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Marine heatwaves (MHWs) are a type of widespread, persistent, and extreme

marine warming event that can cause serious harm to the global marine ecology

and economy. This study provides a systematic analysis of the long-term trends

of MHWs in the Eastern China Marginal Seas (ECMS) during summer spanning

from 1982 to 2022, and occurrence mechanisms of extreme MHW events. The

findings show that in the context of global warming, the frequency of summer

MHWs in the ECMS has increased across most regions, with a higher rate along

the coast of China. Areas exhibiting a rapid surge in duration predominantly

reside in the southern Yellow Sea (SYS) and southern East China Sea (ECS, south

of 28°N). In contrast, the long-term trends of mean and maximum intensities

exhibit both increases and decreases: Rising trends primarily occur in the Bohai

Sea (BS) and Yellow Sea (YS), whereas descending trends are detected in the

northern ECS (north of 28°N). Influenced jointly by duration and mean intensity,

cumulative intensity (CumInt) exhibits a notable positive growth off the Yangtze

River Estuary, in the SYS and southern ECS. By employing the empirical

orthogonal function, the spatio-temporal features of the first two modes of

CumInt and their correlation with summer mean sea surface temperature (SST)

and SST variance are further examined. The first mode of CumInt displays a

positive anomalous pattern throughout the ECMS, with notable upward trend in

the corresponding time series, and the rising trend is primarily influenced by

summermean SSTwarming. Moreover, both of the first twomodes show notable

interannual variability. Extreme MHW events in the SYS in 2016 and 2018 are

examined using the mixed layer temperature equation. The results suggest that

these extreme MHW events originate primarily from anomalous atmospheric
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forcing and oceanic vertical mixing. These processes involve an anomalous high-

pressure system over the SYS splitting from the western Pacific subtropical high,

augmented atmospheric stability, diminished wind speeds, intensified solar

radiation, and reduced oceanic mixing, thereby leading to the accumulation of

more heat near the sea surface and forming extreme MHW events.
KEYWORDS

marine heatwaves (MHWs), long-term trends, extreme events, Eastern China Marginal
Seas (ECMS), sea surface temperature (SST)
1 Introduction

Marine heatwaves (MHWs) are defined as anomalous warming

events where sea surface temperature (SST) exceeds a specific

threshold during certain periods (Hobday et al., 2016; Frölicher

et al., 2018). With the ongoing rise of global SST, the strength of

MHW events has significantly increased (Frölicher et al., 2018;

Oliver et al., 2018; Smale et al., 2019). A 1°C increase in SST

corresponds to an increase of 3.7 events in frequency, an additional

7.5 days in duration, and a 2.2°C rise in maximum intensity (Cheng

et al., 2023). Projections indicate that in the future, MHWs will

continue to evolve towards more frequent, longer-lasting, and more

extreme events (Hayashida et al., 2020; Laufkötter et al., 2020;

Holbrook et al., 2021; Qiu et al., 2021; Yao et al., 2022b). Extreme

MHW events can lead to localized heat stress accumulation,

potentially exceeding ecosystem thresholds and causing

irreversible damage to marine ecosystems (Frölicher et al., 2018;

Genevier et al., 2019; Garrabou et al., 2022). This includes loss of

marine biological habitats, large-scale species migration or

mortality (Garrabou et al., 2009; Feng et al., 2013; Mills et al.,

2013; Caputi et al., 2016; Frölicher and Laufkötter, 2018; Cheung

and Frölicher, 2020), and poses significant risks to marine

economies and human living environment (Hughes et al., 2017;

Oliver et al., 2017, Oliver et al., 2019; Holbrook et al., 2020; Jacox

et al., 2022; Pastor and Khodayar, 2023).

The Eastern China Marginal Seas [ECMS, including the Bohai

Sea (BS), Yellow Sea (YS), and East China Sea (ECS)], depicted in

Figure 1A, is recognized as one of the largest continental shelf seas

globally, boasts a rich diversity of species and notable productivity.

Additionally, it serves as a primary hotspot area for global MHW

events (Belkin, 2009; Lima and Wethey, 2012; Bao and Ren, 2014;

Hobday and Pecl, 2014; Oliver et al., 2018, Oliver et al., 2021; Xu

et al., 2022). In the past 40 years, MHW events in the ECMS have

significantly increased, and the growth rates have escalated to more

than double the global mean growth rates (Li et al., 2019; Yao et al.,

2020; Lee et al., 2023). For instance, the mean MHW intensity in the

ECMS has increased by 0.1 to 0.3°C/decade, higher than the global

average growth rate of 0.085°C/decade (Yao et al., 2020). Oliver

(2019) suggested that changes in both mean SST and SST variance

can affect MHW trends. Lee et al. (2023) found robust positive
02
trends in the summer MHW frequency, total days, and maximum

intensity off the Yangtze River Estuary, and pointed out that the

summer MHW trend is primarily due to rapidly increasing

mean SST.

In recent years, heightened focus has emerged on exploring the

physical dynamics behind the frequent occurrence of extreme

MHW events in the ECMS during summer (Gao et al., 2020; Lee

et al., 2020; Yan et al., 2020; Li et al., 2022, Li et al., 2023; Tan et al.,

2023; Oh et al., 2023a). Studies indicate that extreme events in the

ECMS are largely driven by anomalous atmospheric conditions and

oceanic processes. For example, Yan et al. (2020) found that in

summer 2016, the SST in the southern YS (SYS) and northern ECS

peaked at 29.68°C, a record-breaking value. This unprecedented

temperature was attributed to the synergistic effects of enhanced

solar radiation and reduced wind speed under anomalous

subtropical high-pressure system. Gao et al. (2020) reported a

pattern of intense MHW events over three consecutive summers

from 2016 to 2018. These events were primarily correlated with

anomalous changes in shortwave radiation, advection, and vertical

mixing. Li et al. (2023) observed a peak MHW intensity of 5.15°C in

the northern YS (NYS) in the summer of 2018. They suggested that

the intensification of incidents is a consequence of a robust

subsidence motion that ensued from the northward migration of

the western Pacific subtropical high and the northeastward

enlargement of the South Asian high. Further, Tan et al. (2023)

and Oh et al. (2023a) revealed a record-setting event in the SYS and

ECS during the summer of 2022 that spanned 62 days, a duration

six times longer than average. This elongated occurrence was

instigated by a surge in the outflow from the Yangtze-Huai River

floods. Concurrently, a persistent anticyclonic circulation increased

solar radiation, contributing to an extended duration of the MHW

(Oh et al., 2023a).

As forementioned, many studies have been held on the role of

changes in mean SST and SST variance in influencing MHW long-

term trends (Oliver et al., 2018; Holbrook et al., 2019; Jacox, 2019;

Oliver, 2019; Qi et al., 2022; Wang et al., 2022; Yao andWang, 2022;

Yao et al., 2022a; Cheng et al., 2023). However, studies concerning

the ECMS remain limited, and no effective research to date has

elucidated the spatio-temporal evolution of summer MHWs in

response to the warming SST. To bridge this knowledge gap, we
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employed observational and reanalysis datasets to analyze spatio-

temporal changes in MHWs amid the warming trend, particularly

focusing on the impacts of changes in mean SST and SST variance

on the long-term trends of summer MHWs. In addition, as for the

dynamic mechanisms, the respective contributions of atmospheric

and oceanic processes remain controversial. We conducted a

quantitative analysis of the dynamics underlying extreme events,

utilizing the mixed layer temperature (MLT) equation, to enhance

our understanding of their generation processes.

This paper is structured as follows: Section 2 introduces the

data, defines MHWs, and outlines the research methods utilized.

Section 3 presents the long-term trends of MHWs in the ECMS

during summer, with a focus on the two primary modes of MHWs,

and also investigates the role of changes in mean SST and SST

variance. Subsequently, following a classification of MHW events,

we delve into the dynamic mechanisms of extreme events. Section 4

summarizes the results.
2 Data and methods

2.1 Data

This study employs the daily Optimum Interpolation Sea Surface

Temperature v2 (OISST v2) dataset from the National Oceanic and

Atmospheric Administration (NOAA) to detect MHWs (Reynolds

et al., 2007; Huang et al., 2021). The OISST dataset amalgamates

observations from diverse sources, such as ocean satellites, ships,

buoys, and Argo floats. Spanning continuously from September 1,

1981, to the present, the dataset offers a spatial resolution of 0.25° ×
Frontiers in Marine Science 03
0.25°. Access and download of the data are available at the following

link: https://downloads.psl.noaa.gov/.

To examine the dynamic mechanisms underlying MHWs,

temperature and salinity profiles, along with horizontal and vertical

ocean current velocities and net surface heat flux, from the Ocean

general circulation model For the Earth Simulator (OFES) dataset

(Sasaki et al., 2008) are utilized. This ocean circulation model,

developed in Japan, has a vertical resolution of 5 m at the surface,

with a spatial resolution of 0.1° × 0.1° and a temporal resolution of

three days. The data is available for download at http://

apdrc.soest.hawaii.edu/. Yan et al. (2020) have validated the vertical

structure of temperature and salinity simulated by OFES and

confirmed that OFES is capable of reproducing the dynamics of the

mixed layer (ML) in the ECMS.

Supplementing the analysis of physical processes responsible for

MHW generation, atmospheric data such as geopotential height,

wind fields, surface shortwave radiation, and total cloud cover are also

incorporated from the Fifth Generation of the European Centre for

Medium-Range Weather Forecasts (ECMWF) reanalysis data, also

known as ERA5 (Hersbach et al., 2020). This dataset, with a spatial

resolution of 0.25° × 0.25° and a temporal resolution of one hour, is

available for download at https://cds.climate.copernicus.eu/.
2.2 MHW identification

In this study, the identification of MHWs adheres to the seasonal

threshold method proposed by Hobday et al. (2016), utilizing the

daily OISST spanning 1982-2022. Specifically, a MHW event is

defined at each grid point when the daily SST surpasses the
B

C

A

FIGURE 1

(A) Map of the Eastern China Marginal Seas (ECMS) with topography. The ECMS include the Bohai Sea (BS), northern Yellow Sea (NYS), southern
Yellow Sea (SYS), and East China Sea (ECS). (B) Schematic diagram of the definition of MHWs. (C) Boxplot of monthly SST climatology in the ECMS.
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threshold (T90, the 90th percentile of the daily SST over a 41-year

historical baseline period) for five consecutive days or more

(Figure 1B). If the interval between two events is two days or less,

it is regarded as a single continuous MHW event. The 90th percentile

threshold is computed by taking the daily SST values within an 11-

day window centered on each day, determining the corresponding

90th percentile threshold for that date, and subsequently smoothing

the threshold using a 31-day moving average (Oliver et al., 2019;

Plecha and Soares, 2020). To mitigate statistical biases due to

abnormal increase or decrease of stages, the entire research period

is selected as the baseline period for climatological calculation. Key

characteristics describing MHW events include frequency, duration,

total days, intensity, and cumulative intensity (Oliver et al., 2018;

Hayashida et al., 2020). Herein, “frequency” denotes the number of

MHW events, “duration” signifies the time span from an event’s start

to its end, “total days” refers to the cumulative number of heatwave

days, “intensity” is the SST anomaly above the climatological mean

during the MHW period, and “cumulative intensity” is the

cumulative SST anomaly during an MHW event. These specific

definitions are elaborated in Table 1. To investigate MHWs during

summer, we have divided the data into four distinct seasons. The

three months (July-August-September, JAS) with higher MHW

occurrence frequency, broader range (Supplementary Figure S1)

and the highest average SST (Figure 1C) were defined as summer.
Frontiers in Marine Science 04
2.3 MHW intensity classification

In this study, the categorization of MHW intensity integrates

previous classification methods (Hobday et al., 2018; Oliver et al.,

2019) and takes into account the characteristics of events in the

ECMS. Event intensity is classified into three severity categories

based on multiples of the 90th percentile difference from the mean

climatology value, as delineated in Equation (1): Moderate

(1 ≤ L < 1:5), Strong (1:5 ≤ L < 2), and Extreme (L ≥ 2 ). This

approach enables a nuanced statistical analysis of the events. The

brief formula is as follows.

L =
Td − Tm

T90 − Tm
(1)

Herein, L denotes the event’s grading level, Td signifies the daily

SST, Tm indicates the climatology of temperature, and T90 defines

the threshold for event identification.
2.4 EOF analysis

To elucidate the primary spatio-temporal features of MHWs,

Empirical Orthogonal Function (EOF) analysis is adopted in this

study (Lorenz, 1956). This method decomposes the data pertaining to

CumInt, mean intensity (MeanInt), and duration of MHWs into spatial

patterns and corresponding time series as illustrated below (Equation 2):

X(t) =oN
i=1PCi(t)� EOFi (2)

where X(t) represents the multi-dimensional data vector

corresponding to the time t, PCi(t) is the principal component

(PC) time series of the i-th mode, EOFi is the corresponding spatial

pattern (EOF), N is the total number of modes. This decomposition

allows us to identify and analyze the dominant spatial patterns in

the data and their changes over time.

Through EOF analysis, we can simplify the complex spatio-

temporal dataset into a set of spatial patterns and time series, greatly

facilitates our understanding and explanation of the main patterns

and trends in data changes. The significance of the EOF modes is

assessed using the North statistical test (North et al., 1982). Notably,

linear trends in MHWs are not removed during these computations

to preserve their long-term trends.
2.5 MLT equation

To investigate the primary drivers of Extreme MHW events, we

conducted a MLT equation analysis, which has been widely used in

previous studies (Amaya et al., 2020; Yan et al., 2020; Lee et al., 2022a;

Liu et al., 2022; Oh et al., 2023a). This approach facilitates the

quantitative evaluation of various factors’ relative contributions to the

MLT tendency term (Moisan and Niiler, 1998). The equation is as

follows:
TABLE 1 Definitions of MHW properties.

Name Description and Formulas Unit

Climatology
(Tm)

Daily SST climatology based on 1982-2022. °C

Threshold
(T90)

The 90th percentile of daily SST based on
1982-2022.

°C

Start
Time (ts)

When Td ≥ T90d and Td-1< T90d, this day is the date
when the MHW begins.

/

End
Time (te)

When Td < T90d and Td-1 ≥ T90d, this day is the date
when the MHW ends.

/

Frequency
(N)

The number of MHW events. times

Duration
(Dur)

The duration of an MHW event,
i.e., Dur = te − ts + 1.

days

Days
The total number of days with MHW,

i.e., Days = SN
i=1Duri .

days

Intensity
(Int)

Int, SST anomaly during an MHW event,
i.e., Int=Td-Tm.
MeanInt, The mean intensity during an MHW
event,

i.e., MeanInt = o
te
ts
Int

Dur
.

MaxInt, The maximum intensity during an MHW
event,
i.e., MaxInt = max(Int).
CumInt, The cumulative intensity during an MHW
event,

i.e., CumInt =ote
ts
Int.

°C

°C×days
Among them, Td is the SST on a certain date.
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∂Tmld

∂t
= −(~Vmld ·mTmld) − went

(Tmld − Tbelow)
hmld

+
Hflx − qh
rCphmld

(3)

In the equation, Tmld denotes the average water temperature

within the ML and Tbelow denotes water temperature below the

ML. ~Vmld represents the average horizontal velocity within the

ML and went represents the entrainment velocity across the

bottom of the ML. hmld is the ML depth (MLD). Hflx is the

surface net heat flux and qh is the downward radiative heat flux at

the bottom of the ML. r represents the reference density of

seawater (1025 kg m-3), and CP is the specific heat of seawater at

constant pressure (4000 J kg-1 K-1). Following Qu (2001) and

Yan et al. (2020), the entrainment velocity is calculated as

(Equation 4):

went =

∂hmld
∂t + wh + ~Vh ·mhm,                        

∂hmld
∂t + wh + Vh

�!
·mhmld > 0

0,                                                             ∂hmld
∂t + wh + Vh

�!
·mhmld ≤ 0

8<
:

9=
; (4)

Where ~Vh and wh are the horizontal and vertical velocities at the

bottom of the ML. Equation 3’s left side represents the MLT

tendency term, while the right side consists of three terms:

horizontal advection term, vertical entrainment term, and surface

heat flux term.
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3 Results

3.1 Long-term trends of MHWs in the
ECMS during summer

3.1.1 Summer characteristics and trends
The study initially outlines the spatial distribution of annual

average frequency (Figure 2A), duration (Figure 2B), total days

(Figure 2C), and intensity (Figures 2D–F) of MHWs in the ECMS.

On average, ECMS experiences 2.0 MHW events per year, with

distinct spatial variability: more events occur in the ECS, averaging

2.2 times, whereas the BS and YS average 1.9 events. The average

duration of MHW events is 11.3 days, with a range of 9 to 17 days,

and a relatively scattered spatial distribution. The average total days

of MHW occurrence annually are 22.6 days, varying from 17 to 31

days, predominantly influenced by frequency. Specifically, the ECS

records more total days at 23.6 days, in contrast to the BS and YS,

which average 21.6 days. The average values for MeanInt and

maximum intensity (MaxInt) of MHWs are 1.9°C and 2.3°C,

respectively. MeanInt and MaxInt typically decrease from the

inner sea towards the open sea, with larger values in the BS, YS,

and western ECS, and small values in the ECS Kuroshio region. For
B C

D E F

A

FIGURE 2

Spatial distributions of annual average MHWs’ (A) frequency, (B) duration, (C) days, and (D) MeanInt, (E) MaxInt, (F) CumInt in the ECMS during
1982-2022.
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instance, the SYS averages 2.0°C for MeanInt and 2.5°C for MaxInt,

approximately 0.8°C higher than those in the ECS Kuroshio region.

The CumInt of MHW events is 21.8°C×days on average, and is

similar in distribution to MeanInt. Overall, MHW events in the

ECMS display significant regional disparities, with higher

frequencies predominantly in the ECS, while more intense events

are observed in the BS, YS, and western ECS. Our results basically

agree with those of previous studies (Yao et al., 2020; Choi

et al., 2022).

Figure 3 depicts the long-term trends of MHWs in the ECMS.

With the exception of the eastern part of the YS, there is a

significant positive growth trend in frequency, averaging 0.8

times/decade across the ECMS. This increase is more pronounced

off the coast of China and in the ECS Kuroshio region, reaching a

peak of 1.9 times/decade off northeast Taiwan (Figure 3A).

Similarly, the duration of MHW events generally shows a positive

trend, with an average increase of 1.3 days/decade, most notably in

the central YS and ECS Kuroshio region, where the growth rate can

reach up to 5.0 days/decade (Figure 3B). The combined effect of

frequency and duration results in an overall positive trend in the

annual average total days of MHW events, increasing by an average

of 11.5 days/decade, especially in the western ECS and the

Kuroshio, with a growth rate of exceeding 17.7 days/decade

(Figure 3C). The long-term trends in MeanInt and MaxInt are

0.04°C/decade and 0.08°C/decade, respectively, in the entire ECMS.
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They show a similar spatial pattern: Most areas in the BS and YS

display a positive trend, as well as around Taiwan, while a negative

trend covers part areas in the ECS (Figures 3D, E). These results are

consistent with those of Yao et al. (2020). CumInt mirrors the

duration trend, showing an average growth of 2.9°C×days/decade,

with the highest increase in the SYS region exceeding 15.6°C×days/

decade (Figure 3F).

By comparing with the annual mean value (Figure 2), it is

observed that the MHW frequency is higher during summer, with

duration and CumInt exceeding the annual average (Figure 4).

Across the ECMS, the average frequency, duration, and total days

of summer MHWs are 0.7 times, 11.5 days, and 7.4 days, respectively

(Figures 4A–C). Higher-frequency MHWs occur near the coast of

Zhejiang Province (27-31°N, 121-124°E), with peaks reaching 1.0

times. There is a negative spatial correlation (-0.63) between the

frequency and duration of MHWs, with longer durations observed in

the southwestern and southeastern SYS and offshore areas of the ECS.

The total days of summer MHWs are relatively larger in the BS, YS

and northern ECS, reaching 9.1 days. The MeanInt, MaxInt, and

CumInt of summer MHWs are 1.9°C, 2.3°C, and 22.3°C×days,

respectively (Figures 4D–F). MeanInt and MaxInt display

significant north-south variations: north of 30°N, including the BS,

YS, and northern ECS, the averages are higher at 2.3°C and 2.8°C;

south of 30°N, these intensities are lower at 1.6°C and 2.0°C. The

spatial distribution of CumInt, primarily influenced by MeanInt
B C

D E F

A

FIGURE 3

Long-term trends of MHWs from 1982 to 2022: (A) frequency, (B) duration, (C) days, (D) MeanInt, (E) MaxInt, (F) CumInt. The scattered regions
indicate the areas where the trends are significant with a 95% confidence level.
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(spatial correlation coefficient between them is 0.82), also shows

marked difference between the northern and southern regions, with

average values of 26.8 and 19.9°C×days, respectively, across the 30°N

divide. The highest CumInt value, exceeding 40°C×days, is recorded

in the SYS.

In the context of global warming, an upward trend in the

frequency and duration of summer MHW events in the ECMS is

evident, with average increases of 0.3 times/decade and 2.1 days/

decade, respectively (Figures 5A, B). The frequency of summer

MHWs increases across most regions, barring the eastern portion of

the YS, with higher growth rates along the coast of China. The most

rapid increase in duration is observed in the SYS and southern ECS

(south of 28°N), with the maximum growth rate exceeding 10.9

days/decade. Compared to the annual average increase in duration

(1.3 days/decade), the trend in summer is more pronounced. The

total days of MHWs, reflecting the combined effect of frequency and

duration, primarily shows concentrated growth in the southwestern

SYS and southern ECS, with the maximum growth rate exceeding

16.8 days/decade (Figure 5C). Compared with the results of Lee

et al. (2023), there are some differences in the distribution of total

days. The reason for the discrepancy is attributed to the different

baseline period.

Contrasting with frequency and duration, the long-term trends

of MeanInt and MaxInt show both increases and decreases

(Figures 5D, E). On the whole, the ECMS exhibits positive long-
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term trends in MeanInt and MaxInt, with values of 0.03°C/decade

and 0.06°C/decade, respectively. Increasing trends are primarily

observed in the BS and YS, with the former (BS) being at rates of

0.07°C/decade and 0.11°C/decade, and the latter (YS) being 0.15°C/

decade and 0.23°C/decade, respectively, along with a slightly weaker

upward trend in the southern ECS (south of 28°N). In contrast, the

northern ECS (north of 28°N) displays decreasing trends, with rates

of -0.06°C/decade and -0.08°C/decade. Compared to the annual

average, the intensity changes of summer MHWs are more

pronounced. Taking the SYS as an example, the annual increasing

trend in MaxInt is 0.11°C/decade, while during summer, the rate

escalates to 0.16°C/decade. Given the combined impact of duration

and intensity, the CumInt primarily illustrates a positive growth

trend across the ECMS, with an average increase of 5.8°C×days/

decade, twice the annual average (Figure 5F). High-value areas are

concentrated offshore of the Yangtze River Estuary, in the SYS and

southern ECS, with peaks above 37°C×days/decade. The high values

offshore of the Yangtze River Estuary and in the SYS result from the

interplay of duration and intensity, while in the southern ECS,

duration is the main factor.

3.1.2 EOF analysis
To elucidate the primary spatio-temporal features of summer

MHWs in the ECMS, EOF analysis is conducted for CumInt.

Figure 6 presents the first two principal modes of summer MHW
B C

D E F

A

FIGURE 4

Spatial distributions of summer (JAS) average MHWs’ (A) frequency, (B) duration, (C) days, and (D) MeanInt, (E) MaxInt, (F) CumInt in the ECMS during
1982-2022.
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CumInt, accounting for 59.11% and 9.53% of the total variance,

respectively. In line with the North equation (North et al., 1982),

these modes are fundamentally orthogonal. The first EOF mode of

CumInt shows a uniform enhancement across the ECMS, most

notably in the SYS and northern ECS (Figure 6A). The

corresponding PC1 demonstrates an increasing trend, signifying a

marked intensification of summer MHWs in the ECMS from 1982

to 2022 (Figure 6B). Moreover, PC1 exhibits significant interannual

variability, with the most substantial increases occurring in 1994,

2016-2018, and 2021-2022. The strong 2016-2018 and 2022 MHWs

in the SYS and northern ECS have been reported by Gao et al.

(2020), Oh et al. (2023a), and Tan et al. (2023). The second EOF

mode features a north-south dipole pattern, with positive signals in

the BS and YS and negative signals across the ECS (Figure 6C). Its

corresponding PC2 shows marked interannual fluctuations,

peaking in 2018 (Figure 6D). The strong 2018 MHW event in the

NYS has been investigated by Li et al. (2023). In contrast to PC1, the

long-term trend in PC2 is insignificant.

Due to the close relationships between CumInt and duration as

well as MeanInt, we performed EOF decompositions for both

duration and MeanInt. The first mode of both variables show a

positive anomaly across the entire ECMS, accounting for 60.96%

and 65.26% of the total variances, respectively (Figures 7A, B). They

both closely resemble the distribution of the first mode of CumInt,

with spatial correlation coefficients of 0.75 and 0.89, respectively.
Frontiers in Marine Science 08
Strong signals in duration are observed in the SYS and ECS, while

larger values in MeanInt are found in the YS and northern ECS,

both of which contribute significantly to the variation in CumInt,

especially in the SYS and northern ECS. The corresponding PC1 of

both variables exhibit similar long-term trends and interannual

variations with CumInt as well, with correlation coefficients of 0.97

and 0.93, respectively (Figure 7C). The second mode of duration

and MeanInt exhibit a dipole structure and interannual variations

similar to CumInt (Figures 7D–F). The spatial correlation

coefficients are 0.87 and 0.89, respectively, and the PC correlation

coefficients are 0.90 and 0.81, respectively. Note that negative values

in duration are mainly concentrated in the ECS Kuroshio region,

while the negative anomalies in MeanInt are more pronounced

offshore of the Yangtze River Estuary.

MHWs are defined as certain SST anomalies, which can be

induced by increases/decreases in mean SST or changes in SST

variance (Oliver, 2019). We conducted an EOF analysis on summer

mean SST and SST variance in the ECMS (Figure 8). The first mode

of summer mean SST accounts for 49.04% of the total variance, and

the spatial distribution exhibits a high correlation with CumInt,

with a spatial correlation coefficient of 0.73 (Figures 6A, 8A). The

corresponding PC1 also exhibits a high correlation with that of

CumInt (correlation coefficient is 0.87, Figure 8C). These findings

indicate the change in summer mean SST is the main contributor in

the long-term trends and interannual variations of CumInt.
B C
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FIGURE 5

Long-term trends of MHWs during the summer from 1982 to 2022: (A) frequency, (B) duration, (C) days, (D) MeanInt, (E) MaxInt, (F) CumInt. The
scattered regions indicate the areas where the trends are significant with a 95% confidence level.
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Notably, the change in summer SST variance also contributes to the

long-term trend of CumInt in the YS (Figures 8B, C). The relative

contribution between summer mean SST and SST variance needs to

be evaluated in the future. The second mode of summer mean SST

and SST variance contribute 17.03% and 16.41% of the total

variance, respectively. The spatial distribution of both mean SST

and SST variance is strongly correlated with CumInt, as evidenced

by spatial correlation coefficients of 0.85 and 0.78, respectively

(Figures 8D, E). The PC2 time series also show a moderate

correlation with CumInt, with correlation coefficients of 0.61 and

0.53, respectively (Figure 8F). These results suggest that both mean

SST and SST variability have important contributions to the

interannual variations in this mode.
3.2 Extreme MHW events in summer

3.2.1 Classification and statistics of MHW events
Section 3.1 denotes an inclination for intense MHW events in

the SYS, with a consistent upward trend in intensity from 1982 to

2022 (Figures 5, 7). Indeed, a recent surge in extreme MHW events

in the SYS has been reported (Gao et al., 2020; Yan et al., 2020; Li

et al., 2022, Li et al., 2023; Tan et al., 2023; Oh et al., 2023a). To delve
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deeper into the extremeMHW events in the SYS, we treated the SYS

collectively and detected MHW events during summer. The

findings reveal a total of 29 MHW events in the SYS during

summer, with over 40% of these events transpiring in the last

decade (2013-2022) displaying MeanInt and MaxInt of 1.80°C and

3.23°C (Figure 9A). The intensity of these events significantly

surpasses that of the earlier period (1982-2012).

Expanding upon prior research (Hobday et al., 2018; Oliver

et al., 2019), we categorized summer MHW events in the SYS

into three distinct groups: Extreme events, Strong events and

Moderate events (Figure 9B). It is found that Extreme MHWs

transpired in 2016 and 2018. In particular, the 2016 Extreme

MHW stands out with the longest duration at the extreme level,

marked by an extreme high temperature persisting for 12 days

(Figures 9C, D). Following the categorization of each grid point

in the ECMS during Extreme event periods, the 2016 Extreme

event was characterized by a broadscale occurrence in both the

southwestern SYS and northwestern ECS (Figure 9E). On the

other hand, the 2018 event predominantly occurred in the BS,

NYS and northern SYS (Figure 9F). The distributions of these

Extreme events align with the spatial patterns and significant

years of the first and second modes of the EOF, as detailed in

Section 3.1.2 (Figures 6–8).
B
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FIGURE 6

(A, C) Spatial patterns of the first two EOF modes of summer MHW CumInt in the ECMS and (B, D) the related PC time series. Solid lines represent
linear trends.
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FIGURE 7

Spatial patterns of the first two EOF modes of summer MHW (A, D) duration and (B, E) MeanInt in the ECMS. (C, F) The related PC time series (solid
and dashed blue curves). Red curves represent the PC time series of CumInt.
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A

FIGURE 8

Spatial patterns of the first two EOF modes of summer (A, D) mean SST and (B, E) SST variance (SST-var) in the ECMS. (C, F) The related PC time
series (solid and dashed blue curves). Red curves in (C, F) represent the PC time series of CumInt. Yellow lines in (C) represent the linear trends.
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3.2.2 Mechanism of Extreme MHW events
To discern the primary determinants influencing Extreme MHW

events, we undertook a diagnostic analysis of the MLT equation using

OFES data. Yan et al. (2020) have confirmed that OFES can reproduce

the ML dynamics and accurately replicate extreme SST variations in

the SYS and northern ECS. We further validated the proficiency of

OFES in simulating the SYS SST by assessing its performance during

2016 and 2018. The results showed that OFES precisely mirrored SST

variations (Figures 9C, D).

Figure 10 illustrates the climatology of each term in the MLT

equation in the SYS. It is clear that the horizontal advection term
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contributes minimally during summer, while the MLT tendency

term is primarily governed by the net heat flux term and the vertical

entrainment term. Figure 11 displays anomalies of the terms for

2016 and 2018 compared to the climatology. Positive anomalies in

the MLT tendency term signify that the MLT increases more rapidly

or decreases more slowly than the climatology. The positive

anomalies of the MLT tendency term during the periods from

July 22 to August 14, 2016 and from July 25 to August 12, 2018,

highlighted in shaded areas, were responsible for the generation of

the Extreme MHW events in 2016 and 2018. During these two

periods, the anomaly in the horizontal advection term was
B

C D
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FIGURE 9

(A, B) Statistical and classification of summer MHW events in the SYS. (C, D) Extreme MHW events in 2016 and 2018 and (E, F) their
severity distribution.
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negligible, indicating its minimal contribution. The positive

anomaly in the MLT tendency term predominantly resulted from

anomalies in the surface heat flux term and the vertical

entrainment term.

A comprehensive analysis of shortwave radiation, wind speed,

and MLD during warming periods in 2016 and 2018 is depicted in

Figure 12. In 2016, during the early warming phase, shortwave

radiation significantly increased, followed by a sharp decline and

subsequent rise. Meanwhile, wind speed and MLD transitioned

from positive anomalies to negative anomalies. The increased

shortwave radiation and reduced wind speed stabilized the upper

ocean and suppressed oceanic turbulent mixing, reflected by a

negative MLD anomaly, resulting in the positive anomalies in the

surface heat flux term and the vertical entrainment term, and

therefore leading to anomalous warming. A similar situation

arose in 2018.

Figure 13 depicts composite maps of 500-hPa geopotential

height and associated atmospheric variables during the

anomalous warming periods of 2016 and 2018. The results reveal
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that during the anomalous warming period, the SYS was influenced

by an anomalous high-pressure system, which split from the

western Pacific subtropical high. This resulted in subsidence over

the SYS region, triggering a decrease in surface winds. Additionally,

the subsidence bolstered atmospheric stability, inhibiting cloud

formation and amplifying solar radiation at the sea surface. For

instance, during the anomalous warming period of 2016, the entire

SYS was under the influence of a high-pressure system. This

corresponded to a decline in wind speed, diminished cloud cover,

and a shortwave radiation increment of roughly 20 W/m2,

contributing to a persistent increase in SST (Figures 13A, B). In

2018, during the analogous anomalous warming period, the high-

pressure system over the SYS led to localized wind speed reduction,

decreased cloud cover, and a significant surge in shortwave

radiation, with a maximum positive anomaly exceeding 40 W/m2

(Figures 13C, D). This culminated in a localized extreme heat in

the SYS.

In short, the Extreme MHW events in 2016 and 2018 were

associated with anomalous high-pressure system over the SYS

splitting from the western Pacific subtropical high. The high-

pressure anomaly induced an enhancement in surface solar

radiation and a reduction in surface wind speed, both of which

stabilized the upper ocean and suppressed oceanic turbulent

mixing, causing more heat concentrating near the sea surface and

forming Extreme MHWs. The formation mechanism for the

Extreme MHW events in the SYS agrees with that for the record-

breaking SST reported by Yan et al. (2020). Choi et al. (2022) also

suggested that the northwestward expanding subtropical high was

closely related to the occurrence of MHWs in summer, but they

only discussed the atmospheric changes associated with the

anomalous subtropical high, not considered the relevant

oceanic changes.
4 Summary and discussion

Under the context of global warming, the frequency of MHWs

in the ECMS has markedly increased (Li et al., 2019; Wang et al.,

2019; Yao et al., 2020; Choi et al., 2022; Oh et al., 2023b). Especially
FIGURE 10

All the terms in the MLT equation over the SYS calculated from the
OFES outputs: the MLT tendency term (dT), the surface heat flux
term (Hflx), the horizontal advection term (Adv), and the vertical
entrainment term (Ent), and the sum of the surface heat flux term,
the horizontal advection term, and the vertical entrainment term
(Hflx+Adv+Ent).
FIGURE 11

Anomalies of all the terms in the MLT equation in 2016 and 2018, relative to the daily climatology calculated from the OFES outputs.
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in recent years, more extreme MHW events during summer have

become increasingly common (Tan and Cai, 2018; Wang et al.,

2019; Li et al., 2023; Tan et al., 2023; Oh et al., 2023a), exerting

significant impacts on the ecosystems and fisheries in the ECMS.

This study utilized OISST satellite data and OFES model data to

examine the long-term trends of summer MHWs in the ECMS and
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to explore the underlying contributing factors of the ExtremeMHW

events in 2016 and 2018. The key findings are summarized

as follows:
(1) The frequency of summer MHWs across most parts of the

ECMS has seen an increase, exhibiting a higher growth rate
FIGURE 12

Shortwave radiation (solid red curve), surface wind speed (solid blue curve) and mixed layer depth (MLD, solid black curve) during the Extreme MHW
event in 2016 and 2018. Dashed line represents the climatology.
B
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FIGURE 13

(A, C) Anomalies of 500-hpa geopotential height (shading) during the period of the anomalous SST rise in 2016 and 2018. The solid and dashed
contours denote 500-hpa geopotential height and its climatology. (B, D) Anomalies of shortwave radiation (shading), wind fields at the sea surface
(arrow), and cloud fraction (contours) during the period.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1380963
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xu et al. 10.3389/fmars.2024.1380963

Fron
along the China coast. Areas experiencing a more rapid

increase in duration are primarily situated in the SYS and

southern ECS (south of 28°N). The long-term trends of

MeanInt and MaxInt display varied patterns across

different regions: A notable increasing trend is observed

in the BS and YS, whereas a decreasing trend is evident in

the northern ECS (north of 28°N). Due to the combined

effects of duration and intensity, the CumInt in the ECMS

demonstrates a generally positive trend, with peak values

concentrated offshore of the Yangtze River Estuary, in the

SYS and southern ECS.

(2) The primary mode of CumInt highlights a pronounced

long-term increasing trend and significant interannual

variations across the entire ECMS, especially notable in

the SYS and northern ECS, which are predominantly

influenced by summer mean SST warming. Additionally,

change in summer SST variance also contributes to the

long-term increasing trend in the YS. The secondary mode

of EOF analysis reveals a north-south dipole pattern, with

its interannual variations being driven by the combined

effects of changes in both summer mean SST and

SST variance.

(3) Extreme MHW events in 2016 and 2018 were primarily

associated with the surface heat flux term and the vertical

entrainment term, while the horizontal advection term
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exerted a relatively minor influence. The manifestation of

these Extreme MHW events was mainly connected to the

high-pressure system over the SYS, which split from the

western Pacific subtropical high. Under the sway of this

high-pressure system, atmospheric stability escalated,

thereby inhibiting cloud formation. Consequently,

shortwave radiation increased, sea surface wind speed

decreased, and oceanic turbulence reduced. This sequence

of events resulted in an accumulation of heat near the sea

surface, which raised the SST and caused the occurrence of

Extreme MHW events.
In this study, we continued to use the widely classification method

based on intensity (Hobday et al., 2018; Oliver et al., 2019) for

classifying MHW. However, it’s possible that MHWs appearing over

a longer period with moderate intensity might have a greater impact on

marine environments compared to those with short durations but high

intensity. CumInt, considering both intensity and duration, is a

reasonable parameter to classify MHW. Based on CumInt, the three

strongest MHWs in the SYS occurred in 2017, 2018, and 2016. The

strongest MHW event in 2017 was due to its longest duration. When

studying the mechanism of the longest event in 2017, it was discovered

to consist of two warming periods: one period at the turn of spring and

summer (from June 15 to July 6) and the other in summer (from July

18 to July 28, Supplementary Figure S2A). At the turn of spring and
B

C D

A

FIGURE 14

Anomalies of (A) 500-hpa geopotential height (shading) and (B) shortwave radiation (shading), wind fields at the sea surface (arrow), and cloud
fraction (contours) at the turn of spring and summer in 2017 (June 15 to July 6). (C, D) is the same as (A, B) except for summer (from July 18 to July
28). The solid and dashed contours in (A, C) denote 500-hpa geopotential height and its climatology.
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summer, MHW occurred in the BS, NYS, and northern SYS, while it

occurred in the SYS and ECS during summer (Supplementary Figures

S2B, C). Synthesized maps showed that at the turn of spring and

summer, the MHW in the BS, NYS, and northern SYS was not related

to the western Pacific high located between 15°N-25°N (Figure 14A, B),

while the MHW during summer was associated with the split of the

western Pacific high (Figure 14C, D), consistent with MHWs in 2016

and 2018. In this study, we focus on summer MHW. For MHW in

2017, when only the period in summer is considered, its CumInt is

smaller than that in 2016 and 2018. Therefore, when using CumInt as

the parameter to classify MHW, the two strongest MHWs still

occurred in 2016 and 2018.

Our results suggested that the reduced oceanic turbulent mixing

(decreased MLD) was important for the generation of the Extreme

MHWs in 2016 and 2018. Previous studies have shown that the diluted

freshwater from the Yangtze River may form a shallow MLD by

producing salt stratification above the top of the thermocline (Sprintall

and Tomczak, 1992; Belkin, 2009; Moon et al., 2019; Tak et al., 2023).

Therefore, the Yangtze River freshwater may contribute to anomalous

SST rises or MHWs, for example, in summer 2016 and 2022 (Moon

et al., 2019; Yan et al., 2020; Oh et al., 2023a). Tides is another factor

influencing the oceanic mixing and SST (Kim et al., 2010; Meng et al.,

2020; Lee et al., 2022b), which may also contribute to MHWs.

Quantitative assessment of the contribution of Yangtze River

freshwater and tides is needed in the future.

In contrast to our conclusion, Gao et al. (2020) suggested that the

ocean advection anomalies also contributed significantly to the extreme

MHW in 2018. Their numerical results using FVCOM (Finite Volume

Community Ocean Model) showed that upper ocean heat was

transported into the SYS, accumulated in an anticyclone eddy. While

the reason for the difference in the role of ocean advection is not clear, a

possible explanation is that the simulated current field in the OFES is

different from that in the FVCOM.
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