately zero. These modeled vertical characteristics were consistent with the nearshore in
situ observations in Fig. 11a (Chen et al., 2021; Wei et al., 2021). In the offshore EZC region, the
water was well-stratified in summer, and nutrients were depleted by phytoplankton at the
surface. Under the influence of both nutrients and light, the subsurface chlorophyll maximum
formed. This phenomenon has been confirmed in many historical observations of the offshore
areas of the ECS (Furuya et al., 2003; Lee et al., 2017; Xu et al., 2022). The modeled depth of
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subsurface chlorophyll maximum was approximately 50 m, which was in the range of observed
depths (20-50 m). The modeled maximum value (2.0-3.0 mg/m?) was also in the range of
observations (1.0-3.0 mg/m?).

In WIND and 2013, more nutrients were pumped up by the stronger ZCU, which supported
greater Chl-a concentrations (~4.0 mg/m?®) at the sea surface in the ZC region (red and orange
lines in Fig. 11a). The surface Chl-a concentrations in KURO and in 2018 (blue and black lines
in Fig. 11a) were only half of those in WIND and in 2013, which were induced by a weaker
ZCU. At the depth of 50 m in the EZC region, the maximum Chl-a concentrations in WIND and
in 2018 reached about 3.0 mg/m> under the influence of stronger KI in these two cases (orange
and black lines in Fig. 11b), whereas the concentrations were only approximately 2.0 mg/m? in
KURO and in 2013, with weaker KI (red and blue lines in Fig. 11b). The comparison of these
four cases indicated that the ZCU mainly determined the phytoplankton biomass in nearshore
areas, whereas the KI mainly regulated the intensity of the subsurface chlorophyll maximum in
the offshore areas. The intensity of the ZCU was similar in WIND and 2013. However, more
nutrients supplied by the KI in WIND also resulted in higher Chl-a concentrations at the surface
in the ZC region in WIND than those in 2013 (red and orange lines in Fig. 11a; Table 2).
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Figure 11. Vertical structures of Chl-a concentrations horizontally averaged in the (a) ZC and
(b) EZC regions in July of the cases 2013, WIND, KURO, and CONTROL (2018). Scatters
represent observed nearshore and offshore Chl-a concentration profiles in summer.
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5 Conclusions

The ZCU prevails near the coastal area of the ECS in summer, and KI is regarded as an
important oceanic source of DIP. The primary production is reported to be high in summer when
the ZCU pumps up DIP oriented from the Kuroshio to the euphotic layers. However, the
interannual variations in both ZCU and KI intensities are not consistent. Therefore, their
contributions to the nutrient supplies may vary a lot.

In this study, a three-dimensional physical-biochemical model was applied to evaluate the
influence of the ZCU and KI on the interannual variations of nutrient concentration and
phytoplankton biomass. After validating the modeled SST with the satellite-derived data in the
ZC region in 2010-2018 period, the years 2013 and 2018 were determined as the strong and the
weak year of the ZCU, as indicated by both Ulssr and w. The surface DIP concentrations were
lower than 0.30 mmol/m? in the two years. Comparing the results at the sea bottom in 2013 and
2018, the bottom DIP concentrations in 2013 were approximately 0.20 mmol/m* higher than in
2018 in nearshore areas, whereas were approximately 0.08 mmol/m?® lower than in 2018 in
offshore areas. The stronger ZCU in July 2013 induced net shoreward rather than seaward DIP
transport at the 60-m isobath (1.40x10% mol in 2013, -0.83x10® mol in 2018), which resulted in
higher nearshore DIP concentrations. The weaker KI in the spring (March—June) of 2013
decreased the amount of DIP supply from the open ocean (1.63x10'° mol in 2013, 2.10x10'° mol
in 2018), and resulted in lower offshore DIP concentrations. The greater nutrient supply in
nearshore areas in 2013 significantly promoted primary production and increased phytoplankton
biomass (1.85 mg/m? in 2013, 1.34 mg/m® in 2018).

Through a group of numerical experiments, the wind stress and the southern open boundary
conditions were regarded as the key factors influencing the interannual variations of nutrient and
Chl-a concentrations in the ECS. This is because wind stress decided the ZCU intensity, whereas
the southern open boundary conditions represented the KI intensity. With similar KI intensities,
the ZCU intensities between 2013 and 2018 determined the nutrient supply and concentrations of
the ZC region within the 60-m isobath. The KI intensities influenced the nutrients supplied from
B200 and the nutrient concentrations at the bottom of the wide ECS continental shelf. The
subsurface chlorophyll maximum in the offshore ECS in summer was controlled by the KI
intensity, while the nearshore phytoplankton biomass was mainly determined by the ZCU
intensity.

The intensity of KI was weak in 2013 with a strong ZCU, while KI was strong in 2018 with a
weak ZCU. The intensities of KI and ZCU happened to be inconsistent in these two years. In this
study, the importance of the ZCU to coastal nutrient supply and phytoplankton biomass was
highlighted. But the influence of KI on coastal areas (the ZC region) can also be noticed. For
example, in cases 2013 and WIND, which have a similar intensity of ZCU, the net DIP flux
through open boundaries of the ZC region was higher in WIND (3.46x108 mol) than in 2013
(3.06x108 mol), owing to the stronger KI in WIND. It should be noted that the effect of KI can
be impeded by weaker ZCU. Because when the intensity of ZCU was weak in KURO and 2018,
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the net DIP fluxes were 0.50x10® mol and 0.46x10® mol, respectively, which represented a slight
difference. This result suggests that there exist nonlinear effects between the ZCU and KI to
regulate coastal nutrient supply in the ECS.
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