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Abstract 17 

According to previous studies, marine heatwaves (MHWs) significantly suppress 18 

the phytoplankton chlorophyll-a concentration (Chl a) in tropical oceans. However, pre-19 

MHW Chl a has rarely been considered as a reference value. In this study, the Chl a for 20 
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the periods preceding and during MHWs events was used to explore the impact of 21 

MHWs on Chl a from 1998 to 2022 in the South China Sea (SCS). The Chl a response 22 

to MHWs in different regions was further discussed based on the Chl a variation char-23 

acteristics. The results showed that the Chl a response to MHWs exhibited regional 24 

variability. Interestingly, there was a large proportion of positive Chl a anomalies (~0.55) 25 

in the estuary and offshore regions during MHWs; however, Chl a anomalies were 26 

mostly negative in the upwelling regions. These different response patterns are related 27 

to background conditions, including nutrient concentrations, wind-driven dynamics, 28 

and light availability. In upwelling regions, negative Chl a anomalies were primarily 29 

due to the weakening of wind speeds, Ekman pumping velocities, and upwelling inten-30 

sities. In estuarine regions, positive Chl a anomalies were caused by enhanced light 31 

availability, whereas in offshore regions, there were attributed to the increased atmos-32 

pheric wet deposition. These results have improved our understanding of the impact of 33 

MHWs on marine ecosystems.  34 

Keywords 35 

Chlorophyll-a, marine heatwaves, nutrients, upwelling, South China Sea 36 

1. Introduction 37 

With global warming, marine heatwaves (MHWs), which are prolonged periods 38 

of anomalous ocean temperature warming, are occurring with increasing frequency and 39 

intensity (Oliver et al., 2018; Oliver et al., 2021). They have adverse effects on marine 40 

ecosystems (Holbrook et al., 2020; Smith et al., 2023). MHW effects on ecosystems 41 
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include coral bleaching (Feng et al., 2022), seagrass destruction (Arafeh-Dalmau et al., 42 

2020), and increased seabird and marine mammal mortality (Jones et al., 2018; Oliver 43 

et al., 2017; Smale et al., 2019). Over the past two decades, the sea surface temperature 44 

(SST) in the South China Sea (SCS) has increased significantly (Yu et al., 2019). 45 

MHWs have become more frequent, intense, widespread, and severe (Wang et al., 2023; 46 

Yao and Wang, 2021). The probability of MHWs in the SCS since 2010 is four times 47 

higher than that in the 1980s (Tan et al., 2022). It is widely accepted that MHWs are 48 

primarily driven by atmospheric and/or oceanic processes, including changes in air–sea 49 

heat fluxes, horizontal/vertical heat advection, and lateral/vertical mixing (Holbrook et 50 

al., 2020; Oliver et al., 2021; Sen Gupta et al., 2020). SCS MHWs can be attributed to 51 

the combined effects of a positive net air–sea surface heat flux (shortwave radiation 52 

enhancement) and oceanic advection convergence (an anomalous upper-ocean anticy-53 

clone) (Tan et al., 2022; Wang et al., 2023).  54 

Phytoplankton chlorophyll-a concentration (Chl a) is a key indicator of marine 55 

phytoplankton biomass and primary productivity, with temperature, nutrient supply, 56 

and light availability being critical factors in phytoplankton dynamics (Fernández-Gon-57 

zález et al., 2022). Temperature affects phytoplankton in two ways: directly influencing 58 

biological metabolic reactions, and indirectly influencing vertical mixing and nutrient 59 

uptake into the surface layer (Kremer et al., 2017). MHWs generally increase Chl a  at 60 

high latitudes and decrease Chl a at middle–low latitudes (Grix et al., 2021; Noh et al., 61 

2022). In nutrient-rich, light-limited high latitudes, MHWs may weaken vertical mixing, 62 

prolonging phytoplankton residence time in the euphotic layer and consequently 63 
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increasing Chl a (Noh et al., 2022). In oligotrophic light-rich middle–low latitudes, 64 

MHWs enhance stratification and reduce the mixed layer depth (MLD), thereby weak-65 

ening the vertical nutrient supply, leading to a decrease in phytoplankton biomass and 66 

primary production (Boyce et al., 2010; Thomas et al., 2012). Phytoplankton blooms 67 

tend to be stronger or weaker in nutrient-rich or nutrient-limited water, respectively, 68 

during MHWs (Hayashida et al., 2020). Chl a have been found to be negatively corre-69 

lated with MHWs in the SCS (Chen et al., 2023b; He et al., 2023). Moreover, MHWs 70 

lead to homogeneity in algal community structure, thereby promoting heat-tolerant mi-71 

croalgal growth in coastal oceans and smaller phytoplankton in open oceans (Gao et al., 72 

2021; Zhan et al., 2023). This structural shift does not favour long-term carbon seques-73 

tration (Gao et al., 2021; Jiang et al., 2024).  74 

Previous studies are usually based on methods that calculated Chl a anomalies by 75 

subtracting the corresponding Chl a climatology during MHWs, without considering 76 

the pre-existing phytoplankton Chl a conditions before the MHWs (Chen et al., 2023b; 77 

He et al., 2023; Noh et al., 2022). However, Chl a, an ecological indicator, is influenced 78 

by environmental conditions such as nutrient availability and light. Consequently, Chl 79 

a exhibits more complex and significant variations and differs substantially from its 80 

climatology. Therefore, these methods are unsuitable for precise evaluation of the direct 81 

impact of MHWs. To address this limitation, the Chl a anomaly was calculated as the 82 

difference in the mean Chl a during the MHW minus the mean 8-day Chl a before the 83 

MHW. This refined method could more accurately assess the direct impact of MHWs 84 

on Chl a (see Section 2.3.2). The results from this improved method revealed that a 85 
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considerable proportion of Chl a anomalies were positive in most regions of the SCS 86 

during MHWs, including the northern SCS (NSCS) and the SCS basin. These results 87 

contradict the prevailing opinion that MHWs predominantly reduce Chl a at low lati-88 

tudes (He et al., 2023; Krishnapriya et al., 2023; Noh et al., 2022). To understand these 89 

unexpected phenomena, we analysed the Chl a response characteristics to MHWs and 90 

investigated the underlying mechanisms driving the Chl a response to MHWs in differ-91 

ent regions.  92 

2. Materials and Methods 93 

2.1. Study Area 94 

The SCS is the largest semi-enclosed marginal sea in the western Pacific (Jiang et 95 

al., 2023). It is typically influenced by various factors such as typhoons, eddies, mon-96 

soons, and the El Niño-Southern Oscillation (Chen and Tang, 2012; Hu et al., 2000; Liu 97 

et al., 2008; Liu et al., 2022; Ning et al., 2008; Tang et al., 2004; Zhao and Wang, 2018). 98 

The central SCS, henceforth referred to as the offshore region (Fig. 1, ellipse D), is 99 

characterised by oligotrophic conditions with low productivity and depths exceeding 100 

5000 m (Lee Chen, 2005). Luzon Island is located in the north-eastern SCS. Phyto-101 

plankton blooms are typically observed in northwestern Luzon (Fig. 1, box A) during 102 

winter (Tang et al., 1999). This can be attributed to upwelling and turbulent mixing 103 

caused by the interaction between the northeast monsoon and the Kuroshio Current, as 104 

well as the interaction between the Kuroshio Current and the local topography. This 105 

transports abundant nutrients to the surface layer, thereby increasing Chl a (Chen et al., 106 
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2007; Lee Chen et al., 2008; Zhao et al., 2013). The northern boundary of the SCS is 107 

formed by the broad shelf of the NSCS. It is characterised by high nutrient levels (Har-108 

rison et al., 2008; Su, 2004). The Pearl River Estuary (Fig. 1, parallelogram C) is located 109 

on the continental shelf of the NSCS (Cai et al., 2022), and the Pearl River is the second-110 

largest river in China in terms of its flow capacity. During summer, the Pearl River 111 

plume spreads eastward, whereas during winter it moves in the opposite direction (Chen 112 

et al., 2017). The Pearl River plume transports nutrient-rich water to the adjacent con-113 

tinental shelf, resulting in elevated Chl a (Ye et al., 2020; Zhao et al., 2018). Similarly, 114 

the western SCS (WSCS) (Fig. 1, box B) exhibits significant primary productivity in 115 

the shelf and slope areas during summer (Tan and Shi, 2009). This is due to the inter-116 

action of the northeastward jet with the topography, which results in upwelling that 117 

brings cold, nutrient-rich water from the deep to the surface (Chen and Wang, 2014; 118 

Gao et al., 2013).  119 

 120 
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Fig. 1. Map of the SCS. Box A refers to northwest Luzon, box B to southeast Vi-121 

etnam, parallelogram C to the Guangdong coast, and ellipse D to the offshore re-122 

gion. The black line shows the 200 m isobath.  123 

2.2.  Data Sources 124 

The daily SST data used in this study were obtained from the National Oceanic a125 

nd Atmospheric Administration (NOAA) Optimum Interpolation SST Version 2 datase126 

t (https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.127 

1/access/avhrr/). The dataset provides global grid data with a resolution of 0.25×0.25° 128 

and covers the period from September 1981 to the present. Daily data on surface Chl a,129 

 euphotic layer depth (ED), and aerosol optical depth (AOD) at 865 nm were derived f130 

rom the GlobColour dataset provided by HERMES (http://hermes.acri.fr). This dataset131 

 has a spatial resolution of 0.04×0.04° and a temporal resolution of one day, from 1997132 

 to the present. The daily MLD data were obtained from the Asia Pacific Data Researc133 

h Center (APDRC) (http://apdrc.soest.hawaii.edu/) at a spatial resolution of 0.25×0.2134 

5°. MLD data from 1998 to 2022 were used in this study. The ERA5 dataset from the 135 

European Centre for Medium-Range Weather Forecasts (https://cds.climate.copernicu136 

s.eu/) was used for atmospheric variables. ERA5 provides a wide range of variables fo137 

r the atmosphere, land, and oceans from 1940 to the present. Hourly 10 m wind speed 138 

(includes 10 m wind u- and v-components), surface net solar and thermal radiation, su139 

rface latent and sensible heat flux, and total precipitation were used in our study. The r140 

esolution of the data set was 0.25°, and the time span ranged from 1982 to 2020. The d141 
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etails of each dataset are presented in Table 1. 142 

Table 1 143 

The observational and reanalysis data used in this study, including the data source, and144 

 temporal and spatial resolution. 145 

Parameter 
Temporal 

resolution 
Time span 

Spatial  

resolution 
Website/Resource 

SST Daily 1982-2022 0.25°×0.25° 

https://www.ncei.noaa.g

ov/data/sea-surface-

temperature-optimum-

interpolation/v2.1/ac-

cess/avhrr/ 

Chl a, ED, and AOD Daily 1998-2022 0.04°×0.04° https://hermes.acri.fr/ 

MLD Daily 1998-2022 0.25°×0.25° 
http://apdrc.soest.ha-

waii.edu/ 

Wind 10 m u- and v-

components, surface net 

solar and thermal radia-

tion, surface latent and 

sensible heat flux, and 

total precipitation 

Hourly 1998-2022 0.25°×0.25° 
https://cds.climate.co-

pernicus.eu/ 

2.3. Methods 146 

2.3.1. Definition of MHWs  147 

In this study, MHWs, short-term temperature extremes, refer to abnormally warm 148 

events lasting five days or longer, with temperatures exceeding the 90th percentile, 149 

based on the 30-year historical baseline period (Hobday et al., 2016). Two MHW events 150 

occurring within an interval of two days or less were considered as single joint events 151 

(Hobday et al., 2016). The SSTs in the SCS have increased in recent years (Yu et al., 152 

2019). Therefore, the threshold for the MHWs used in this study was determined based 153 
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on the climatological period from 1982 to 2011. However, the detection of MHWs may 154 

have led to an underestimation of MHWs in earlier years (before 2011) and overesti-155 

mation of MHWs in recent years (after 2011) to some degree. Then average SST data 156 

in the 11-d window were calculated and smoothed using the 31-d moving average. The 157 

frequency of MHWs is defined as the number of MHWs per season. The total number 158 

of MHWs days is the sum of the MHW days, and the mean MHW intensity refers to 159 

the average SST anomaly during the MHWs. In this study, MATLAB was used to detect 160 

MHW events, which can be obtained from https://github.com/ZijieZhaoMMHW/m_ 161 

mhw1.0 (Zhao and Marin, 2019). 162 

2.3.2. MHW Impact Determination 163 

In this study, Chl a anomalies are calculated by subtracting the mean 8-d Chl a 164 

before MHWs from the mean Chl a during MHWs, which better captures the continuity 165 

of the MHW event. Our method more accurately reflects the real trend of Chl a before 166 

and during MHWs compared to the previous method, in which Chl a anomalies were 167 

obtained by subtracting the mean Chl a corresponding to the climatology during MHWs 168 

from the mean Chl a during MHWs. Previous method may obscure important short-169 

term variations and cannot accurately assess the contribution of pre-MHWs background 170 

conditions, leading to a biased assessment of the impact of MHWs on Chl a. For exam-171 

ple, the Chl a concentrations were much lower than those of the climatology before and 172 

during the MHWs, along with an increasing Chl a tendency from the pre- to post-173 

MHWs (Fig. 2a). The Chl a anomalies were negative when based on the previous 174 
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method; however, it was positive when based on our method, and vice versa (Fig. 2b). 175 

Clearly, the results derived from these two methods are conflicting. Nevertheless, our 176 

method can better reflect the short-term impact of MHWs on Chl a. In the previous 177 

study (Krishnapriya et al., 2023), the effect of MHWs on Chl a was investigated over a 178 

period of 10-d before and after the occurrence of MHWs. We used this method to verify 179 

that the results obtained are roughly consistent with our research results (Fig. S2). In 180 

the following, the Chl a anomaly refers to the relative Chl a anomaly, which is used to 181 

evaluate the influence of MHWs on Chl a. Negative values imply MHW inhibition of 182 

Chl a, whereas positive values imply MHW promotion of Chl a. The Chl a anomaly 183 

was obtained using Eq. (1). 184 

  185 

Fig. 2. The Chl a time series along the Guangdong Coast (Fig. 1, parallelogram 186 

C). (a) August 25–October 30, 2021. (b) August 15–August 24, 2017.   The blue 187 

dotted line is the climatological value, the blue shading indicates one standard de-188 

viation, and the light-pink shading indicates the MHW period.  189 
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Where   ( , )Chl a Anomaly i j  is the Chl a anomaly of the pixels in row i  and col-191 

umn j .  ( , , )pChl a i j d  is the Chl a of the pixels in row i  and column j  for the p th 192 
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MHW event and day d of this MHW event. k  represents the total number of MHWs 193 

for each pixel. sd  and 
ed  indicate the beginning and end dates of the MHWs, respec-194 

tively.  195 

The Chl a anomaly emphasises the combined effects, which include the positive 196 

and negative effects of MHWs on Chl a. To further understand the degree of Chl a 197 

response to MHWs, the Chl a response intensity to MHWs was measured using Eq. (2). 198 

The proportion of positive Chl a anomalies was determined by calculating the ratio of 199 

the number of positive Chl a anomalies to the total number of Chl a anomalies. 200 
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In general, the duration of an MHW is approximately 5–20 d. Some MHWs can 202 

last longer than a season or year. However, prolonged MHWs are rare (Fig. S1). If the 203 

MHW duration exceeds a certain length, the results of Eq. (1) may include the effect of 204 

seasonal variation on Chl a. Therefore, this study only considered MHWs with a dura-205 

tion of ≤ 45 d, which accounted for 97.25% of the total MHW events. Thus, it accurately 206 

represents the overall response of phytoplankton to MHWs. 207 

Anomalies in wind speed, MLD, and total precipitation during the MHWs were 208 

calculated as follows: 209 

1
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where environmental condition anomalies refers to anomalies in wind speed, MLD, and 211 
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total precipitation.   ( , )Wind Speed Anomaly i j  refers to the wind speed anomaly of the 212 

pixels in row i  and column j . The remainder of this study is organised as follows: 213 

spring, summer, autumn, and winter refer to March–May, June–August, September–214 

November, and December–February, respectively. 215 

2.3.3. Ekman Pumping Velocity and Upwelling Index 216 

The Ekman pumping velocity (EPV) is the primary factor influencing coastal 217 

upwelling. The wind stress curl was calculated using a sea surface wind speed of 10 m 218 

(
10U ), and subsequently the EPV was calculated. The EPV was calculated as follows 219 

(Kim et al., 2017): 220 

 10 10a dC U U =   (4) 221 

 
y x

zcurl
x y

  
= −
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w
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f




=  (6) 223 

where  is the wind stress, zcurl  is the wind stress curl, f  is the Coriolis parameter 224 

( 2 sinf  = ), the drag coefficient ( dC ) is 1.3×10-3, the air density at the surface ( a ) 225 

is 1.29 kg·m-3, and the seawater density ( w ) is 1.025×103 kg·m-3. 226 

The upwelling index (UI) represents the upwelling intensity. The definition of the 227 

UI differs from study to study (Shi et al., 2021; Shi et al., 2023). In this study, the UI 228 

was calculated as follows: 229 

 cos( )
w

UI
f


 


= −  (7) 230 

where,   is the wind direction and   is the shoreline orientation. To better understand 231 



13 

 

the impact of MHWs on upwelling, we selected 118–121°E, 16–20°N (Fig. 1, box A) 232 

and 108–112°E, 11–15°N (Fig. 1, box B) to explore the UI, EPV, MLD, and air–sea 233 

heat flux during MHWs as well as during non-MHWs (NMHWs). 234 

3. Result 235 

3.1. Spatial and Temporal Distributions of MHWs from 1998 to 2022  236 

The NSCS has a high average frequency of MHWs (~4 times/season), particularly 237 

along the Guangdong and Beibu Gulf coasts (Fig. 3a–d). The region north of 10°N 238 

experiences the highest average MHW frequency during spring and summer (Fig. 3a) 239 

and primarily south, east, and north of the SCS throughout the winter (Fig. 3d). How-240 

ever, compared to other seasons, the average MHW frequency in autumn was lower, 241 

with Beibu Gulf experiencing the highest average MHWs frequency of 3.5 times/season 242 

(Fig. 3c).  243 

Winter exhibited the highest number of MHW days, with an average of 65 d or 244 

longer in the NSCS and WSCS (Fig. 3h). Second, in summer, the northern and central 245 

SCS comprised the majority of the regions with the highest number of MHW days (Fig. 246 

3f). There were fewer MHW days during spring and autumn (Fig. 3e and g). Overall, 247 

north of 10°N, in particular, the Beibu Gulf, Guangdong coast, and Xisha Islands, had 248 

the highest number of MHW days (~60 d/season) (Fig. 3e–h). 249 

There were significant seasonal and regional variations in the mean intensity of 250 

MHWs. In the NSCS, particularly along the Guangdong coast, the mean MHW inten-251 

sity was the strongest (~2℃), whereas the mean MHW intensity during autumn was the 252 
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weakest (~1.2℃) (Fig. 3i–l). The mean MHW intensity in northwest Luzon was the 253 

highest during spring, followed by winter, and lowest during autumn (Fig. 3i–l). How-254 

ever, the mean MHW intensity in the central and western parts of the SCS reached its 255 

peak at approximately 2℃ during summer (Fig. 3j). The highest mean MHW intensity 256 

(~1.8℃) appeared in the Xisha Islands and surrounding waters during autumn (Fig. 3k). 257 

 258 

Fig. 3. Seasonal spatial distributions of multiyear average (a–d) MHW frequency, 259 

(e–h) total MHW days, and (i–l) mean MHW intensity from 1998 to 2022 in the 260 

SCS. 261 

The annual average frequency and total number of MHW days in the SCS 262 

from 1998 to 2022 demonstrated an increasing trend, whereas the mean intensity 263 

exhibited a decreasing trend. The frequency, total days, and mean intensities of 264 

MHWs were highest because of the strong 1998 El Niño (Yao and Wang, 2021), 265 

which do not affect the overall trend. The frequency and total NMHW days 266 
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increased by 0.83 times per decade (R2 = 0.36, p < 0.01), and 12 days per decade 267 

(R2 = 0.37, p < 0.01), respectively. The mean intensity of MHWs decreased by 268 

0.01 ℃ per decade (R2 = 0.09, p = 0.06). It can be inferred that the decreasing 269 

trend in the mean intensity of the MHWs was not significant. There was an aver-270 

age MHW frequency of 2.05 times per year (Fig. 4a), average total MHW days of 271 

22.20 days per year (Fig. 4b), and average mean MHW intensity of 1.30°C per 272 

year (Fig. 4c).  273 

 274 
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Fig. 4. The time series of (a) MHW frequency, (b) total MHW days, and (c) 275 

mean MHW intensity from 1998 to 2022 in the SCS. The dashed grey and straight 276 

blue lines represent the mean and linear trends, respectively. 277 

3.2. Chl a Response to MHWs  278 

MHWs typically reduce Chl a at low–middle latitudes (Grix et al., 2021; Noh et 279 

al., 2022). However, the results of this study do not support this. The areas with Chl a 280 

anomalies greater than zero from spring to winter in the SCS accounted for 41.51, 49.74, 281 

60.81, and 50.80% of the total area, respectively. In the offshore region (Fig. 1, ellipse 282 

D), Chl a anomalies were positive throughout the year, particular during autumn (Fig. 283 

5c). Although the distribution range of the positive Chl a anomalies in winter was nar-284 

rower than that in autumn, the Chl a anomaly (~20%) was the largest among the four 285 

seasons (Fig. 5d). There were isolated patches of positive Chl a anomalies in the off-286 

shore region during spring, however, the changes were not significant (< 5%) (Fig. 5a). 287 

During summer, positive Chl a anomalies in the offshore region ranged between 5 and 288 

15% (Fig. 5b). Similarly, the Chl a in the inshore estuary regions do not decrease during 289 

the MHWs (the Guangdong coast, and Beibu and Thailand Gulfs); instead, the Chl a 290 

anomalies remained at a high positive value (> 30%) throughout the year (Fig. 5). In 291 

contrast, in northwestern Luzon, there were considerable negative Chl a anomalies (−30 292 

to −20%) during winter and spring (Fig. 5a and d). However, the shifts in Chl a anom-293 

alies in southeastern Vietnam were complex. A broad range of negative Chl a anomalies 294 

was observed in this region when upwelling was prevalent during summer (Fig. 5b).  295 
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 296 

Fig. 5. Seasonal spatial distributions of multiyear average Chl a anomalies 297 

during MHWs in the SCS from 1998 to 2022. (a) Spring, (b) summer, (c) autumn, 298 

and (d) winter. 299 

Seasonal variations in the proportion of positive Chl a anomalies and the Chl a 300 

response intensity to MHWs were not evident (Fig. 6). Moreover, the distributions of 301 

the proportion of positive Chl a anomalies were almost the same as those of the Chl a 302 

anomalies (Figs. 3; 4a–d). The NSCS had a large proportion of positive Chl a anomalies 303 

(Beibu Gulf and northern Borneo Island) (Fig. 6a–d). The Chl a response intensity to 304 

MHWs was weak in the offshore region (< 20%) but strong in the inshore region (> 305 

50%) (the Guangdong coast and northern Borneo Island) (Fig. 6e–h). In addition, the 306 

Chl a response intensity in northwestern Luzon was the strongest during winter, and it 307 

was wider and stronger than that in southeastern Vietnam during summer (Fig. 6f and 308 

h). 309 
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 310 

Fig. 6. Seasonal spatial distributions of multiyear average (a–d) proportion of 311 

positive Chl a anomalies, and (e–h) Chl a response intensities to MHWs in the 312 

SCS from 1998 to 2022. 313 

4. Discussion 314 

4.1. Influence of MHWs on Phytoplankton 315 

In general, MHWs tend to shoal the MLD, intensify water column stratification, 316 

weaken vertical nutrient supply, and ultimately decrease phytoplankton biomass in trop-317 

ical oceans (Noh et al., 2022; Thomas et al., 2012). Furthermore, the more severe the 318 

MHWs are, the more phytoplankton growth is suppressed (He et al., 2023; Zhan et al., 319 

2023). As revealed by He et al. (2023) and Chen et al. (2023b), in the SCS, MHWs 320 

suppress Chl a, except in the Pearl River Estuary, during spring and summer. The gen-321 

eral decrease in Chl a in northwestern Luzon during the MHWs (Fig. 5) is consistent 322 

with previous studies (Chen et al., 2023b; He et al., 2023). The frequency, total number 323 

of days, and mean intensity of MHWs were more pronounced during winter, when pre-324 

vailing upwelling occurred (Fig. 3d, h, and l). The corresponding negative Chl a 325 
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anomalies were the most significant (~−25%) (Fig. 5d), with the strongest Chl a re-326 

sponse intensity (~35%) (Fig. 6h), and the smallest proportion of positive Chl a anom-327 

alies (Fig. 6d). Similarly, during the period of prevailing upwelling, negative Chl a 328 

anomalies were observed in southeastern Vietnam during summer (Fig. 5b). Thus, the 329 

negative Chl a anomalies were largely associated with upwelling and nutrient transport 330 

in these regions.  331 

In the NSCS, the frequency, total number of days, and mean intensity of MHWs 332 

remained exceptionally high throughout the year (Fig. 3), indicating a stronger influ-333 

ence of MHWs on Chl a in these regions. However, Chl a exhibited a positive year-334 

round response to MHWs, not just in spring and summer, as suggested by previous 335 

studies (He et al., 2023). In particular, around the nutrient-rich Guangdong coast (Fig. 336 

1, parallelogram C), during summer and autumn, the Chl a response intensity to MHWs 337 

was the most pronounced (~55%) (Fig. 6f and g), with a proportion of positive Chl a 338 

anomalies of approximately 0.6 (Fig. 6b and c). Nevertheless, in the oligotrophic off-339 

shore region, MHWs were not as severe as those in the inshore regions (Fig. 3). How-340 

ever, similar to most inshore areas, Chl a generally increased during MHWs (Fig. 5), 341 

and the proportion of positive Chl a anomalies was significant (> 0.5), which deviates 342 

significantly from the results of previous studies (Grix et al., 2021; He et al., 2023; Noh 343 

et al., 2022). Those positive Chl a anomalies in the NSCS and offshore region are not 344 

directly linked to the reduction in vertical nutrient transport caused by MHWs, but may 345 

instead be associated with other nutrient sources, light availability, and physical pro-346 

cesses. In summary, regional variations in Chl a response to MHWs were significant. 347 
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More severe MHWs often result in a stronger Chl a response intensity, however, the 348 

Chl a response patterns (positive or negative Chl a anomalies) remained uncertain. Un-349 

expectedly, the MHWs stimulated phytoplankton growth in some regions of the SCS 350 

(NSCS and SCS basins). However, the reasons underlying these phenomena require 351 

further investigation.  352 

4.2. Responses of Phytoplankton in Different Regions 353 

4.2.1. Typical Upwelling Region 354 

Typical upwelling in the SCS originates from the Vietnam coastal upwelling in 355 

summer and the northwestern Luzon upwelling in winter (Hu and Wang, 2016; Yu et 356 

al., 2020). Coastal upwelling transports cold, nutrient-rich water to the surface, enabling 357 

high productivity in these regions (He and Mahadevan, 2021). SSTs are often used as 358 

an indicator of upwelling intensity (Shi et al., 2021; Shi et al., 2023). The SST was 359 

significantly higher than the climatological average during the MHWs. In addition, 360 

compared with NMHWs, the northwestern Luzon (Fig. 1, box A) and southeastern Vi-361 

etnam upwelling regional UIs (Fig. 1, box B) decreased by 0.50 and 0.45, respectively 362 

(Fig. 7b), wind speeds decreased by 1.12 and 1.05 m·s-1, respectively (Fig. 7c), and 363 

EPVs decreased by 0.21×105 and 0.32×105 m·s-1, respectively (Fig. 7d). These results 364 

indicate that the intensity of the upwelling in boxes A and B decreased during the 365 

MHWs. The upwelling intensity was reduced, resulting in less nutrient-rich water rising 366 

to the surface, ultimately suppressing phytoplankton growth and reducing Chl a (Liu et 367 

al., 2024; Shi et al., 2023). Samples from the stations in southern California during the 368 



21 

 

warm-anomaly summer cruise results by Landry et al. (2024) suggested that mixed-369 

layer nutrients were low across the region and warm-stratified waters suppressed 370 

coastal upwelling and decreased phytoplankton (e.g., Synechococcus). Therefore, there 371 

were significant negative Chl a anomalies (Fig. 5b and d) and relatively stronger (~35%) 372 

Chl a response intensities (Fig. 6f and h) in box A during winter and box B during 373 

summer during the prevailing upwelling period. The correlation coefficients of Chl a 374 

with wind speed, EPV, and UI were higher than those of other factors in these regions 375 

(Table 2). This implies that upwelling and wind-driven dynamics play major roles in 376 

negative Chl a anomalies. Furthermore, the process of mixing and entraining phyto-377 

plankton on the surface weakened during stratification. This process can lead to de-378 

creases in surface phytoplankton and Chl a (Zhao and Wang, 2018).  379 

 380 

Fig. 7. (a) Net air–sea, sensible, and latent heat fluxes, and shortwave, and 381 

longwave radiation averaged during MHWs from 1998 to 2022 in box A during 382 

winter and box B during summer, respectively. The average (b) UI, (c) EPV, and 383 
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(d) MLD of box A during winter and box B during summer during MHWs and 384 

NMHWs, respectively. NMHWs are the periods during which there were no 385 

MHWs during winter (box A) or summer (box B). Significance indicated by the 386 

asterisks (p-value: *, < 0.05; **, < 0.01; one-way Analysis of Variance (ANOVA)).  387 

Compared with box B, the Chl a response intensity to MHWs was stronger (Fig. 388 

6), Chl a was lower, and the negative Chl a anomaly areas were larger (Fig. 5) in box 389 

A. The difference in upwelling intensity between NMHWs and MHWs in box A was 390 

not significant compared with that in box B. However, the net air–sea heat fluxes in box 391 

A during winter and in box B during summer were 97.84 and 41.62 W·m-2, respectively 392 

(Fig. 7a). These results indicate that the net air–sea heat flux was greater in box A. Tan 393 

et al. (2022) suggested that the MHWs in box A during winter were mainly dominated 394 

by the air–sea heat flux, whereas those in box B during summer may have been primar-395 

ily caused by other factors (for example, horizontal heat advection). In addition, alt-396 

hough the mean MHW intensity in box A during winter was similar to that in box B 397 

during summer, the former had a higher MHW frequency and more total MHW days 398 

than the latter (Fig. 3). This implied that Chl a in northwestern Luzon was more fre-399 

quently affected by MHWs. The processes discussed above may explain the difference 400 

in Chl a responses in the two upwelling regions to the MHWs. In general, the wind 401 

speeds and EPVs were lower (Fig. 7) during the MHWs. This led to weaker upwelling 402 

intensity and vertical mixing. Weaker mixing results in intensified stratification, hin-403 

dering deep, nutrient-rich water from reaching the surface, lowering sea-surface nutri-404 

ents, and decreasing phytoplankton and Chl a. In addition, the negative Chl a anomalies 405 
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in boxes A and B were related to the weakening of the cyclonic circulation and eddies, 406 

respectively (He et al., 2023). 407 

Table 2  408 

Correlation between Chl a and environmental conditions in upwelling regions during 409 

MHWs. 410 

 MLD Wind speed UI EPV Net air–sea heat flux 

Box A 0.44*  0.60**  0.47**  0.56**  −0.14  

Box B 0.45*  0.50**  0.41*  0.60**  0.38  

* Correlation is significant at p < 0.05. 411 

** Correlation is significant at p < 0.01. 412 

4.2.2. Estuary Region    413 

Although Chl a decreased in typical upwelling regions during MHWs, Chl a in-414 

creased (Chl a anomaly > 30%) in estuary regions (Fig. 5), such as on the Guangdong 415 

coasts in the Pearl River Estuary, the Red River Estuary in northeastern Vietnam, and 416 

the Mekong Estuary in southern Vietnam. To explore the reasons for this, we focused 417 

on the Guangdong coast, which has a water depth greater than 10 m (Fig. 1 parallelo-418 

gram C). As this area was severely affected by MHWs, the Chl a response intensity was 419 

significant. The wind speed decreased (Fig. 8a, b, and d) and the MLD became shal-420 

lower (Fig. 8e, f, and h), however, Chl a increased (Fig. 5a, b, and d) during winter, 421 

spring, and summer, whereas the wind direction and MLD anomalies during autumn 422 

were opposite to those during the other seasons (Fig. 8c and g), and Chl a anomalies 423 

remained positive (Fig. 5c) in parallelogram C. It is speculated that there are other 424 
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sources of nutrients for phytoplankton in addition to vertical nutrient delivery. Rivers 425 

transport nutrients to coastal waters and carry large amounts of sediment particles that 426 

reduce light availability (Sehgal et al., 2022). Therefore, phytoplankton growth is pri-427 

marily light-limited in estuarine regions (Domingues et al., 2011; Gameiro et al., 2011). 428 

Stratification does not facilitate the upwards transportation of particles in deeper layers, 429 

resulting in a decrease in sediment particles in the upper ocean and contributing to an 430 

increase in light irradiance (Ge et al., 2021). McMahon et al. (2009) measured the dis-431 

tribution of suspended matter, light attenuation, and Chl a in the Shannon Estuary and 432 

found that the depths of mixing were relatively shallow resulting in less light limitation 433 

of phytoplankton growth than elsewhere. The in-situ observation results by Ge et al. 434 

(2021) also suggested that stratification was not conducive for the upward transporta-435 

tion of particles at the bottom. Light irradiance does not dominate phytoplankton verti-436 

cal distribution and richness, however, ED determines phytoplankton biomass 437 

(Krasznai et al., 2023). Our results showed that the positive Chl a anomalies that ap-438 

peared during MHWs in parallelogram C were primarily related to stratification, which 439 

reduces suspended matter in the surface water column, promoting of phytoplankton re-440 

tention, and providing an adequate supply of nutrients along the coast that stimulates 441 

phytoplankton growth. 442 
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 443 

Fig. 8. Seasonal spatial distributions of multiyear average (a–d) wind speeds, (e–444 

h) MLDs, and (i–l) total precipitation anomalies during MHWs in the SCS from 445 

1998 to 2022. The arrows superimposed on the figure indicate wind direction and 446 

velocity during MHWs. 447 

 448 

Fig. 9. The average seasonal ED variation in parallelogram C during MHWs and 449 

NMHWs, respectively. NMHWs are the periods during which no MHWs occur 450 

during spring, summer, autumn, and winter. Significance indicated by the aster-451 

isks (p-value: *, < 0.05; **, < 0.01; ns, not significant; one-way ANOVA). 452 

Furthermore, during winter, spring, and summer, and particular during summer 453 
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and winter, Chl a was significantly correlated with ED (r = 0.70, p < 0.01). The water 454 

column stratification caused by the MHWs increased ED and reduced suspended par-455 

ticulates (Fig. 9). These processes promoted phytoplankton growth, resulting in positive 456 

Chl a anomalies (Fig. 5). During summer, the Pearl River discharge was the highest of 457 

the year, transporting rich nutrients to the coast (Shi et al., 2019; Zhang and Zhang, 458 

2023). This resulted in the highest frequency of positive Chl a anomalies (Fig. 6b). 459 

Additionally, the summer southwesterly wind may promote expansion of the Pearl 460 

River jet plume, which carries nutrient-rich seawater from southwest to northeast (Chen 461 

et al., 2017; He et al., 2023), resulting in a northeastward extension of the area with 462 

positive Chl a anomalies (Fig. 5b). Winter was the dry season and river discharge was 463 

minimal. Therefore, the positive Chl a anomalies (Fig. 5d) and the proportion of posi-464 

tive Chl a anomalies (Fig. 6h) were lowest during winter MHWs. In contrast, the Pearl 465 

River plume delivers nutrient-rich water that moves westward, indicating that the Chl 466 

a anomalies and response intensities on the western side of the Pearl River Estuary were 467 

smaller than those on the east side. The primary reason for the positive Chl a anomalies 468 

during spring was related to light availability and the Pearl River plume. However, Chl 469 

a was not significantly correlated with ED (r = 0.35, p = 0.11), whereas it was signifi-470 

cantly correlated with MLD (r = 0.69, p < 0.01) and wind speed (r = 0.82, p < 0.01). 471 

This may be because the MHWs and their impact on Chl a were not as severe as those 472 

during other seasons. Generally, MHWs stimulate phytoplankton growth because the 473 

estuarine regions are influenced by river discharge and light availability. 474 

Table 3 475 
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Correlation between Chl a and environmental conditions in parallelogram C during 476 

MHWs. 477 

 MLD Wind speed ED 

Spring −0.32 −0.01 −0.36* 

Summer −0.31 −0.07 −0.72** 

Autumn 0.69** 0.82** 0.35 

Winter 0.36 0.88** −0.83** 

* Correlation is significant at p < 0.05. 478 

** Correlation is significant at p < 0.01. 479 

4.2.3. Offshore Region 480 

The offshore region is oligotrophic and less affected by human activity, river dis-481 

charge, and upwelling, particularly during MHWs. During MHWs, stratification is sig-482 

nificant, inhibiting nutrient uptake from the deep to the surface, leading to a decrease 483 

in phytoplankton biomass. Thus, the vertical nutrient supply was not the primary reason 484 

for the positive Chl a anomalies in the offshore region. Previous studies have revealed 485 

that atmospheric deposition is the primary source of nutrients stimulating phytoplank-486 

ton growth in oligotrophic areas (the SCS basin), where a there is lack of other sources 487 

of nutrient input (Chen et al., 2023a; Kim et al., 2014a; Lin et al., 2009). Atmospheric 488 

deposition includes dry (aerosol deposition) and wet (precipitation) deposition (Kuttip-489 

purath et al., 2023; Qi et al., 2013; Sandroni et al., 2007; Shen et al., 2020). In the 490 

context of global warming, warming temperatures accelerate the water cycle and in-491 

crease the atmospheric concentrations of water vapour, triggering greater intensity and 492 

more frequent precipitation (Huang et al., 2013; Jayarathna et al., 2023; Kim et al., 493 
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2014b; Robinson et al., 2021; Sandaruwan et al., 2023). Moreover, wet deposition pro-494 

vides additional dissolved inorganic nitrogen to the SCS than does dry deposition (Gao 495 

et al., 2020), suggesting that wet deposition plays a more important role in phytoplank-496 

ton blooms. The total precipitation in the offshore region increased by approximately 497 

0.1 mm during MHWs (Fig. 8i–l), which was accompanied by an increase in Chl a 498 

(Figs. 3 and 5). In addition, the AOD in MHWs was lower than that in pre-MHWs (Fig. 499 

S3). These indicated that increased precipitation carries additional atmospheric nutri-500 

ents to the sea surface, thereby providing nutrients for phytoplankton growth. He et al. 501 

(2024) investigated the response of Chl a to 240 precipitation events in the central SCS 502 

and found that dissolved nutrients in precipitation provided a nutrient source for Chl a 503 

growth. Furthermore, phytoplankton respond to external nutrient inputs in less nutrient-504 

rich water more strongly than in adequate nutrient-rich water (Teixeira et al., 2018). 505 

Therefore, Chl a in the offshore region exhibited positive anomalies during the MHWs, 506 

attributed to the increased atmospheric wet deposition. 507 

During the summer and autumn MHWs, the increase in total precipitation in the 508 

offshore region was the highest, with an increase of up to 0.2 mm (Fig. 8j and k). This 509 

implies that the nutrients provided by atmospheric wet deposition were the greatest. As 510 

a result, the Chl a anomaly was relatively large (~10%), the positive Chl a anomaly 511 

areas accounted for approximately 70% of the total offshore region (Fig. 5b and c), and 512 

the proportion of positive Chl a anomalies reached 0.45 (Fig. 6b and c). Furthermore, 513 

during the winter MHWs, the wind speed rose by 0.6 m·s-1 (Fig. 8d), the MLD deepened 514 

by approximately 4 m (Fig. 8h), and the total precipitation increased by 0.12 mm (Fig. 515 
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8l), indicating that Chl a anomalies are influenced by nutrients from precipitation and 516 

vertical nutrient supply. During the spring MHWs, the wind speed decreased the most 517 

(Fig. 8a), the MLD became the shallowest (Fig. 8e), and the total precipitation increase 518 

was the lowest (Fig. 8i); thus, positive Chl a anomalies were not as significant as those 519 

during the other seasons. It is apparent that an increase in nutrients has a much greater 520 

effect on phytoplankton growth than changes in temperature. It can also be seen that 521 

phytoplankton have wider adaptability than other temperature-sensitive organisms (cor-522 

als). In summary, although the positive Chl a anomaly mechanism in offshore regions 523 

differs from season to season, it is primarily due to the increase in total precipitation 524 

during MHWs, which transports nutrients from the atmosphere to the oligotrophic 525 

ocean, promoting phytoplankton growth and increasing Chl a. However, the Chl a re-526 

sponse intensity to the MHWs was not strong, probably because of the limited nutrient 527 

inputs from atmospheric deposition compared to those from river discharge and 528 

upwelling.  529 

5. Conclusion 530 

In this study, we applied pre-MHW Chl a as a reference value to investigate the 531 

phytoplankton Chl a response to MHWs in the SCS from 1998 to 2022 and further 532 

explored the underlying mechanisms driving the Chl a response to MHWs in different 533 

regions. The results demonstrate that the Chl a responses to MHWs differed signifi-534 

cantly under varying environmental conditions. In addition, the Chl a intensity in re-535 

sponse to the MHWs was largely influenced by the background nutrient concentration. 536 
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In areas where upwelling was prevalent, the wind speeds, EPVs, and upwelling inten-537 

sities were weakened, inhibiting nutrient supply, and resulting in negative Chl a anom-538 

alies during MHWs. Conversely, in nutrient-rich estuary regions where MHWs were 539 

the most severe, Chl a exhibited the strongest positive response. This can be attributed 540 

to the decreased suspended particulate matter and enhanced light availability caused by 541 

MHW-induced water column stratification. In the oligotrophic offshore region, positive 542 

Chl a anomalies were observed during the MHWs owing to increased atmospheric nu-543 

trient deposition. However, the Chl a response intensity to MHWs was the lowest be-544 

cause atmospheric nutrient inputs were limited compared to other nutrient sources.  545 

Overall, the Chl a response of to MHWs differed greatly between regions and was 546 

primarily regulated by different physical processes affecting the background nutrient 547 

concentration. However, Temperature had a limited direct effect on phytoplankton. En-548 

vironmental and/or ecological conditions change during MHWs, thus regulating the nu-549 

trient supply and ultimately having a substantial impact on phytoplankton. These find-550 

ings challenge our understanding of the ecological effects of extreme weather events 551 

and improve our understanding of the physicochemical processes in tropical oceans 552 

under changing climatic and environmental conditions. 553 

However, as the development of MHWs requires time, anomalous ocean temper-554 

ature warming events may occur earlier but cannot be recognised owing to the detection 555 

methods; thus, the methods used in this study have certain limitations. Therefore, it is 556 

important to investigate the potential impacts on Chl a and marine ecosystems during 557 

the development of MHWs. 558 
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