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Unraveling the Indian monsoon’s role in
fueling the unprecedented 2022 Marine
Heatwave in the Western North Pacific
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An unprecedented marine heatwave (MHW) event occurred in the middle-high latitudes of the western
North Pacific during the summer of 2022. We demonstrate that excessive precipitation thousands of
kilometers away fuels this extreme MHW event in July 2022. In the upper atmosphere, a persistent
atmospheric blocking system, forming over the MHW region, reduces cloud cover and increases
shortwave radiation at the ocean surface, leading to high sea surface temperatures. Atmospheric
perturbations induced by latent heat release from the extreme precipitation in the Indian summer
monsoon region enhance this atmospheric blocking through the propagation of quasi-stationary
Rossby waves. Our hypothesis is verified by using a numerical model that is forced with the observed
atmospheric anomalous diabatic heating. This study sheds light on how a subtropical extreme event
can fuel another extreme event at middle-high latitudes through an atmospheric teleconnection.

During July 2022, a record-breaking marine heatwave (MHW)
occurred in the middle-high latitudes of the western North Pacific,
specifically in the Okhotsk Sea and the Western Bering Sea (referred to
as OSWBS)'". For example, sea surface temperature (SST) anomalies in
the OSWBS region can be as high as 5 °C, with the category of MHW
reaching a severity of Extreme (Fig. 1 and Supplementary Fig. 1).
Previous studies have focused more on the physical mechanisms of
middle-high latitudes MHWSs in the Northeast Pacific, such as “the
Blob 1.0” and “the Blob 2.0”, and the results suggest that atmospheric
forcing plays a crucial role in these events’”. However, little attention
has been paid to MHWSs in the middle-high latitudes of the western
North Pacific, and its underlying physical mechanisms have not been
elucidated.

Most studies have shown that the occurrence of MHW is typically
associated with atmospheric forcings and oceanic dynamics®’. In
addition, climate variability, such as the El Nino-Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD), can also contribute to
MHWSs*'""*. Atmospheric forcings, which usually manifest as atmo-
spheric blocking high-pressure systems, can reduce cloud cover and thus
increase the amount of shortwave radiation received by the oceans™".
Furthermore, they also suppress surface winds and decrease latent heat
loss'". The MHW occurred in the OSWBS in July 2022 is also driven by
atmospheric blocking high-pressure system. Interestingly, the intensity
of this atmospheric blocking high-pressure system, according to our

research, is associated with subtropical precipitation in the Indian
summer monsoon region. A similar process was observed during the
severe droughts in South America and MHWs in the South Atlantic in
2013-2014". Tropical deep convection over the Indian Ocean associated
with the Madden-Julian Oscillation triggered the propagation of the
Rossby waves across the South Pacific to the tip of South America,
resulting in strong atmospheric blocking over South America and the
South Atlantic.

In the summer of 2022, southern Pakistan, which belongs to the
region of the Indian summer monsoon, experienced record-breaking
monsoon rainfall. There is a clear link between this extreme precipita-
tion and heatwaves in China’s Yangtze River basin through a stationary
Rossby wave-like pattern'*'®. However, the subsequent impacts trig-
gered by this extreme rainfall event are not fully understood, especially
its potential impacts on MHWs at middle-high latitudes. Additionally,
summer rainfall over southern Pakistan has increased since 2000 due to
spring warming in the Middle East". In this study, we explore the
physical processes by which extreme Indian summer monsoon pre-
cipitation fueled the unprecedented MHW in the middle-high latitudes
OSWBS region in July 2022. Our findings elucidate the mechanism by
which a subtropical extreme event can fuel a subsequent extreme event
at middle-high latitudes through an atmospheric teleconnection,
thereby enhancing the predictive capability for MHWSs in the OSWBS
region.
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Results

Characteristics of the unprecedented MHW

An unprecedented MHW event of high-intensity and long-duration
occurred in the western North Pacific OSWBS region during the summer of
2022. The MHW peaked in July and the SST anomalies reached up to 5 °C in
some areas of the OSWBS (Fig. 1a). In addition, there were over 1.5 million
square kilometers of ocean with SST anomalies above 3 °C. Such large areas
of warm sea water have placed SST anomaly of OSWBS in July 2022 at the
top in history (Fig. 1b) and could have a severe impact on the marine
ecosystems in this region. The MHW event in the OSWBS in 2022 lasted 168
days and reached Extreme level with a maximum intensity of 4.6 °C (Fig.
lc). As a result, the number of total days and the maximum intensity of
MHWs in the OSWBS in 2022 are at their highest levels ever.

We also confirmed an extreme MHW in the OSWBS in July 2022
using other sets of satellite and reanalysis data (see Methods) (Sup-
plementary Fig. la, c). During this event, the regional mean SST
anomalies exceeded 3 °C, which was the highest in the historical record
(Supplementary Fig. 1b, d).

Atmospheric forcing on MHW

Given that extratropical blocking highs have large spatial scales and can
persist for weeks to months, they have the potential to significantly increase
ocean temperatures over a large geographic region for a considerable period
of time. Therefore, the occurrence of middle-high latitudes MHW:  is often
associated with atmospheric forcing processes’. To explore the role played
by atmospheric forcing during the MHW, it is essential to assess atmo-
spheric conditions over the western North Pacific in July 2022. Observa-
tional data show that there are atmospheric blocking high-pressure systems

in both the upper-level (200 hPa) and mid-level (500 hPa) troposphere over
the OSWBS region (Supplementary Fig. 2). The barotropic structure indi-
cates that the atmospheric blocking system may be a teleconnection pattern
triggered by other perturbations'®. Therefore, we also calculated the
Rossby wave activity flux at 200 hPa in the Northern Hemisphere in July
2022. Obviously, there is a train of stationary Rossby waves originating from
central Asia (Fig. 2a). When the wave energy reaches the Mongolian Plateau,
it splits into two branches. The southern branch propagates southward to
form a high-pressure system over the Bohai Sea, which, combined with the
high-pressure system over Central Asia, constitutes part of the circumglobal
teleconnection” ™ (Supplementary Fig. 2). The northern branch converges
in the OSWBS region to form a powerful blocking high-pressure system.

Once the blocking system forms, it suppresses convection and causes
strong subsidence, leading to reduced cloud cover and increased solar
radiation. Figure 2b, ¢ show the cloud fraction anomalies and surface
shortwave radiation anomalies in the western North Pacific in July 2022,
respectively. A significant decrease in cloud fraction and a large increase in
shortwave radiation are observed in the OSWBS region. In contrast to the
increase in shortwave radiation, the changes in the other heat fluxes
(longwave radiation, sensible heat flux, and latent heat flux) are relatively
small (Supplementary Figs. 3, 4). Notably, areas with less cloud cover and
higher shortwave radiation coincide with regions of warmer SST anomalies,
suggesting that the reduction in cloud cover leads to an increase in short-
wave radiation, resulting in an increase in the mixed layer temperature. The
cloud fraction in the OSWBS region reached the second lowest on record in
July 2022, which led to record high values of shortwave radiation during the
same period, as there was a strong negative correlation between them
(r=—0.877, p < 0.01; Fig. 2d).
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Fig. 2 | Atmospheric conditions in the western North Pacific in July 2022.

a Stream function anomalies (SF, shading and contour, units: 10° m* s™') and wave
activity flux (WAF, black vectors, values smaller than 3 are filtered out, units: m*s )
at 200 hPa. Anomalies of (b) cloud cover (units: 1) and (¢) surface net shortwave
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regional average in July from 2000 to 2022 (r = —0.877, p < 0.01), where the red curve
represents shortwave radiation and the blue curve represents cloud cover.

H
0.6 eat budget

0.4

0.2

0.0

=-0.2

-0.4

— vertical adv.
— Res

- dT/dt
— Qsw

— horizon adv.
— Qnet

-0.6

I I I I
June-15 July-1 July-31 Aug-15

Fig. 3 | The ocean mixed layer heat budget in the OSWBS region. The daily
evolution of the heat budget (units: °C day ") in the OSWBS region from mid-June to
mid-August 2022 using daily OISST and ECCO2 data. Shading represents July. The
black curve represents the tendency of SST; the blue curve represents the total surface
net heat flux; the red curve represents the surface net shortwave radiation; the purple
(green) curve represents horizontal (vertical) advection; the gray curve denotes the
residual term. The correlation coefficient between surface net shortwave radiation
and the rate of temperature change is 0.66 (p < 0.01) in July.

To further verify whether the SST warming is primarily caused by
surface heat fluxes, we calculated the daily mixed layer heat budget in the
OSWBS region (Fig. 3). The results show that the SST tendency depends on
the surface heat fluxes received by the ocean, with the most dominant
component being the enhanced surface shortwave radiation. The con-
tribution of oceanic heat advection to the SST tendency is negligible. Thus,
the main cause of ocean warming is a positive anomaly in the net shortwave
radiation (r=0.66, p < 0.01).

The role of Indian summer monsoon’s rainfall

The above analysis indicates that the atmospheric blocking high-pressure
system is the major factor influencing the variability of MHWSs in the
OSWBS, so it is vital to investigate what triggers such anomalous atmo-
spheric blocking. According to the analysis of the stationary Rossby waves
(Fig. 2a), the wave activity flux originates from a high-pressure system over
Central Asia. Previous studies have indicated that this high-pressure system
is commonly associated with the circumglobal teleconnection and is often
prompted by Indian summer monsoon rainfall”***. In July 2022, an unu-
sually extreme rainfall event occurred in the Indian summer monsoon
region (15°N-35°N, 60°E-80°E), particularly in southern Pakistan (Fig. 4a).
The amount of precipitation in July 2022 ranked first compared to historical
records and greatly exceeded the average (Fig. 4b; WMO'). During the
extreme precipitation, the condensation of water vapor release large
amounts of latent heat, which increases diabatic heating and induces
atmospheric perturbations™. We define the regional average vertical
integral of divergence of latent heat flux in the region 15°N-35°N, 60°E-80°E
as the latent heat release index (see Methods). Similarly, the record-breaking
latent heat release index is simultaneously detected during this extreme
precipitation event, and there is a significant positive correlation between
precipitation and latent heat release index (r=0.898, p < 0.01; Fig. 4b).

We perform a regression analysis of geopotential height and wind on
the latent heat release index in July from 1979 to 2022. Figure 5 shows that
the regressed geopotential height and wind are very similar to the July 2022
observations. The positive geopotential height anomalies appeared in cen-
tral Asia, the Bohai Sea, and the OSWBS region. Especially, the positive
geopotential height anomalies in the OSWBS region are very strong,
accompanied by strong anticyclonic circulation, forming a powerful
blocking system. Therefore, we hypothesize that the atmospheric circulation
pattern across the Northern Hemisphere, especially in the OSWBS region, is
primarily driven by diabatic heating from latent heat released by extreme
precipitation in southern Pakistan.

Numerical model experiments
To prove our hypothesis, we conduct diabatic heating-forcing model
experiments using the Community Atmospheric Model version 5 (CAMS5;
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Fig. 4 | The extreme precipitation and latent heat release in the Indian summer
monsoon region in July 2022. a Anomalies of precipitation (shading, units: mm
day™") and vertically integrated moisture flux from 1000 hPa to 100 hPa (vectors,
units: kg m "' s7') in July 2022, with the black box indicating the region of Indian
summer monsoon (15°N-35°N, 60°E-80°E). b Inter-annual variation in the stan-
dardized regional average rainfall (blue curve) and the standardized latent heat
release index (red curve) in the black box region in July (r = 0.898, p < 0.01), where
the regional average vertical integral of divergence of latent heat flux is defined as the
latent heat release index (see Methods).

see Methods). According to the observed data (Supplementary Fig. 5), the
regional average vertically integrated diabatic heating (18 Js™' m™) in July
2022 in the extreme precipitation area of southern Pakistan (17°N-30°N,
60°E~73°E) is approximately three times that of the mean state (6] s~' m )
in July. Therefore, we tripled the diabatic heating rate in July at the corre-
sponding location (17°N-30°N, 60°E-73°E) in the CAM5 model (Fig. 6a).
Figure 6b shows the variations in the vertical heating profiles for the heating-
forcing experiment (HEATING_run) and the control experiment
(CTL_run) as well as the difference between them. The maximum diabatic
heating rate appears at altitudes of about 500-600 hPa. As expected, the
introduction of a three times diabatic heating rate in July in southern
Pakistan is followed by a rapid response of the atmospheric circulation,
generating patterns similar to the observations in July 2022 (Fig. 6¢). A high-
pressure anticyclone appears in central Asia and a low-pressure system
appears in Mongolia. The atmospheric circulation in the OSWBS region
exhibits an extraordinary blocking high-pressure system. Consequently, the
numerical model confirms that the atmospheric blocking high pressure over
the OSWBS region, which is responsible for the unprecedented MHW, is
triggered by the latent heat of extreme precipitation in southern Pakistan.

Discussion

In this study, we investigate how Indian summer monsoon’s excessive
precipitation fuels the middle-high latitudes MHW by exploring the phy-
sical mechanism of the extreme MHW in the OSWBS region in July 2022.
The unprecedented MHW event breaks historical record in terms of
intensity, with the maximum SST anomalies can be as high as 5 °C. Through
the analysis of the ocean mixed layer heat budget, we reveal that the primary
factor causing the SST rise is the atmospheric forcing. A strong atmospheric
blocking high-pressure system persists in the upper atmosphere over the
OSWBS region. This blocking high-pressure system suppresses convection
and reduces cloud cover, which increases shortwave radiation received by
the ocean, leading to a rapid rise in SST. The atmospheric blocking system is
generated through atmospheric teleconnection. Specifically, latent heat
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Fig. 5 | Impact of the extreme precipitation on atmospheric circulation. Regres-
sion of (a) 200 hPa and (b) 500 hPa geopotential height (GPH, shading, units: gpm) and
wind (vectors, units: m s™*) on the latent heat release index in July from 1979 to 2022.
Dotted areas and blue vectors represent statistical significance at the 90% confidence
level. Black box indicates the region of Indian summer monsoon (15°N-35°N,
60°E-80°E), which is also the region where the latent heat release index is defined.

released from the extreme precipitation in the Indian summer monsoon
region triggers quasi-stationary Rossby waves to propagate into the OSWBS
region, leading to energy accumulation and the formation of a stable
atmospheric blocking high-pressure system (Fig. 7). By employing the
CAMS5 numerical model, we substantiate our hypothesis that heightened
diabatic heating in southern Pakistan experiencing extreme precipitation
induces a robust atmospheric blocking high-pressure system over OSWBS
regions.

Through a case study of an extreme MHW event in July 2022, we have
successfully established a physical link between the Indian summer mon-
soon rainfall and MHWs in the OSWBS. This raises the question of whether
the relationship between Indian summer monsoon precipitation and
OSWRBS SST is generally applicable. To answer this question, we calculate
the correlation coefficient between these two variables in July from 1982 to
2022 (Supplementary Fig. 6). From 1982 to 2010, there is no correlation
between the precipitation and the SST. However, a strong correlation
(r=0.97, p<0.01) is observed after 2011. The reasons for this shift deserve
further exploration, and it is also important to note that Indian summer
monsoon precipitation can improve the predictive ability of OSWBS MHW.

It should not be overlooked that the residual term in the heat budget is
also important in this study. The residual term represents unresolved pro-
cesses, such as vertical turbulent diffusion or observational errors'". The
residual term comes mainly from observational errors, and the substantial
residual term from data assimilation or across long-term average fields has
been noticeable in many previous studies>*****”. Despite these concerns, we
believe it is credible to conclude that atmospheric blocking fuels MHW due
to the dominant role of shortwave radiation in SST increase.

The extreme rainfall in the Indian summer monsoon region regulated
by the Indian Ocean played a dominant role in the extreme MHW event in
the western North Pacific. This suggests that inter-basin interactions are a
non-negligible mechanisms influencing the intensity and duration of
MHWs. Previous studies have demonstrated that inter-basin interactions
have an important influence on the occurrence and development of MHWs,
such as the Southwest Atlantic MHW in 2013-2014, the North Pacific
MHWSs in 2013-2015 and 2018-2022, and the western North Pacific
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Fig. 6 | The forcings and results of the
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MHWs in summer 2020>"****", Therefore, more attention should be given
to the role of inter-basin interactions when studying the mechanisms of
MHWs, especially those occurring at middle-high latitudes™.

Methods

Data sources

The daily SST data used in this study are from the National Oceanic and
Atmospheric Administration (NOAA) Optimum Interpolation (OI) SST
dataset version 2.1 (OISST v2.1)®, with a resolution of 0.25°x 0.25°,

covering the period from 1982 to 2022. Additionally, to validate the accuracy
of the OISST data, we also utilized the European Space Agency (ESA) SST
dataset™ and the fifth generation of the European Center for Medium-
Range Weather Forecasts atmospheric reanalysis dataset (ERA5) SST
dataset™. Both of the two daily SST datasets cover the period from 1982 to
2022 and have been uniformly interpolated to a resolution of 0.25° x 0.25°.

The monthly atmospheric data consist of the ERA5 dataset™ at a
resolution of 1° x 1°, spanning from 1979 to 2022. The ERA5 atmospheric
variables include geopotential, wind speed, air temperature, specific
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humidity, mean surface net latent and sensible heat flux. The monthly
precipitation data are obtained from the Global Precipitation Climatology
Project (GPCP) Monthly Analysis Product®, covering the period from 1979
to 2022, with a spatial resolution of 2.5° x 2.5°.

Moreover, to calculate the ocean mixed layer heat budget in the study
area, Estimating the Circulation and Climate of the Ocean Phase II
(ECCO2) daily dataset” from the Jet Propulsion Laboratory of National
Aeronautics and Space Administration (NASA/JPL) at a resolution of
0.25° x 0.25° is employed, spanning from 1992 to 2022, including surface net
shortwave radiation, surface net heat flux, mixed layer depth, potential
temperature, horizontal and vertical velocity.

We also utilize satellite-derived data in this study. The surface net
shortwave radiation, surface netlongwave radiation, and cloud cover used in
the research are all from the Clouds and the Earth’s Radiant Energy System
(CERES) satellite-derived monthly dataset™, which is currently available on
a 1°x 1° grid from March 2000 to June 2023.

Definition and categorization of MHWs

We adopt the Hobday et al.” definition method to identify MHW events. A
MHW event is defined as SST being warmer than the 90th percentile based
on a baseline climatology for at least five consecutive days and two successive
events with a break of 2 days or less between are considered a single con-
tinuous event. The seasonally varying climatology and 90th percentile
threshold is calculated for each day of the year using daily temperature
values across all years and within an 11-day window centered on the day,
and are then smoothed using a 31-day moving window. The period used to
define the climatology and 90th percentile threshold is 1982-2022.

The categorization of MHWs is derived from the work of Hobday et al.
and Kajtar et al.*". A specific MHW category can be established by considering
a multiple of the local difference between the fixed climatological mean and
the 90th percentile of the climatological distribution. Specifically, the formula
for calculating severity is as follows:

Severity = SSTA 1
venty = Threshold — Climatology @

Using the multiple of difference, severity can be assigned to each point
in time and space during an MHW event. These severity categories are
classified as Moderate (1-2x), Strong (2-3x), Severe (3-4x), and
Extreme (> 4x).

Wave activity flux

In order to better diagnose the horizontal propagation characteristics of
Rossby waves in the atmosphere in July 2022, the T-N wave activity flux
(WAF) developed by Takaya and Nakamura® is also calculated in this study.
The formula is as follows:

o] v oy
y Nz az cos¢p | 0L dg oAdg

N 2 2
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where W), is the horizontal T-N wave activity flux vector; the ¢ and A
represent latitude and longitude, respectively; the variable U, = (u,, v,.)
represents the climatological mean horizontal wind vector; 1, and v, are the
climatological mean zonal and meridional winds, respectively; y’ represents
the perturbation stream-function; a is Earth’s radius (6.37 x 10°m), and
p = (pressure/1000 hPa). The climatological mean and perturbation were
calculated based on the period of 1979-2022.

Ocean mixed layer heat budget
We utilize daily OISST and ECCO2 data to calculate the mixed layer heat
budget in the OSWBS region. The equation for the mixed layer heat budget

can be expressed as follows":

oT

7 Qnet
ot C

- (V.VT) e :

+ Residual 3)

In the equation, T represents the mixed layer temperature; v signifies
horizontal and vertical velocity, and V represents the gradient operator; Q,,,,
denotes the surface net heat flux (the sum of shortwave radiation, longwave
radiation, latent heat flux, and sensible heat flux) into the ocean; p, and C
represent the sea water density (1025 kgm™) and specific heat capac1ty
(3996 J kg K™"), respectively; H is the mixed layer depth, which is taking
the regional average mixed layer depth of OSWBS. Due to the uniformity of
temperature in the mixed layer, here we use the SST from OISST dataset
instead of the mixed layer temperature. Other variables, including surface
net heat flux, surface net shortwave radiation, potential temperature, mixed
layer depth, horizontal and vertical velocity, are sourced from the ECCO2
dataset.

Latent heat release index

The latent heat release index is defined as the regional average vertical
integral of divergence of latent heat flux in the area of Indian summer
monsoon (black box in Fig. 4a, 15°N-35°N, 60°E-80°E). The divergence of
latent heat flux in the atmosphere is calculated as follows*:

V(E}) - V{Vq[LV + (cpv - cw) T]} )

where V represents the gradient operator; f: is the latent heat flux; V and q
represent horizontal wind and specific humidity; g is the gravitational
acceleration (9.8ms™?); Lv, with a value approximately equal to
2.5x 10°J kg™, is the latent heat of vaporization; C,andC,, represent the
specific heat of water vapor at constant pressure (1846.1 J kg' K™') and the
specific heat of liquid water at 27315K (42}(% Pl;g’1 ), respectively; T
indicates the air temperature. <V( E )> =1 f 1000npa ¥ ( El )dp represents the
vertically integrated divergence of latent heat flux and the vertical integral is
from 1000 hPa to 100 hPa.

Atmospheric diabatic heating

In order to more reasonably design the amount of atmospheric diabatic
heating modified in the model, we calculate the actual atmospheric diabatic
heating based on observational data. The formula of atmospheric diabatic
heating is proposed by Yanai* and as following:

oT
C
Q=6 ot

RT (a T) ©)

o=|—|—- |5

Cop op
where CP denotes the specific heat at constant pressure (1004.7 Jkg™' K™),
T and ¢ are the air temperature and the time, respectively. w represents the
vertical velocity. o is the static stability, R represents the gas constant
(287Tkg ' K", p is the pressure, V denotes the horizontal wind vector,
and V represents the horizontal gradient operator. Here, <Q, >=

r iggg:;qu dp represents the vertically integrated total diabatic heating.

— Cy(ws — V - VT) (5)

Atmospheric general circulation model experiments
To examine the impact of latent heat release from extreme precipitation in
the Indian summer monsoon region on atmospheric circulation, the
Community Atmospheric Model version 5 (CAMS5) is employed in this
study for conducting model experiments*. This model has demonstrated
excellent capability in accurately reproducing the mean climate state and has
been extensively utilized in numerous relevant studies.

All the runs in this study are conducted using a FC5 component with a
horizontal resolution of approximately 2.5° longitude x 1.9° latitude and 31
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vertical levels. Two sets of numerical model experiments are performed. The
first set is the control run (referred to as CTL_run), which is forced by the
default climatological mean SST and sea ice, without any additional
atmospheric anomalous diabatic heating. The second set is the sensitivity
experiment called HEATING_run, which also uses the default climatolo-
gical mean global SST and sea ice as forcings. Additionally, in the
17°N-30°N, 60°E-73°E region, three times the anomalous atmospheric
diabatic heating is added in July, which is based on the ratio between
observational diabatic heating (18 J s™' m~?) in July 2022 and the historical
July average diabatic heating (6]s™' m™2). Each numerical experiment
simulates the climate conditions for 30 years with a seasonal cycle, and the
last 10 years of each experiment are compared using ensemble mean.

Statistical information

In this study, the statistical significance of the linear regression coefficient
and Pearson correlation coefficient between two autocorrelated time series
are assessed via a two-tailed Student’s t-test.

The climatological period for the data used in this paper is defaulted to
the period of 1979-2022. However, due to the varying release times of some
datasets, the climatology of these data may differ. The climatology for all SST
datasets (OISST/ESA/ERA5) spans the years 1982-2022. The climate state
of ECCO2 spans from 1992 to 2022. As for shortwave radiation, longwave
radiation, and cloud cover, based on CERES satellite observational data, a
uniform climatological period of 2000-2022 is chosen for consistency.

Data availability

All data used in this study are publicly available online. NOAA/OAR/ESRL
PSD provided the OISST high-resolution dataset from their Web site at
https://downloads.psl.noaa.gov/Datasets/noaa.oisst.v2.highres/. The ERA5
reanalysis SST dataset can be downloaded from https://doi.org/10.24381/
cds.adbb2d47. ERA5 reanalysis atmospheric dataset are available from
ECMWF at https://doi.org/10.24381/cds.6860a573. The ESA Satellite
observations SST dataset can be obtained from https://doi.org/10.48670/
moi-00169. GPCP precipitation dataset is publicly available at https://psl.
noaa.gov/data/gridded/data.gpcp.html. CERES surface radiation and cloud
cover data are publicly available at https://ceres.larc.nasa.gov/data/. The
ECCO2 data can be downloaded from https://ecco.jpl.nasa.gov/drive/files/
ECCO2/cube92_latlon_quart_90S90N.

Code availability

The Python codes used to analyze the data and generate the main results
presented in this study can be obtained from https:/github.com/
SongQiangH/OSWBS_MHW. The codes for MHW category in this
study are publicly available at https://github.com/jbkajtar/mhw_australia.
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