
Marine Heatwaves in China's Marginal Seas and Adjacent
Offshore Waters: Past, Present, and Future
Yulong Yao1,2 , Junjie Wang3 , Jianjun Yin4 , and Xinqing Zou1,2

1School of Geographic and Oceanographic Sciences, Nanjing University, Nanjing, China, 2Ministry of Education Key
Laboratory for Coastal and Island Development, Nanjing University, Nanjing, China, 3Key Laboratory of Marine
Chemistry Theory and Technology, Ministry of Education, Ocean University of China, Qingdao, China, 4Department of
Geosciences, University of Arizona, Tucson, AZ, USA

Abstract Under the combined impacts of natural changes and human activities, the past, current, and
future marine heatwaves (MHWs) in China's marginal seas and adjacent offshore waters (CMSOW) need
a comprehensive understanding. This study provides a systematic analysis of the spatiotemporal
variations using daily sea surface temperature data and simulates the future trend using 12 climate
models. During 1982–2018, the mean annual total days, duration, frequency, and mean intensity of the
MHWs in the CMSOW increased by 20–30 days/decade, 5–9 days/decade, 1–2 decade−1, and 0.1–0.3°C/
decade, respectively (p <0.01). The maximum sea surface temperature anomalies in the Bohai Sea was
over 6–8°C, and the MHW's frequency, duration, and mean intensity were higher than twice the
global average, which could have impacted fishery resources and occurrence of harmful algal blooms. The
variations of the MHWs in the CMSOW result from the robust ocean surface warming, which is caused
by increased solar radiation due to reduced cloud cover, reduced ocean heat loss from weaker wind speed,
weakening but warmer Kuroshio, and strong El Niño. In the future, the areas with longer total days
and duration will increase; the spatial pattern of frequency has a negative relationship with that of
duration while that of mean intensity is mostly unchanged. Year 2040 is a key node for the future changes
of MHW under different Representative Concentration Pathways. The trend of total days increases
from fast to slow, and frequency shows an opposite trend; the duration and mean intensity rise faster
after 2040.

1. Introduction

Human‐induced global warming can lead tomore frequent and intense heatwaves on land, thus exerting sig-
nificant impacts on human health and regional economies (Meehl & Tebaldi, 2004; Stott et al., 2004). As
most of the excess heat is stored in the ocean, the global ocean has also experienced extreme warming events
(Lima&Wethey, 2012). Land heatwaves have been intensively studied during the past decades; marine heat-
waves (MHWs), however, have started to draw scientific and public attention only in recent years (Holbrook
et al., 2019). Thus far, different definitions of MHWs have been proposed (Maynard et al., 2008; Sorte et al.,
2010; Selig et al., 2010). Among them, the one defined by Hobday et al. (2016) has been widely used: a MHW
is an anomalously warming event lasting for at least 5 days with daily temperatures higher than the 90th per-
centile over a 30‐year historical baseline period. Based on this definition, MHWs that occur in different
regions can be directly compared (Manta et al., 2018).

The global ocean temperatures have increased in most regions of the world over the past century, lead-
ing to longer and more frequent MHWs (Oliver et al., 2018; Smale et al., 2019). A recent global analysis
identified that the regions with large sea surface temperature (SST) variability, especially controlled by
the western boundary current (WBC) extension, are the hotspots of MHWs (Hu et al., 2015; Oliver
et al., 2018). During the austral summer of 2015/2016, SSTs off southeast Australia were the warmest
on record, reaching up to 3–4°C above climatological means (Oliver, Benthuysen, et al., 2017). In austral
summer 2017, the southwestern Atlantic shelf also experienced the most intense warming event with
temperature reaching 26.8°C, 1.7°C above the previous maximum (Manta et al., 2018). During 1958–
2014, the SST in the East China Sea increased by ~1.71°C at a rate of 0.3°C per decade during winter
and by ~0.86°C at a rate of 0.15°C per decade during summer, and its warming rate were greater than
the global mean since the 1980s (Cai et al., 2017). The potential physical drivers of some high‐profile
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MHWs were also discussed in previous studies, and the occurrence of MHWs were related to different
local processes including atmospheric forcing, ocean stratification, and warm water through oceanic cur-
rents, and also to atmospheric teleconnections associated with global modes of variability including EI
Niño Southern Oscillation and Pacific Decadal Oscillation (Chen et al., 2014; Feng et al., 2013;
Holbrook et al., 2019; Myers et al., 2018; Oliver, Perkins‐Kirkpatrick, et al., 2017).

The damaging consequences of MHWs and their influences on the structure of marine communities and
sustainability of ecosystems have been reported (Garrabou et al., 2009; Cavole et al., 2016; Oliver et al.,
2017; Wernberg et al., 2016). In early 2011, the MHWs along the west coast of Australia resulted in an
entire regime shift of the temperate reef ecosystem including a reduction in the abundance of habitat‐
forming seaweeds and a subsequent shift in fish community structure toward tropicalization (Wernberg
et al., 2013, 2016). In 2013, the warm blob in the northeast Pacific contributed to continued low chloro-
phyll biomass (Jacox et al., 2016), and harmful algal blooms (HABs) extending from California to Alaska
and unusual deaths of marine mammals and seabirds were observed (Cavole et al., 2016; Di Lorenzo &
Mantua, 2016; Jones et al., 2018; McCabe et al., 2016; Whitney, 2015). The study by Frölicher et al.
(2018) revealed that more frequent and extreme MHWs in response to global warming could potentially
push marine organisms and ecosystems to or even beyond the limits of their resilience. In addition, evi-
dence has shown that the MHWs in coastal waters could be even more harmful to shallow water ecosys-
tems than to marine ecosystems in open oceans (Schlegel et al., 2017). Substantial deaths of over 25
macro‐benthic invertebrate species were found in the Northwestern Mediterranean area during the period
with anomalous SSTs in the summer of 2013 (Garrabou et al., 2009). High fish mortalities and a toxic
HAB in the capital city of Uruguay occurred during the anomalous warming in the Southwestern
Atlantic shelf in 2017 (Manta et al., 2018).

China's marginal seas are of abundant fishery resources and important ecological functions (Luo, 2016).
Currently, 86 state‐level marine ranching demonstration zones have been built across China's marginal seas
and 178 national marine ranching demonstration zones are planned to be built by 2025 (Ministry of
Agriculture of the PR China, 2017). However, the marine ranching ecosystems may be facing various risks
and even large‐scale seasonal deaths of organisms due to high temperature and low dissolved oxygen
(DO) under the impacts of global warming (Liu et al., 2014; Yang et al., 2019). In the August of 2018, the unu-
sually sharp increase in the SST in Dalian, Liaoning province, was observed to have caused the substantial
deaths of the cultured sea cucumbers locally and a direct economic loss of more than US $1 billion (Tencent
News, 2018).

Considering the potential impacts of MHWs on marine ecosystems and economic development, a detailed
investigation of the historical and current MHW properties in China's marginal seas is urgently needed.
In this study, we used satellite observation data to study the characteristics of MHWs in China's marginal
seas and adjacent offshore waters (CMSOW) over the past four decades. Furthermore, we explored their
future projections by 2100 with a set of climate models under greenhouse‐gas emission scenarios and discuss
the physical drivers and potential ecological impacts of MHWs.

2. Material and Methods
2.1. Study Area

Our study area, the CMSOW, ranges from 0 to 42°N latitude and from 98 to 135°E longitude (Figure S1 in the
supporting information), including China's marginal seas (i.e., from north to south, the Bohai Sea, Yellow
Sea, East China Sea, and South China Sea) and adjacent offshore waters such as the Japan Sea and east of
Taiwan Island. China's coastline stretches 1.8 × 104 km from temperate and subtropical to tropical zones,
and more than 42% of China's population resides in this coastal zone (Luo, 2016). The Bohai Sea to the north
is shallow (with an average depth of 18m), semienclosed, and the only inland sea in China. It has three bays:
Liaodong, Bohai, and Laizhou bay (Figure S1). The Yellow Sea and the East China Sea to the east are char-
acterized by a broad continental shelf. In the southernmost South China Sea, many tropical coral reefs are
distributed. The Kuroshio, the strong WBC flowing across this area, modulates regional climate by trans-
porting excess heat northward from the tropics and affects typhoon development, fishery economy, and
ocean circulation in surrounding marginal seas.
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2.2. Data Sources
2.2.1. Observational and Reanalysis Data
Table 1 summarizes the observational and reanalysis datasets used in this study. The daily satellite SST data
are from the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea
Surface Temperature (OISST) High Resolution Dataset Version 2 (Reynolds et al., 2007). The daily SST
anomalies are calculated relative to the climatology from 1983 to 2012. In addition, we also use the
Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) version 1 data (Rayner et al., 2003) and
Centennial in situ Observation‐Based Estimates (COBE) SST version 2 data (Hirahara et al., 2014) to com-
pare the linear trend with OISST.

ERA5 is the fifth‐generation global atmospheric reanalysis data from the European Centre for Medium‐

RangeWeather Forecasts (ECMWF). The data from 1979 to present provide hourly estimates of a large num-
ber of variables for the atmosphere, land, and ocean. We use ERA5 to investigate the possible physical dri-
vers of MHWs in this study. Figures S2 and S3 show that the daily SST of ERA5 is typically less than 1°C
higher than OISST, which results in higher criteria of MHWs compared with those for OISST. However,
ERA5 generally captures the spatiotemporal characteristics of the MHWs in the study area.

We use the China Ocean Reanalysis (CORA v1.0) products to investigate ocean surface currents in the
Northwest Pacific Ocean, especially the role of the Kuroshio in MHWs. The available variables include
sea surface height, SST, salinity, and ocean current information. Thirty‐five layers are included in the verti-
cal direction, and the monthly data cover the period from January 1958 to December 2017.
2.2.2. Global Climate Model Data
The daily outputs of SST from 28 global climate models (GCMs) from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) data archive are used to make future projections. Based on the evaluation of the
annual and seasonal SST linear trend values, 12 climate models (Table 2) were selected with values between
the three observation datasets and the ensemble mean of 28 climate models (Figure S4). The historical simu-
lations for the twentieth century (1979–2005) and three Representative Concentration Pathway (RCP) pro-
jections for the 21st century (2006–2100), including the RCP2.6 (very low forcing level), RCP4.5 (low and
middle forcing level), and RCP8.5 (very high forcing level) emission scenarios, were conducted (Taylor
et al., 2012; Table S1). Due to the different spatial resolutions in GCMs, the data from the 12models are inter-
polated to 0.5° × 0.5° grid resolution. To reduce the uncertainty in the results from different CMIP5 models,
the multi‐model ensemble mean with equal weight method is used.

2.3. Methods
2.3.1. Definition of MHWs
In this study, we use the definition of MHWs by Hobday et al. (2016) to identify MHWs and quantify MHWs
from daily temperature measurements. A MHW is defined as a “discrete prolonged anomalously warm‐

water event at a particular location.” Specifically, “discrete” implies that the MHW is an identifiable event
with a clear start and end dates, “prolonged” means that it has a duration of at least five days,

Table 1
The Observational and Reanalysis Data Sets Used in the Present Study

Data set Institute Resolution Period Reference Website

SST OISST NOAA ESRL 0.25°×
0.25°

1982–2018 (Reynolds et al., 2007) https://www.esrl.noaa.gov/psd/

HadISST1 UK Met Office Hadley Centre 1°× 1° 1979–2018 (Rayner et al., 2003) https://www.metoffice.gov.uk/hadobs/
hadisst/

COBE SST2 NOAA ESRL 1°× 1° 1979–2017 (Hirahara et al., 2014) https://www.esrl.noaa.gov/psd/
ERA5 ERA5 ECMWF 0.25°×

0.25°
1982–2018 (Hersbach et al., 2018) https://www.ecmwf.int/en/forecasts/

datasets/reanalysis‐datasets/era5
Ocean Current CORA1 NMSDSSP 0.5°× 0.5° 1982–2017 (Han et al., 2013) http://mds.nmdis.org.cn/web/site/index.

view

Abbreviations: COBE: Centennial in situ Observation‐Based Estimates; CORA1; China Ocean Reanalysis version 1; ECMWF: European Centre for Medium‐

Range Weather Forecasts; ESRL, Earth System Research Laboratory; HadISST1: Hadley Centre Sea Ice and Sea Surface Temperature
version 1; NMSDSSP, National Marine Science Data Sharing Service Platform of China; NOAA: National Oceanic and Atmospheric Administration; SST: sea
surface temperature; OISST: Optimum Interpolation Sea Surface Temperature.

10.1029/2019JC015801Journal of Geophysical Research: Oceans

YAO ET AL. 3 of 16

https://www.esrl.noaa.gov/psd/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.esrl.noaa.gov/psd/
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
http://mds.nmdis.org.cn/web/site/index.view
http://mds.nmdis.org.cn/web/site/index.view


and”anomalously warm“means the temperature is above a climatological threshold. Quantitatively, MHW
events can be found by identifying periods when the daily SST is above the 90th percentile (threshold) of its
seasonal variations for at least five consecutive days; two successive events separated by a 2‐day or shorter
break are considered as a single event. According to the processing method in Hobday et al., 2016, the
90th percentile was calculated for each calendar day using daily SSTs within an 11‐day window centered
on the data across all years within the climatology period, and smoothed by applying a 31‐day moving
average. The climatological mean and threshold for the NOAA OISST and 12 CMIP5 model data are
calculated over a base period of 1983–2012.
2.3.2. Parameters Used for Describing MHWs
Based on previous studies (Hobday et al., 2016; Oliver et al., 2017, 2018), the parameters used to describe the
characteristics of a MHW included the duration (i.e., the time period between the start and end dates) and
mean intensity (i.e., the average temperature anomaly divided by the duration of the event) in this study,
and the parameters regarding the statistical characteristics of the annual MHWs included the total days
(i.e., the sum of days with MHW events per year), annual average duration (i.e., the average duration of
MHWs per year), frequency (i.e., the number ofMHW events per year), and annual mean intensity (the aver-
age mean intensity of MHWs per year). The software used for calculating the aforementioned parameters is
available at https://github.com/ZijieZhaoMMHW/m_mhw1.0.

In addition, linear trend analysis, the Mann‐Kendall test, and Oceanic Niño Index (ONI), which tracks the
running 3‐month average SST in the Niño 3.4 region (the east‐central tropical Pacific between 120 and
170°W), were also used.

3. Results
3.1. MHWs in the CMSOW During 1982–2018

Figure 1 shows the average and linear trends of the annual total days, duration, frequency, and means inten-
sity of MHWs from 1982 to 2018 relative to the 30‐year climatology (1983–2012). The mean annual total days
of MHW range from 14 to 39 days throughout the CMSOW, and higher‐value areas are located in the coastal
regions of the Bohai Sea, west of the Japan Sea, Beibu bay in the South China Sea, and east of the Taiwan
Island (Figure 1a). The MHW annual total days show a linear increase of −5–30 days per decade during
1982–2018 (p< 0.01; Figure 1e). The spatial distribution of the annual meanMHWduration is similar to that
of the mean annual total days except in the South China Sea, where the higher‐value area is closer to the
lower‐latitude direction. The fastest linear increase of the duration is 5–9 days per decade in the east of
the Philippines and the South China Sea (p < 0.01; Figures 1b and 1f).

The annual mean MHW frequency ranges from 1.5 to 3.4 per year (Figure 1c), with values higher than 3 in
the East China Sea and north of the South China Sea. The MHW frequency also increases by 1–2 per decade
during 1982–2018 (p < 0.01; Figure 1g). The high annual mean total days in the northern South China Sea
mainly result from the high frequency of MHWs, while those in the Bohai Sea result from a longer duration.
In general, the annual mean intensity of MHWs increases northward (Figures 1d and 1h). The higher value

Table 2
Horizontal Resolution (Longitude × Latitude) of the 12 CMIP5 Models Used in the Present Study

Model name Institution (country) Ocean resolution

ACCESS1.0 Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau of Meteorology (BoM; Australia) 360×300
ACCESS1.3 CSIRO and BoM (Australia) 360×300
CanESM2 Canadian Centre for Climate Modeling and Analysis (Canada) 256×19
CMCC‐CM Centro Euro‐Mediterraneo per I Cambiamenti Climatici (Italy) 182× 149
CMCC‐CMS Centro Euro‐Mediterraneo per I Cambiamenti Climatici (Italy) 182× 149
FGOALS‐S2 Institute of Atmospheric Physic, Chinese Academy of Science (China) 360×196
GFDL‐ESM 2M Geophysical Fluid Dynamics Laboratory (USA) 360× 200
HadGEM2‐ES Met Office Hadley Centre (UK) 360×216
IPSL‐CM5A‐MR Institut Pierre‐Simon Laplace (Franch) 182×149
IPSL‐CM5B‐LR Institut Pierre‐Simon Laplace (Franch) 182× 149
MPI‐ESM‐LR Max Planck Institute for Meteorology (MPI‐M; Germany) 256× 220
MPI‐ESM‐MR Max Planck Institute for Meteorology (MPI‐M; Germany) 802×404
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areas of mean intensity concentrate in the Bohai Sea, the Yellow Sea, west of East China Sea, and Japan Sea
with values of 2–2.8°C and increasing rates at 0.1–0.3°C per decade (p < 0.01) during 1982–2018.

Figure 2 shows the total days of MHW during summer (i.e., from June to September) and the line chart sum-
marizes the number of the grids with MHW events per year and the ONI. The areas with MHWs are small
and patchy before 2000, with total days less than 40 days (except for 1998). However, both the areas with
MHWs and total days increase greatly after 2000, and the highest value of total days even exceeds 100 days.
In general, the areas with MHWs in summer show increasing trends from 1982 to 2018 (R=0.47, p < 0.01)
and are particularly large in strong El Niño years (e.g., 1998, 2014, and 2015).

3.2. MHWs in the Bohai Sea During 1982–2018

The Bohai Sea experiences severe MHWs in the CMSOW (Figure 1). Thus, three representative sites in the
Liaodong, Bohai, and Laizhou Bays are selected to analyze the temporal variations in the local MHWs

Figure 1. Characteristics of the marine heatwaves in China's marginal seas and adjacent offshore waters. The annual averagemarine heatwaves during 1982–2018:
(a) total days, (b) duration, (c) frequency, and (d) mean intensity; the linear trend of the marine heatwaves during 1982–2018 per decade: (e) total days,
(f) duration, (g) frequency, and (h) mean intensity. The dots indicate the located grids with a confidence level >99%.

Table 3
Contrast With the Global Average Linear Trend in Frequency, Duration, and Mean Intensity

MHW parameters Global Study area Bohai Sea Three bays

Frequency (times/decade) 0.45 0.84 0.98 (117.8%) 1.02 (126.6%)
Mean intensity (°C/decade) 0.085 −0.01 0.15 (76.5%) 0.21 (148.2%)
Duration (days/decade) 1.3 1.72 1.28 (−1.6%) 2.87 (120.8%)
Sources Oliver et al. (2018) This study This study This study

Note. The values in the bracket indicate the growth rate relative to the global average linear trend.
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(Figure 3). From June 2015 to September 2018, MHWs occur across all the three bays, especially between
April and September in 2017 (Figures 3a–3c). As shown in Figure 2, the total days of MHW in 2017 are
anomalously high, which can be attributed to the early start and long‐lasting MHWs. The time series of
SST shows that August 2018 is warmer than recent years, and the SST even exceeds 30°C for a few days.
The SST anomalies (SSTA) in the three bays increase from 1982 to 2018 (relative to the 1983–2012 baseline
climatology), and the amplitude of SSTA increases obviously after 2007, indicating that the increasing fre-
quencies of MHWs may be caused by both long‐term trend and natural variability (Figures 3d–3f).

Figure 4 shows the submarine contour line of the Bohai Sea and annual average total days, duration, fre-
quency, and mean intensity of MHWs from 1982 to 2018. The highest values of the MHW's total days, dura-
tion, and mean intensity are all located in three shallow bays with depths of only 10–20 m, while the highest
intensity is oppositely located in deeper areas. At the same time, most of the marine ranching facilities that
have been and will be built are concentrated in shallow areas.

3.3. Characteristics of Future MHWs

With the increases in the intensity, frequency, and duration of MHW in the CMSOW over the past 37 years,
it is very important to better understand the future trends of MHW under the combined effects of natural
climate variability and anthropogenic climate change.

Figure 2. Total days of marine heatwaves; start day occurs from June to September, from 1982 to 2018. The line chart in the lower right corner counts the total
number of grid points where marine heatwaves occur during June–September of each year (blue line) and Oceanic Niño Index value (green line). The gray
shading area means periods of strong El Niño years.
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The areas with higher total days and duration will increase from RCP2.6 to 8.5 scenarios. In RCP 2.6, the
total days in the CMAOW are less than 150 days; in most of the study areas, however, the total days are over
200 and 250 days in RCP4.5 and 8.5, respectively (Figures 5a and 5b, 5e and 5f, and 5i and 5j). The duration of

Figure 3. (a–c) Domain daily averaged sea surface temperature (SST; upper plots) and (d–f) SST anomalies (bottom plots) in Liaodong, Bohai, and Laizhou Bay
from National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface Temperature (OISST) V2. In the upper plots, the curves
correspond to the SST (black), the 90th percentile seasonally varying threshold (green), and the climatology (blue). The red shaded regions indicate marine heat-
waves. The time span in upper plots is from June 2015 to September 2018 and in bottom plots is 1982 to 2018.

Figure 4. The Bohai Sea bathymetry and averagemetrics of marine heatwaves from 1982 to 2018. (a) Total days, (b) duration, (c) frequency, and (d) mean intensity.
Circles and triangles represent marine ranching built in 2015–2016 and 2017–2025, respectively.
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MHWswill increase from less than 50 days in RCP2.6 to about 200 days in RCP8.5. It is worth noting that the
Bohai Sea and the Yellow Sea are the regions with the longest duration ofMHWs in China under RCP4.5 and
RCP8.5 scenarios, reaching 250 days or more (Figure 5j). Under RCP8.5, the frequency is reduced from the
highest 4–5 in the northern part of the South China Sea under RCP2.6 to the 1–2 in the northern and south-
ern parts of the study area, and 2–3 in the central area (Figures 5c, 5j, and 5k). This is because the spatial
patterns of meanMHW duration and frequency have a negative relationship (Oliver et al., 2018). The spatial
pattern of mean intensity does not change much in the three RCPs, and the higher‐value areas are mainly
concentrated in the Bohai Sea, the Yellow Sea, north of East China Sea, and Japan Sea, ranging from 1.75
to 2°C (Figures 5d, 5h, and 5l). In summary, from the perspective of spatial pattern, the areas with higher
total days and duration will increase; frequency has a negative spatial pattern relationship with duration;
the spatial pattern of mean intensity is mostly unchanged.

Variations in the total days of MHWs show an increasing trend from 1982 to 2100, and the range is up to
150 days in RCP2.6, 300 days in RCP4.5, and 350 days in RCP8.5, respectively (Figure 6a). Time series of
the duration also show an increase trend range from 50 days to 150 and 250 days in RCP4.5 and 8.5,

Figure 5. The future spatial patterns of marine heatwaves under three Representative Concentration Pathways by the multimodel ensemble mean method
(2006–2100). (a, e, and i) average total days, (b, f, and j) average duration, (c, g, and k) average frequency, and (d, h, and l) average mean intensity.
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respectively (Figure 6b). There is a clear opposite trend in the frequency, that is, increasing rapidly from
1982 to 2030, reaching a peak value of 4, and then starting to decrease (Figure 6c). Variation of mean
intensity increases slowly between RCP2.6 and 4.5, less than 1.5°C; but for RCP8.5, the value increases
fast after 2040 and reaches the maximum of nearly 2.5–3°C (Figure 6d). Compared with the OISST
results in past and current, the multimodel ensemble mean overestimated total days and duration but
underestimated mean intensity, and only frequencies are consistent. The MHW values simulated by
GCMs last longer and have a wider distribution than the observed ones, which is probably due to the
relatively coarse resolution of the GCMs (Frölicher et al., 2018). For the perspective of temporal
variation, 2040 is a key node for the future changes of MHW under different RCPs. For example, the
increasing trend of total days changes from fast to slow, and frequency shows an opposite trend; the
duration and mean intensity rise faster after 2040.

4. Discussion
4.1. Comparison of the MHWs in the CMSOW and Globe

The spatial patterns of the MHW duration and frequency are found to be consistent with observed secular
patterns of SST warming during 1982–2018 (Figure 7, Table 3). We use COBE2, HadISST1, and OISST to cal-
culate the observed secular SST trend in summer (June‐July‐August) and winter (December‐January‐
February). Both the SST linear trends fromHadISST1 and OISST show the most rapid increase in the coastal
Bohai Sea and west of the Yellow Sea and Japan Sea, at a rate of up to 0.2–0.3°C per decade in summer
(Figures 7a–7c). In winter, the three SST data sets show that the East China Sea is the fastest warming region,
with a warming rate of 0.3–0.4°C per decade (Cai et al., 2017). We found that HadISST1 and OISST also show
a faster SST warming in most parts of the Bohai Sea and the Yellow Sea, and west of Japan Sea similar to
summer warming (Figures 7c–7e).

The spatial distribution of the increase in the SST is synchronized with the ocean warming in CMSOW,
especially in shallow areas (Hoegh‐Guldberg et al., 2014). However, the warming rate of SST in the

Figure 6. Time series of an annual mean of marine heatwaves under Representative Concentration Pathways (RCPs) 2.6 (blue line), 4.5 (green line), and 8.5 (red
line) from 1982 to 2100 based on the multimodel ensemble mean method. (a) Total days, (b) duration, (c) frequency, and (d) mean intensity of marine
heatwaves. The gray shading means periods of 1982–2018. The black line means corresponding Optimum Interpolation Sea Surface Temperature (OISST) result
during 1982–2018.
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CMSOW is higher than the global mean warming rate of 0.2°C per decade (Rhein et al., 2013). The robust
surface warming in offshore China since the 1980s is partly due to the weakening East Asia monsoon and
increasing warmth of the Kuroshio Current (Cai et al., 2017; Tang et al., 2009; Wu et al., 2012). We also
found that in the CMSOW, the shallow and semienclosed Bohai Sea experiences severe MHWs (Figure 1)
and robust warming trend in both summer and winter (Figure 7). The values of the linear trend of fre-
quency and duration in the Bohai Sea increase by 117.8% and 76.5%, respectively, when compared with
study by Oliver et al. (2018); zoomed to the three bays in the Bohai Sea, all MHW characteristics increase
at least 120% than the globe. In summary, robust sea surface warming can largely explain the occurrence
of MHW; regions with a faster SST warming rate, especially in coastal zones, are more conductive to suf-
fer severe MHW.

4.2. Driving Mechanisms

Long‐term ocean warming can be caused by air‐sea heat flux and variations in ocean circulation (Oliver
et al., 2017). The heat transfer across the air‐sea boundary plays a crucial role in the atmospheric and oceanic
circulation (Moore et al., 2012). The ERA5 daily heat flux data have been used to document the character-
istics of the anomalous air‐sea heat fluxes from June to September of 2017 when more and longer MHWs
occur (Figure 3). Figures 8a–8d show that the MHWs generally occur in positive net heat flux areas, which
indicate heat gain by the ocean (Benthuysen et al., 2018). The associated decrease in cloud cover increases
solar shortwave radiation at the ocean's surface (McCabe et al., 2016; Figures 8e–8h). Latent heat loss from
the ocean to the atmosphere (evaporative cooling) decreases (positive anomalies in Figures 8i–8l) due to the
effect of weak winds. We also pick out four points with longer consecutive MHW days and higher frequency
near the coast oceans (Geolocation shows in Figure 8a). Figures S5–S8 reveal that changes in solar shortwave

Figure 7. Sea surface temperature linear trends during the (a–c) summers and (d–f) winters based on the tennial in situ Observation‐Based Estimates sea surface
temperature version 2 (COBE‐SST2; 1979–2017), Hadley Centre Sea Ice and Sea Surface Temperature version 1 (HadISST1; 1979–2017), and Optimum
Interpolation Sea Surface Temperature (OISST; 1982–2017) datasets, respectively. The dots indicate the located grids with a confidence level >99%.
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radiation generate the largest changes before September. In winter, a cyclone that approaches from the
northwest will bring cooler and drier air to the MHW area and drastically enhances the evaporative
cooling. As a consequence, the MHW event comes to end. The increased solar shortwave radiation due to
reduced cloud cover and reduced ocean heat loss from weaker winds are the main contributors to the
MHW occurrences in the region (Benthuysen et al., 2018; Rodrigues et al., 2019). Moreover, weaker
coastal winds reduce wind stress, leading to weakened coastal upwelling, which results in a rise in SST
(Robinson, 2016). Other components of heat flux, longwave thermal radiation, and sensible heat flux are
of lesser importance.

The Kuroshio Current plays an important role in causing SST anomalies of the northwest Pacific Ocean (Hu
et al., 2015; Kelly et al., 2010; Kwon et al., 2010). Oliver et al. (2018) found that mean MHW intensity
increased by over 65% of the global ocean between 1982–1998 and 2000–2016 and most notably in the
WBC regions, where the background warming has been faster than the global average. Figures S9a–S9g
show the mean ocean current velocity anomaly at 10 m from June to September. The results show a weak-
ening Kuroshio by 2 cm per year during the period (p < 0.01); Kuroshio also decreased by up to 0.5 m/s in

Figure 8. Composites of anomalies (1982–2018). (a–d) Net heat flux (i.e., surface net solar radiation minus the total of surface net thermal radiation, latent heat
flux, and sensible heat flux) anomalies from June to September 2017; the black dots represent the occurrence of marine heatwaves. (e–h) Surface net solar
radiation (color shading in the figures) and total precipitation anomalies (the solid pink line means positive value; the dashed pink line means negative value). (i–l)
Latent heat flux (color shading) and 10‐m wind speed (m/s) anomalies (black line).
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strong El Niño years, especially in 2013 and 2014. Wang et al. (2016) also found a weakened Kuroshio during
1993–2013 based on five datasets, and a weaker but warmer Kuroshio capable of redistribute mass and
energy between the marginal seas and Pacific by conveying less heat to the South China Sea but more heat
to the East China Sea, from the warming western North Pacific warm pool.

The interannual variability of SST is linked with El Niño‐Southern Oscillation (ENSO) teleconnection,
through which anomalous surface heat flux warms or cools the Eastern marginal seas of China during El
Niño or La Niña events (Wu et al., 2017). Cheng et al. (2019) confirmed that high SST will drive more air‐
sea heat fluxes into the atmosphere during El Niño, resulting in a strong negative ocean heat content ten-
dency in the tropical Pacific Ocean. Several MHWs were primarily driven by large‐scale El Niño events that
affected ocean climate at large spatial scales (Smale et al., 2019). Yin et al. (2018) found a big jump of record
warm global mean surface temperature over the 2014–2016 as a consequence of an El Niño releasing large
amounts of ocean heat from the northwestern tropical Pacific. Our result also shows that theMHWs in 1998,
2015, and 2016 are outstanding due to the strong El Niño events (Figure 2).

In addition, increasing anthropogenic influences, persist extremely high air temperature, atmospheric block
are probably led to an intense MHWs (Manta et al., 2018; Oliver et al., 2017, 2018); ocean bathymetry also
has a great impact on the distribution of MHWs, such as shallow, semiclosed Bohai Sea.

4.3. Potential Ecological Impacts
4.3.1. Negative Impacts on Fishery Resources
The construction of marine ranching is prevalent in China's marginal seas recently (Yang et al., 2019), and
most marine ranching is built in shallow waters with depths of 6–20 m near the coastal area (Yang et al.,
2016; Yang et al., 2019). The Bohai Sea and the Yellow Sea are the key habitats for sea cucumber (Yang
et al., 2019). We found that the maximum SSTA values in three bays of the Bohai Sea are generally higher
than 5°C, or even 8°C in the nearshore area; the maximum SSTA values in the Yangtze River estuary and
Hangzhou bay are over 4°C (Figure 9a). The variation of annual mean total days and frequency of MHWs
in three representative sites show increasing trends, especially between 2010 and 2018 (Figures 9b and
9c). Under global climate change, the marine ranching is facing various risks and even large‐scale seasonal

Figure 9. (a) Maximum sea surface temperature anomalies and the locations of marine ranching. The green dot represents the national marine ranching demon-
stration zones that have been built from 2015 to 2016; the pink triangle represents the planned national marine ranching demonstration zones in 2017‐2025.
The line chart on the right shows (b) the annual mean total days and (c) the duration of marine heatwaves. The red line stands for Liaodong bay, the blue line stands
for Bohai bay, and the black line stands for Laizhou bay. The gray shading represents the periods of El Niño years.
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biological death due to high temperature and low DO (Huo et al., 2019a, 2019b; Liu et al., 2014; Yang et al.,
2019). Climate models predict declines in oceanic DO produce by global warming, and reduced oxygen levels
(Breitburg et al., 2018; Schmidtko et al., 2017; Stramma et al., 2008). In August 2011, a significant decrease in
the DO in the bottom layer (at 20‐ to 35‐m depth) in the northwestern and northern parts of the Bohai Sea
was found (Zhai et al., 2012). In August 2014, two oxygen‐deficient zones in the Bohai Sea were observed,
where the second largest oxygen‐deficient zone in China's marginal seas is found (Zhao et al., 2017). It is
worth noting that most of the marine ranching zones in the Bohai Sea are also distributed in these shallow
bays and coastal areas. Therefore, the flora and fauna in these marine ranching ecosystems could be severely
impacted by the frequent, long‐lasting, and strong MHWs.
4.3.2. Potential Impacts on Harmful Algae Blooms (HABs)
Previous studies showed that increasing ocean temperature is an important factor facilitating the intensifi-
cation of HABs in coastal waters (Cavole et al., 2016; Gobler et al., 2017; McCabe et al., 2016; Wells et al.,
2015; Zhu et al., 2017). HABs have increased in frequency and spatial extent globally (Song et al., 2016) and
could exert negative effects on aquatic ecosystems, fisheries, tourism, and human health (Gobler et al.,
2017). As the annual mean total days and duration of MHWs in the Bohai Sea increased during the past
four decades (Figures 9b and 9c), the HAB occurrences during the 2000–2014 period are much more fre-
quent than during the 1990–1999 and 1952–1989 period (Figures 10a and 10b). Since 1880, the 10 warmest
years in the instrumental record, except 1998, have now occurred after 2000 (Climate Central, 2019). The
red tides occurred in the Bohai Sea during the same period were also obtained to analyze their relationship
with four indexes of the MHWs from the mean of three representative sites (Figure 9a). The MHW total
days or frequency tended to be higher in years with red tide occurrences than in years without red tide
occurrences (Figure 10c). Besides, the spatial distribution of the HABs in the Bohai Sea also showed that
the occurrences of red tides tend to concentrate in the three bays of the Bohai Sea, where the total days

Figure 10. (a) Average total days and (b) duration of marine heatwaves in the Bohai Sea overlay with the harmful algal blooms. Harmful algal bloom data
were obtained from Song et al., 2016. (c) The temporal changes of total days (days), duration (days), frequency, and mean intensity (°C) in the years with and
without red tide occurrences in the Bohai Sea during 1982–2018. The red tides data in the Bohai Sea were obtained from the China Marine Statistical Yearbook
and State Oceanic Administration, People's Republic of China, Chinese Marine Disaster Bulletins.
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and duration of MHWs are also higher than that in adjacent waters (Figures 10a and 10b). Considering the
HABs have the same spatiotemporal characteristics with MHWs in the Bohai Sea, it is necessary to deter-
mine whether HABs would become more prevalent with warming coastal seas in the future.

The significant increases in MHW's total days and duration from 1982 to 2100 will probably increase the risk
of severe, pervasive, and long‐lasting impact on marine organisms (Smale et al., 2019). Importantly, these
trends can largely be explained by increases in ocean surface warming; we can expect a continued global
increase in MHW's total days and duration in the future with major impacts on fisheries, aquaculture,
and tourism (Caputi et al., 2016; Hughes et al., 2017; Mills et al., 2013; Oliver et al., 2018). Given the likeli-
hood of projections of intensifying extreme warming events with anthropogenic climate change (Coumou &
Rahmstorf, 2012), marine conservation and management approaches must consider MHWs and other
extreme climatic events if they are to maintain and conserve the integrity of marine ecosystems under con-
tinued global warming, especially in shallow marginal seas.

5. Conclusions

In this study, the past, current, and future MHWs in the CMSOW were estimated from the daily OISST and
12 CMIP5 models. The potential ecological impacts of MHWs and possible driving mechanisms are dis-
cussed. The major conclusions of the study are as follows.

1. The Bohai Sea, Japan Sea, Beibu Bay, and east of Taiwan Island have the highest mean annual total days.
The linear trend shows 20–30 days per decade increase in these regions (p < 0.01). The linear trend of
MHW duration in the east of Taiwan Island and the South China Sea is 5–9 days per decade (p <
0.01). The East China Sea and north of the South China Sea have the most frequent MHWs (more than
3 times) and show a linear increase of 1–2 per decade (p< 0.01). The mean intensity is higher in the north
of the study area with a linear trend of 0.1–0.3°C per decade (p < 0.01).

2. The Bohai Sea experiences severe MHWs in the CMSOW. The MHW frequency, duration, and mean
intensity in its three bays double those of global average, which could negatively impact on fishery
resources and increase HABs locally. Bathymetry is an important factor for MHWs in this region.

3. From the perspective of spatial pattern, the areas with longer total days and duration are increasing; fre-
quency has a negative spatial pattern relationship with duration; the spatial pattern of mean intensity is
mostly unchanged. From the perspective of temporal variation, 2040 is a key node for the future changes
of MHWunder different RCPs. For example, the trend of total days increases from fast to slow and that of
frequency opposite; the duration and mean intensity rise faster after 2040.

4. The spatial patterns of MHW duration and frequency are consistent with observed patterns of SST warm-
ing. The increased solar radiation due to reduced cloud cover and reduced ocean heat loss from weaker
wind speed are the main contributors to MHWs. A weaker and warmer Kuroshio is capable of redistri-
buting mass and energy between the marginal seas and the open Pacific with more heat delivered into
the East China Sea. El Niño also has a significant effect on MHWs.
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Erratum

Due to a typesetting error, the corrected version of this article was not published online. This corrected ver-
sion has now been published in Wiley Online Library, and this may be considered the official version
of record.
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