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ABSTRACT: Marine heatwaves (MHWs) in the South China Sea (SCS) have dramatic impacts on local ecosystems,
fisheries, and aquacultures. Our results show that SCS MHWs were strongly regulated by El Niño–Southern Oscilla-
tion (ENSO) with a distinct life cycle during 1982–2018. Based on the ENSO-associated sea surface temperature
anomaly (SSTA) warming peaks in the SCS, we can classify SCS MHWs into three categories: El Niño-P1 during the
first warming peak of El Niño from September to the following February, El Niño-P2 during the second warming peak
of El Niño from the following June to September, and La Niña-P1 during the single warming peak of La Niña from
the following February to May. The three types of SCS MHWs are all affected by the lower-level enhanced anticy-
clone over the western North Pacific (WNP), but their physical mechanisms are quite different. In El Niño-P1, SCS
MHWs are mostly induced by enhanced net downward shortwave radiation and reduced latent heat flux loss over the
southwestern and northern SCS, respectively. In El Niño-P2, SCS MHWs are primarily attributed to weaker entrain-
ment cooling caused by a local enhanced anticyclone and stronger Ekman downwelling in the central-northern SCS.
However, in La Niña-P1, SCS MHWs are mainly contributed by the reduced latent heat loss due to the weaker WNP
anticyclone centered east of the Philippines on the pentad time scale. The distinct spatial distributions of MHWs show
phase locking with ENSO-associated SCS SSTA warming, which provides a potential seasonal forecast of SCS MHWs
according to the ENSO phase.
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1. Introduction

Marine heatwaves (MHWs) are climate extremes with pro-
longed warm sea surface temperatures (SSTs) that can broadly
extend up to thousands of kilometers (Waliser 1996; Qin et al.
2007; Hobday et al. 2016; Scannell et al. 2016; Oliver et al.
2018a). MHWs are also referred to as “hot spots” (Waliser
1996), “hot events” (Qin et al. 2007), or “warm blob” (Bond et al.
2015; Di Lorenzo and Mantua 2016). MHWs have devastating
and long-term impacts on large-scale ecosystems, fisheries, and
aquaculture ecosystems, with subsequent socioeconomic conse-
quences (Frolicher and Laufkotter 2018; Oliver et al. 2018b;
Smale et al. 2019). Examples include the mass mortality of aba-
lone off Western Australia (Pearce and Feng 2013), benthic habi-
tat loss along the Mediterranean Sea (Garrabou et al. 2009), and
altered human use of fisheries in the northwest Atlantic and off
Western Australia (Mills et al. 2013; Caputi et al. 2016). There-
fore, a better understanding of the occurrence and development
mechanisms of MHWs may benefit seasonal forecasting.

Under recent global warming, many MHWs have been
observed in the oceans (Frolicher et al. 2018; Holbrook et al.

2020). Qin et al. (2007) found that 31 MHW events occurred
in the tropical oceans during the period of 1993–2003, and
most (68%) MHW events were clustered in the equatorial
western Pacific. The longest-duration MHWs usually occurred
in the eastern equatorial Pacific in association with El Niño
(Holbrook et al. 2019) and occasionally occurred in the north-
east Pacific (Bond et al. 2015) and Tasman Sea marine envi-
ronments (Oliver et al. 2017).

Some studies have attributed MHWs to local air–sea internal
variability (Qin et al. 2007, 2008; Qin and Kawamura 2009, 2010)
and large-scale ocean modes of climate variability (Holbrook
et al. 2019, 2020). For example, eddy instabilities can change the
mixed layer temperature and subsequently give rise to MHWs
(Schlegel et al. 2017). Local extreme air–sea coupling can induce
MHWs by modulating in situ oceanic conditions (Olita et al.
2007; Bond et al. 2015; Oliver et al. 2017). The propagation of
planetary waves in the atmosphere (ocean) also produces
MHWs by altering surface winds and cloud cover via remote
atmospheric (oceanic) teleconnections (Chen and Qin 2016; Ben-
thuysen et al. 2018; Heidemann and Ribbe 2019; Li et al. 2020).
In particular, El Niño–Southern Oscillation (ENSO) has been
regarded as the most important factor (Oliver et al. 2018b; Hol-
brook et al. 2019). Di Lorenzo and Mantua (2016) revealed that
the 2014/15 El Niño induced the extreme northeast Pacific Blob
event by an El Niño–induced anomalous anticyclone over the
North Pacific. Heidemann and Ribbe (2019) found that MHWs
on the northeast coast of Australia were closely associated with
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El Niño events peaking in the previous 7 months, while Feng
et al. (2013) showed that the MHWs off the coast of western
Australia were more related to La Niña conditions.

Several studies have concentrated on extreme MHW events
in the marginal seas of China (Li et al. 2019; Wang et al. 2019;
Gao et al. 2020; Yan et al. 2020; Yao et al. 2020; Yao and
Wang 2021). As a result of the much faster warming rate,
MHWs have longer durations and are more frequent with
greater extension and intensity in the marginal seas of China
(Yao et al. 2020). Thompson et al. (2017) observed a remark-
able warming trend in the South China Sea (SCS) since 1997,
and SCS MHWs might occur more frequently under global
warming (Yao et al. 2020). Xiao et al. (2020) reported that a
record-breaking SCS MHW event in 2015 caused severe coral
bleaching on the Dongsha Atoll. Yao and Wang (2021)
revealed that the anomalous western North Pacific subtropical
high modulated by interbasin interactions weakens midwest-
ern South China Sea upwelling and triggers severe summer-
time MHWs.

Except for some case studies, little attention has been given
to the general features of SCS MHWs, especially their inter-
annual variability. ENSO events can modulate SCS SST
anomalies (SSTAs) on the interannual time scale via atmo-
spheric Rossby wave responses (Ose et al. 1997; Klein et al.
1999; Wang et al. 2000). El Niño may enhance the anticyclonic
anomalies over the western North Pacific (WNP) and warm
the SCS through local air–sea interactions (Wang et al. 2000).
Associated impacts on the SCS are prolonged by the Indian
Ocean capacitor effect after the mature ENSO phase (Xie
et al. 2009), as in the extreme case in 2015 (Xiao et al. 2020).
Wang et al. (2006) found double warming peaks of the SCS
SSTA in the mature phase and the following summer of El
Niño events. Some literature has also examined the different
responses of the SCS SST to El Niño diversity (Liu et al.
2014; Tan et al. 2016).

Although the SCS SSTA is closely linked to ENSO events,
the relationship between the SCS MHWs and ENSO has not
yet been sufficiently addressed. This study aimed to investi-
gate the variability in SCS MHWs on an interannual time
scale and to explore the mechanisms by which ENSO events
regulate MHWs in the SCS. The remainder of the paper is
organized as follows. The datasets and methods utilized in
this study are briefly introduced in section 2. Section 3 demon-
strates the statistical characteristics of MHWs in the SCS. The
relationships between SCS MHWs and ENSO are clarified in
section 4. Section 5 explains the potential mechanisms by
which ENSO influences SCS MHWs. Finally, a discussion and
summary are presented in section 6.

2. Data and methodology

a. Data

Daily SSTs with a horizontal resolution of 0.258 3 0.258 were
extracted from the NOAA Optimum Interpolation Sea Surface
Temperature (OISST version 2) dataset (Reynolds et al. 2007).
Daily atmospheric reanalysis data, including 10-m wind, total
cloud cover, surface net shortwave radiation, net longwave radia-
tion, latent heat flux, and sensible heat flux, were obtained from
the National Centers for Environmental Prediction–Department
of Energy Reanalysis 2 (NCEP–DOE R2) products (Kanamitsu
et al. 2002). In these datasets, surface variables are stored on a
global T62 Gaussian grid, while isobaric variables are available at
a horizontal resolution of 2.58 3 2.58 and extend from 1000 to 10
hPa with 17 vertical pressure levels. Due to the lack of daily sub-
surface ocean data, pentad subsurface ocean data from the NCEP
Global Ocean Data Assimilation System (GODAS; Behringer
2007) were applied in this study. The analysis period of all the
above datasets covers 1982–2018, and anomalies of all variables
were calculated as the deviation from the corresponding mean
seasonal cycle. Following the criterion of NOAA, an El Niño (La
Niña) event was defined by an oceanic Niño index (ONI; https://
ggweather.com/enso/oni.htm) greater (less) than or equal to 0.58C
(20.58C) for at least five consecutive overlapping seasons.

b. Methods

Hobday et al. (2016) qualitatively defined an MHW as a pro-
longed discrete anomalously warm water event in a particular
location. Following this definition, the 90th percentile was first
calculated for each calendar day using daily SSTs within an 11-
day window centered on the data across all years (1982–2018)
within the climatology period and smoothed by applying a 31-
day moving average. Thus, MHWs in the SCS were identified
when daily SSTs were above the climatological seasonally vary-
ing 90th percentile for at least five consecutive days. Note that
two successive events with a break of less than two days were
combined and identified as a single joint event. Additionally,
five MHWmetrics were used in this study: duration (cumulative
days from the start date to end date), maximum intensity (maxi-
mum SSTA during an MHW), mean intensity (mean SSTA
during an MHW), cumulative intensity (sum of daily SSTAs
measured as 8C days), and growth rate (SSTA increase rate dur-
ing the period from the beginning of the MHW to its maximum
intensity measured as 8C day21).

A mixed layer heat budget analysis was performed to explore
the relative contributions of physical processes to ENSO-
related MHWs in different stages. The mixed layer temperature
budget can be expressed as the following equation:
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where Tm, u, and y represent the ocean temperature and zonal
and meridional ocean current velocities averaged over the
mixed layer depth, respectively. We used a spatially and tem-
porally varying hm defined as the mixed layer depth where
ocean temperature is 0.58C lower than the surface value. The
terms we and Td are the vertical ocean current velocity and
the water temperature at a depth of 10 m below the bottom of
the mixed layer, respectively. The net surface heat flux anom-
aly (Q′) is the summation of the net downward shortwave
radiation (SWR), net upward longwave radiation (LWR),
sensible heat flux (SHF), and latent heat flux (LHF) at
the ocean surface, and a positive value indicates surface heat
flux into the ocean. The terms r 5 1025 kg m23 and Cp 5

4000 J kg21 K21 are the reference density of seawater and the
specific heat of seawater, respectively. Bars and primes
denote climatologic mean variables and anomaly departures
from climatologic means, respectively.

The left-hand side of Eq. (1) is the mixed layer ocean
temperature tendency (Tend). On the right-hand side, Qnet
is the net surface heat flux term, ZAdv (MAdv and VAdv)
is the zonal (meridional and vertical) advection of the
anomalous temperature by the mean velocity, ZAdva
(MAdva and VAdva) is the zonal (meridional and vertical)
advection of the mean temperature by the anomalous veloc-
ity, ZAdv′ (MAdv′ and VAdv′) is the nonlinear zonal
(meridional and vertical) advection of the anomalous tem-
perature by the anomalous velocity, and R represents the
residual term.

3. Statistical analyses of MHWs in the SCS

According to the definition of MHWs, 61 MHW events
were identified in the SCS (08–258N, 1008–1208E) during
1982–2018 (Table 1). In addition to these 61 events, other
MHWs might still be found in subregions of the SCS
because the definition was based on the average SST of the
entire SCS region in this study. Fifty-five of the 61 MHWs
occurred after 1996, when the SST exhibited a remarkable
warming trend in the SCS (Thompson et al. 2017). The
average duration of SCS MHWs was 18.13 days (Fig. 1a),
and their mean intensity was 10.778C, with a maximum
intensity of 10.938C (Fig. 1b). The mean growth rate was
10.0578C day21 (Fig. 1d). The most extreme MHW in win-
ter 2016 reached a maximum intensity of 11.588C with a
cumulative intensity of 37.078C days from 1 January to
2 February (Table 1). Another extreme occurred in the
winter of 1997/98, which showed the longest duration of 101
days and the largest cumulative intensity of 101.708C days
(Table 1). These two events have previously been ascribed
to the super El Niño event (Xiao et al. 2018, 2020). High
correlations between the duration and the cumulative
intensity (the correlation coefficient was 10.98) and growth
rate (the correlation coefficient was 20.35) suggest that
SCS MHWs with higher cumulative intensities generally
have longer durations but develop more slowly, and vice
versa.

Statistically, approximately 1.65 MHWs with a duration
of 30 days occurred each year in the SCS. The highest fre-
quency of MHWs occurred in 2010, with eight events, fol-
lowed by six MHWs in 2015 and five MHWs in 2016.
Regarding the total duration of MHWs, the longest events
took place in 1998, followed by 2015, 2010, and 2016 in
descending order. The average duration of MHWs was lon-
ger than 3 months in 4 years (figure omitted). Notably, the
frequency of SCS MHWs exhibited an increasing tendency,
corresponding to ENSO regime changes (Xu et al. 2019b).
Most of the 61 identified MHWs were related to El Niño
events, although some may have occurred in the La Niña
phase. After removing the effects of the linear trend of the
SST in the SCS, MHWs became more frequent before 1996,
while the average duration was obviously reduced, with
weakened maximum and cumulative intensities, which
denotes that the warming trend plays an important role in
SCS MHW metrics.

Figure 2 shows the seasonal distribution of SCS MHWs
after removing extremes with durations greater than 50 days
to investigate the seasonality of SCS MHWs. Despite the
lowest frequency (only 10 events) of MHWs occurring in
winter, winter events experience the second-longest life
cycle of 12.3 days (Fig. 2a) and show a maximum intensity
of 11.138C (Fig. 2b), resulting in the strongest cumulative
intensity (Fig. 2c). The life cycle of spring MHWs is shorter
(Fig. 2a) but shows the second-highest maximum intensity
(Fig. 2b), consequently giving rise to the rapidest growth
rate (Fig. 2d). In addition, MHW metrics in summer have
the smallest dispersions among the four seasons, indicating
that summer SCS MHWs tend to be stable, which is consis-
tent with their relatively longest duration (Fig. 2a) and low-
est growth rate (Fig. 2d).

Figure 3 displays the composite daily SSTAs in the SCS
on all days when MHWs occurred in the four seasons to
investigate seasonally varying MHW-related SSTAs. Sea-
sonal SCS SSTAs associated with MHWs also exhibit dif-
ferent spatial patterns. SSTAs during boreal summer and
winter are warmer than their counterparts in boreal spring
and autumn (Fig. 3). Summer MHWs are characterized by
warmer-than-normal SSTAs in the northern-central SCS,
with the warmest center concentrated in the central SCS
(Fig. 3b), whereas those of their winter counterparts are
mainly observed in the western SCS, which features two
warming SST centers located south of Hainan Island and
south of Vietnam (Fig. 3d). In spring, warmer MHW-
related SSTAs are located in the Beibu Gulf, west of the
Luzon Strait, and along the Vietnam coast (Fig. 3a). How-
ever, autumn MHWs mainly occur in the northwestern
SCS (Fig. 3c). Note that the extreme MHWs have little
interference effect in the composite results (not shown).
These statistical results indicate that SCS MHWs exhibit
remarkable seasonality. Due to the close relationship
between SCS MHWs and ENSO (Fig. 1), we infer that the
possible cause of MHW seasonality is the phase locking of
the ENSO-induced WNP anticyclone anomaly revealed by
previous studies (Wang et al. 2000; Wu et al. 2010;
Stuecker et al. 2015).
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TABLE 1. Summary of the properties and metrics of SCS MHWs during 1982–2018. The periods in bold (italic) font indicates an
SCS MHW associated with an El Niño (a La Niña) event.

No. Period Duration (days)
Maximum

intensity (8C)
Mean intensity

(8C)

Cumulative
intensity
(8C days)

Rate of onset
(0.18C day21)

1 12–26 Sep 1983 15 0.69 0.58 8.81 0.44
2 10 Oct–3 Nov 1987 25 1.26 0.86 21.57 0.73
3 17–25 Nov 1987 9 0.80 0.70 6.36 0.49
4 5–9 Feb 1988 5 0.94 0.80 4.01 1.59
5 4–18 Sep 1988 15 0.89 0.69 10.49 0.51
6 5–20 Jul 1996 16 0.86 0.71 11.42 0.73
7 19–23 Mar 1997 5 0.94 0.83 4.15 0.92
8 10–15 Oct 1997 6 0.63 0.59 3.56 0.59
9 19–28 Oct 1997 10 0.89 0.73 7.36 0.56
10 27 Dec 1997–6 Apr 1998 101 1.53 1.00 101.7 0.14
11 16–25 May 1998 10 1.32 0.97 9.76 0.11
12 16 Jun–6 Jul 1998 21 1.05 0.81 17.05 0.58
13 13 Jul–14 Oct 1998 94 1.30 0.82 77.40 0.13
14 26 Jan–5 Feb 1999 11 1.18 0.89 9.84 0.81
15 18 Mar–4 Apr 1999 18 1.01 0.82 14.80 0.36
16 8–12 Apr 2001 5 0.83 0.74 3.74 0.88
17 17–23 Apr 2001 7 0.92 0.74 5.22 1.13
18 4–9 May 2001 6 0.90 0.79 4.77 0.77
19 27 Jun–3 Jul 2002 7 0.68 0.63 4.47 0.47
20 16 Dec 2002–5 Jan 2003 21 1.15 1.00 21.02 0.42
21 9–14 Nov 2005 6 0.83 0.71 4.28 0.75
22 19 Nov–2 Dec 2006 14 1.05 0.89 12.46 0.50
23 15–28 Jun 2007 14 0.76 0.65 9.22 0.34
24 24–30 Jul 2007 7 0.58 0.54 3.81 0.48
25 18 Oct–10 Nov 2008 24 0.92 0.76 18.33 0.22
26 4–8 Mar 2009 5 0.92 0.82 4.10 1.31
27 31 Jan–17 Feb 2010 18 1.15 0.91 16.47 0.61
28 23 Feb–9 Mar 2010 15 1.28 1.05 15.85 0.50
29 8–12 May 2010 5 0.74 0.66 3.33 1.08
30 18 May–2 Jun 2010 16 0.97 0.78 12.63 0.93
31 11–26 Jun 2010 16 0.76 0.69 11.10 0.33
32 4–23 Jul 2010 20 0.85 0.73 14.64 0.34
33 12–28 Aug 2010 17 0.74 0.58 9.99 0.46
34 21 Sep–19 Oct 2010 29 0.97 0.71 20.79 0.83
35 19–23 Mar 2012 5 0.76 0.73 3.68 0.21
36 21 Nov–26 Dec 2012 36 1.10 0.91 33.07 0.17
37 23 Mar–8 Apr 2013 17 1.01 0.88 14.99 0.26
38 8–24 May 2013 17 0.86 0.75 12.88 0.36
39 31 May–15 Jun 2013 16 0.95 0.72 11.58 0.45
40 17 Apr–5 May 2014 19 0.94 0.76 14.51 0.23
41 16 May 2014–12 June 2014 28 1.25 0.99 27.75 0.44
42 20–27 Aug 2014 8 0.68 0.58 4.67 0.62
43 31 Aug–4 Sep 2014 5 0.54 0.51 2.56 0.44
44 23 Oct–4 Nov 2014 13 0.79 0.68 8.84 0.35
45 27 Nov–5 Dec 2014 9 0.91 0.84 7.58 0.60
46 15–23 May 2015 9 0.87 0.77 6.98 0.65
47 8–22 Jun 2015 15 0.88 0.75 11.36 0.26
48 28 Jul–6 Aug 2015 10 0.76 0.66 6.61 0.70
49 13–20 Aug 2015 8 0.62 0.57 4.59 0.64
50 1 Sep–17 Oct 2015 47 1.15 0.81 38.18 1.58
51 25 Oct–27 Dec 2015 66 1.37 1.00 66.38 0.19
52 2 Jan–2 Feb 2016 32 1.58 1.15 37.07 0.40
53 22 Apr–27 May 2016 36 0.93 0.78 28.16 0.20
54 19–25 Jun 2016 7 0.66 0.62 4.37 0.30
55 1 Jul–2 Aug 2016 33 0.95 0.70 23.25 0.16
56 17–26 Nov 2016 10 1.00 0.83 8.38 0.77
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4. Relationships between ENSO and MHWs in the SCS

ENSO events have a large influence on the seasonal and
monthly time scales of SSTAs in the SCS (Qu et al. 2004; Wang
et al. 2006; Liu et al. 2014; Tan et al. 2016). According to the cri-
teria of NOAA CPC, 12 El Niño and 14 La Niña events were
identified during the period of 1982–2018. First, we focused on
the ENSO events associated with SCS MHWs (Table 1); there-
fore, the El Niño (1982/83, 1987/88, 1997/98, 2002/03, 2006/07,
2009/10, 2014/15, and 2015/16) and La Niña (1998/99, 2000/01,
2008/09, 2011/12, 2016/17, and 2017/18) years were selected in
this study. Fifty-two of the 61 MHWs were related to El Niño
or La Niña events (Fig. 1 and Table 1), implying a critical role
of ENSO in the occurrence of SCS MHWs on an interannual
time scale.

In El Niño events, the seasonal evolution of the 10-day run-
ning-mean SSTA exhibits a prominent double warming peak
in the SCS. The first warming peak appears in the mature
phases of El Niño (D[0]JF[1], where [0] indicates the onset
year and [1] indicates the following year), whereas the second
peak emerges in the decay phase of El Niño (JJA[1])
(Fig. 4a), which is consistent with the monthly SST-based
results revealed by Wang et al. (2006). According to the sea-
sonal evolution of the 120-day running SSTA, this SSTA
warming in the SCS peaks in the following January (Jan[1])
and August (Aug[1]) (Fig. 4a). Upon excluding the effects of
SCS MHWs, the double warming peak in the SCS still exists,
but its magnitude is markedly decreased (see the blue solid
curve in Fig. 4a). Therefore, El Niño–induced SST warming
peaks provide a favorable background for MHWs in the SCS,

TABLE 1. (Continued)

No. Period Duration (days)
Maximum

intensity (8C)
Mean intensity

(8C)

Cumulative
intensity
(8C days)

Rate of onset
(0.18C day21)

57 11–21 Feb 2017 11 0.90 0.79 8.78 1.46
58 29 Sep–9 Oct 2017 11 0.74 0.65 7.23 0.39
59 21–28 May 2018 8 0.70 0.64 5.17 0.43
60 5–11 Dec 2018 7 0.89 0.87 6.10 0.75
61 19–28 Dec 2018 10 1.06 0.89 8.98 0.93
Mean 18.13 0.93 0.77 15.05 0.57

FIG. 1. Statistics of the SCS MHW metrics including (a) total duration (units: days), (b) maximum intensity (units: 8C), (c) cumulative
intensity (units: 8C days), and (d) growth rate (units: 8C day21) for the period of 1982–2018. The horizontal axis represents 61 MHW events
during 1982–2018, and gray dashed lines indicate the mean metrics of all the MHWs. Red (blue and gray) bars indicate the MHWs associ-
ated with El Niño (La Niña and neutral) events. More detailed information on the SCS MHWs can be seen in Table 1.
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which can in turn enhance the double-peak warming. In con-
trast, SCS SSTAs during La Niña events are only character-
ized by a single warming peak in the following spring (Fig.
4b). The duration and intensity of La Niña–related SCS
warming are much shorter and weaker than those of El Niño
warming. The La Niña–related warming peak occurs in the
following March (Mar[1]), with an average SSTA of 10.468C.
The warming peak is also remarkably weakened without
MHWs (Fig. 4b). This result suggests that the SCS warming
associated with La Niña events is also conducive to MHWs.

Both El Niño and La Niña can substantially modulate SCS
SST warming with distinct peak timings and intensities. How-
ever, there are large uncertainties in the SCS warming peak
time associated with ENSO events (Fig. 4). After selecting
the episodes of ENSO-related SCS SST warming peaks, we
divided the 52 MHWs into three categories: 24 MHWs that
appeared during the first SST warming peak after El Niño
events from September(Sep[0]) to the following February
(Feb[1]) (hereafter referred to as El Niño-P1), 16 MHWs that
occurred during the second warming peak from the following
June (Jun[1]) to September (Sep[1]) (hereafter referred to as
El Niño-P2), and the remaining 12 cases that occurred during
the warming peak of La Niña events from the following Feb-
ruary (Feb[1]) to May (May[1]) (hereafter referred to as La
Niña-P1).

Figure 5 shows the statistical analyses of SCS MHWs in
the three categories after removing extremes with durations
greater than 50 days. SCS MHWs in El Niño-P1 exhibit the

strongest maximum intensity, while those in El Niño-P2 are
weakest (Fig. 5b), which is consistent with the amplitudes of
the ENSO-related SST warming peaks (see again Fig. 4).
The duration of MHWs in El Niño-P2 is much longer than
that in El Niño-P1 (Fig. 5a); however, MHWs in La Niña-P1
generally show the shortest life cycles of less than 10 days
(Fig. 5a), with the weakest cumulative intensities (Fig. 5c)
and fastest growth rates (Fig. 5d). Therefore, the metrics of
SCS MHWs in El Niño-P1, El Niño-P2 and La Niña-P1
show seasonal phase locking (Fig. 2) corresponding to the
varied warming peaks of ENSO in summer, winter, and
spring.

The spatial distribution of SSTAs in the SCS is quite different
in the El Niño-P1, El Niño-P2, and La Niña-P1 categories
(Fig. 6). In El Niño-P1, warming SSTAs are located in the south-
western SCS (Fig. 6a), similar to the first-peak SSTA warming
pattern of El Niño (not shown). However, in El Niño-P2, the
warming SSTA center shifts northeastward and is enhanced in
the central-northern SCS (Fig. 6b), consistent with the second-
peak warming pattern of El Niño. In La Niña-P1, there are three
warming centers located in the Beibu Gulf, west of the Luzon
Strait, and along the Vietnam coast (Fig. 6c). This result is similar
to the spring pattern of MHW-related SSTAs (Fig. 3a) corre-
sponding to SCS warming in La Niña-P1. Therefore, most
MHWs in the SCS are regulated by ENSO-associated SST
warming on an interannual time scale, and the diversity of SCS
MHWs can be regarded as the distinct response of local SSTAs
to the warming peaks and phases of ENSO.

FIG. 2. Boxplots of the seasonal (a) total duration (units: days), (b) maximum intensity (units: 8C), (c) cumulative
intensity (units: 8C days), and (d) growth rate (units: 8C day21) of SCS MHWs after removing extremes [marked by
the dots in (a)] with durations greater than 50 days.
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5. Physical mechanisms of MHWs in the SCS

a. Mixed layer heat budget analysis

To quantify the contributions of dynamic and thermody-
namic processes to the diversity of SCS MHWs, we employed
a mixed layer ocean temperature budget analysis of averaged
SCS temperatures (08–258N, 1008–1208E) based on the pentad
GODAS dataset [see Eq. (1)]. Here, we mainly focus on the
mixed layer temperature tendencies of SCS MHWs during the
growth period spanning from the beginning of the MHW to its
maximum intensity. Note that we uniformly expanded the
growth period forward by one pentad if the growth period was
less than 5 days since the formation of MHWs is a gradually

increasing process. The mixed layer temperature tendencies
were approximately close to the sums of the surface heat flux
and three-dimensional (3D) ocean advection terms, indicating
that all the mixed layer heat budget analyses were balanced
despite the uncertainties in surface heat fluxes and oceanic
subgrid processes. The results show that mixed layer ocean
temperature warming is mainly contributed by the net surface
heat flux term, while the sum of 3D ocean advections has a
smaller warming effect (Fig. 7a). In El Niño-P1 and La Niña-
P1, the net surface heat flux term is the most important con-
tributor, whereas those of all 3D ocean advections are almost
negligible. However, this is remarkably different from the situ-
ation during El Niño-P2. In addition to the net surface heat

FIG. 3. Composite daily SSTAs (shading; 8C) in the SCS for MHWs occurring in boreal (a)
spring, (b) summer, (c) autumn, and (d) winter. White oblique lines indicate SST anomalies that
are statistically significant at the 90% confidence level.
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flux term, the advection of the mean temperature by the
anomalous vertical velocity (VAdva) provides a larger contri-
bution to the temperature growth of SCS MHWs in El Niño-
P2 (Fig. 7a).

The effect of the net surface heat flux term in the three cate-
gories is always positive, showing that it is the most important
factor responsible for MHWs in the SCS. We further decom-
pose the net surface heat flux term into the net downward
SWR, net upward LWR, SHF, and LHF terms (Fig. 7b). The
dominant thermodynamic heating over the SCS in El Niño-P1
and El Niño-P2 is mainly contributed by the joint effects of the
net downward SWR and LHF anomalies, while the largest con-
tributor in La Niña-P1 is the LHF anomaly.

b. Contributions of anomalous atmospheric and oceanic
circulations

During El Niño-P1, an anomalous lower-level anticyclone
is observed over the Indo-China Peninsula to the WNP
(Fig. 8a), suggesting a response of Rossby waves in the low-
level atmosphere to El Niño SSTA forcing (Wang et al. 2000;
Wu et al. 2010; Stuecker et al. 2015). This broad-scale anticy-
clone centered at the central-southern SCS significantly
reduces the total cloud cover over the southwestern SCS by
suppressing local convection (Fig. 8a), corresponding to the
enhanced mixed layer ocean temperature tendency (Fig. 8b)
due to the increased net surface heat flux term (Fig. 8c). This
anticyclonic anomaly directly leads to an increased net

FIG. 4. Time evolution of the 10-day running-mean SCS SSTA (red solid curves; unit: 8C) asso-
ciated with SCS MHWs during the life cycle of (a) El Niño and (b) La Niña events. The time axis
is from January of the onset year (Jan[0]) to December of the following year (Dec[1]). The blue
solid curves denote the composite 10-day running-mean SSTA after removing the effects of SCS
MHWs, and the black dashed curves represent the 120-day running-mean SSTA. Red (blue)
shaded regions indicate the standard deviation of composite SCS SSTAs associated with (not
associated with) MHWs during El Niño events in (a) and La Niña events in (b).
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downward SWR over the southern SCS (Fig. 8d), and the sig-
nificant southerly anomalies over the northern SCS reduce
the total wind speed and associated surface evaporation over
the WNP and SCS, which in turn results in a positive LHF
anomaly over the northern SCS (Fig. 8e). The LHF is gener-
ally controlled by the surface wind speed and air–sea specific
humidity difference (Chou et al. 2000), but Tan et al. (2016)

revealed that surface speed anomalies are a predominant fac-
tor in LHF anomalies over the SCS. The spatial distribution
of the net surface heat flux anomaly basically matches the
mixed layer temperature tendency (Figs. 8b,c), and their cor-
responding centers are very consistent with the warming cen-
ter of MHW-related SSTAs (Fig. 6a). Therefore, in El Niño-
P1, MHWs in the SCS are jointly contributed by the net

FIG. 5. As in Fig. 2, but for El Niño-P1, El Niño-P2, and La Niña-P1.

FIG. 6. Composite daily SSTAs (shading; 8C) in the SCS for MHW events in (a) El Niño-P1, (b) El Niño-P2, and (c) La Niña-P1. White
oblique lines denote SSTAs that are above the 90% significance level.
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downward SWR over the southwestern SCS and the LHF
anomalies over the northern SCS due to the enhanced WNP
anticyclone. This mechanism responsible for SCS MHWs in
El Niño-P1 is consistent with that responsible for the first SCS
SST warming peak induced by El Niño (Wang et al. 2006).

In El Niño-P2, the enhanced WNP anticyclone is still domi-
nant over the WNP because of the joint impacts of the local air–-
sea interaction (Wang et al. 2000) and Indian Ocean capacitor
effect (Xie et al. 2009), but its center shifts to the northern SCS
due to the seasonal evolution of the East Asian summer mon-
soon. This anticyclone suppresses convective activity over the
SCS and then effectively reduces the total cloud cover (Fig. 9a),
leading to an increase in the net downward SWR in the central
SCS (Fig. 9d). The lower-level northeasterly wind anomalies
over the southern SCS weaken the summer monsoon winds, and
the reduced surface wind speeds and associated surface evapora-
tion give rise to an increase in the LHF anomaly in situ (Fig. 9e).
Therefore, the net surface heat flux term during El Niño-P2
(Fig. 9c) is also attributed to both the net downward SWR anom-
aly over the central SCS (Fig. 9d) and the LHF anomaly over the
southern SCS (Fig. 9e). However, we found that the increased
net surface heat flux term cannot completely correspond to the
warming SSTA centers of MHWs in El Niño-P2 (Fig. 6b) or the

enhanced mixed layer ocean temperature (Fig. 9b), especially in
the northern SCS. This result implies that the positive net surface
heat flux term is a weak factor in the temperature tendency due
to the shift in the net surface heat flux anomaly over the SCS
(Figs. 9b,c), although it has a warming effect (Fig. 7a).

In addition, advections of the mean temperature by the
anomalous vertical velocity and zonal velocity (i.e., VAdva
and ZAdva) also make larger contributions to MHWs in the
SCS (Fig. 7a). Figure 10 shows the spatial distribution of
VAdva and ZAdva in El Niño-P2. In association with the nar-
row-scale anticyclone centered on the SCS (Fig. 9a), the sur-
face wind stress curl over the central-northern SCS gives rise
to enhanced convergence of the Ekman flows and induced
Ekman downwelling in situ in El Niño-P2, resulting in the sig-
nificant positive VAdva centered at 158N, 1148E (Fig. 10a).
Notably, the maximum VAdva values are in accordance with
those of the positive temperature tendency and MHWs in the
central-northern SCS (Figs. 6b and 9b). This finding indicates
that the advection of the mean temperature by the anomalous
vertical velocity provides the largest contribution to the
growth of SCS MHWs in El Niño-P2. On the other hand,
ZAdva makes a partially positive contribution to MHWs in
the SCS due to the intensified SCS throughflow during El

(a) Composite heat budget
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FIG. 7. (a) Composite of the mixed layer temperature tendency (Tend), the net surface heat
flux term (Qnet), and the individual zonal, meridional, and vertical advection terms (unit: 8C
pentad21) averaged over the SCS (08–258N, 1008–1208E) during the growth period of MHWs
occurring in El Niño-P1, El Niño-P2, and La Niña-P1. (b) As in (a), but for the composite of four
anomalous heat flux terms (unit: 8C pentad21) including the net downward shortwave radiation
(SWR), net upward longwave radiation (LWR), sensible heat flux (SHF), and latent heat flux
(LHF).
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Niño (Liu et al. 2006), but it exhibits different effects in differ-
ent SCS regions, with significant warming effects in the central
SCS (Fig. 10b). This finding implies that the ZAdva term in
the central SCS plays a partial role in the warming of MHW-
related SSTAs. Therefore, the ocean dynamic process
(VAdva) related to Ekman downwelling plays an important
role in SCS MHWs in El Niño-P2, whereas the atmospheric
thermodynamic process becomes less important, albeit with
a warming effect. Wang et al. (2006) also emphasized the
role of ocean dynamic processes in the second peak of SCS

warming, but they revealed that mean meridional geo-
strophic heat advection is responsible for SCS SSTA
warming.

During La Niña-P1, a weaker lower-level WNP anticyclone
is observed east of the Philippines, although the magnitude
and northeastward displacement of the center location are
weaker than those in El Niño-P1 (Fig. 11a). The significant
southerly wind anomalies weaken the climatological north-
easterly wind, subsequently reducing the surface wind speed
and evaporation in situ and enhancing the ocean temperature

FIG. 8. (a) Composite wind (vectors; m s21) and wind speed (contours; m s21) at 10 m and total cloud cover (TCC; shading; %) in the
MHW growth period during El Niño-P1. Only wind speeds with values less than 20.5 m s21 are shown, and purple wind vectors indicate
that the 10-m wind is above the 90% significance level. The red letter A indicates the center of the anomalous anticyclone. Also shown are
composites of the (b) mixed layer ocean temperature tendency (Tend; 8C pentad21), (c) net surface heat flux term (Qnet; 8C pentad21),
(d) net downward SWR term (8C pentad21), and (e) LHF term (8C pentad21) over the SCS during the growth period of MHWs occurring
in El Niño-P1. White oblique lines indicate values that are above the 90% significance level.
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tendency over the central-northern SCS (Fig. 11b). The
increased net surface heat flux term (Fig. 11c) is contributed
less by the SWR anomaly (Fig. 11d) and mostly comes from
the LHF anomaly (Fig. 11e). Different from the other catego-
ries, the SHF plays a partial role in local thermodynamic heat-
ing (not shown), but the warming effect of the net downward
SWR is almost negligible (Fig. 11d).

During the spring of decaying La Niña events, an anoma-
lous lower-level cyclone is usually found over the WNP
(Zhang et al. 2014; Chen et al. 2016). However, a relatively
weak anomalous anticyclone can be observed based on the
pentad-data analysis in the case of La Niña-P1 (Fig. 11a), and
the observed SCS MHWs in La Niña-P1 exhibit a short life

cycle of less than 10 days (Fig. 5a). This possibly originates
from suppressed convection and weak intraseasonal oscilla-
tion (ISO) activity (Zhang et al. 2014). We also found that
SCS MHWs in La Niña-P1 are usually associated with sup-
pressed convection and the inactive phase of the Madden–
Julian oscillation (MJO), which implies that an anomalous
WNP anticyclone with suppressed convection in relation to the
inactive phase of the MJO plays a critical role in the occurrence
of short-lived SCS MHWs in La Niña-P1 (not shown). Because
of the longer duration (approximately 20 days) of MHWs in El
Niño-P1 and El Niño-P2, the response of the anomalous WNP
anticyclone to El Niño can be well reproduced by monthly data
analyses (not shown).

FIG. 9. As in Fig. 8, but for El Niño-P2.
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6. Summary and discussion

Based on the definition of MHWs by Hobday et al. (2016),
we investigate MHWs in the SCS during 1982–2018 and dis-
cuss their diversity and physical mechanisms linked with the
ENSO phase. Our results show that most MHWs increased
after 1996 under the warming trend of the SCS SST. Statistical
analyses show that the occurrence of SCS MHWs exhibits pro-
nounced seasonal fluctuations. During the boreal summer and
winter, MHWs are stronger than their spring and autumn
counterparts. Moreover, MHWs with stronger cumulative
intensities generally develop more slowly and last longer, and
vice versa.

SCS MHWs exhibit seasonal phase locking with double and
single warming peaks induced by El Niño and La Niña events,
respectively. The varied seasonal ENSO-induced warming
SSTA provides a favorable background and results in the diver-
sity of SCS MHWs. According to their warming peaks, SCS
MHWs can be categorized into three types, namely, El Niño-
P1, corresponding to the first warming peak in El Niño from
September to the following February, El Niño-P2, occurring
during the second warming peak in El Niño from the following
June to September, and La Niña-P1, appearing under the
warming peak in La Niña during the following February to
May. The warming SSTA center of the SCS is located in the
southwestern and central-northern SCS in El Niño-P1 and El
Niño-P2, respectively, while significant warming SSTAs are
observed in the Beibu Gulf, west of the Luzon Strait, and along
the Vietnam coast in La Niña-P1.

Based on the mixed layer heat budget analysis, our results
show that in El Niño-P1, SCS MHWs can be mainly attributed

to the joint effects of the net downward SWR and LHF anom-
alies. In El Niño-P2, the advection of the mean temperature
by the anomalous vertical velocity plays a crucial role in the
warming SSTA growth rate of SCS MHWs, despite being the
second largest contributor to the mixed layer tendency over
the entire SCS. The largest contributor to MHWs in La Niña-
P1 is the LHF anomaly. Therefore, both El Niño and La Niña
events can remarkably modulate SCS MHWs through atmo-
spheric and oceanic conditions and air–sea interactions in the
SCS. The enhanced lower-level WNP anticyclone plays a cru-
cial role in the occurrence of SCS MHWs. The physical mech-
anisms of SCS MHW regulation by ENSO can be summarized
in a schematic diagram (Fig. 12).

During El Niño-P1, El Niño can induce lower-level anticy-
clonic wind anomalies over a broad region from the Indo-
China Peninsula to the WNP via the Rossby wave response.
This anticyclone, which is centered in the central-southern
SCS, significantly reduces the total cloud cover over the south-
western SCS and then enhances the net downward SWR in
situ. On the other hand, the southerly anomalies over the
northern SCS are in the opposite direction to the climatologi-
cal near-surface northeasterly anomalies and thus reduce the
total wind speed and associated surface evaporation, leading
to an increase in the LHF anomaly in the northern SCS
(Fig. 12a). As a result, both the enhanced net downward SWR
over the southwestern SCS and the reduced LHF loss over the
northern SCS, which are associated with the El Niño–induced
anticyclone anomaly, play a joint fundamental role in the
onset of SCS MHWs. In contrast, although the net downward
SWR and LHF have warming effects, they only play partial

FIG. 10. Composite (a) vertical advection of the mean temperature by the anomalous vertical
velocity (VAdva; 8C pentad21) and (b) zonal advection of the mean temperature by the anoma-
lous zonal velocity (ZAdva; 8C pentad21) over the SCS during the growth period of MHWs
occurring in El Niño-P2. White oblique lines indicate values above the 90% significance level.
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roles in SCS MHWs in El Niño-P2. An anomalous anticyclone
exists in El Niño-P2 but is confined to more northern latitudes
near the northern SCS. This small-scale anticyclone induces
Ekman convergence and in turn enhances Ekman downwel-
ling in the central-northern SCS, finally favoring the formation
and development of MHWs in situ (Fig. 12b). Thus, SCS
MHWs in El Niño-P2 are mainly attributed to the advection
of the mean temperature by the anomalous vertical velocity.
During La Niña-P1, the enhanced LHF anomaly over the
SCS, which is caused by a weak anomalous lower-level anticy-
clone centered east of the Philippines related to the inactive
MJO during the spring following La Niña, is the dominant fac-
tor that contributes to MHWs over the central-northern SCS
(Fig. 12c).

Here, we only emphasize the mechanisms of SCS MHWs
under the impact of ENSO events. Notably, the responses of
SCS SSTAs and WNP atmospheric circulation anomalies to
different types of ENSO events are significantly different
(Wang et al. 2006; Tan et al. 2016; Xu et al. 2013, 2019a).
More work needs to be done to understand the possible dif-
ferent responses of SCS MHWs to ENSO diversity. In fact,
nine SCS MHW events cannot be attributed to the impact of
ENSO phases, indicating that SCS MHWs may be modulated
by other factors, such as the Pacific western boundary cur-
rents (Xiao et al. 2018), the unusual Indian Ocean dipole
(Xiao et al. 2020), the interbasin interactions (Yao and Wang
2021), and global warming (Oliver 2019). Moreover, we spec-
ulated that the ISO over the WNP could affect SCS MHWs in

FIG. 11. As in Fig. 8, but for La Niña-P1.
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La Niña-P1. Thus, the coeffect of multiple factors on MHWs
in the SCS merits further study. In addition, our results are
primarily obtained from statistical analyses and pentad-scale
datasets; therefore, the dynamics and thermodynamics of
MHWs in the SCS require a modeling study with high spatial
and temporal resolutions.
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