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Parameters of surface marine heatwaves (MHWSs) in the Northwest Pacific during
1993-2019 are derived from two sea surface temperature (SST) products: the
Optimum Interpolation SST based on satellite remote sensing (OISST V2.1) and
the Global Ocean Physics Reanalysis based on data-assimilative global ocean
model (GLORYS12V1). Similarities and differences between the MHW parameters
derived from the two datasets are identified. The spatial distributions of the mean
annual MHW total days, frequency, duration, mean intensity and cumulative
intensity, and interannual variations of these parameters are generally similar,
while the MHW total days and duration from GLORYS12V1 are usually higher than
that from OISST V2.1. Based on seasonal-mean values from GLORYS12V1, longer
MHW total days (>7) have the largest spatial coverage in both the shelf and deep
waters in summer, while the smallest coverage in spring. In selected
representative regions, interannual variations of the MHW total days are
positively correlated with the SST anomalies. In summer, the MHW total days
have positive correlations with the Western Pacific Subtropical High intensity, and
negative correlations with the East Asia Monsoon intensity, over nearly the whole
South China Sea (SCS) and the low-latitude Pacific. In winter, positive
correlations with both the Subtropical High and Monsoon intensities present
over the western part of SCS. Strong El Nifio is followed by longer MHW total days
over the western half of SCS in winter, and over the whole SCS and low-latitude
Pacific in summer of the next year. These correlation relationships are valuable
for developing forecasts of MHWSs in the region.
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1 Introduction

A marine heatwave (MHW) is defined as a prolonged discrete
anomalously warm water event that can be described by its
duration, intensity, rate of evolution, and spatial extent.
Specifically, an anomalously warm event is considered to be a
MHW if it lasts for five or more days, with temperatures warmer
than the 90th percentile based on a 30-year historical baseline
period (Hobday et al., 2016). As extreme events of ocean warming,
MHWSs can cause rapid changes in biodiversity patterns and
ecosystem structure and functioning (e.g., Favoretto et al., 2022;
Jiang et al, 2022; Mo et al, 2022). Over the recent decades,
significant MHWSs occurred in many sub-regions in the Pacific
(Amaya et al., 2020; Holbrook et al., 2022; Li et al., 2023a, Li et al.,
2023b), Atlantic (Varela et al., 2021; Izquierdo et al., 2022; Reyes-
Mendoza et al., 2022), Indian (Huang et al., 2021¢; Qi et al., 2022;
Saranya et al., 2022) and Arctic (Carvalho et al., 2021; Huang et al.,
2021b) Oceans. As the oceans (in particularly in the upper layer) get
warmer associated with the global warming, MHWS also last longer
and occur more frequently. Between 1925-1954 and 1987-2016, the
globally averaged MHW frequency increased by 34% and the mean
duration increased by 17%; and the combined changes in frequency
and duration led to the increase of the total number of annual
MHW days by 54% (Oliver et al., 2018). Based on analyses of the sea
surface temperature (SST) from climate simulations coordinated by
the Coupled Model Intercomparison Project phases 5 and 6 under
the World Climate Research Programme (https://wcrp-cmip.org/),
the MHW total days, duration and intensity are all expected to
significantly increase in future (e.g., Oliver et al., 2019; Plecha and
Soares, 2020; Qiu et al., 2021; Wang et al., 2022; Yao et al., 2022).

MHW parameters also show large spatial variations over the
global ocean, with hotspots of high intensity occurred in regions of
large spatial SST variability, including the boundary current extension
regions such as the Northwest Pacific (NWP), and the central and
eastern equatorial Pacific Ocean (Oliver et al., 2018). The spatial-
temporal variations of MHWSs are mainly studied based on SSTs
derived from satellite observations. In the NWP, analyses showed that
since the early 1980s the surface MHWSs in China’s marginal seas and
adjacent offshore waters have become more frequent, intense and
extensive (Yao et al, 2020; Tan et al.,, 2022). The occurrence and
variations of the surface MHW s were related to atmospheric forcing
and ocean dynamic processes. In China’s marginal seas, the
occurrence of MHWS in summer was related to the increased solar
radiation due to the reduced cloud cover, reduced ocean heat loss due
to weaker wind speed, the weakening and warmer Kuroshio, the
reduced vertical mixing and the strong El Nio (Gao et al., 2020; Yao
et al., 2020). Specifically for the South China Sea (hereafter SCS), the
MHWs were found to be strongly regulated by the El Nifio-Southern
Oscillation (ENSO), through the impacts of the lower-level enhanced
anticyclones over the NWP. In different ENSO phases of ENSO, the
lower-level anticyclones have different impacts on surface winds and
heat fluxes and upper ocean processes in different areas, including the
net downward shortwave radiation, the latent heat flux loss,
entrainment cooling and Ekman downwelling (Liu et al., 2022).

Satellite remote sensing of SST are mostly based on optical
sensors and certain corrections are needed to account for the
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influence of cloud contamination when producing the gridded SST
products (e.g., Banzon et al, 2016). The uncertainties or noises
inherent in such products may affect the statistical quantification of
MHWs. On the other hand, high-resolution numerical ocean models,
in particularly those assimilating the observational data including the
satellite remote sensing SSTs, are able to realistically simulate the
space-time variations of the ocean. It is of interests to compare
the MHW parameters derived from models and satellite
observations, and to identify and understand their similarities and
differences. In this study we carry out such a comparison based on
analyses of a commonly used satellite SST product and a state-of-the-
art global ocean reanalysis product, focusing on the NWP region
during 1993-2019. We will derive and compare the climatological
(annual and seasonal) distributions of MHW parameters, and also
the inter-annual variations of MHW:S in representative regions. We
will also explore the relationship between the inter-annual variations
of MHWs and the key indices of atmosphere-ocean circulation
impacting the NWP. We hope that the analysis results of study will
1) identify the common aspects of MHW variations based on SST
from satellite remote sensing and data assimilative oceans models;
and 2) reveal the correlation relationships between MHW variations
and indices of large-scale atmosphere-ocean circulation that can be
used to develop MHW forecasting.

2 Datasets and analysis methods
2.1 Remote sensing SST

Version 2.1 of the Optimum Interpolation Sea Surface
Temperature (OISST V2.1) is obtained from the US National
Oceanic and Atmospheric Administration (NOAA). This daily
gridded product has a spatial resolution of 0.25°x0.25° in
longitude/latitude, available from 1 September 1981 to present. It
is based on satellite observations with the Advanced Very High
Resolution Radiometer (AVHRR), with bias being corrected using
in situ observations from ships, buoys and Argo floats (Reynolds
et al., 2007; Banzon et al., 2016; Huang et al.,, 2021a).

2.2 Global ocean reanalysis

GLORYS12V1 (hereafter GLORYS) is a global ocean data
assimilative reanalysis product created by Mercator-Ocean
International, a member of the European Union Copernicus Marine
Environment Monitoring Service framework (CMEMS). Daily data
are available from 1 January 1993 to 31 December 2020, on horizontal
grids of 1/12° in longitude/latitude, and 50 vertical levels. Major ocean
observational datasets are being assimilated in generating this product
(e.g., Lellouche et al,, 2021; Dreévillon et al., 2022).

The SST data from the Climate Forecast System Reanalysis
(CFSR) and version 2 of Climate Forecast System (CFSv2)
operational analysis was also obtained from the US NOAA
(https://www.ncei.noaa.gov/products/weather-climate-models/
climate-forecast-system), with a spatial resolution of 0.5°x0.5° in
longitude/latitude (Saha et al., 2010, Saha et al., 2014). Daily SST is
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calculated based on the 6-hourly data available from January 1979
to March 2011 in CFSR and from April 2011 to present in CFSv2.

2.3 Definition and quantification of MHW

The daily time series of SST from OISST and GLORYS from
January 1993 to February 2020 are analyzed to derive statistic of
surface MHWs. Following Hobday et al. (2016), a MHW event is
identified as a time duration when the daily SST values are above the
90th percentile (threshold) of their climatological values for at least
five consecutive days; two successive events separated by a 2-day or
shorter break are considered as a single event. The 90th percentile and
the climatological SST for the i-th day of the year are calculated using
the daily SST's between days i-5 and i+5 of all the years during 1993
2019, followed by a smoothing over a 31-day moving window. The
SST anomaly is defined as the difference between each daily value of a
particular year and the corresponding daily climatological value. The
code used for calculating the MHW parameters was downloaded
from https://github.com/ZijieZhaoMMHW/m_mhw1.0 (Zhao and
Marin, 2019).

For each MHW event, its characteristics are quantified by the
duration (the number of days between the start and end dates), mean
intensity (the average temperature anomaly relative to the daily
climatological mean during the event), and cumulative intensity
(the integral of temperature anomaly over the duration of the
event). The annual and seasonal parameters of MHWs are
quantified by the total days (the sum of all MHW durations in a
year or season), the mean duration over a year or a season, frequency
(the number of MHW  in a year or season), the annual or seasonal
mean intensity, and the annual or seasonal cumulative intensity.

2.4 Indices of large-scale atmosphere-
ocean variations of importance in NWP

The Western Pacific Subtropical High (WPSH) is the
subtropical high system that appears over the western North
Pacific, and represented by the area covered by the 5880 gpm
contour lines within the range of 110°E-180° and north of 10°N on
the 500 hPa geopotential height field. WPSH intensity index is the
sum of the product of the area of each grid point and the difference
between the height of each grid and 5870 gpm within the WPSH
defined above (Liu et al., 2019). WPSH ridgeline index is the mean
of the latitude location of the zonal wind shear line where the zonal
wind u = 0 and du/dy >0 encircled by the 5880 gpm isolines
within the range of 110°-~150°E and north of 10°N (Liu et al., 2019).
Monthly indices are downloaded from the National Climate Centre
of China Meteorological Administration.

Nifi03.4 index is defined as the average of SST anomalies over
the region 5° N- 5° S and 170°-120° W. Arctic Oscillation (AO)
index is defined as the first empirical orthogonal function (EOF)
mode of the mean SLP anomalies in the circumpolar region of 20°-
90° N (Thompson and Wallace, 2000). Monthly indices are
downloaded from the Climate Prediction Center, National
Weather Service of NOAA.
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The East Asia Monsoon (EAM) intensity index is calculated as
(Ussonpa = UZOOhPa):100_13005,0_1001\]) + (SLPygpop — SLP llO”E):10_500N)
(Zhu et al., 2000, Zhu et al., 2005), where, U is the zonal wind speed,
SLP is sea level pressure, and * indicates the normalization by the
standard deviation of the time series of each term. The Aleutian
Low Pressure (AL) intensity index is calculated as the mean SLP
within the region of 40°-60°N, 160°E-160°W (Overland et al,
1999). The monthly U and SLP used in calculating the monthly
EAM and AL intensity indices are downloaded from NOAA
(Kalnay et al., 1996).

All these indices mentioned are available from January 1993 to
February 2020.

3 Results

3.1 Spatial distributions of the mean annual
MHW parameters during 1993-2019

For the mean annual parameters derived from the two SST
datasets (Figure 1), overall the magnitudes of frequency, mean
intensity and cumulative intensity are comparable, while the total
days and duration from GLORYS are higher than that from OISST.
Note that the mean annual duration is proximately proportional to
the total days divided by frequency, while the mean annual
cumulative intensity is roughly proportional to the total days
multiplied by the mean intensity. The MHW parameters also
shows notable regional differences with main aspects discussed below.

For the mean annual total days, the magnitudes and distributions
from OISST during 1993-2019 are similar with that reported by Yao
et al. (2020) based OISST during 1982-2018. GLORYS obtains similar
spatial distribution but larger values. The total days have high values,
around 30 (25) days according to GLORYS (OISST), in the Sea of
Japan/East Sea, the subtropical gyre bounded by the Kuroshio, and the
SCS. Low values of 20-24 (14-20) days according to GLORYS (OISST)
are found in the shelf and coastal seas of China (including the Bohai,
Yellow and East China Seas), in the southeastern part of the SCS, and at
low latitudes to the east of the Philippines.

For the mean annual frequency, GLOYRS and OISST obtain
similar ranges of 1.5-3 per year. Values higher than 2.5 per year are
found in patched areas along the coast and shelf break of the East
China Sea and in mid-latitude (20-30°N) deep regions. The mean
annual duration is 14-18 (10-14) days according to GLORYS
(OISST) in the Sea of Japan/East Sea, mid-latitude (20-30°N)
deep regions and the central and northwestern SCS. South of 20°
N, GLORYS obtains duration values of 14-18 days that are much
higher than 6-10 days from OISST. This is because the total days
and frequency from GLORYS are significantly higher and lower,
respectively, than that from OISST.

For the mean annual intensity, GLORYS and OISST obtain
similar highest values of 2-3°C in the Sea of Japan/East Sea,
moderate high values around 1.5°C in mid-latitude (20-30°N)
deep regions and also in the Bohai and Yellow Seas, and 1-1.5°C
in the central and northern SCS. South of 20°N to the east of the
Philippines and also in the southwestern and southeastern SCS,
GLORYS obtains less than 0.5°C, while OISST obtains 0.5-1°C. For
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FIGURE 1

Annual parameters of surface MHWs during 1993-2019 derived from (upper) GLORYS and (lower) OISST. From left to right: total days, frequency,
duration, mean intensity, and cumulative intensity. The black contour is the 200 m isobath. The x-axis is in °E and the y-axis is in °N.

the mean annual cumulative intensity, GLORYS obtains the highest
values of around 45°C days in the central Sea of Japan/East Sea, 25—
30°C days in mid-latitude (20-30°N) deep regions, 15-20°C days in
central and northern SCS, and also 5-15°C days in the southwestern
SCS and south of 20°N to the east of the Philippines. By
comparison, OISST obtains 35, 20-25, 15-20 and less than 10°C
days in these regions respectively.

3.2 Inter-annual variations of the mean
annual MHW parameters

Based on the values of the MHW parameters for each year, their
standard deviations (STDs) are calculated. The resulting spatial
distributions of these STDs and the relative magnitudes between the
GLORYS and OISST (Figure 2) show similarity with that for the mean
annual values for each parameter (Figure 1). Inter-annual variations of
the MHW parameters in five representative regions (ie., the Yellow
Sea, the Sea of Japan/East Sea, near the mid-latitude Kuroshio, central
SCS, and low-latitude NWP) are presented as time series (Figure 3).
GLORYS and OISST obtain overall consistent interannual variations
except for the duration, mean intensity and accumulative intensity in
the Yellow Sea and the Sea of Japan/East Sea.

In the region near mid-latitude Kuroshio (Figure 3, third
column), four MHW parameters (except the mean intensity)
show outstanding peak values found in 1998 and 2015-2017, and
moderate peak values in 2001, 2008, 2010 and 2019. In the central
SCS (fourth column), outstanding peak values of the four
parameters are found in 1998, 2010 and 2014-2016, and
moderate peaks in 2001, 2007 and 2019. In low-latitude NWP
(fifth column), outstanding peaks in three parameters (total days,
frequency and duration) are found in 1998, 2010-2011 and 2016-
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2018, and moderate peaks in 2013-2014. For the cumulative
intensity, outstanding peaks are found in 1998 and 2011. Thus,
most peaks values of the four MHW parameters (except mean
intensity) in the above three regions are found in common years. In
1998, all the five parameters show peak values in the three regions.
The other two regions show different inter-annual variations. In the
Sea of Japan/East Sea (second column), peak values of nearly all the
five parameters are found in 1994, 1998, 2003-2004, 2008, 2010,
2012-2013, 2017 and 2019. These peak values are mostly moderate
according to OISST, but GLORYS obtains some outstanding peak
values for the duration and accumulative intensity. In the Yellow
Sea (first column), peak values of the five parameters are mostly
found in 1994, 1998, 2002, 2004, 2006-2007, 2009-2010, 2012-
2013 and 2016-2018.

In order to understand the differences in the MHW parameters
derived from different data products, we present in Figure 4 the
daily time series of SST and the MHW detection from GLORYS,
QISST and CFS in 1998 at two sites, located at the center of the mid-
latitude Kuroshio and low-latitude NWP boxes, respectively. At the
site in mid-latitude Kuroshio, GLORYS shows the weakest high-
frequency fluctuations and detects 7 MHW events, including one
long event lasted 30 days during May 1 — May 30, and another one
lasted 56 days during August 5-September 29. OISST shows
stronger high-frequency fluctuations and detects 9 MHW events,
including the one lasted 18 days during May 2- May 19 and the
other one lasted 13 days in September. CFS detects five MHW
events, including one lasted 18 days in May and another one lasted
13 days in September. In 1998, the accumulative intensity is 30, 19
and 25 °C days according to GLORYS, OISST and CFS.

At the site in low-latitude NWP, it is more evident that
GLORYS shows the weakest variations at periods up to 2 months
(confirmed with spectral analysis, figures not shown). As a result,
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FIGURE 2

Standard deviations of inter-annual variations of MHW parameters during 1993-2019 derived from (upper) GLORYS and (lower) OISST. From left to
right: total days, frequency, duration, mean intensity, and cumulative intensity. The black contour is the 200 m isobath. The five boxes in top-left
panel outline the regions for examining the MHW time variations. The x-axis is in °E and the y-axis is in °N
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FIGURE 3
Time series of annual MHW parameters derived from GLORYS (red curves) and OISST (blue curves), for five representative regions outlines in top-left

panel in Figure 2. From left to right: Yellow Sea, Sea of Japan/East Sea, Kuroshio, central South China Sea, and low-latitude NWP. From top to
bottom: total days, frequency, duration, mean intensity, and cumulative intensity
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FIGURE 4

Evolution of MHWs (red shaded) in 1998 indicated by daily SST (black solid line), seasonal climatology (black dotted line), and 90th percentile
threshold (blue solid line) at the center of (upper) Kuroshio and (lower) low-latitude NWP. From left to right: GLORYS, OISST, and CFS.

GLORYS shows continuous warm anomalies and includes only two
MHW events during July-November, lasting 118 and 13 days,
respectively. In OISST, the presence of strong SST fluctuations
leads to 7 MHW events, with durations of 5-18 days. CFS detects
four MHW events during July-October with durations of 6-50
days. For this year, the accumulative intensity is 74, 14 and 25 °C
days according to GLORYS, OISST and CFS.

Beyond the time scales of MHWS, Figure 4 shows that SST
variations from OISST, GLORYS and CFS well follow each other.
This is expected because the GLORYS and CFS are produced using
realistic atmospheric forcing, and also extensive assimilation of
observational data (including the satellite remote sensing SST) that
corrects large-scale bias. However, higher frequency SST variations
are the weakest in GLORYS and strongest in OISST, with the CFS
lying in between. The differences among the three datasets are more
evident in low-latitude NWP than in mid-latitude Kuroshio. These
differences are possibly due to the noises inherent in OISST, and the
different data assimilation approaches used for producing GLORYS
and CFS. We suggest further investigation on the causes of these
differences, e.g., using in situ SST observations from sea
surface buoys.

3.3 Space and interannual variations of the
mean seasonal MWH total days and
intensity during 1993-2019

Because the five MWH parameters are not totally independent,
the following analyses will focus on two parameters, i.e., the total
days and the mean intensity. Figure 5 shows the spatial distributions
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of the MHW total days in different seasons, defined as spring
(March to May), summer (June to August), autumn (September to
November) and winter (December and the following January and
February). According to GLORYS (Figure 5, upper row), in summer
the values larger than 7 days are found over the largest areas in both
the shelf and deep waters. In autumn, the values are reduced to
around 6 days in the Bohai, Yellow and the northern part of the East
China Seas. In winter the values are reduced to around 6 days in the
northeastern South China Sea. Spring has the smallest areas with
values higher than 7 days. The seasonal MHW total days from
OISST (Figure 5, lower panel) show broadly similar large-scale
spatial distribution with that from GOLORYS, while the values are
generally less than 7 days. For the MHW mean intensity, overall the
spatial distributions for all the four seasons (Figure 6) are similar
with that for the annual mean (Figure 1, fourth column), and
GLORYS and OISST show consistent results. Evident seasonal
variations are found in the Sea of Japan/East Sea, where the
highest values of 3°C are found in the central region in winter,
and values of about 2.5°C cover the whole area in summer; and also
in the Bohai and Yellow Seas, where the values are the highest in
summer (> 2°C according to OISST) followed by spring. In the
Yellow Sea, in both spring and summer OISST obtains higher mean
intensity values than GLORYS.

Next, we examine the interannual variations of the MHW total
days and mean intensity, in different seasons at the five
representative regions. For the MHW total days (Figure 7), over
all GLORYS and OISST obtain peak values in same years for all the
regions, with some differences in actual values. For a particular
region, some years get a peak value in one season only, while some
years get peak values in more than one seasons. For example, in the
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FIGURE 5
Seasonal total days of surface MHWs during 1993-2019 derived from (upper) GLORYS and (lower) OISST. From left to right: spring, summer,
autumn, and winter. The black contour is the 200 m isobath. The x-axis is in °E and the y-axis is in °N.

Yellow Sea (first column), peak values show up in autumn and  NWP, while evident differences in the Yellow Sea and Sea of
winter of 2006 and the following spring of 2007. In the central South ~ Japan/East Sea.

China Sea (forth column), peak values are found in winter of 1997

and the following three seasons of 1998. Note that for each region,

the MHW total days can be zero in some seasons of some years. 3.4 Relationship of MHW total days and

This results in missing values of the mean MHW intensity Mean intensity with interannual variations
(Figure 8). Similar as the annual values (Figure 3, fourth row), of SST

GLORYS and OISST obtain consistent interannual variations of

mean intensity in each season for the three deep regions of mid- In this subsection, we examine whether the interannual
latitude Kuroshio, the central South China Sea, and low-latitude  variations of the MHW total days and mean intensity can be

Spring Summer Autumn Winter

GLORYS

- #

A = [ —
120 130 140 110 120 130 140 110 120

FIGURE 6
Seasonal mean intensity of surface MHWs during 1993-2019 derived from (upper) GLORYS and (lower) OISST. From left to right: spring, summer,
autumn, and winter. The black contour is the 200 m isobath. The x-axis is in °E and the y-axis is in °N.
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FIGURE 7

Time series of seasonal MHW total days derived from GLORYS (red curves) and OISST (blue curves), for five representative regions outlines in top-
left panel in Figure 2. From left to right: Yellow Sea, Sea of Japan/East Sea, Kuroshio, central South China Sea, and low-latitude NWP. From top to
bottom: spring, summer, autumn, and winter
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FIGURE 8

Time series of seasonal MHW mean intensity derived from GLORYS (red curves) and OISST (blue curves), for five representative regions outlines in
top-left panel in Figure 2. From left to right: Yellow Sea, Sea of Japan/East Sea, Kuroshio, central South China Sea, and low-latitude NWP. From top
to bottom: spring, summer, autumn, and winter.
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Time series of sea surface temperature anomalies derived from GLORYS (red curves) and OISST (blue curves), for five representative regions outlines
in top-left panel in Figure 2. From left to right: Yellow Sea, Sea of Japan/East Sea, Kuroshio, central South China Sea, and low-latitude NWP. From

top to bottom: annual, spring, summer, autumn, and winter

related to the variations of SST. Figure 9 presents the SST anomalies
for the annual mean and in each season for the five regions. First,
variations of the anomalies from GLORYS and OISST agree well
with each other, contrast to the more evident differences in the
MHW parameters. Visual inspection indicates that the SST
variations show good correspondence with that of the MHW total
days, for either the annual means or different seasons, in each of the
five regions. In fact, the occurrences of high SST anomalies in one
season or in several adjacent seasons in a particular region also
show correspondence with the peak values of the MHW total days
as discussed at the end of section 3.3. For example, both high SST
anomalies and MHW total days occur in the central YS in autumn
and winter of 2006 and the spring of 2007, and in the central SCS in
winter of 1997 and the following three seasons of 1998. Tables 1A, B
confirm that there are significantly positive correlations between
interannual variations of the MHW total days and the SST
anomalies in all of the five regions, and the correlation values are
similar based on either the GLORYS or OISST data.

Tables 2A, B show that correlations between interannual
variations of the MHW mean intensity and the SST anomalies are
significant only in some seasons in each region, and the results from
the two datasets can vary. For example, in the mid-latitude
Kuroshio region, significant correlations are found in spring and
winter according to GLORYS, while for the annual mean and all the
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four seasons according to OISST. In the low-latitude NWP,
significant correlations are found for the annual mean and three
seasons (except spring) according to GLORYS, while are not found
at all according to OISST.

3.5 Relationship of MHW total days with
variations of the large-scale atmosphere-
ocean indices

Compared with the MHW mean intensity, interannual
variations of the MHW total days show more established
correlation with the SST anomalies. In the following we focus on
examining the relationship between the MHW total days and the
large scale atmosphere-ocean indices. Figure 10 presents the
interannual variations of these large-scale atmosphere-ocean
indices as introduced in section 2.4. For the Aleutian Low index,
only the winter-mean values are shown. For the Nifi03.4 index, only
the annual mean (averaged over January - December) values are
used. This is because the interannual variability of the Nifio3.4
index is robustly phase-locked to the seasonal cycle, i.e., the Nifio3.4
index can be quite accurately reproduced by the product between a
seasonal structure and the time series of annual amplitude (e.g.,
Clarke, 2014). For all the other indices, the seasonal-mean values for
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TABLE 1 Correlation coefficients between interannual variations of the MHW total days and the SST anomalies (p<0.05), for five representative
regions outlined in top-left panel in Figure 2.

A. GLORYS

Annual Summer Autumn Winter
YS 0.70 0.72 0.73 0.70 0.77
SJ/ES 0.79 0.89 0.66 0.78 0.89
Kuroshio 0.89 0.90 0.82 0.78 0.92
central SCS 092 0.82 0.85 0.80 0.86
low-latitude NWP 0.70 0.75 0.78 0.78 0.72

B. OISST

Winter
YS 0.71 0.84 0.74 0.72 0.85
SJ/ES 0.81 0.87 0.69 0.78 0.85
Kuroshio 0.89 0.85 0.82 0.75 091
central SCS 0.87 0.80 0.86 0.77 0.82
low-latitude NWP 0.74 0.75 0.79 0.79 0.73

each season are presented. The East Asia Monsoon intensity in each
season (third column) is the average of absolute monthly values.
Note that the monsoon wind is southwesterly in summer and
northeasterly in winter (denoted as EASM and EAWM,
respectively), and can have fluctuating directions in spring and
autumn. Figures 11, 12 display the spatial distributions of the
correlation coefficients between each of the above indices with the
MHW total days derived from GLORYS. The correlations between

TABLE 2 Same as Table 1 but for the MHW mean intensity.

the indices and the MHW total days derived from OISST are similar
(Figures not shown).

3.5.1 Western Pacific Subtropical High

The WPSH intensity has positive correlations (p<0.05) with the
MHW total days, over different regions in different seasons
(Figure 11, first column). The areas with significant correlations
are over the western half of the SCS in winter, shrink to the

A. GLORYS

Annual Summer Autumn Winter
YS 0.68 0.44
SJ/ES 0.64 0.74 0.72
Kuroshio 0.66 0.66
central SCS 0.40 0.67 0.47 0.47
low-latitude NWP 0.62 0.57 0.79 0.69

B. OISST

Annual Summer Autumn Winter
YS 0.58
SJ/ES 0.48 0.63 0.56
Kuroshio 0.56 0.54 0.44 0.66 0.51
central SCS 0.64 0.59
low-latitude NWP
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FIGURE 10

Time series of the large-scale atmosphere-ocean indices relevant to the Northwest Pacific region. From left to right: WPSH intensity, WPSH
ridgeline, EAM intensity, Nifio3.4/AL intensity, and AO. From top to bottom: seasonal-mean values for spring, summer, autumn, and winter, except

for the annual-mean for the Nifio3.4 index (red curve).

southwestern SCS in spring, and expand to cover nearly the whole
SCS and the deep NWP south of 20°N in summer. In Autumn,
positive correlations are found over the shelf seas of the northern
SCS and the East China Sea, and within 20-30°N near the Kuroshio.
The high correlations are related to the occurrences of dominant
peaks in the WPSH intensity and MHW total days in specific
regions, for example in summer of 1998, 2010 and 2013-2016 in the
central SCS and low-latitude NWP, and in winter of 1997 and 2015
in the central SCS which also covers a significant part of the western
SCS. The WPSH ridgeline overall has no significant correlation with
the MHW total days, except over the southern Sea of Japan/East Sea
in summer and at scattered locations extending from the eastern
SCS to the mid-latitude Kuroshio region in winter (Figure 11,
second column). The time series of the WPSH ridgeline
(Figure 10, second column) show no outstanding peaks except for
a few moderate ones in summer.

3.5.2 East Asia Monsoon

The East Asia Summer Monsoon intensity has negative
correlations with the MHW total days over nearly the whole SCS
(Figure 11, third column). The EASM intensity show low values in
1995, 1996, 1998, 2007, 2010 and broadly in 2013-2017, while the
MHW total days in the SCS show high values during most of these
years in summer. The East Asia Winter Monsoon intensity has
negative and positive correlations with the MHW total days in low-
latitude NWP and western SCS, respectively. In the low-latitude
NWP, the MHW total days show outstanding peak values in 2008,
2010, 2013 and 2017, when the EAWM intensity also shows low
values. In the SCS, the MHW total days show outstanding peak
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values in 1997, 2015 and 2018, when the EAWM intensity also
shows high values. In autumn, negative correlations are found
within 0-10°N, covering much smaller areas than in summer

and winter.

3.5.3 Aleutian Low

In winter, the AL intensity has positive and negative
correlations with the MHW total days in low-latitude NWP and
western SCS, respectively (Figure 11, forth column). In the western
SCS, the negative correlation is directly opposite to the positive
correlation with the WPSH intensity. In fact, in winter the AL and
WPSH intensities have a negative correlation of r=-0.56 (p<0.05).
The AL intensity has significantly low values in 1997, 2000, 2002,
2003, 2015 and 2018, while the WPSH intensity shows outstanding
peaks in 1997, 2015, 2017 and 2018. In the low-latitude NWP, the
positive (negative) correlations with the AL intensity (EAWM
intensity) are also opposite. The AL and EAWM intensities have
a negative correlation of r=-0.57 (p<0.05).

3.5.4 Arctic Oscillation

Significant correlations between the AO index and MHW total
days are only found as being positive in the Yellow Sea and western
Sea of Japan/East Sea in summer, and as being negative in low-
latitude NWP in autumn (Figure 11, fifth column). In summer, the
AO index shows high values in 1994, 2010, 2012-2013 and 2016-
2018 (Figure 10. fifth column), while the MHW total days in the
Yellow Sea show outstanding peaks in 1994, 2012-2013 and 2016-
2018 (Figure 7, first column). Correspondingly, the WPSH ridgeline
in summer is positively correlated with the AO index (r=0.42,
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FIGURE 11

Spatial distributions of the correlation coefficients between variations of the MHW total days at different locations derived from GLORYS and the
interannual variations of large-scale atmosphere-ocean indices. i.e., from left to right: the WPSH intensity, WPSH ridgeline, EAM intensity, AL intensity
in winter, and AO. From top to bottom: spring, summer, autumn, and winter. The color shading shows the correlation coefficients with a confidence

level greater than 95%. The x-axis is in °E and the y-axis is in °N.

p<0.05). Interestingly despite of the AO index’s strong variations in
winter, it has no significant correlation with the MHW total days
even in the northern regions of the NWP.

3.5.5 ENSO

Figure 12 show the correlations between the annual-mean
Nifio3.4 index and the of MHW total days in different seasons,
from the corresponding years (upper row) or delayed by one year
(lower row). Significantly positive correlations are found 1) with the
MHW total days in autumn and winter (denoted by the text of
“Aut” and ‘Win”) of the corresponding years over the western half
of SCS, and 2) with the MHW total days delayed by one year in
spring (denoted by “Spr+1”) over the southwestern SCS and mid-
latitude Kuroshio region, in summer (denoted by “Sum+1”) over
the largest areas including the whole SCS, low-latitude NWP, and
the mid-altitude Kuroshio region; and in Autumn (denoted by “Aut
+17) in low-latitude NWP and mid-altitude Kuroshio region.

4 Discussion and conclusion

Five surface MHW parameters in the NWP during 1993-2019
are derived from two SST datasets, namely OISST V2.1 based on
satellite remote sensing and that from a global ocean data
assimilative product GLORYS12V1. For the annual values of
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these parameters, analyses of the two SST datasets obtain similar
spatial distributions averaged during 1993-2019, consistent with
previous studies (e.g., Yao et al., 2020). The MHW total days and
duration from GLORYS are usually higher than that from OISST,
which can be attributed to the differences between the two SST
datasets in terms of the accuracies and noises. The standard
deviations of these MHW parameters show similar spatial
distributions with that of the mean annual values for each
parameter. In five selected representative regions, interannual
variations of the MHW total days, frequency, duration and
cumulative intensity show outstanding peak values in certain
years. The spatial and temporal variations of the five mean
annual MWH parameters are not totally independent. The
parameter of MHW total days is close to the product of
frequency and duration, while the cumulative intensity is close to
the product of total days and mean intensity. Focusing on the
seasonal MHW total days and mean intensity, their spatial
distributions and interannual variations from the two datasets are
also similar.

In each representative region, interannual variations of the
MHW total days have significantly positive correlations with the
SST anomalies, for both the annual and seasonal means. By
comparison, less established are the correlations between
interannual variations of the MHW mean intensity and the SST
anomalies, which are significant only in some seasons in each

frontiersin.org


https://doi.org/10.3389/fmars.2024.1323702
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

10.3389/fmars.2024.1323702

0

FIGURE 12

Similar as Figure 11 but for the correlation coefficients between time series of the annual-mean Nifio3.4 index and the MHW total days in (from left
to right) spring, summer, autumn, and winter, (upper row) without and (lower row) with the lag by one year. The x-axis is in °E and the y-axis is in °N.

region. The correlation analyses between interannual variations of
the MHW total days and the large-scale indices for the atmosphere-
ocean circulation of relevance to the NWP are carried out. The
following results are obtained and interpreted with the relationships
between the SST variations and these indices, as well as the
relationships among these indices with reference to the findings
of previous studies.

First, the correlations between the interannual variations of the
MHW total days at different locations for each season and the
seasonal indices of the Western Pacific Subtropical High intensity
and ridgeline, the East Asia Monsoon intensity, the Aleutian Low
intensity and the Arctic Oscillation are computed. In summer, the
MHW total days have significantly positive correlations with the
WPSH intensity, and negative correlations with the EAM intensity,
over nearly the whole SCS and in low-latitude NWP. This is
consistent with the negative correlation of r=-0.35 (insignificant
at p<0.05) between the two indices. In winter, the MHW total days
have significantly positive correlations with both the WPSH and
EAM intensities over the western part of SCS, consistent with the
positive correlation of r=0.63 (p<0.05) between the two winter
indices. The MHW total days overall have no significant
correlations with the WPSH ridgeline. In winter, the MHW total
days have positive and negative correlations with the Aleutian Low
intensity in low-latitude NWP and western SCS, respectively. The
Arctic Oscillation index is positively correlated with the MHW total
days in the Yellow Sea and western Sea of Japan/East Sea in
summer, while negatively correlated in low-latitude NWP
in autumn.

The above identified relationships among the MHW total days,
WPSH and EAM are consistent with previous findings. In summer,
the strengthening and westward extension of the WPSH can cause
strong descending motions and contributed considerably to the
surface warming in the NWP (Wang et al., 2019). The same changes
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of the WPSH also favor the generation of anticyclones which bring
easterly wind anomalies to low latitudes and weaken the EASM
south of 12°N in the SCS. The resulting negative anomaly of the
wind stress curl causes the weakening or even disappearance of
upwelling in midwestern SCS, causing severe MHW: s across the SCS
in summer (Yao and Wang, 2021). During1993-2019, the negative
correlations between the summer MHW total days and the EASM
intensity are consistent with the conclusions of previous studies at
the interdecadal variations. Cai et al. (2017) identified distinct
variations of robust surface warming in the NWP region (referred
to as “offshore area of China”) in both summer and winter during
1958-2014. They revealed that the acceleration of warming during
1980-1999 was accompanied by a weakening of the EAM and a
strengthening of the WPSH. Interdecadal variations of SST and
EAM wind were well correlated. In both summer and winter, the
weakening of the leading EOF (Empirical Orthogonal Function)
mode of EAM wind could enhance the flow of Kuroshio Current
into the SCS through the Luzon Strait, and this oceanic lateral heat
transfer played a central role in surface warming in the northern
SCS. In summer, except for the effect of oceanic lateral heat transfer,
surface warming can also be caused by the increased surface
radiative heating associated with the strengthening of the third
EOF mode of EAM anticyclone wind (i.e., WPSH).

Next, the correlations are computed between the annual-mean
Nio3.4 index and the MHW total days in different seasons from
the corresponding years and delayed by one year. Overall, the
analyses results suggest that the occurrence of strong El Nifo will
be followed by longer MHW total days in winter of the present year
over the western half of the SCS, and in the next year in spring over
the southwestern SCS and mid-latitude Kuroshio region, in summer
over the largest areas including the whole SCS, low-latitude NWP,
and the mid-altitude Kuroshio region, and in Autumn in low-
latitude NWP and mid-altitude Kuroshio region. This result
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suggests the possibility to predict the MHW total days in the NWP
using the Nifio3.4 index with the lead time of several seasons. The
causes of this identified predictability must be related to the phase
relationship between the Nifio3.4 index with the SST changes in the
NWP, that has been documented in many previous studies (e.g.,
Wang et al.,, 2020a, Wang et al., 2020b).

The seasonal MHW total days show similar spatial distributions
of correlations with the seasonal WPSH intensity and the annual
Nino3.4 index. This is related to the high correlations between the
two indices, with the annual Nifo3.4 index leading the WPSH
intensity (and also the MHW total days) by several seasons. The
annual Nifo3.4 index and the winter WPSH intensity have a
significant correlation of r=0.76 (p<0.05). Both indices, as well as
the winter MHW total days in the central SCS show outstanding
peaks in 1997 and 2015 (i.e., strong El Nifio years). Note that the
annual Nifo3.4 index is the average over January-December from
the same years, while the winter WPSH intensity is averaged from
December to January-February of next year. Furthermore, the
annual Nifo3.4 index (winter WPSH intensity) has positive
correlations of r=0.70 (0.81), 0.64 (0.58) and 0.45 (0.48) (p<0.05)
with the time series of the WPSH intensity delayed by one year in
spring, summer and autumn, respectively. These correlations are
consistent with the previous findings. For example, Wu et al. (2017)
and Zou et al. (2017) revealed that the positive Nifi03.4 index in
winter strengthens the WPSH in the following spring and summer.

We note that during 1993-2019, the time series of the MHW
total days and nearly all of the indices of atmosphere-ocean
circulation (except the WPSH ridgeline) show outstanding peaks
in certain years. Hence, the correlations identified and discussed
above are dominated by these peak values. This means that these
correlation relationships can be mainly used to understand and
predict the occurrence of significant MHW events (with prolonged
MHW total days). In practice, significant MHW:s usually raise the
most concerns because of their potentially severe impacts on marine
ecosystems and fishery.

The consistency in the surface MHW parameters derived from
OISST and suggests that either dataset can be used to study the
space-time variations of the MHW parameters. It is encouraging
to further analyze the state-of-the-art ocean model solutions for
quantifying and studying the MHWs in the water column and
near the seabed that are of more relevance to ecosystem and
fishery. However, there are always needs to validate the model
solutions with observational data, understand the causes of model
biases and work on improving the models. For example, the
significant differences between GLORYS and OISST in low-
latitude NWP, in terms of SST variations and MHW parameters
(Figure 4), require further investigation. Finally, further studies
are needed to link the space and time variations of MHW
parameters to variations of ecological variables (i.e., chlorophyll,
dissolved oxygen, primary productivity) for addressing the
important issues in marine ecosystem and environment under
the multi-scale climate change.
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