
Citation: Wu, Q.; Wang, X.; He, Y.;

Zheng, J. The Relationship between

Chlorophyll Concentration and

ENSO Events and Possible

Mechanisms off the Changjiang River

Estuary. Remote Sens. 2023, 15, 2384.

https://doi.org/10.3390/rs15092384

Academic Editor: Assefa M.

Melesse

Received: 4 March 2023

Revised: 22 April 2023

Accepted: 25 April 2023

Published: 2 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Communication

The Relationship between Chlorophyll Concentration and
ENSO Events and Possible Mechanisms off the Changjiang
River Estuary
Qiong Wu 1,2,3, Xiaochun Wang 3,*, Yijun He 3 and Jingjing Zheng 2

1 Marine Science and Technology College, Zhejiang Ocean University, Zhoushan 316000, China
2 Key Laboratory of Research on Marine Hazards Forecasting, National Marine Environmental Forecasting

Center, Beijing 100081, China; jingjing_nmefc@163.com
3 School of Marine Sciences, Nanjing University of Information Science and Technology, Nanjing 210044, China;

yjhe@nuist.edu.cn
* Correspondence: xcwang@nuist.edu.cn; Tel.: +86-158-5291-2594

Abstract: More and more attention has been paid to the study of the impact of extreme climatic
events on the ecological environment off the Changjiang River Estuary. In this study, the relationship
between the chlorophyll concentration and ENSO (El Niño Southern Oscillation) events was studied.
Several potential physical mechanisms between the ENSO and chlorophyll concentration were
analyzed using observation and sensitivity experiments from a high-resolution ROMS-CoSiNE
coupled model (Regional Ocean Modeling System-Carbon, Oxygen, Silicon, Nitrogen and Ecosystem)
off the Changjiang River Estuary. Our results indicated that the April to August averaged chlorophyll
concentration off the Changjiang River Estuary was significantly correlated with the December to
February averaged ENSO indices in the previous winter. The 10 m wind speed and SST (Sea Surface
Temperature) affected by an ENSO event had little effect on the chlorophyll concentration, while
the discharge had a significant effect on the chlorophyll concentration off the Changjiang River
Estuary, and the discharge was significantly and positively correlated with the ENSO indices. We
tested the effect of interannual variations of the discharge and nutrients carried by discharge on
the interannual variation in the chlorophyll concentration in the ENSO events. Two sensitivity
experiments showed that when the nutrients in the freshwater discharge were kept as a constant
seasonal cycle, the composite differences in the chlorophyll concentration between the positive and
negative ENSO phases off the Changjiang River Estuary were reduced. When there were no nutrients
in the freshwater discharge, the composite differences in the chlorophyll concentration between the
positive and negative ENSO phases off the Changjiang River Estuary were reduced by one order of
magnitude. The discharge can modify the stratification off the Changjiang River Estuary, and the
nutrients carried by the discharge play a dominant role in determining the interannual variation of
the chlorophyll concentration associated with the ENSO cycles.

Keywords: Changjiang River Estuary; discharge; chlorophyll concentration; El Niño Southern
Oscillation; ROMS-CoSiNE model

1. Introduction

The Changjiang River in China provides 90–95% of all riverine freshwater discharge
input to the East China Sea [1,2], forming a significant freshwater plume. The freshwater
plume transports nutrients into the estuary and nearby sea [3–6]. Nutrients heavily influ-
ence marine ecosystems and especially biological processes [7–9]. Due to the abundant
nutrients carried by large freshwater discharge [10–12], the Changjiang River Estuary has
become the most productive area of the East China Sea. Zhou et al. [13] suggested that red
tides are most frequent in May, accounting for 60% of red tide events in the entire year,
and that such red tides are related to the nutrients which are carried by the Changjiang
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River discharge. After July, the red tides gradually become less frequent with almost no
red tides occurring after September in the coastal waters of the Changjiang River Estuary
and Zhejiang province [14]. Zhou et al. [15] suggested that the nutrients carried by the
discharge in the summer may drive the increasing chlorophyll concentration at the front
of the freshwater plume of the Changjiang River Estuary. Overall, most phytoplankton
blooms appear from spring to summer with the discharge levels gradually increasing
around the Changjiang River Estuary.

Over the past decades, several studies have examined the interannual variability in
the physical parameters around the Changjiang River Estuary. For example, the East Asian
Monsoon system heavily affects the seasonal variability in Changjiang’s freshwater spread
in terms of the range and direction [16–18]. Liu et al. [19] indicated that the wind stress
anomaly may influence the sea level of the East China Sea during the ENSO (El Niño
Southern Oscillation) years. Park et al. [20] showed that ENSO may affect the summer SSS
(Sea Surface Salinity) in the East China and Yellow Seas through precipitation. To determine
the effect of ENSO events on the chlorophyll concentration around the Changjiang River Es-
tuary, Gong et al. [21] examined the seasonal variability in chlorophyll concentration using
cruise data from 1997 and 1998, which were significant ENSO years. However, their in-situ
observations could not describe the changes in chlorophyll concentration at fine spatial
scales. Recently, satellite ocean color sensors, such as the launched SeaWiFS (Sea-Viewing
Wide Field-of-view Sensor) and MODIS (Moderate Resolution Imaging Spectroradiometer),
provided fine-scale temporal and spatial near-surface chlorophyll concentration data. He
et al. [22] used two kinds of data to report the relationship between the phytoplankton
blooms and ENSO events, and showed that the interannual variations in phytoplankton
blooms may be affected by the interannual variations in the Changjiang River discharge.
However, they did not report a reasonable physical mechanism responsible for the phy-
toplankton bloom variability. In addition to the discharge and nutrients, temperature
affects the growth, reproduction, and metabolism of phytoplankton [23], and may also
be modulated by ENSO in influencing the interannual variations in the phytoplankton.
Similarly, wind force greatly influences the interannual variability of the phytoplankton
blooms in the North Atlantic [24], and may also be modulated by ENSO in influencing
the phytoplankton growth. However, the physical mechanisms of the effects of discharge
and temperature on the chlorophyll concentration off the Changjiang River estuary in the
ENSO years has not been paid much attention.

In this study, the CCI (Climate Change Initiative) dataset was used to study the
relationship between the ENSO and chlorophyll concentration. We also used a ROMS-
CoSiNE model (Regional Ocean Modeling System-Carbon, Oxygen, Silicon, Nitrogen and
Ecosystem) to study the potential physical mechanisms for the interannual variations in
the chlorophyll concentration off the Changjiang River Estuary during the ENSO years.
In this paper, we firstly introduce our model and data in Section 2. In Section 3, we
discuss the relationship between the chlorophyll concentration and ENSO and potential
mechanisms. We verify the model results with observations, and use the ROMS-CoSiNE
model to evaluate the contribution of the discharge to chlorophyll concentration in Section 4.
Section 5 summarizes the results.

2. Materials and Methods
2.1. Model

The ROMS-CoSiNE model for the Changjiang River Estuary was configured from the
ROMS model and the CoSiNE model. The CoSiNE model is an Ecosystem model, including
Carbon, Oxygen, Silicon and Nitrogen, and other variables [25–29]. The ROMS-CoSiNE
model has been successfully used to simulate the Pacific ecosystems and Changjiang River
Estuary [30,31]. To achieve a spatial resolution of the kilometer level off the Changjiang
River Estuary, a two-level nested model domain was used in this study. The outer model
domain (Figure 1a, L0) was from 105◦E to 135◦E, 15.5◦N to 44◦N, and covered the entire
Chinese coast at 9 km horizontal resolution. The inner model domain (Figure 1b, L1) with
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3 km horizontal resolution, showed the entire Changjiang River Estuary. The vertical
resolution was 16 levels. In this paper, the results of the L1 domain are presented, which
are due to its high horizontal resolution (Figure 1b). The study area was from 122.5◦E to
124◦E, 30◦N to 32◦N (Figure 1b, the black rectangle) of the Changjiang River Estuary. The
study period was from April to August for 1998–2019.
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Figure 1. (a) The outer model domain (L0) covers the entire Chinese coast. The black rectangle
denotes the second domain (27◦N–36◦N, 119◦E–128◦E). (b) The second model domain (L1) covers
the entire Changjiang River Estuary. The black rectangle here denotes the focus area (122.5◦E–124◦E,
30◦N–32◦N) of our time series analysis. The Bathymetry of the model domain is shown in meters.

2.2. Initial Condition and the Forcing Fields

For the ocean and ecosystem components, the treatment of later boundary conditions
and the initial fields were appropriate with the climatological Nitrate, Silicate, Phosphate,
dissolved Oxygen, temperature and salinity from WOA 2005 (World Ocean Atlas) [32].
For the atmospheric forcing fields, we used the NCEP/NCAR (National Centers for En-
vironmental Prediction/National Center) reanalysis data [33], including monthly relative
humidity, 2 m air temperatures, precipitation, 10 m winds, long-wave radiation, and short-
wave radiation. The calculation of wind stress, latent, and sensible heat flux relies on the
bulk formula with wind, air temperature, and relative humidity [34,35]. The biogeochem-
ical model included 31 biological variables, and we showed the initial value settings for
each variable. Total alkalinity (Talk) and total CO2 (TCO2) values were taken from the
GLODAP dataset [36]. The semi-labile dissolved organic carbon (SDOC) decreased accord-
ing to a hyperbolic tangent function of 15 mmol/m3 to 0.001 mmol/m3 from the surface
to the bottom, and the labile dissolved organic carbon (LDOC) was set as 2.0 mmol/m3

from 0 to 500 m and as 0.01 mmol/m3 from 500 m to the bottom. The labile dissolved
organic nitrogen (LDON), semi-labile dissolved organic nitrogen (SDON), and colored semi-
labile dissolved organic carbon (CSDOC) were set as 9.95 mmol/m3, 15.38 mmol/m3, and
0.4 mmol/m3, respectively. Bacteria nitrogen (BAC) decreased according to a hyperbolic
tangent function from 0.03 mmol/m3 to 0.01 mmol/m3. The other initial conditions of the
ecosystem variables were set as 0.0001 mmol/m3 in the model following Xiu and Chai [29]
and Wu et al. [31].

Freshwater discharge of the Changjiang River was also considered in the ROMS-
CoSiNE model. Freshwater discharge data was from the Datong hydrological station from
1998 to 2019. The monthly Niño3.4 index from 1997 to 2019 was downloaded from the
National Oceanic & Atmospheric Administration’s website. The monthly winds, pressure,
specific humidity, and surface pressure were from the NCEP/NCAR (National Centers for
Environmental Prediction/National Center) reanalysis data [33]. The monthly chlorophyll
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concentration observation data was from the 4.2 version of the CCI dataset (1998–2019),
which is a merged product based on sensors from MERIS (Medium Resolution Imaging
Spectrometer Instrument), MODIS Aqua (Moderate-resolution Imaging Spectroradiometer),
SeaWiFS LAC & GAC (Sea-viewing Wide Field-of-view Sensor Local Area Coverage &
Global Area Coverage), VIIRS (Visible Infrared Imaging Radiometer Suite) and OLCI
(Ocean and Land Color Imaging) datasets products, and has a horizontal resolution of
0.25◦. Monthly 10 m wind data was drawn from fifth-generation ECMWF reanalysis data
(ERA5 dataset) with a horizontal resolution of 0.25◦. The NO3 concentration data was from
the ROMS-CoSiNE model, with a horizontal resolution of 3 km, and 16 levels from surface
to bottom. The monthly global marine temperature and salinity grid data products were
from the marine science data center of the Chinese Academy of Sciences with a horizontal
resolution of 0.5◦ and 41 levels from the surface to 2000 m. Details of the temperature and
salinity datasets were as follows: The raw data of the global 0.5-degree ocean temperature
dataset were obtained from all in situ observations in the Global Ocean Database (WOD),
including XBT, CTD, Argo, Bottle, MBT, Glider, mooring, and other instruments. The data
were biased by applying the XBT data bias revision scheme (CH14 scheme) proposed by the
Atmospheric Research Institute (ARI) to revise the historical XBT data. Additionally, the
data were spatially interpolated using the IASA proposed interpolation method (Mapping:
improved ensemble optimal interpolation), which provides powered ensemble samples
using CMIP5 multi-model historical simulations and high-resolution samples [37].

The raw data for the global 0.5-degree ocean salinity dataset were obtained from all
in situ observations in the Global Ocean Database (WOD), including CTD, Argo, Bottle,
Glider, mooring, and other observational instruments. The dataset was mainly based on the
spatial interpolation of the data by the ensemble optimal interpolation method proposed
by the Institute of Atmospheric Sciences, which provides a power ensemble sample using
CMIP5 multi-model historical simulations and high-resolution samples [38].

Q =
1
g

∫ Ps

pt
Vqdp (1)

Qdiv =
1
g

∫ Ps

pt
∇·(Vq)dp (2)

In this study, the water vapor flux was calculated according to Equation (1), the
water vapor flux divergence was calculated according to Equation (2), where V is wind
(unit: m/s), q is specific humidity (unit: g/kg), Ps is surface pressure (1000 hPa), pt is
top atmospheric pressure (300 hPa), g is gravitational acceleration (9.8 m/s2). The wind,
specific humidity, and pressure are from NCEP/NCAR reanalysis data [33].

2.3. Numerical Experiment Design

Nutrients are important factors influencing the growth process of phytoplankton [7–9,39].
Changjiang River discharge transports large amounts of nutrients into the estuary [3–6]. In
order to study the chlorophyll concentration off the Changjiang River Estuary, freshwater dis-
charge and nutrients were added to the ROMS-CoSiNE model. We use Gaussian-distributed
precipitation around the estuary, which was converted by the discharge of the Changjiang
River at a spatial scale, according to parameters related to the model resolution (60 km for the
L1 domain, 120 km for the L0 domain) to present the freshwater discharge. This method has
solved the problem of simulating complex estuary dynamics with coarse-resolution ocean
models successfully [31,40–43]. Then, the nutrients carried by Changjiang River discharge
were added to the ROMS-CoSiNE model. Three kinds of nutrients (nitrate, silicate, and
phosphate) were added in the model, by multiplying the discharge with the observed
nutrients concentration (nitrate: 41.9 mmol/m3 average from January 1963 to December
1999; silicate: 95.6 mmol/m3, and phosphate: 0.21 mmol/m3 average from January 1963
to December 1984) [4]. It was also assumed that the nutrients which were added to the
model were mixed within 10 m below the sea surface [44]. In this way, we could convert
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the Changjiang River discharge (m3/s) into the rate of nutrient concentration change (unit:
mmol/m3·s), and add it as a source term for the nutrient temporal change.

This study performed three numerical experiments to investigate the influence of river
discharge and riverine nutrients on chlorophyll concentration. The control experiment was
referred to as Case 1, which was to add interannual variations of atmospheric and discharge
forcing fields from 1998 to 2019. In Case 2, the discharge and nutrient concentration
were fixed as the climatological annual cycle averaged from 1998 to 2019. In Case 3,
interannual variation of discharge was considered in the model forcing. However, the
nutrient concentration in the discharge was not included in the model. The atmospheric
forcing fields except for freshwater discharge were the same for all three experiments.
Table 1 lists more information about the three experiments.

Table 1. Details of the three experiments.

Forcing and Boundary Conditions Discharge and Nutrients

Case 1 Year-to-year variation Year-to-year variation
Case 2 Year-to-year variation Annual cycle (1998–2019 averaged)
Case 3 Year-to-year variation Year-to-year variationof discharge

The integration period was from 1998 to 2019.

3. Results
3.1. Interannual Variation of Chlorophyll Concentration off the Changjiang Estuary

As is well known, the high chlorophyll concentration in the Changjiang River Es-
tuary emerges from spring to summer [45,46]. To illustrate the relationship between the
chlorophyll concentration and ENSO, we showed the time series of the DJF-averaged
Niño3.4 index from 1997 to 2019 and the AMJJA-averaged (April to August) chloro-
phyll concentration over the area 122.5◦E–124◦E, 30◦N–32◦N from the CCI (1998–2019)
(Figure 2a). Interannual variability of the Niño3.4 index and chlorophyll concentration
were highly consistent, especially during strong El Niño decay years (1998, 2010, and 2016.
http://ggweather.com/enso/oni.htm, accessed on 1 January 2023). Chlorophyll concentra-
tion was significantly correlated with the Niño3.4 index with a correlation coefficient of 0.57
significant at the 95% confidence level. Figure 2b shows the composite differences in the
spatial distribution of the chlorophyll concentration between the positive (1998, 2010, and
2016) and negative (1999, 2000, 2008, and 2011) ENSO phases. ENSO events were chosen
based on a criterion of ±1 standard deviation in our research, instead of the conventional
0.5 ◦C Niño3.4 SST anomalies using relatively strong El Niño and La Niña events. The
chlorophyll concentration was positive over 122.5◦E–124◦E, 30◦N–32◦N with black dots
representing the area significant at the 95% confidence level. The above analysis shows
that the winter Niño3.4 index correlated well with the chlorophyll concentration off the
Changjiang River Estuary for the following spring and summer.
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differences in chlorophyll concentration between positive and negative ENSO phases (ENSO events
were chosen based on a criterion of ±1 standard deviation). The black dot indicates regions that were
significant at the 95% level based on Student’s t-test.

3.2. Possible Physical Mechanisms

Changes in the chlorophyll concentration may be linked to changes in the wind, SST,
and coastal discharge over the coastal areas. The decreased wind speed would act to
increase the stratification and reduce the nutrient exchange with deeper layers, thus reduc-
ing the chlorophyll concentration over the coastal areas [47]. The SST in the coastal area
appreciably affected the chlorophyll concentration, exhibiting a positive correlation [48].
Changes in coastal discharge would result in changes in the nutrient concentration, and
corresponding changes in the chlorophyll concentration over the coastal areas [12,49]. For
our interannual analysis of the Changjiang River Estuary, these three variables may be
responsible for the relationship between ENSO events and the coastal chlorophyll concen-
tration. By calculating the correlation coefficients between the AMJJA-averaged discharge,
SST, wind speed, and the DJF-averaged Niño3.4 from 1997 to 2019 (Figure 3a), we found
that the discharge was significantly correlated with the Niño3.4 index with a correlation
coefficient of 0.63 significant at the 99% confidence level. Both the SST and wind speed
were averaged over the focus area 122.5◦E–124◦E, 30◦N–32◦N from April to August of
each year. This result reached the same conclusion as Jiang et al. [50] and Zhang et al. [51],
who showed that high levels of the Changjiang River discharge generally occurred in
warm ENSO phases, and low discharge levels occurred in cold phases. The correlation
coefficients between SST, wind speed, and DJF-averaged Niño3.4 were 0.17 and −0.05,
respectively, which were not significant at the 95% confidence level. The above linear
analysis shows that the Niño3.4 index for the winter is a good predictor for the discharge in
the following spring and summer. Figure 3b shows the regressed 850 hPa water vapor flux
and 850 hPa vapor flux divergence upon the previous winter DJF-averaged Niño3.4 index.
The middle and lower reaches of the Changjiang River had southerly wind anomaly and
water vapor flux convergence, which is associated with more precipitation and therefore
more discharge [52–54]. Estuary nutrients mainly come from discharge and change with
discharge volume [55,56]. Thus, ENSO events can cause the change of the Changjiang River
discharge which is critical to the nutrient supply of the estuary marine environment.

Remote Sens. 2023, 15, x FOR PEER REVIEW 7 of 15 
 

 

 

Figure 3. (a) Time series of AMJJA-averaged standardized discharge, 10 m wind speed, and SST 

from 1998 to 2019 and DJF-averaged standardized Niño3.4 index for the previous winter. Both the 

SST and wind speed were averaged over the focus area 122.5°E–124°E, 30°N–32°N and from April 

to August of each year. (b) The 850 hPa water vapor flux and 850 hPa water vapor flux divergence 

regressed onto the Niño3.4 index. Black arrows and white dots are significant at the 95% confidence 

level. Water vapor transport flux is in kg/(m∙s), and water vapor flux divergence is in 105 kg/(m2∙s). 

The regressed chlorophyll concentration upon the AMJJA-averaged discharge from 

1998 to 2019 indicated that the chlorophyll concentration was positively correlated with 

discharge off the estuary, especially around our focus area of 122.5°E–124°E, 30°N–32°N 

(Figure 4a). The interannual variation of the chlorophyll concentration was positively cor-

related with the discharge, indicating that the chlorophyll concentration may be affected 

by the discharge off the estuary, especially over the area of 122.5°E–124°E, 30°N–32°N, 

which is consistent with Chen et al. [11] and Wang et al. [12]. The discharge was signifi-

cantly correlated with the averaged chlorophyll concentration in the focus area 122.5°E–

124°E, 30°N–32°N with a correlation coefficient of 0.44 significant at the 95% confidence 

level (Figure 4b). Discharge took the lead role in affecting the chlorophyll concentration 

in the focus area, especially in high discharge years (1998, 2010 and 2016). The above anal-

ysis shows that the interannual variation of chlorophyll concentration in 122.5°E–124°E, 

30°N–32°N is not completely affected by the interannual variation in discharge, but that 

the discharge is still the main factor affecting the chlorophyll concentration in high dis-

charge years.  

 

Figure 4. (a) The AMJJA-averaged chlorophyll concentration from the CCI regressed onto the dis-

charge from 1998 to 2019 (shade), and the significant correlation coefficient distribution between 

Figure 3. (a) Time series of AMJJA-averaged standardized discharge, 10 m wind speed, and SST from
1998 to 2019 and DJF-averaged standardized Niño3.4 index for the previous winter. Both the SST
and wind speed were averaged over the focus area 122.5◦E–124◦E, 30◦N–32◦N and from April to
August of each year. (b) The 850 hPa water vapor flux and 850 hPa water vapor flux divergence
regressed onto the Niño3.4 index. Black arrows and white dots are significant at the 95% confidence
level. Water vapor transport flux is in kg/(m·s), and water vapor flux divergence is in 105 kg/(m2 s).
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The regressed chlorophyll concentration upon the AMJJA-averaged discharge from
1998 to 2019 indicated that the chlorophyll concentration was positively correlated with
discharge off the estuary, especially around our focus area of 122.5◦E–124◦E, 30◦N–32◦N
(Figure 4a). The interannual variation of the chlorophyll concentration was positively cor-
related with the discharge, indicating that the chlorophyll concentration may be affected by
the discharge off the estuary, especially over the area of 122.5◦E–124◦E, 30◦N–32◦N, which
is consistent with Chen et al. [11] and Wang et al. [12]. The discharge was significantly
correlated with the averaged chlorophyll concentration in the focus area 122.5◦E–124◦E,
30◦N–32◦N with a correlation coefficient of 0.44 significant at the 95% confidence level
(Figure 4b). Discharge took the lead role in affecting the chlorophyll concentration in the
focus area, especially in high discharge years (1998, 2010 and 2016). The above analy-
sis shows that the interannual variation of chlorophyll concentration in 122.5◦E–124◦E,
30◦N–32◦N is not completely affected by the interannual variation in discharge, but
that the discharge is still the main factor affecting the chlorophyll concentration in high
discharge years.
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Figure 4. (a) The AMJJA-averaged chlorophyll concentration from the CCI regressed onto the dis-
charge from 1998 to 2019 (shade), and the significant correlation coefficient distribution between
discharge and chlorophyll concentration (black dots). (b) The time series of AMJJA-averaged stan-
dardized chlorophyll concentration for the focus area 122.5◦E–124◦E, 30◦N–32◦N and discharge from
1998 to 2019.

4. Model Results

With the influence of meteorological and oceanic factors, the riverine discharge will
spread from the estuary and the variable discharge itself cannot represent the spread of
discharge off the Changjiang River estuary [57,58]. On the other hand, the SSS can represent
the expansion of freshwater (Wu et al. [59]). The SSS was used to analyze the cause of
the abnormal spatial distribution of chlorophyll concentration during the ENSO years.
The two-level nested ROMS-CoSiNE coupled model presented in Section 2 was used to
investigate the relationship between the discharge and chlorophyll concentration during
the ENSO years.

4.1. Validation of Model Simulation

The model simulation was first validated against observation using output from
the control integration Case 1 in which the Changjiang River discharge and associated
nutrients were included. Figure 5 shows that the composite differences of SST, SSS, and
density had similar special distributions in observation (Figure 5a–c) and model output
(Figure 5d–f). The composite differences of SST from the observation (Figure 5a) and
model (Figure 5d) had positive SST anomaly east of 126◦E, away from the Changjiang
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River Estuary. The composite differences of both SSS (Figure 5b,c) and density (Figure 5c,f)
represented negative anomalies off the Changjiang River Estuary, indicating the spread of
freshwater discharge. There were subtle differences between the model and observation.
In the observation (Figure 5b,c), the spread of freshwater discharge was further extended
toward the northeast direction. In the model output (Figure 5e,f), the freshwater discharge
was confined off the Changjiang River Estuary, and caused larger negative SSS and density
anomaly than that in the observation. Overall, the model can reproduce the spread of
freshwater discharge of the Changjiang River and SSS, and density differences between
the ENSO-positive and -negative phase years. In the later sections, the outputs from
the two sensitivity experiments were used to quantify the influence of the discharge and
nutrients carried by the discharge.
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Figure 5. (a) Composite differences in SST between positive and negative ENSO phases (ENSO
events were chosen based on a criterion of ±1 standard deviation); (b) the same as (a) but for SSS.
(c) the same as (a) but for density. (d–f) the same as (a–c) but for model results. The black dots
indicate regions where the difference was significant at the 95% confidence level based on Student’s
t-test. The unit for SST is ◦C, the unit for SSS is PSU, and the unit for density is kg/m3.

After the discharge enters the ocean, the nutrients carried by the river discharge can
enhance the phytoplankton growth and increase the chlorophyll concentration. Figure 6a
shows the correlation coefficient distribution between the AMJJA-averaged chlorophyll
concentration of CCI and the AMJJA-averaged SSS of observation from 1998 to 2019.
The correlation coefficient was negative, and significant at the 95% confidence level off
the Changjiang River Estuary. The distribution of the correlation coefficient between
the SSS and chlorophyll concentration was consistent with the abnormal distribution
of chlorophyll concentration during the ENSO years off the Changjiang River Estuary
(Figure 2b), indicating the above normal discharge from the Changjiang River spreading at
the surface of the estuary in positive ENSO years and bringing more nutrients to the surface.
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Therefore, the chlorophyll concentration in the ENSO-positive years was higher than that in
the negative ENSO years. The averaged SSS and chlorophyll concentration of the focus area
had a correlation coefficient of −0.62 significant at the 95% confidence level. The ROMS-
CoSiNE model showed the same spatial distribution of correlation coefficient between SSS
and chlorophyll concentration (Figure 6c) as the observation (Figure 6a), and the SSS was
also significantly correlated with the chlorophyll concentration with a correlation coefficient
of −0.66 significant at the 95% confidence level (Figure 6d). This indicates that the model
can reproduce the relationship between SSS and chlorophyll concentration.
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Figure 6. (a) The correlation coefficient distribution between AMJJA-averaged chlorophyll concen-
tration and AMJJA-averaged SSS (shade) from 1998 to 2019. (b) The time series of AMJJA-averaged
standardized chlorophyll concentration for 122.5◦E–124◦E, 30◦N–32◦N and SSS from 1998 to 2019.
(c) the same as (a) but for model result. (d) the same as (b) but for model result. The shade is where
the correlation coefficient was significant at the 95% confidence level.

4.2. The Influence of Discharge and Nutrients on Chlorophyll Concentration

As discussed in Section 3.2, the change in wind forcing, ocean temperature and
discharge all can cause changes in chlorophyll concentration in coastal waters. To identify
the mechanism of chlorophyll concentration changes in the Changjiang River Estuary,
two sensitivity numerical experiments were conducted (Table 1). In Case 2, the discharge
and nutrients carried by the discharge were fixed as a constant seasonal cycle which was
the average from 1998 to 2019. In Case 3, only the interannual variation of discharge was
considered. However, there were no nutrients in the discharge.

Figure 7 compares these two experiments against the control integration of Case 1. In
all three experiments, other atmospheric forcing fields were kept the same. From Figure 7a,
the composite difference of the model chlorophyll concentration between ENSO-positive
and ENSO-negative phase years indicated an enhanced chlorophyll concentration off the
Changjiang River Estuary, which bore a similar spatial pattern as that of the observa-
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tion (Figure 2b). In the study area 122.5◦E–124◦E, 30◦N–32◦N, the density was reduced
(Figure 7b), the NO3 concentration was enhanced (Figure 7c), and the chlorophyll con-
centration in the water column was enhanced (Figure 7d) in the ENSO-positive phase
years. If the discharge and nutrients were fixed as a constant seasonal cycle, the chloro-
phyll concentration was reduced in the ENSO-positive phase years (Figure 7e,h), without
obvious changes in density (Figure 7f) and NO3 concentration (Figure 7g). This reflects the
important role of discharge in causing chlorophyll concentration variation. If the discharge
force was considered and there were no nutrients in the discharge, the model could repro-
duce the density reduction in the ENSO-positive phase years (Figure 7j), and an enhanced
chlorophyll concentration (Figure 7i,c) which was one order of magnitude smaller than
that in Case 1 and the observation. Comparing Figure 7c,g,k, we can conclude that the
nutrients from the Changjiang River play a dominant role in the Changjiang River Estuary.
Without the nutrients carried by the river discharge, the NO3 concentration would be
reduced by one order to two orders of magnitude. Though river discharge can reproduce
the stratification change in ENSO-positive phase years, it is the nutrients transported by
the discharge that cause the chlorophyll concentration change.
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Figure 7. (a) Composite differences of simulated chlorophyll concentration from Case 1 which in-
cludes interannual variations in discharge and nutrients between positive and negative ENSO phases
(ENSO events were chosen based on a criterion of ±1 standard deviation). The unit for chlorophyll
concentration is mg/m3. (b) The density profiles averaged over 122.5◦E–124◦E, 30◦N–32◦N for
positive and negative ENSO phases. The unit for density is kg/m3. (c) the same as (b) but for NO3.
The unit for NO3 is mg/m3. (d) the same as (b) but for chlorophyll concentration. The unit for
chlorophyll concentration is mg/m3. (e) Composite differences of modeled chlorophyll concentration
between positive and negative ENSO phases from Case 2 with discharge and nutrients taken as a
fixed seasonal cycle. (f) the same as (b) but for Case 2. (g) the same as (c) but for Case 2. (h) the
same as (d) but for Case 2. (i) Composite differences in chlorophyll concentration from Case 3 with
only interannual variation in discharge but no nutrients in discharge for positive and negative ENSO
phases. (j) the same as (b) but for Case 3. (k) the same as (c) but for Case 3. (l) the same as (d) but
for Case 3. The black dots indicate regions that were significant at 95% confidence level based on
Student’s t-test.
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5. Discussions and Conclusions

The April to August averaged chlorophyll concentration from the CCI product over
the focus area 122.5◦E–124◦E, 30◦N–32◦N was significantly correlated with the December to
February averaged Niño3.4 index from the previous winter from 1998 to 2019. Among the
three variables (10 m winds, SST, and discharge) that may reflect the interaction between
ENSO and the chlorophyll concentration in coastal areas, only the discharge was signifi-
cantly correlated with the previous winter’s Niño3.4 index. When studying the relationship
between the discharge and chlorophyll concentration off the Changjiang River Estuary,
we found that the chlorophyll concentration was mainly affected by the discharge in high
discharge years. To address the question of the impact of the Changjiang River discharge on
the nearshore marine ecosystem, we can study the flow area of the discharge by analyzing
the spatial distribution characteristic of the SSS on the interannual time scale. Therefore,
it is possible that the chlorophyll concentration off the Changjiang River Estuary may be
related to the interannual variation of the SSS. However, for the relationship between the
discharge and nutrients, we can only analyze its impact on the estuarine ecosystem with
the help of a numerical model due to the lack of continuous temporal and spatial scale
observations of nutrients.

A two-level nested ROMS-CoSiNE coupled model was used to study the impact
of discharge and nutrients carried by the discharge on the chlorophyll concentration
during the ENSO years off the Changjiang River Estuary. The model could reproduce
the spatial distributions of SST, SSS, and density anomaly and the relationship between
the SSS and chlorophyll concentration during the ENSO years off the Changjiang River
Estuary. We have studied the relationship between the Changjiang River discharge and
SSS, and chlorophyll concentration. Therefore, when changing the interannual variation
of discharge and nutrients carried by the discharge, it must be considered whether the
chlorophyll concentration would also change interannually. Based on this, we designed
a sensitivity experiment in the model to illustrate this question. When the discharge and
nutrients carried by the discharge were fixed as a constant seasonal cycle, the chlorophyll
concentration in the Changjiang River Estuary was reduced in ENSO-positive phase years.

The contribution of nutrients carried by the Changjiang River discharge in relation to
the chlorophyll concentration off the Changjiang River Estuary was also considered. When
removing nutrients from the discharge, the nutrient concentration in the Changjiang River
Estuary was reduced by one to two orders of magnitude and the interannual variation of
chlorophyll concentration was also reduced by one order of magnitude. By comparing
the outputs from the control experiment with the two sensitivity experiments, it may be
concluded that the freshwater discharge can modify the stratification, and it is the nutrients
carried by the discharge that play a dominant role in causing the chlorophyll concentration
variation associated with the ENSO-positive and -negative phase years.
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