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In summer, the East China Sea (ECS) faces ecological challenges like harmful algal blooms, hypoxia, and jellyfish
blooms, linked to nutrient distributions influenced by Changjiang Diluted Water (CDW), Kuroshio intrusion, and
Zhejiang Coastal Upwelling (ZCU). The inconsistent interannual variations of these processes complicate nutrient
dynamics. This study used the Empirical Orthogonal Function (EOF) analysis to reveal the interannual variations
(1993-2022) of summer dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) concen-
trations in the ECS. We demonstrated that interannual variability in southerly wind strength was a key regulator
controlling the relative influence of CDW and ZCU on surface nutrients. Weaker southerly wind combined with
stronger Changjiang discharge (e.g., 1999, 2002, 2020) enhanced the nearshore influence of CDW and reduced
the ZCU intensity. This suppressed DIP supply and biological consumption of DIN, leading to accumulated
surface DIN but depleted surface DIP in the Zhejiang Coastal (ZC) region. Conversely, stronger southerly wind
combined with stronger Changjiang discharge drove the CDW moving offshore that increased offshore DIN
concentrations. Simultaneously, the stronger southerly wind also intensified ZCU that enhanced coastal DIP
supply and biological DIN uptake, resulting in reduced coastal surface DIN. Critically, we identify the distinct
drivers for bottom DIP. Weaker ZCU led to increasing (decreasing) of bottom DIP concentrations in an area
deeper (shallower) than 20 m, while stronger Kuroshio intrusion substantially boosted bottom DIP, influencing
productivity in both ZC region and the East Zhejiang coastal (EZC) region. The intricate interplay of these
physically driven nutrient fluxes, characterized by differing N/P ratios, underpinned the ECS's complex and
variable summer nutrient structures with profound implications for understanding its ecological responses.

1. Introduction

The East China Sea (ECS), enclosed by the Chinese mainland, the
Taiwan Island, the Korean Peninsula, the Kyushu Island of Japan, and
the Ryukyu Islands, is recognized as one of the most productive marine
ecosystems in the western Pacific Ocean (Chen and Wang, 1999; Heinze,
2014). In recent decades, increasing anthropogenic pressures have been
placed on this ecologically significant region, manifested through

frequent harmful algal blooms (HABs) (Wang et al., 2023), persistent
jellyfish blooms (Xu et al., 2013), and expanding seasonal hypoxia
events (Li et al., 2024a). These ecological issues have been fundamen-
tally linked to variations in nutrient dynamics, particularly the changes
of dissolved inorganic nitrogen (DIN) and dissolved inorganic phos-
phorus (DIP) concentrations (Chi et al., 2024). Alterations in nutrient
regimes not only directly drive these phenomena but also exert
cascading effects on higher trophic levels by influencing food web
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foundations and habitat suitability (Rattanarat et al., 2024). Conse-
quently, comprehensive investigations of spatial and temporal distri-
butions of nutrients in the ECS are essential for elucidating the
underlying mechanisms of these ecological challenges and informing
effective marine conservation strategies.

Globally, the distributions of nutrients in shelf seas have attracted
considerable attentions. They are influenced by many factors, including
various sources and complicated hydrodynamic processes in the ocean
(Pereira et al., 2005; Rabouille et al., 2008; Luo et al., 2018; Lin et al.,
2023). It was reported that river-borne nutrients significantly impact the
structure and function of marine ecosystems in some shelf seas adjacent
to North America and Europe (Conley et al., 2007; Guillaud et al., 2008;
Kim et al., 2020). Riverine inputs significantly alter marine nutrient
dynamics, modifying their spatial distributions and driving phyto-
plankton community shifts through changes in nutrient ratios (N:P:Si).
However, in areas influenced by upwellings, deep cold and high-nutrient
waters brought by upwelling acted as the key drivers of ecosystem
changes (Brzezinski and Washburn, 2011; Sudheesh et al., 2017). These
processes often co-occur, complicating distributions of nutrients in shelf
seas. For instance, cross-shelf overturning and shelf-break downwelling
hinder offshore nutrient transport (Yuan and Mitsudera, 2023), while
cross-shore flows redistribute upwelled nutrients, regulating phyto-
plankton growth (Chabert et al., 2021). Additionally, river plumes can
suppress coastal upwellings, altering nutrient availability (Wang and
Yin, 2021).

In the ECS, nutrient distributions are governed by both external
sources and complex hydrodynamic processes (Gao et al., 2015; Liu
etal., 2017; Zhang et al., 2019). The most significant terrestrial source is
the Changjiang River, whose nutrient fluxes have been profoundly
altered by anthropogenic activities through agricultural, industrial, and
urban development, profoundly affecting nutrient fluxes into the ECS
(Liu et al., 2016, 2018). Since the 1960s, the Changjiang Diluted Water
(CDW) has experienced rising DIN and declining dissolved silicate
concentrations, altering estuary phytoplankton communities. This
nutrient imbalance has caused coastal eutrophication, leading to
increased red tides and hypoxic conditions in adjacent waters (Chai
et al., 2006; Qu et al., 2019; Wang et al., 2021; Zhang et al., 2023). The
intensity and the extensions of the CDW are influenced by the river
discharges and wind fields, exhibiting maximum influence during
summer (Bai et al., 2014; Hou et al., 2021).

The Kuroshio, a warm current, intrudes into the ECS from the area
northeast of Taiwan, and then split into three branches: the surface
Kuroshio Branch Current, the offshore Kuroshio Branch Current, and the
nearshore Kuroshio Branch Current (Yang et al., 2012; Zhou et al., 2018;
Li et al., 2024b). The intrusion of Kuroshio brings abundant nutrients
and influences their distribution pattern in the ECS (Chen, 1996; Yang
et al., 2018; Wang et al., 2022). Originating from the Kuroshio Sub-
surface Water (KSSW), the nearshore Kuroshio Branch Current is char-
acterized by its lower temperatures, high salinity and high DIP
concentrations at the bottom layer. In summer, it can reach nearshore
areas at its strongest (Xu et al., 2018). Additionally, the Zhejiang Coastal
Upwelling (ZCU) exhibits seasonal variations with a strongest intensity
in summer (Wang and Wang, 2007; Xiao et al., 2024). The ZCU brings
DIP-rich water from the Kuroshio to the coastal surface layer, enhancing
the primary production. (Chen et al., 2004; Yang et al., 2013; Peng et al.,
2023; Wei et al., 2024).

In summary, the CDW, the Kuroshio intrusion, and the ZCU consti-
tute three fundamental processes governing nutrient distributions in the
ECS. During summer, due to their concurrent operation with distinct
interannual variations (Zhang et al., 2014; Luo et al., 2023), the exam-
ination of individual factors in isolation fails to provide a comprehensive
representation of distributions of nutrients at interannual scales.
Furthermore, the characterization of their complex interactions presents
an even greater challenge in quantitative assessment. On the interannual
timescales, the primary drivers of nutrient concentrations variations, the
distinct regions dominated by each process, and their synergistic effects
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on nutrients and primary production remain poorly understood.

To address these gaps, we combined numerical modeling with sta-
tistical analysis to investigate the interactive regulation of nutrient
distributions by the CDW, ZCU, and Kuroshio intrusion. Specifically, a
three dimensional physical and biochemical coupled model was used to
simulate the distributions of DIN and DIP concentrations in the ECS from
1993 to 2022. The model results in July were derived to establish a 30-
year dataset in summer. By applying the Empirical Orthogonal Function
(EOF) analysis method, we analyzed the interannual variations in DIN
and DIP concentrations at both surface and bottom layers. Further
investigation focused on uncovering the underlying hydrodynamic (e.g.,
CDW, Kuroshio intrusion, ZCU) and biological processes driving these
variations. The primary objective of this study is to elucidate how the
CDW, ZCU, and Kuroshio intrusion characterized by various nutrient
ratios (N/P) interactively regulate the spatial and interannual variations
in nutrient distributions. We thereby seek to offer critical insights for
explaining and predicting the corresponding ecological challenges such
as HABs, hypoxia, and jellyfish blooms, and contribution to the man-
agement of coastal seas.

2. Data and methods
2.1. Model description and configurations

The three-dimensional lower trophic biophysical model used in this
study consists of two modules (Zhao and Guo, 2011). The physical
module is based on the Princeton Ocean Model (Blumberg and Mellor,
1987; Mellor, 2003), which has been used in research in the East China
Seas (Guo et al., 2006; Wang et al., 2008). This module provides water
temperatures, current velocities, and turbulent viscosity coefficient to
the biochemical module. The biochemical module is based on the bio-
logical part of the NORWECOM (Skogen and Sgiland, 1998). There are
seven state variables in the biochemical module: DIN, DIP, silicate,
diatom, flagellate, detritus, and biogenic silica. The biochemical module
simulates key biogeochemical processes including phytoplankton
growth (consuming nutrients), respiration, mortality leading to detritus
formation, settling of detritus to the seabed, resuspension of benthic
detritus back into the water column, and remineralization of detritus
into inorganic nutrients. The biomasses of diatom and flagellate (unit:
mg N/m3) were converted to be the Chlorophyll-a (Chl-a) concentra-
tions (unit: mg Chl/m®) using a nitrogen-to-chlorophyll ratio of 8 mg
N/mg Chl within the range of 8-11 mg N/mg Chl ratio applied in studies
of the regional seas of China (Zhao and Guo, 2011). The model has a
horizontal resolution of 1/18° and 21 sigma levels vertically. Its domain
(117.5°-131.5°E and 24°-41°N) covers the Bohai, Yellow, and ECS
(Fig. 1a). In this study, the ECS is the primary study area, with its domain
spanning 119°-126° E and 24°-33.5° N (Fig. 1b). Detailed information
about this model have been given in previous research (Zhao and Guo,
2011; Wang et al., 2018a, 2019). The study period spans from 1993 to
2022, and July was regarded to be the representative month of summer
when both ZCU prevails and the Changjiang discharge reaches its peak
value (Siswanto et al., 2008; Xiao et al., 2024).

In this study, the climatological results on January 1st from Luo et al.
(2023) were used as the initial conditions. And the model integrated
from 1993 to 2022, driven by the forcing data in this period. Only the
atmospheric forcing, runoff of the Changjiang River and the open
boundaries data were set as interannual variations from 1993 to 2022,
and the other forcing data were set to constants. Atmospheric forcing
was derived from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA5 reanalysis data (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?
tab=overview), which included evaporation, precipitation, heat fluxes,
sea surface pressure, sea surface temperatures (SST), and 10 m wind
speed. The monthly runoffs of ten rivers were from the River Sediment
Bulletin of China (http://www.mwr.gov.cn/). And the riverine nutrient
concentrations of the Changjiang River were 118.40 mmol/m? for DIN,


https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
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Fig. 1. The model domain (a) and the study area (b). In (a) and (b), bule-white dots are the positions of inflow from rivers, the dark blue thick arrows indicate the
path of Kuroshio, and the gray lines represent the isobaths. In (b), the ZC, EZC, CJE, CDW and NKBC represent the Zhejiang coastal region, the East Zhejiang coastal
region, the Changjiang Estuary, the Changjiang Diluted Water, and the Nearshore Kuroshio Branch Current. Section B200 is the location where NKBC intrudes into

the ECS. Section 122°E is a section along 122°E from 25° to 29°N.

1.30 mmol/m? for DIP and 138.30 mmol/m? for silicate according to
observations (Liang and Xian, 2018). The monthly open boundaries data
were obtained from the results of an assimilative model from the Japan
Coastal Ocean Predictability Experiment (JCOPE2; Miyazawa et al.,
2009), which included sea levels, water temperatures, salinities, and
velocities. The other forcing data were the same as Wang et al. (2019).
And nutrient concentrations at the open boundaries were derived from
the World Ocean Atlas 2005 (WOA 2005, https://www.nc ei.noaa.
gov/products/world-ocean-atlas). Nutrient concentrations and phyto-
plankton biomasses at and east of the Taiwan Strait were obtained from
the Japan Meteorological Agency (JMA) and field measurements by
Chen and Wang (1999). Due to the limited data of the interannual
variations of nutrient concentrations at the open boundaries, the
climatologically monthly mean data were used in the model.

2.2. Observational data

This study uses satellite data and observation data to validate the
model results. Satellite-derived Chl-a concentrations were acquired from
NASA Ocean Color Level-3 products. Monthly data came from two
sensors: the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) at 9 km
spatial resolution (1998-2002) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) at 4 km resolution (2003-2022) (https
://oceancolor.gsfc.nasa.gov/13/). To quantitatively validate simulated
summer Chl-a concentrations, we interpolated satellite-derived Chl-a
data into the model grids with the resolution of 1/18°. Satellite-derived
Chl-a data in July from 1993 to 2022 were averaged to obtain a
climatological distribution and to compare with the model results. These
aligned datasets enabled comprehensive grid-point correlation analysis,
with Pearson correlation coefficients quantifying model accuracy.

The observation data of temperatures, salinities, DIN and DIP con-
centrations in the ECS during summer were from available studies (Liu
et al., 2010; Wang et al., 2011; Mi et al., 2012; Guo et al., 2014; Tseng
et al., 2014; Jiang et al., 2015; Ye et al., 2015, 2017; Zhou et al., 2018;
Lyu et al., 2020; Chen et al., 2021a; Yang et al., 2021; Wei et al., 2021).
Modelled nutrient concentrations were spatially interpolated to exact
observation coordinates, enabling point-to-point comparison where

correlation coefficients were calculated to precisely quantify model
performance.

2.3. EOF analysis method

The EOF analysis was employed to identify the dominant modes of
spatiotemporal variations in DIN and DIP concentrations over the ECS
continental shelf (depth <200 m). This technique is widely used to
separate coherent spatial patterns and their temporal evolutions from
multivariate environmental datasets, and has been widely applied in the
analysis of spatiotemporal characteristics of atmospheric and oceanic
variables (Baldacci et al., 2001; Brzezinski and Washburn, 2011; Wang
et al., 2024; Zhang and Luo, 2024). Monthly anomaly fields for July
(1993-2022) were computed by subtracting the climatological mean,
effectively eliminating stationary background signals and seasonally
recurrent patterns that could obscure interannual nutrient variability.

To investigate the mechanisms driving the dominant EOF modes of
the summer nutrient concentrations, composite maps of physical and
biochemical variables (DIN, DIP, Chl-a concentrations, water tempera-
tures, and salinities) were created by averaging summer model results.
We selected years with the principal component (PC) for a given mode
exceeding +1 standard deviation from the mean values as the high
years, while the years below —1 standard deviation were regarded as the
low years. The averages for these years were named as High Maps and
Low Maps, respectively. Their differences (High Maps minus Low Maps),
referred to be Diff Maps, were calculated to highlight the spatial patterns
associated with each EOF mode's variability.

3. Results

3.1. Distributions of physical and biochemical factors in the ECS during
summer

The climatological distributions of physical and biochemical factors
in summer were derived from the model results in July averaging from
1993 to 2022 (Figs. 2 and 3). The observational data in previous studies
were also collected and overlapped with the modelled distributions
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Fig. 2. The distributions of temperatures (T) (a, d), salinities (S) (b, e), and current (c, f) at surface (a—c) and bottom (d-f) of the ECS during summer. For areas
deeper than 200 m, the data from the 200 m water layer is used. The scatters in (a, b, d, and e) denote sampling sites in the summer, and the color in scatters denotes
the value of observations. The circles, squares, and triangles represent the observations of Chen et al. (2021a), Zhou et al. (2018), and Yang et al. (2021), respectively.

(scatters in Figs. 2 and 3). The results showed high consistency between
the simulated and observed distributions, with correlation coefficients
of 0.91 (p < 0.01,n=62),0.91 (p < 0.01,n="71),0.78 (p < 0.01,n =
156), and 0.82 (p < 0.01, n = 80) at the observation sites for temper-
atures, salinities, DIN, and DIP concentrations, respectively. The simu-
lated distributions of Chl-a concentrations were validated by the
satellite-derived data from MODIS-Aqua. The consistent spatial distri-
butions (Fig. 3c—f) with the correlation coefficient of 0.81 (p < 0.01,n =
15,750) showed good agreement between simulated and observed
monthly mean values in July. These comparisons indicated that the
model successfully captured the characteristics of the observed spatial
distributions in summer.

The surface distributions of temperature and salinity (Fig. 2a—c)
indicated the main hydrodynamic processes in the study area. The warm
and saline Kuroshio was indicated by the obviously high velocities larger
than 0.80 m/s, flowing northeastward along the isobath of 200 m on the
outer ECS continental shelf. Under the influence of southerly winds in
summer, the CDW characterized by low sea surface salinities (SSS)
expanded northeastward. At bottom, the water temperatures were lower
and salinities were higher compared to those at the surface, which were
consistent with the observations (Fig. 2d and e). The ZCU pumped deep
cold water up to the surface to form a low-temperature band (<26 °C) at
surface near the Zhejiang Coast (ZC) region, indicated by both the model
results and observations (Fig. 2a). The cold and saline KSSW intruded
into the ECS across the Section B200 (Fig. 1b) at bottom, indicated by a
low-temperature (<16 °C) and high-salinity (>34.70) band extending
from northeast of Taiwan to the ZC region along 122°E (Fig. 2d-f).

DIN concentrations at surface exhibited highly negative correlation
with SSS (Figs. 2b and 3a). Near the Changjiang Estuary (CJE), the
extension of the CDW indicated by low SSS resulted in the high DIN
concentrations (>20 mmol/m?®). In the area south of 30°N, DIN con-
centrations were lower than 1.00 mmol/m® The pattern of DIP

concentrations at the surface was almost inverse to that of DIN (Fig. 3b).
In the CDW-occupied area, DIP concentrations were lower than 0.10
mmol/m® due to the consumption by the growth of phytoplankton
driven by the high N:P ratio of the CDW. DIN and DIP concentrations at
bottom were higher than those at surface. The region with DIN con-
centrations higher than 5.00 mmol/m® and the DIP concentrations
higher than 0.50 mmol/m?, extended from northeast of Taiwan to the
ZC region which was induced by the Kuroshio intrusion (Fig. 3d and e).
Chl-a concentrations were high in the nearshore region and decreased
seaward. The concentrations higher than 2.00 mg/m® appeared near the
CJE and ZC regions, indicated by both the model results and satellite
observations from SeaWiFS and MODIS (Fig. 3c-f).

3.2. Interannual variations in DIN concentrations in summer

To validate the modelled interannual variations in summer DIN
concentrations from 1993 to 2022, the observations from various cruises
during this period were collected and overlapped on the modelled dis-
tributions (Fig. 4). The overall correlation coefficient between model
results and observations was 0.92 (p < 0.01, n = 321), which indicated
the model reproduced the interannual variations in DIN concentrations
in summer of the ECS.

EOF analysis was applied to the 30-year results of the surface and
bottom DIN concentrations. The first four EOF modes explained 60.33
%, 19.73 %, 8.06 %, and 3.99 % of the total variance in surface DIN
concentrations, respectively; 72.45 %, 6.03 %, 5.05 %, and 3.99 % of the
total variance in bottom DIN concentrations, respectively. As the first
two EOF modes (EOF1 and EOF2) together explained over 70 % of the
total variance, these two dominant modes were analyzed below.

The EOF1 of surface DIN concentrations (EOF1gy) showed coherent
fluctuations along the coastal region, with the strongest signals near the
CJE and Hangzhou Bay, extending southward along the ZC region



Q. Zhang et al.

Marine Environmental Research 216 (2026) 107891

50 1 20
b 0 ?
45 ( ) U 00 0.9 10
32°N 32°N O 5 ¢ 32°N
40 Changjiang. o ° ¢ 8 08 s
o O
35 07
0000
30°N 30 30°N oo 06 30°N 2
.. s
25 Zhejiang 0.5 1
28°N 20 28°N 8 0.4 28°N 4B
15 O 000000 03
260N | B 10 26°N 02 26°N .
i DIN = DIP o4 surface 0.1
) TKiwan ° | -0 Fajwan ' iwan
surface surface ; model
240N B2 24°N Lo aaonb—= - - o 0.05
120°E  122°E  124°E  126°E 120°E  122°E  124°E  126°E 120°E  122°E  124°E  126°E
50 1 = 20
. O o | i
2°N 2°N S 32°N -y
- a0 3 Changjiang: 0.8 Changjiang 5
35 07
30°N 30 30°N 106 30°Nf d i 2
25 Zhejiang ol Zhejiang 1
28°N 20 28°N 0.4 28°N 0.5
15 0.3
0.2
26°N b 10 26°N 0.2 26°N Chl-a
A S DIN 5 o ; surface 0.1
. oy Paw bottom . . raiwan satellite
24°N N 24°N — 24°N 0.05
120°E  122°E  124°E  126°E 120°E  122°E  124°E  126°E 120°E  122°E  124°E  126°E

Fig. 3. The distributions of DIN (mmol/m?, a, d), DIP (mmol/m?, b, €) concentrations at surface (a, b) and bottom (d, €), and Chl-a concentrations at surface from
model results and satellites (mg/m?, c, f) of the ECS during summer. For areas deeper than 200 m, the data from the 200 m water layer is used. The scatters in (a, b, d,
and e) denote sampling sites in the summer, and the color in scatters denote the value of observations. The circles, regular triangles, inverted triangles, and diamonds
represent the observations of Wei et al. (2021), Liu et al. (2010), Lyu et al. (2020), and Ye et al. (2015), respectively.

(Fig. 5a). The principal component time series of the first EOF mode for
surface DIN (PClgy) indicated that concentrations in these coastal areas
were substantially higher than average during years when strong posi-
tive phases of this pattern (e.g., 1999, 2002, 2010, 2015, and 2020)
(Fig. 5e).

The EOF2 of surface DIN (EOF2gy) revealed a contrasting distribu-
tion between northern and southern regions of study areas (Fig. 5b). The
principal component time series for the second EOF mode (PC2sy)
identified years when this pattern was dominant (e.g., 1995, 1996,
1998, 2010, 2016). During these years, DIN concentrations were higher
than the average value in the offshore area next the CJE but lower than
the average value along the ZC region (Fig. 5e).

The spatial distributions and temporal variations of bottom DIN
concentrations were close to those at the surface (Fig. 5c, d, f). The
strong correlation between surface and bottom variability (r = 0.97 for
the EOF1, r = 0.88 for the EOF2) (p < 0.01) indicated that the same
physical processes controlled the DIN distributions throughout the water
column during summer.

3.3. Interannual variations in DIP concentrations in the ECS

The observational data of DIP concentrations were collected to
validate the interannual results (Fig. 6). The correlation coefficient be-
tween simulations and observations was 0.53 (p < 0.01, n = 234), which
was lower than that for DIN. DIP concentrations were much lower than
those of DIN, which increased the challenge of accurate simulation of
DIP. Especially in the coastal regions, the model struggled to capture the
observed high values likely attributable to riverine inputs (Fig. 6g).
There were also lower simulations than the observations at the bottom
layer in some years (e.g., 2011). Except for these episodic observations,

the model reproduced the observed interannual variations in DIP con-
centrations at both surface and bottom.

The first four EOF modes explained 58.72 %, 12.69 %, 5.27 %, and
3.90 % of the total variance in surface DIP concentrations, respectively;
42.02 %, 14.36 %, 10.24 %, and 5.83 % of the total variance in bottom
DIP concentrations, respectively. Together, EOF1 and EOF2 accounted
for more than half of variability of both surface and bottom DIP con-
centrations. Compared with DIN concentrations, the relatively low
percentage explained by EOF1 and EOF2 indicated the complex tem-
poral variations in DIP concentrations.

The spatial pattern of EOF1 for surface DIP (EOF1gp) showed the
strongest variation in the ZC region (28°N-31°N) where ZCU occupied
and extended offshore (Fig. 7a). The time series of PC1 of surface DIP
concentrations (PC1lsp) were nearly identical to the PClgy (r = 0.96, p <
0.01) (Fig. 7e), indicating that DIN and DIP were governed by the same
physical processes in this mode. The EOF2 for surface DIP (EOF2gp)
exhibited significant positive values along the ZC region (Fig. 7b). The
time series of PC2 of surface DIP (PC2sp) was similar to the PC2gy
(correlation coefficient of 0.71, p < 0.01) (Fig. 7e), again suggesting a
shared physical driver.

The spatial pattern of EOF1 of bottom DIP concentrations (EOF1gp)
showed a widespread increase in concentrations over most of the con-
tinental shelf during its positive phase, with only a small area of decrease
along the ZC region (Fig. 7c). The time series of PC1 of bottom DIP
concentrations (PClgp) was similar to the PC1 of bottom DIN concen-
trations (r = 0.76, p < 0.01). The spatial pattern of EOF2 of bottom DIP
concentrations (EOF2pp) revealed a clear band of high values extending
from the northeast Taiwan to the ZC region and then eastward (Fig. 7d),
closely following the known intrusion path of the Kuroshio. The time
series of PC2 of bottom DIP concentrations (PC2gp) showed that the
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influence of this Kuroshio-driven pattern suggested an increasing trend
after 2016 (Fig. 7f).

4. Discussion

4.1. Processes influencing the interannual variations in DIN and DIP
concentrations

To elucidate the physical mechanisms behind the dominant EOF
modes of summer nutrients, high and low years were identified based on
the PCs. Composite maps (High Maps and Low Maps) of nutrient con-
centrations, temperatures, salinities, and Chl-a concentrations were
generated for these years, which were presented in the Supplementary
material (Fig. S1-S8). As the spatial patterns among variables in these
composite maps were similar, difference maps (Diff Maps; High minus
Low Maps) were presented here to clearly analyze the contrasts and
associated mechanisms (Figs. 8 and 9).

For the EOF1 of surface nutrients, EOFlgy and EOFlgp were
controlled by the same factors as presented in Section 3.3. However,

their Diff Maps exhibited opposite patterns (Figs. 8 and 9). Throughout
the coastal areas, DIN concentrations were higher during high years,
whereas DIP concentrations were lower (Figs. 8a and 9a). Concurrently,
surface temperatures in the ZC region were higher during high years
(Fig. 8b). The ZCU intensity, represented by the average July vertical
velocity in the ZC region, showed significant negative correlations with
the PC1 time series of surface nutrients (r = —0.51 for PClgy, r = —0.54
for PClgp), indicating a weaker ZCU during high years (Fig. 10a and
Table 1). Near the CJE and the adjacent coastal areas to the south
(29°-32°N), salinity was lower in high years. The PC1 time series
correlated positively with July Changjiang discharge (r = 0.74 for
PClgy, r = 0.66 for PClgp), indicating that higher discharge contributed
to the lower salinity (Fig. 10b-Table 1). Moreover, there were significant
negative correlations (r = —0.61 for PClgy, r = —0.59 for PClgp) be-
tween the PC1 of surface nutrients and the southerly wind strength
associated with CDW extension (Bai et al., 2014), which explained the
accumulation of low-salinity water nearshore (Moon et al., 2012).
CDW and ZCU are characterized by distinct nutrient ratios. The ZCU
transports bottom water with a low N/P ratio (N/P = 10-11) (Wei et al.,
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2024) to the surface, supplying DIP and stimulating phytoplankton
growth (Chen et al., 2017; Tseng et al., 2014; Wu et al., 2023). In
contrast, the Changjiang delivers CDW with a high N/P ratio (N/P =91
in this model), which also promotes phytoplankton growth (Sun et al.,
2023). The Diff Maps of Chl-a (Figs. 8d and 9d) revealed that during high
years, both weakened ZCU and enhanced Changjiang discharge influ-
enced the coastal region. The weakened ZCU reduced DIP supply to the
ZC region, limiting phytoplankton growth and thus surface DIN con-
sumption. Meanwhile, the larger discharge and weaker southerly winds,
CDW accumulated nearshore, increasing surface DIN supply. This
stimulated phytoplankton growth, which in turn consumed more DIP.
For the EOF2 of surface nutrients, during high years, surface DIN
concentrations were higher and DIP concentrations were lower in the

offshore region northeast of the CJE region (north of 30°N), while DIN
concentrations were lower and DIP concentrations were higher in the ZC
region (28°-31°N) (Figs. 8e and 9e). Lower salinity offshore during high
years was linked to higher July Changjiang discharge, as shown by
positive correlations with PC2 (r = 0.46 for PC2gy, r = 0.43 for PC2gp;
Table 2). The PC2 time series also correlated positively with the
southerly wind strength (r = 0.50 for PC2gy, r = 0.38 for PC2gp; Table 2),
indicating stronger winds drove greater northeastward CDW extension
during high years. In the ZC region, lower temperatures and higher
salinity during High years, alongside positive correlations between PC2
and ZCU intensity (r = 0.39 for PC2gy, r = 0.49 for PC2gp; Table 2),
reflected the influence of a stronger ZCU. In addition, the higher salinity
was also caused by the reduced southward presence of the CDW.
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Based on the aforementioned mechanisms, during high years of the
EOF2gy and EOF2gp, the stronger ZCU increased DIP supply to the ZC
region, stimulated phytoplankton growth and enhanced surface DIN
consumption (Figs. 8h and Sh). Concurrently, larger Changjiang
discharge and stronger southerly winds drove the CDW northeastward.
This offshore extension elevated DIN concentrations offshore (Fig. 8e)
and shifted the region of vigorous phytoplankton growth northeastward
(Fig. 8h). Consequently, under the high N/P conditions of the CDW,
phytoplankton growth led to DIP drawdown (Li et al., 2011), resulting in
lower offshore DIP concentrations.

Previous studies have linked ZCU formation to wind fields (Hu and
Wang, 2016; Luo et al., 2023). Our results synthesize the controlling role

of southerly wind on both ZCU and CDW. The positive correlation (r =
0.82) between meridional wind speed and ZCU intensity indicated that
stronger southerly winds simultaneously intensify the ZCU and drive the
CDW offshore (as in EOF2gy, EOF2gp). This wind-driven coordination
fundamentally explained the opposing nutrient patterns between
offshore and coastal regions in the two dominant modes.

The Diff Map for EOF1gp showed alternating positive/negative sig-
nals along the coast of the ZC region, indicating lower bottom DIP
shoreward and higher DIP seaward of the ~20 m isobath during high
years, a pattern inverse to bottom temperature variations (Fig. 11a and
b). The significant correlation between PClpp and ZCU intensity
(Table 1) linked these DIP changes to upwelling dynamics. Analysis of
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Diff Maps along Section 122°E (Fig. 12a-d) clarified that weaker ZCU
during high years trapped cold, DIP-rich bottom water seaward of the
20-m isobath, reducing shoreward supply and allowing DIP to accu-
mulate offshore. This accumulated water subsequently flowed north-
ward along the isobath, elevating bottom DIP concentrations seaward of
the 20-m isobath near the CJE (Fig. 11a).

For EOF2pp, its Diff Maps showed uniformly higher bottom DIP
concentrations across the ECS shelf during high years (Fig. 11d), coin-
ciding with lower bottom temperatures suggestive of intensified Kur-
oshio subsurface water intrusion (Yang et al., 2012). The DIP flux across
Section B200 (Fig. 1b) (March-June) was calculated to represent Kur-
oshio intrusion intensity (Luo et al., 2023). Correlation analysis revealed
a significant positive relationship (r = 0.67, p < 0.01) between PC2pp
and this intensity index, confirming stronger intrusion during high
years. Concurrently, bottom DIP concentrations were elevated along the
Kuroshio intrusion path at Section 122°E (Fig. 12e and f). Consequently,
the high DIP concentrations originated from increased nutrient supply
associated with stronger Kuroshio intrusion.

4.2. The impacts of ZCU and Kuroshio intrusion on Chl-a concentrations
in different regions of the ECS

To quantify the ecological impacts of the hydrodynamic processes,
their relative contributions to phytoplankton biomass (as indicated by
Chl-a) were evaluated in two regions: the ZC region and the East Zhe-
jiang coastal (EZC) region (Fig. 1b). The ZCU governs nutrient supply in
the ZC region (Yang et al., 2013; Wei et al., 2024), while the Kuroshio
intrusion primarily controls nutrient concentrations on the mid- and
outer shelf (Chen and Wang, 1999; Xu et al., 2018). In this study, the
30-year water-column-averaged Chl-a concentration in summer in each
region calculated and analyzed the relationship with the intensities of
the ZCU and Kuroshio intrusion (Fig. 13).

Fig. 13 showed the water-column-averaged Chl-a concentrations in
the ZC and EZC regions in July from 1993 to 2022, along with the in-
tensities of the ZCU and the Kuroshio intrusion for each year. The figure
was divided into four quadrants using the average ZCU intensity (ver-
tical solid line as the y-axis) and the average Kuroshio intrusion intensity

(horizontal solid line as the x-axis). The Quadrant I and III respectively
represented the years with strong and weak intensities of both ZCU and
Kuroshio intrusion. The Quadrant II represented the years with the weak
ZCU intensities and strong Kuroshio intrusion intensities, while the
Quadrant IV represented the situation opposite to that of the Quadrant
1L

Fig. 13a showed that the average Chl-a concentrations in the ZC
region were 1.85 + 0.34 mg/m>. The correlation coefficient between the
water-column-averaged Chl-a concentrations in the ZC region and the
ZCU intensities was 0.60 (p < 0.01), while the correlation coefficient
with the Kuroshio intrusion intensities was only 0.28 (p = 0.14). It was
suggested that the ZCU played a dominant role in Chl-a concentrations
in the ZC region. The stronger ZCU enhanced the primary production of
the ZC region. Additionally, the average values for each year in the four
quadrants of the ZC region were 2.12, 1.79, 1.60, and 1.86 rng/m3,
respectively. The maximum value occurred in Quadrant I, including the
year 2022 with the highest Chl-a concentrations, while the minimum
value occurred in Quadrant III, including the year 2014 with the lowest
Chl-a concentrations. It was indicated that both the strong ZCU and
Kuroshio intrusion combined to enhance the primary production in the
ZC region. Furthermore, there was a nonlinear effect between the ZCU
and Kuroshio intrusion intensities. When the ZCU was weak, the Kur-
oshio intensities increased the Chl-a concentrations by 0.19 mg/m>
(from Quadrant III to II). In contrast, when the ZCU was strong, the
Kuroshio intensities increased the Chl-a concentrations by 0.26 mg/m®
(from Quadrant IV to I), showing the synergistic effects.

The average Chl-a concentrations in the EZC region were 0.95 +
0.09 mg/m3 (Fig. 13b), lower than those in ZC region. The correlation
coefficient between the water-column-averaged Chl-a concentrations in
the EZC region and the ZCU intensities was —0.32 (p = 0.09), while the
correlation coefficient with the Kuroshio intrusion intensities was 0.61
(p < 0.01). It was suggested that the Kuroshio intrusion played a
dominant role in Chl-a concentrations in the EZC region. This aligns with
Chen et al. (2021Db)'s analysis confirming Kuroshio-derived nutrients as
the primary control on shelf productivity. The average values for each
year in the four quadrants were 0.95, 1.05, 0.96, and 0.90 mg/ma,
respectively. The maximum value occurred in Quadrant I, including the
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to June.

Table 1
The correlation coefficient (r) between PCls of nutrients and hydrodynamic
processes.

Table 2
The correlation coefficient (r) between PC2s of nutrients and hydrodynamic
processes.

ZCU Changjiang discharge meridional winds ZCU Changjiang discharge meridional winds
PClgy —0.51* 0.74* —0.61* PC2gy 0.39* 0.46* 0.50*
PClgp —0.54* 0.66* —0.59* PC2gp 0.49* 0.43* 0.38*
PClgp —0.65% 0.58* -

*: p < 0.05; the subscript “N” represents DIN, “P” represents DIP, “S” represents
the surface layer, and “B” represents the bottom layer.

year 2020 with the highest Chl-a concentrations, while the minimum
value occurred in Quadrant IV, including the year 2004 with the lowest
Chl-a concentrations. It was suggested that the Chl-a concentrations in
the EZC region were positively influenced by the Kuroshio intrusion, and
had a negative correlation with the ZCU. When the Kuroshio intrusion
was stronger and the ZCU was weaker, nutrient supplies in the EZC re-
gion increased and the primary production was promoted.

10

*:p < 0.05; the subscript “N” represents DIN, “P” represents DIP, “S” represents
the surface layer, and “B” represents the bottom layer.

It was concluded that in the ZC region, the strong ZCU and Kuroshio
intrusion supplied ample nutrients, particularly DIP, to the sea surface.
This alleviated local phosphorus limitation and promoted local primary
production. In the EZC region, the Kuroshio intrusion offered abundant
nutrients that facilitated the growth of phytoplankton. However, the
ZCU transported the local DIP-rich seawater to the ZC region, which
inhibited local primary production.
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Fig. 12. The differences between the High and Low Maps (Diff.) of DIP concentrations (mmol/m?®), temperatures (T, °C), salinities (S) and Chl-a concentrations (mg/
m°®) at Section 122°E for the first EOF mode (EOF1) (a—c) and second EOF mode (EOF2) (d—f) of bottom DIP concentrations.

4.3. Limitations and implications controlling HABs and seasonal hypoxia (Chai et al., 2006; Qu et al.,
2019; Grofe et al., 2020; Zhang et al., 2023). In this study, the sensitive
In this study, the interannual variations of nutrient concentrations areas influenced by CDW were identified, which will be helpful in
were linked to three typical hydrodynamic processes. The riverine input controlling the marine environment problems and making nutrient
is always attributed to anthropogenic activities, while the intensities of reduction strategies, and finally helps fulfill the coordinated develop-
ZCU and Kuroshio represent the natural variations. So, the nutrient ment of land and marine.
input from rivers attracts more attentions because it is regarded to be the There are some limitations of this study. the interannual variations of
only source that can be controlled and consequently plays important nutrient inputs from rivers are decided by the riverine concentrations
role in marine environment management, such as predicting and and the water discharge. In the interannual simulations, the interannual
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Fig. 13. The Chl-a concentrations in the ZC region (a) and the EZC region (b) during the summer of 1993-2022, as well as the intensities of the ZCU and Kuroshio
intrusion. The vertical solid and dashed lines in the figure represent the average + standard deviation of the ZCU intensities (0.78 + 0.34 m/day), while the hor-
izontal solid and dashed lines represent the average + standard deviation of the Kuroshio intrusion intensities (1.95 + 0.20 x 10'° mol DIP).

variations of the freshwater discharge are taken into consideration,
while the riverine concentrations are set to be constants. Although, it has
been proved by correlation analyses that the interannual variations of
fresh water discharge are more important than those of the nutrient
concentrations when deciding the interannual variations of the nutrient
inputs from rivers, it is still a limitation of this work, more efforts need to
be done to reconstruct the long-term variations of riverine nutrient
concentrations to evaluated the more reliable effects of rivers.

Besides the river input, there are also other sources of nutrients, such
as atmospheric depositions, submarine groundwater discharges, and
sediment releases (Zhang et al., 2010; Wang et al., 2018b; Tan et al.,
2018; Zhou et al., 2022). Previous studies indicated that their contri-
butions were not as significant as the massive fluxes from the Changjiang
River and the Kuroshio intrusion, particularly during the summer
high-discharge period (Uno et al., 2007; Wang et al., 2020; Liu et al.,
2020). Furthermore, the interannual variability of these fluxes was
considerably weaker than that of the wind-driven and river-driven dy-
namics (Wang et al., 2020). In contrast, sediment resuspension and
regeneration were recognized as a major source of nutrients, playing a
critical role in the coastal nutrient budget and biogeochemical cycling
(Yu et al.,, 2024; Zhong et al., 2025). Although there are already
sediment-water interactions regarding both dissolved and particulate
nutrients in the model, the exchanges between water and sediment still
need to be quantified in future studies to achieve a more complete un-
derstanding of the nutrient dynamics in the ECS.

Moreover, while the EOF analysis has quantitatively assessed the
relative importance of these hydrodynamic processes, the isolated
contribution of each individual process still needs to be evaluated.
Furthermore, climatic events likely drive ECS nutrient variability
through remote regulation on the key hydrodynamic processes, while
these teleconnections are not evaluated in this study. In future studies,
more efforts need to be done on how global climate changes regulate
interannual nutrient variabilities in the coastal seas the effects of the
climate events based on longer records of data and more scenario-based
sensitivity experiments.

5. Conclusion

This study demonstrated that the interannual variability of summer
nutrient structure in the ECS was governed by the interplay of three key
physical processes: the CDW, the ZCU, and the Kuroshio intrusion. EOF
analysis of a 30-year simulation revealed two dominant modes whose
alternation was regulated by southerly wind strength, thereby modu-
lating the relative influence of these nutrient sources with contrasting
N/P ratios.

The EOF1, characterized by weaker southerly winds and stronger
river discharge, favored nearshore retention of the CDW (with a high N/

P ratio) and a weakening of the ZCU (with a low N/P ratio). This resulted
in the accumulation of surface DIN but a reduction of surface DIP in the
ZC region. For bottom waters, the weakened ZCU generated a cross-
shore DIP concentration dipole, marked by increases seaward and de-
creases shoreward of the 20-m isobath.

The EOF2 pattern for surface nutrients was associated with stronger
southerly winds. These winds drove the CDW offshore in the CJE region,
elevating DIN concentrations there, while simultaneously intensifying
the ZCU. This enhanced the supply of DIP in the ZC region, which
stimulated phytoplankton growth and led to the consumption and
reduction of DIN there. The EOF2pp was primarily linked to the inter-
annual strength of Kuroshio intrusion (with a low N/P ratio), with
stronger intrusion leading to a broad increase in bottom DIP concen-
trations across the shelf.

These distinct nutrient dynamics produced clear regional ecological
impacts. Phytoplankton biomass in the ZC region was governed pri-
marily by ZCU intensity, supplemented by nutrients from the Kuroshio
intrusion. In contrast, biomass in the offshore EZC region was dominated
by the Kuroshio intrusion, which supplied the foundational nutrient
reservoir for the mid-shelf.

In summary, this study established a mechanistic framework in
which summer southerly wind strength coordinated surface nutrient
limitation regimes by regulating the CDW and ZCU, while the Kuroshio
intrusion independently governed the bottom DIP reservoir. By linking
these coupled physical forcings to nutrient variability, this framework
provided a basis for predicting biogeochemical and ecological responses,
such as HABs and hypoxia, in the ECS.
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