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Abstract
Heatwaves have been more common in China in recent years, largely attributed to human-caused
global warming. While ocean variability, notably El Niño–Southern Oscillation (ENSO), influences
regional heatwave fluctuations in China, the impact of other oceanic variability remains unclear.
Here we show that the tropical Indian Ocean (TIO) and the tropical and subtropical North Atlantic
Ocean (TSNAO) significantly modulate the decadal heatwave fluctuations in China. Among them,
TIO has the most significant impact on northern China, while TSNAO has a greater impact on
eastern China. TIO and TSNAO remotely influence heatwaves in China through abnormal sea
surface temperatures (SSTs)-induced changes in atmospheric circulations involving westerlies and
Rossby wave trains. Moreover, we demonstrated the physical processes responsible for heatwave
fluctuations caused by TIO and TSNAO variability. The heatwave changes were determined jointly
by vertical motion-related adiabatic and energy input-related diabatic temperature modifications.
Our findings show that, in addition to ENSO, variability in the Indian and Atlantic Oceans is
critical for understanding and predicting decadal heatwave changes in China.

1. Introduction

China has experienced severe heatwave events in
recent years. For example, densely populated eastern
China occurred persistent heatwaves in the summer
of 2022, affecting some regions for over 2 months.
Human-induced greenhouse gas emissions continu-
ously raise global and regional temperatures to high
levels, raising the occurrence of heatwaves as well
(Sun et al 2017, Perkins-Kirkpatrick and Lewis 2020).

The occurrence of extreme heatwaves in China
has a significant association with the westward
extension or strengthening of the Western Pacific
Subtropical High (WPSH) (Deng et al 2019, 2020,
Liu et al 2019, Luo and Lau 2019, Cao et al 2022).
The abnormal atmospheric circulation patterns are
strongly linked to both local and remote sea sur-
face temperature (SST) anomalies (Sun 2014, Cao
et al 2022, Chen and Li 2023). Research has shown
a significant association between the occurrence of
heatwaves in China and anomalies in global SSTs,

with notable variations in the corresponding impacts
across different regions of China (Wei et al 2020).

Sun (2014) documented that the unprecedented
SST in the North Atlantic played a contributory role
in generating anomalous East Asian upper-level west-
erlies and influencing the WPSH via teleconnection
wave trains, resulting in extreme heatwaves in the
Yangtze River of China in July 2013. Li et al (2015)
proposed that tropical Indo-Pacific SST and their link
to the associated behavior of WPSH were import-
ant in inducing extreme heat occurrences in Southern
China during the summer of 2013.

Studies have revealed the factors influencing the
heatwaves in China and pertinent SSTs (Chen and
Li 2023, He et al 2023, Wang et al 2023, Zhang
et al 2023). For example, He et al (2023) sugges-
ted the influence of the Tibetan Plateau on the trop-
ical Indian Ocean SST. Wang et al (2023) emphas-
ized the role of anomalous anticyclonic circulation in
the mid-upper troposphere on heatwaves over cent-
ral and eastern China. Notably, during the summer
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of 2022, a sequence of consecutive climate phenom-
ena occurred, including La Niña, a negative Indian
Ocean dipole (IOD), and North Atlantic tripole SST
patterns, which influenced the heatwaves in Eastern
China (Jiang et al 2023). Wei et al (2023) demon-
strated that El Niño–Southern Oscillation (ENSO),
Atlantic Multidecadal Oscillation (AMO), and IOD
explain 62.35% to 70.01% of the observed increase in
heatwave intensity across different regions of China.

The component of decadal to multi-decadal cli-
mate changes that is modulated by internal climate
variability is referred to as the decadal modulated
oscillation (Huang et al 2017b). Atmospheric telecon-
nections play a crucial role in the decadal change in
interannual variability in East Asia (Choi et al 2020).
Research has already demonstrated that oceanic vari-
ability has played a significant role in slowing down
global warming in the early 2000s (Kosaka and
Xie 2013, Guan et al 2015, Fyfe et al 2016). Xie
et al (2023a) also demonstrated a close correlation
between decadal heatwaves from 1981 to 2017 in
northern China and the Indo-Pacific warm pool and
Northwest Pacific Ocean dipole during the early to
mid-summer period.

However, the specific impacts of decadal oceanic
variability on heatwaves in China remain unclear.
Therefore, this study delineates a detailed analysis of
the impact of SSTs in the tropical and subtropical
North Atlantic Ocean (TSNAO) and tropical Indian
Ocean (TIO) on the heatwaves in China. The under-
lying physical mechanisms were also demonstrated.

2. Data andmethods

2.1. Data
The observational three-hourly and monthly near-
surface air temperature data are from the European
Center for Medium Weather Forecasting (ECMWF)
reanalysis, version 5 (ERA5) in a 1◦ × 1◦ grid.
The monthly geopotential of the atmosphere is from
the ERA5 pressure-level dataset, in a 1◦ × 1◦ grid.
The three-hourly temperature, zonal and meridional
wind velocity, and vertical velocity in the pressure
framework of the atmosphere are from the ERA5
model-level dataset, in a 2◦ × 2◦ grid (Hersbach et al
2020). The ERA5 data are available from 1940 to
the present. The monthly SST is sourced from the
Extended Reconstructed SST V5 (ERSSTv5) dataset
(Huang et al 2017a), in a 2◦ × 2◦ grid and from 1854
to the present, provided by the National Oceanic and
Atmospheric Administration (NOAA), United States.
The Niño 3.4 index is the monthly SST anomaly from
1870 to the present and is based on the Hadley Centre
Global Sea Ice and SST (HadlSST) (Trenberth 1997).
The Pacific Decadal Oscillation (PDO) index is the
monthly SST anomaly over the North Pacific Ocean,
from 20◦ N towards the pole, with data from 1854
to now, which is calculated with NOAA’s ERSSTv5
(Mantua and Hare 2002).

Standardized Precipitation Evapotranspiration
Index (SPEI) index is a standardized index widely
used to describe drought conditions (Vicente-
Serrano et al 2010). It is calculated by subtracting the
accumulated precipitation over a 12 month period
from the potential evapotranspiration (PET), and
then standardizing the anomaly. The monthly SPEI
data used in this study are derived from the SPEIbase
dataset, version 2.9, in a 0.5◦ × 0.5◦ grid and from
1901 to 2022 (Beguería et al 2010).

2.2. Heatwave identification
The following heatwave occurrence criteria are estab-
lished: (i) the daily maximum near-surface air tem-
perature exceeds the 35 ◦C threshold (You et al
2017); and (ii) an occurrence is considered a heatwave
when the temperature exceeds the stated threshold for
three or more consecutive days. In addition to heat-
wave days, to more effectively characterize the fre-
quency, duration, and intensity of heatwaves, heat-
wave cumulative intensity (HWCI) has been estab-
lished (Perkins-Kirkpatrick and Lewis 2020, Rousi
et al 2022). HWCI is defined as the accumulated
temperature exceeding the threshold during heatwave
occurrences each year from May to September. The
results of HWCI are largely consistent with those of
heatwave days, including climatology, trends, stand-
ard deviation (figure S1), time series analysis of east-
ern and northern China, and key region analysis of
decadal variability in relation to oceanic decadal vari-
ability (figure S2).

2.3. Temperature tendency equation
In order to provide a more detailed description of
the effects of different physical processes on high
temperatures, the model-level temperature tendency
equation is employed:
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, (3)

where T denotes temperature and t represents time. p
and p0 represent the pressure and a reference pressure,

i.e. 1000 hPa, respectively.
−→
V is the horizontal wind

vector, ω and ωml vertical velocity in pressure and in
model-level coordinates, respectively, θ the potential
temperature, where ωml in equation (2) is obtained
through the rules of vertical coordinate transforma-
tion (Xie et al 2022, 2023b).

The left-hand side of equation (1) contains
the local-tendency term, whereas the right-hand
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side contains the terms of temperature tendency
due to horizontal temperature advection, adiabatic
temperature modification, and diabatic heating or
cooling-induced cold or warm temperature anom-
alies (Röthlisberger and Papritz 2023). The diabatic
heating due to external energy input was calculated
according to equation (3).

2.4. Plumb wave activity flux
To investigate the pathway through which anomalous
wave trains due to SST anomalies are transmitted to
the eastern and northern parts of China, Plumb wave
activity flux is employed (Plumb 1985), as follows:

Fs =
p
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cosφ ×
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, (4)

where φ, λ, and ϕ represent latitude, longitude, and
geopotential, respectively. f = 2Ω sinφ denotes the
Coriolis parameter. a and Ω stand for the Earth’s
radius and rotational rate. p0 = 1000 hPa. u and v rep-
resent the zonal and meridional wind components.
The prime symbol indicates the anomaly after remov-
ing the zonal mean value. First, the seasonal means of
each variable are calculated for the months of May to
September. Then, for the variables with primes, the
zonal mean is removed.

2.5. Decomposition of variables
In order to remove the interference of other oceanic
variability when analyzing the influence of TSNAO
and TIO SSTs, the study employed linear regression
to decompose HWCI, SST, geopotential height, SPEI
index, wave flux, and the terms (advective, adiabatic,
and diabatic) from equation (1) into two parts: one is
a linear regression associated with the oceanic variab-
ility to be excluded (Rp), while the other is the residual
of this linear regression, representing the independent
portion (Up) (Li and Lu 2017, Liu et al 2020). In this
way, the variables can be denoted as follows:

Var= Rp +UP. (5)

2.6. Numerical simulations
In order to examine how the variations in the TSNAO
and TIO SSTs individually contribute to the occur-
rence of heatwaves in China via atmospheric circula-
tion patterns, we designed three sets of experiments
using the Community Earth System Model (CESM)
version 2.1.3 (table S1, Danabasoglu et al 2020):
HIST as the control run, TSNAO–1K and TIO–1K
as the sensitivity runs. The model is provided by the
National Center for Atmospheric Research (NCAR)

and the University Corporation for Atmospheric
Research (UCAR) in 0.9◦ × 1.25◦ grid and 32 vertical
levels for the atmosphere component (table S1).

The three experiments were conducted from 1979
to 1994, as follows: TheHIST experiment is consistent
with the AMIP-historical experiment of the Coupled
Model Inter-comparison Project Phase 6 (CMIP6,
Eyring et al 2016); The TSNAO–1K and TIO–1K are
based on HIST but with a 1K increase in the SSTs in
TSNAO and TIO, respectively. The daily outputs were
used to calculate heatwaves, while the monthly out-
puts were used for geopotential height.

2.7. Statistical methods
The decadal components of HWCI, SST, and geo-
potential height were extracted using the Complete
Ensemble Empirical Mode Decomposition with
Adaptive Noise (CEEMDAN) approach (Torres et al
2011). The linear regression was employed to estim-
ate the trend of climate variables and investigate the
connections between the SSTs of TSNAO and TIO
and other variabilities, including Plumb wave activity
flux, various components of the temperature tend-
ency equation. Its statistical significance is estimated
using a two-tailed Student’s t-test at a level of 0.05.
The study confirmed the correlations between the
SSTs of TSNAO and TIO and the HWCI in China
using Pearson correlation analysis. The t-test for cor-
relation coefficients is employed to determine the
significance of the correlation at a level of 0.05.

3. Results

3.1. Changes in heatwaves in China and the effect
of oceanic variability
The HWCI in China from 1940 to 2022 was investig-
ated using the given criteria. Two hot spots with fre-
quent heatwaves are observed: one is the desert region
of western China, where the partial cause of heat-
waves is attributed to the semiarid and desert climates
(Wu et al 2015); the other is the northern and eastern
regions of China, with the average annual heatwave
cumulative temperature being approximately 8.5 ◦C
per year in eastern China and 4.3 ◦C in northern
China (figure 1(a)). In addition to climatology, an
analysis of the linear trends for the years 1940–2022
and the past ten years (2013–2022) and the stand-
ard deviation for the years 1940–2022 reveals that the
occurrence of heatwaves is not uniformly increasing
across China (figures 1(b)–(d)). For example, there
was a significant decreasing trend of HWCI in the
desert of western China, while HWCI increased in
eastern China.

This study focuses on eastern and northern China
due to the exceptionally high standard deviation from
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Figure 1. (a) 1940–2022 climatological mean of HWCI. (b) The linear trend in HWCI for 1940–2022. The dots indicate
significant trends at 95% confidence (P < 0.05). (c) The linear trend in the decadal component of HWCI for 2013–2022. (d)
Standard deviation of HWCI in 2022 relative to the 1940–2022 mean. The black dashed line marks the eastern and northern
China domains focused on in this study.

1940 to 2022 in eastern and northern China. The fre-
quency decomposition of the time series of heatwaves
in the eastern and northern regions of China based
on the CEEMDAN is illustrated in figures 2 and S3.
In figure 2(a), interannual component corresponds
to Intrinsic Mode Function (IMF) 1, decadal com-
ponent corresponds to IMF2–4, and long-term trend
corresponds to IMF5 (figure S3). Averaged HWCI in
eastern China increased with time from 1940 to 2022
(figure 2(a)). HWCI also showed significant inter-
annual and decadal fluctuations (figures 2(a) and
(b)). HWCI climbed dramatically for the eastern and
northern China in the last decade, from 2013 to
2022. The long-term trend, interannual, and decadal
components each contributed 6%, 24%, and 70%,
respectively, to the 15.9 ◦C per-decade linear trend
of HWCI in eastern China over the last decade. In
northern China, the decadal component still exhib-
ited a significant upward trend of 3.4 ◦C per decade,
although the linear trend of HWCI over the past dec-
ade showed a decrease of−0.4 ◦C per decade.

As a result, decadal component has dominated
the current escalating heatwaves of the past decade
in eastern and northern China. However, the con-
tribution of the interannual component to the over-
all variance remains significant. Therefore, this study
separately analyzes the interannual and decadal com-
ponents of HWCI in eastern and northern China
with respect to global SSTs. Compared to the decadal

component analysis, there is not a strong correla-
tion between the two at the interannual component
(figures 2(c), (d) and S4). Hence, this study primarily
analyzes the influence of global SSTs on HWCI at the
decadal component level.

After conducting a correlation analysis between
decadal components of HWCI in eastern and north-
ern China and global SSTs, a significant positive cor-
relation is observed with the Pacific region, tropical
Indian Ocean, and Atlantic (figures 2(c) and (d)).
Although figures 2(c) and (d) indicate a prominent
ENSO-like signal, the impact of Pacific SST on China
is not discussed further due to the extensive existing
research (Luo and Lau 2019, Tang et al 2023, Wei et al
2023). Instead, the focus is shifted to analyzing the
influence of the Indian and Atlantic Oceans on heat-
waves in eastern and northern China. Therefore, the
study employed equation (5) to decompose HWCI,
SST, geopotential height, SPEI index, Plumb wave
activity flux, and the components (advective, adia-
batic, and diabatic terms) from equation (1) into two
parts: one linearly related to ENSO and the other
unrelated to ENSO. Through this decomposition, it
helps to partially isolate the ENSO signal to more
focused examine the influence of TSNAO and TIO
regional SSTs on heatwaves in China.

Due to the potential impact of local
land-atmosphere exchanges on the occurrence of
heatwaves (Sun et al 2021, Pan et al 2023), this study
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Figure 2. (a) Time series of HWCI averaged over eastern China, its interannual and decadal variability components, and
long-term trend, based on CEEMDAN. The slopes of the linear fit for 2013–2022 are in units of ◦C decade−1. (c) Correlation
coefficient between decadal variability components of the averaged HWCI in eastern China and SST. The dots indicate significant
correlation at 95% confidence (P < 0.05). (b), (d) Same as (a), (c) but for northern China. The black dashed line marks the
TSNAO and TIO SSTs domains focused on in this study.

analyzedThe connection between the the SPEI index
from 1940–2022 in China. The climatology reveals
a pronounced drought characteristic in the desert
regions of western China (figure S5(a)). Moreover,
examination of the linear trends for the years 1940–
2022 and the past ten years (2013–2022) and stand-
ard deviation for the years 1940–2022 indicates that
drought in various regions of China has not uni-
formly intensified. Among them, northern China
exhibits the most pronounced strengthening of
drought (figures S5(b)–(d)). Furthermore, the study
conducted regional averages of the SPEI index cor-
responding to the same regions selected for HWCI.
Correlation analysis of the decadal components of
HWCI and SPEI showed a correlation of −0.4 for
eastern China and −0.6 for northern China, both
passing significance tests with P < 0.05. This obser-
vation underscores the significant role of drought in
the occurrence of heatwaves.

3.2. Mechanisms underlying the influence of the
Indian and Atlantic SSTs on heatwaves
The connection between the Indian and tropical
Atlantic Oceans had been confirmed (Li et al 2016,
Sun et al 2019). Hence, to mitigate the potential
collinearity issues arising from the influence of the
TSNAO and TIO SSTs on heatwaves in eastern and
northernChina, a diagnostic analysis employingmul-
ticollinearity was conducted. Since the variance infla-
tion factor (VIF) for both regions remained below
5, with values of 1.063 219 for both the eastern and

northern China, there is no strong multicollinear-
ity. However, to address the potential connection
between the TSNAO and TIO SSTs, equation (5)
was utilized to decompose HWCI, SST, geopoten-
tial height, SPEI index, wave flux, and the compon-
ents (advective, adiabatic, and diabatic terms) from
equation (2) in this study.

The dynamics underpinning the impact of
TSNAO and TIO SSTs on heatwaves in China were
examined further. The association between the aver-
aged SSTs over the two regions and the decadal com-
ponents of HWCI indicates that TSNAO and TIO
SSTs have significant influences on the escalation of
heatwave occurrences in the eastern and northern
regions of China (figures 3(a) and (d)). The TSNAO
exhibited a significant positive correlation with east-
ern China (figure 3(a)). And the TIO region showed
a significant positive correlation with the northern
region and a negative correlation with southern
China (figure 3(d)). Additionally, Correlation ana-
lysis between the averaged SSTs over the two regions
and the decadal components of the SPEI index reveals
that drought significantly amplifies the impact of SST
on the occurrence of heatwaves (figure S6).

Regarding the large-scale atmospheric circula-
tion patterns, the TSNAO and TIO SSTs are posit-
ively correlated to the 500 hPa geopotential height
(figures 3(b) and (e)) in regions with more heat-
waves (figures 3(a) and (d)). More heatwaves are
generally associated with high-pressure circulations.
In specific, the TSNAO exhibited a significant posit-
ive correlation with eastern China, while a negative
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Figure 3. (a) Correlation coefficient between the decadal components of the averaged TSNAO SST and HWCI in China for
1940–2022. (b) Correlation coefficient between the decadal components of the averaged TSNAO SST and geopotential height at
500 hPa (Z500). The dots indicate significant correlations at 95% confidence (P< 0.05). The green arrows represent the pathways
of Rossby wave trains linking the anomalous SST to heatwaves in China, according to Plumb wave activity flux calculated through
equation (4) and shown in figure S8. (c) Correlation coefficient between the decadal components of the averaged TSNAO SST
and zonal mean geopotential height at 500 hPa. (d), (e), (f) Same as (a), (b), (c) but for the TIO SST. The black dashed line marks
the TANAO and TIO SSTs domains focused on in this study.

correlation was observed in the western region. And
the TIO region showed a negative correlation with
southern China and a significant positive correlation
with the northern region. Therefore, the TSNAO and
TIO SSTs have a remote influence on the heatwaves in
China via abnormal atmospheric circulations.

Themutual impacts between TSNAO and TIO on
the results were further analyzed. After excluding the
influence of the TIO SST, the positive impact of the
TSNAO SST on heatwaves in eastern China became
more evident and in northern China significantly
decreased (figures 3(a) and S7(a)), where the TSNAO
SST showed a more positive influence on heatwaves
in eastern and northern China when the TIO signa-
ture was removed (figures 3(d) and S7(c)). In con-
trast, after excluding the influence between TIO and
TSNAO, the effect on geopotential height changed
little (figures 3(b), (e) and S7(b), (d)), with only slight
enhancements observed in the negative correlation in
southern China and the positive correlation in north-
ern China. The strong TIO SST signal is a result of
theWalker circulation adjustment (Cai et al 2019) and
downwelling Rossby wave in the south Indian Ocean
(Xie et al 2002).

The TSNAO and TIO SSTs-induced positive geo-
potential height (figures 3(b) and (e)) and eddy
streamfunction (figures S8(b) and (c)) anomalies
in China are opposite to the negative eddy stream-
function center shown in the climatology (figure
S8(a)). Additionally, the directions of the TSNAO and

TIO SSTs-induced anomalous wave activity flux are
opposite to the climatologicalmeanwave activity flux.
Therefore, the warm anomalies of the TSNAO and
TIO SSTs will induce the weakening of the climato-
logical mean wave trains, while the cold SST anom-
alies will induce the strengthening of the climatolo-
gical mean wave trains. The wave trains linked with
TSNAO and TIO SSTs were marked in figures 3(b)
and (e), respectively. The TSNAO-related wave trains
originated from the north of TSNAO, passing through
North Africa, Middle East, and Central Asia before
reaching China (figure 3(b)). Regarding the TIO SST,
the wave trains originated from the Indian Peninsula
and subsequently reached the eastern and northern
regions of China (figure 3(e)). The pathways of these
wave trains were unchanged by the mutual impacts
between TSNAO and TIO, although the magnitudes
changed slightly (figures S8 and S9).

Moreover, the effect of the changes in mean cir-
culation, i.e. westerlies, was greater than that of the
waves associated with the atmospheric circulation
affecting the heatwaves in China (figures 3(c), (f)
and S8(b), (c)). Further analysis reveals the exist-
ence of a wave that encircles the globe along the
jet stream. Therefore, the wave trains affected by
TSNAO and TIO seem to be a subset of the cir-
cumglobal zonal wavenumber-4 pattern (Liu et al
2022, figure S10). In addition, the study examines the
impact of the North Pacific SSTs, i.e. Pacific Decadal
Oscillation (PDO), on the decadal component of
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Figure 4. (a) Differences in HWCI in China using the TSNAO–1K minus HIST experiments for 1980–1994. (b) Same as (a) but
for differences in geopotential height at 500 hPa (Z500). The dots indicate significant differences at 95% confidence (P < 0.05).
(c), (d) Same as (a), (b) but for the TIO SST. The black dashed line marks the TANAO and TIO domains focused on in this study.

HWCI in China (figure S11). The PDO exhibited a
weak positive correlation with HWCI in eastern and
northern China when the TIO and TSNAO signals
were excluded. However, upon incorporating the sig-
nals from TIO and TSNAO, this positive correlation
strengthened.

For a better examination of the individual impacts
of TSNAO and TIO on heatwaves and atmospheric
circulations in China, three sets of experiments were
designed: HIST, TSNAO–1K, and TIO–1K. The spa-
tial pattern of heatwaves simulated by the HIST
experiment matched well with the ERA5 data, indic-
ating a good performance of the model (figure S12).
Subtracting HIST from TSNAO–1K and TIO–1K
experiments represents the individual impacts of the
TSNAO and TIO SSTs, respectively. The impact of the
TSNAO and TIO SSTs on heatwaves in China exhib-
ited certain disparities betweenmodeling simulations
and observations (figures 4(a) and (c)), whereas the
circulation patterns and observations demonstrated
a higher degree of consistency (figures 4(b) and
(d)). Therefore, the impacts of the TSNAO and TIO
SSTs on large-scale atmospheric circulations associ-
ated with heatwaves in China are robust. However,
issues in modelling the process of circulation influ-
encing heatwaves may stem from problems related to
land-atmosphere feedback and the lack of fully active
interaction between the ocean and atmosphere in our
experiments, where only oceanic forcing is applied to
the atmosphere.

To further investigate the physical processes
underpinning heatwaves, the effects of the physical
processes on SST-modulated temperature tendency
in China were quantified according to equation (1).
The magnitude of the residual term is one hundredth
of the advective, adiabatic, and diabatic terms (figure
S13), which indicates a good level of accuracy in
the diagnostic procedure. In addition, the balance
of the equation is between the advective, adiabatic,
and diabatic terms because the local-tendency term
is also one hundredth of the other terms. Therefore,
the analysis focuses on the three physical processes,
including horizontal temperature advection, ver-
tical motion-induced adiabatic warming or cool-
ing, and the diabatic heating effect owing to energy
input.

For the effect of TSNAO SST, the adiabatic term
played a strengthening role on heatwaves in the east-
ern and northern China (figures 5(c) and 3(a)). The
diabatic term had a minor positive effect on heat-
waves in eastern China and a minor negative effect in
northernChina (figure 5(e)). The advective term con-
tributed negatively to heatwaves in eastern and north-
ern China (figure 5(a)). For the effect of TIO SST, the
diabatic term (figure 5(f)) had the dominant contri-
bution to heatwaves in northern China (figure 3(d)).
The adiabatic term (figure 5(d)) had a minor effect
on heatwaves. The advective term contributed neg-
atively to heatwaves in eastern and northern China
(figure 5(b)).
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Figure 5. Linear regression analysis of the advective term, indicating the effect of horizontal temperature advection, in
equation (1) with respect to the regional averaged (a) TSNAO and (b) TIO SSTs. (c), (d) And (e), (f) same as (a), (b) but for
adiabatic and diabatic terms, which indicate the effects of vertical motion-induced adiabatic warming or cooling and the energy
input-induced diabatic heating effect, respectively. The dots indicate significant differences at 95% confidence (P < 0.05).

4. Conclusions

In distinction to the widely recognized influence of
interannual variability and ENSO (Deng et al 2019,
Luo and Lau 2019, Tang et al 2023, Wei et al 2023),
this study uncovers the crucial influence of decadal
oceanic variability within the TSNAO and TIO SSTs
on heatwaves in China. The study also establishes
the dynamic and physical processes underpinning
the remote influence of SSTs on heatwaves in China.
In summary, TSNAO and TIO SSTs remotely influ-
ence heatwaves in China by stimulating anomalous
westerlies and Rossby wave trains that zonally and
northeasterly propagate from the north of TSNAO
and the Indian Peninsula to China, respectively. The
outcomes of the model simulations are consistent
with the conclusions. In addition, the influence of
TSNAO and TIO SSTs on heatwaves in China is
determined by vertical motion-induced adiabatic and

energy input-induced diabatic temperature modific-
ation, with horizontal temperature advection playing
a small role.

Meanwhile, the study has some shortcomings. For
example, the influence of the ENSO signal was unable
to be fully removed when using statistical methods
to separate it out. Some of the ENSO signal’s effects
remained. In the process of conducting the simula-
tion experiment, only the one-way effect of the ocean
forcing the atmosphere was simulated, without util-
izing the mutual interaction between the two, such as
that in the peacemaker experiment (Kosaka and Xie
2013).

This study highlights the impact of decadal
oceanic variability in the Atlantic and Indian Oceans
on heatwaves in China. As a result, after excluding
the influence of ENSO, SSTs in the two oceans should
be considered while studying heatwaves in China.
Furthermore, similar to ENSO, the TSNAO and TIO
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SSTs may be employed to promote heatwave pre-
diction in China. In terms of prediction, it should
be examined further whether TSNAO and TIO SSTs
have comparable predictability and persistence as
ENSO.
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ersst/v5/index/ersst.v5.pdo.dat, The ENSO index
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