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Abstract
A new air–sea coupled variability of the sea surface temperature anomalies over the tropical Indian
Ocean was observed and named as the tropical Indian Ocean tripole (IOT) in terms of its unique
tripole pattern in recent studies, which peaks in boreal summer. This study found that the
interannual variations of the warm extremes over the Indochina Peninsula during boreal summer
can be affected by the IOT. When the positive IOT events occur, two cross-equatorial airflows are
induced over the eastern and western tropical Indian Ocean, reinforcing the anomalous
warm-humid westerly wind over the northern Indian Ocean. The water vapor convergence is
strengthened and the anomalous middle-lower level negative geopotential height is formed over the
Indochina Peninsula, leading to the local enhanced ascending motion and surplus precipitation,
strongly supported by both observations and numerical simulation. These circulation anomalies
favor the reduction of the local surface temperatures through increasing the cloud cover and
hindering the downward solar radiation, further declining the warm extremes days. Improving to
understand the warm extreme variations over the Indochina Peninsula and its impact factors is of
great significance for local industrial development, agricultural production and human health.

1. Introduction

The Indochina Peninsula, located at the north of
Southeastern Asia, not only is a key area connect-
ing between the Indian Ocean and Pacific Ocean,
but also occupies a central place on the Belt and
Road Initiative of China (Chen and Li 2021, Liu
et al 2021, Tritto and Camba 2022). In recent dec-
ades, the extreme temperatures with higher frequency
and intensity and associated droughts occur over the
Indochina Peninsula (Räsänen et al 2016, Huang et al

2018, Dang et al 2019, Fan et al 2022), significantly
influencing the local human health (Matthews et al
2017, Mora et al 2017) and agriculture develop-
ment (Zampieri et al 2017, Tebaldi and Lobell 2018).
Since the most countries in Indochina Peninsula are
densely populated and highly agriculture-reliant, the
local lives and economies are more easily under great
impacts of these temperature extremes (Tang 2019,
Zander et al 2019). Hence, understanding deeply the
variations in the extreme temperature and the pos-
sible causes over the Indochina Peninsula is both
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essential tomake decisions on development routes for
the local governments and on future investment dis-
tributions along the Belt and Road for China.

The upward trend of the extreme temperatures
over the Indochina Peninsula had attributed to the
weakness of the Asian-Australian summer monsoon
or anthropogenic forcing (Luo and Lau 2018, Li
2020, Dong et al 2021, Zhang et al 2021a, Fan et al
2022), whereas ElNiño-SouthernOscillation (ENSO)
was the most critical impact factor at the interan-
nual timescale (Thirumalai et al 2017, Cheong et al
2018, Lin et al 2018). The developing El Niño in
summer could intensify the downward motion over
the Indochina Peninsula through modulating the
Walker circulation and regional monsoon circula-
tion (Yu et al 2023), resulting in the temperature
extremes and further reinforcing the local continu-
ous droughts (Hrudya et al 2021). Compared to the
tropical Pacific, the tropical Indian Ocean variab-
ilities, i.e. the Indian Ocean basin-warming (IOB)
and Indian Ocean dipole (IOD), could also excite
the anomalous anticyclone over the western North
Pacific in the following summer (Yang et al 2007,
Xie et al 2009), thereby influencing the temperature
or extreme warm events in the Indochina Peninsula
(Cheong et al 2018, Fan et al 2023).

However, Endo and Tozuka (2016) defined the
canonical IOD and IOD Modoki referring to its spa-
tial characteristic, which were characterized by zonal
dipole and tripole patterns, respectively. On this basis,
Zhang et al (2020) found that the IOD Modoki
resembles the third leading mode (EOF3) of sea sur-
face temperature (SST) in the tropical Indian Ocean.
Moreover, the variance explained by the EOF3 is
well separated with EOF2 and EOF4 according to
the North’s test (North et al 1982). Consequently,
Zhang et al (2020) defined this EOF3 as the Indian
Ocean tripole (IOT)mode, which was featured by the
warm SST anomalies in the central tropical Indian
Ocean and cold SST anomalies in the southeastern
and western parts. The IOT generally develops in
boreal late spring, peaks in boreal summer and decays
in boreal fall, exhibiting an interannual variability.
Based on the coupled oceanic–atmospheric bridge
theory (Li et al 2019), subsequent studies further
highlight the relatively independent contributions of
the IOT on the surface air temperature over the
western Tibetan Plateau and western United States
and extreme low temperature in central Siberia in
boreal summer (Zhang et al 2022a, 2022b, Zhu et al
2024). Overall, previous studies have mostly concen-
trated on the temperature or extreme conditions over
the Indochina Peninsula associated with ENSO, IOB
and IOD, whereas the interannual variability of the
temperature extremes over there linked to the IOT
remains unclear.

Therefore, this study investigates the spatial–
temporal relationship between the IOT and summer-
time warm temperature extremes over the Indochina
Peninsula, and elucidates the underlying physical
mechanisms through observational analysis and
numerical simulation. We will examine large-scale
atmospheric circulation responses, including path-
ways of IOT forcing and their impacts on warm
temperature extremes. Further, the mechanisms of
IOT effects on temperature extremes will be evalu-
ated in terms of atmospheric dynamics and thermal
processes. Collectively, this will provide a more com-
prehensive understanding of the IOT’s role in mod-
ulating summertime temperature variability over the
Indochina Peninsula.

2. Datasets andmethodology

2.1. Observational datasets
Two monthly indicators for extreme high temper-
atures during 1982–2018 on a 1.25◦ × 1.875◦ grid
were utilized in this study: warm days (TX90p, per-
centage of time when daily max temperature >90th
percentile) and warm nights (TN90p, percentage of
time when daily min temperature >90th percent-
ile), which were available at theWorldMeteorological
Organization (Dunn et al 2020). The calculation
method for TX90p is defined as follows: Let TXij be
the daily maximum temperature on day i in period
j and let TXin90 be the calendar day 90th percentile
centered on a 5 d window for the base period 1961–
1990. The percentage of time for the base period
is determined where TXij > TXin90 (www.climdex.
org/learn/indices/#index-TX90p). TN90p follows the
same method but uses the daily minimum temperat-
ure instead of TX.

The monthly mean atmosphere datasets for the
period 1982–2018 were obtained from the National
Centers for Environmental Prediction reanalysis
(NCEP2) on a 2.5◦ × 2.5◦ grid (Kanamitsu et al
2002) and the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis version 5
(ERA5) on a 0.25◦ × 0.25◦ grid (Hersbach et al 2020).
The atmospheric variables include 2 m temperat-
ure, atmosphere thickness, total cloud cover, and
downward solar radiation flux in single level, and
10 levels (from 1000 to 200 hPa) horizontal wind,
vertical wind, and geopotential height (HGT). The
two precipitation datasets for same period with a
2.5◦ × 2.5◦ grid were also used in this study derived
from the Climate Prediction Center Merged Analysis
of Precipitation (CMAP, Xie and Arkin 1997) and
the Global Precipitation Climatology Project (GPCP,
Huffman et al 2015). Monthly oceanic SST data
(1.0◦ × 1.0◦ horizontal resolution) during 1982–2018
from the Optimum Interpolation SST (OISST) was
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used to extract the IOT (Reynolds et al 2002), which
could also be validated by the improved Extended
Reconstructed SST version 5 (ERSST v5) on a 2◦× 2◦

horizontal resolution (Huang et al 2017).
Anomalies were calculated as departures from the

monthly climatology except TX90p and TN90p, and
the long-term trends were removed from each data-
set. To emphasize the interannual variation of the
time-series of the IOT and temperature extremes, the
9 year high-pass filter were applied in this study via
Butterworth filter. To quantify the impact of the IOT
on temperature extremes, linear regression analysis
was employed. Specifically, the regression coefficients
of TX90p and TN90p onto the standardized IOT
index were calculated over the Indochina Peninsula.
These coefficients represent the change in extreme
temperature days (TX90p/TN90p) per one standard
deviation change in the IOT index.

To test the significance of correlations between
variables X and Y, a two-tailed Student’s t test using
the effective number of degrees of freedom (Neff) is
used in this study, which is approximated as follows
(Bretherton et al 1999, Li et al 2013, Zhang et al 2018,
2021b):

1

Neff
≈ 1

N
+

2

N

N∑
i=1

N− i

N
ρXX (i)ρYY (i) ,

where N is the total number of samples in the time
series. ρXX (i) and ρYY (i) present the autocorrela-
tions of the two time-series X and Y at time lag i,
respectively.

2.2. Indices
The IOT mode index (TMI) is same as the Zhang
et al (2020), which is the difference between averaged
SST anomalies in the tropical central (65◦–85◦ E, 5◦–
20◦ S) and southeastern (10◦ S–0◦, 90◦–110◦ E) and
western (5◦ S–20◦ N, 45◦–60◦ E and 10◦–20◦ N, 60◦–
70◦ E) sectors of the Indian Ocean (figures 1(a) and
(d)). The East Pacific ENSO, (Central Pacific ENSO
or ENSO Modoki), IOB, IOD, and subtropical IOD
indices are used to examine the relative independ-
ent effects of the IOT, which is listed in table S1 for
definition.

2.3. Rossby wave ray
The far-field atmospheric response to large-scale for-
cing in the atmosphere is dominated by external
Rossby waves. Stationary Rossby wave ray tracing is
used in this study to reflect the stationary planet-
ary and Rossby wave energy propagation originating
from local forcing. Here, the stationary Rossby wave
ray tracing was taken from Li et al (2015) and Zhao
et al (2019), which are derived from the barotropic
nondivergent vorticity equation and the basic flow is

both zonal and meridional non-uniform in both lat-
itude and longitude. Rossby wave ray tracing theory
in horizontally nonuniform basic flows was used to
track the trajectory of stationary Rossby wave trains
and delineate the pathway of the influence of heat
sources in southern tropical Asia (Li and Li 2012, Li
et al 2015, Zhao et al 2015, 2019). Previous studies
have shown that the dispersion relationship between
Rossby wave frequency and wavenumber in horizont-
ally non-uniform flows can be formulated as follows
(Karoly 1983, Li and Nathan 1997, Li and Li 2012, Li
et al 2015, Zhao et al 2015, 2019):

ω = uMk+ vMk+
qxl− qyk

k2+ l2
, (1)

where ω is the wave frequency; k and l are the
zonal and meridional wavenumbers, respectively;
(uM,vM) = (u,v)/cosφ is the Mercator projection
of zonal and meridional winds; φ is the latitude;
q= ∇2

Mψ/cos
2φ + f represents the absolute vorti-

city of the background; and qx and qy are the zonal
and meridional gradients of q, respectively. The total
wavenumber is represented by K=

√
k2+ l2, and

zonal and meridional components of the group velo-
city are as follows:

ug =
∂ω

∂k
= uM+

(
k2− l2

)
qy − 2klqx
K4

, (2)

vg =
∂ω

∂l
= vM+

(
k2− l2

)
qx − 2klqy
K4

, . (3)

When the background flow varies along the ray,
wavenumbers determined by the kinematic wave the-
ory (Whitham 1960) can be expressed as follows:

dgk

dt
=−∂ω

∂x
=−k

∂uM
∂x

− l
∂vM
∂x

− 1
K2

(
l
∂qx
∂x

− k
∂qy
∂x

)
,

(4)

dgl

dt
=−∂ω

∂y
=−k

∂uM
∂y

− l
∂vM
∂y

− 1
K2

(
l
∂qx
∂y

− k
∂qy
∂y

)
(5)

where
dg
dt =

∂
∂t + ug

∂
∂x + vg

∂
∂y represents the mater-

ial derivative moving with the group velocity. In
equations (4) and (5), both zonal and meridional
wavenumbers vary along the wave ray, which is a
departure from classical theory (Hoskins and Karoly
1981). Termed as the wave ray tracing equation set,
equations (2)–(5) allow determination of the ini-
tial local meridional wavenumber l after providing
the initial position and zonal wavenumber, k, as
in equation (1). Subsequently, the wave ray tracing
equation set facilitates the derivation of the corres-
ponding wave ray trajectory. For large-scale Rossby
waves, integration ceases when the local meridional
wavelength falls below 1000 km (Wang et al 2022,
2023).
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2.4. Numerical experiments
Suggested by the previous studies (Zhang et al 2022a,
2022b), the precipitation anomalies over the south-
ern tropical Asia (80◦–125◦ E, 15◦–25◦ N) act like
an atmosphere bridge linking between the IOT
and climate change in western United States and
central Siberia. Therefore, we conducted numerical
experiments to verify the responses of the precip-
itation over the southern tropical Asia to the IOT
on using the CAM5 model. The CAM5 model used
a 1.9◦ (lat)× 2.5◦ (lon) horizontal grid resolution
and 26 hybrid sigma-pressure levels, and detailed
information could refer to www.cesm.ucar.edu/
models/cesm1.0/cam/docs/descriptio-n/cam5_desc.
pdf. Here, we designed two CAM5 experiments with
different lower boundary conditions: one control
run and one positive IOT forcing sensitivity experi-
ment. The control run was driven by climatological
SST over the global oceanic domain. The positive IOT
forcing was sets to the climatological SST plus the SST
anomalies in the tropical Indian Ocean (40◦–110◦ E,
20◦ S–20◦ N) that were extracted from positive IOT
events in 1991, 1994, 2003, 2008, and 2011. Outside
the tropical Indian Ocean, SST was set to monthly
climatology. These two experiments were integrated
for 33 years, with the first 3 years discarded as spin-
up and the last 30 years used for analysis, which is
same as Zhang et al (2020). It is noted that the for-
cing boundaries in the sensitive experiments was not
treated, while it slightly affected the simulation res-
ults due to the high consistency in the precipitation
and winds climatology between the observation and
model (not shown).

3. Results

3.1. Spatiotemporal relationship between the IOT
and warm extremes over the Indochina Peninsula
According to the prior studies (Zhang et al 2020,
2022a, 2022b, Zhu et al 2024), the IOT exhibits the
evident seasonal phase-locking with a peak in JJA. To
present the spatial features of the IOT, figure 1(a) dis-
plays the spatial feature of the SST anomalies related
to the IOT in JJA over the tropical Indian Ocean. A
significant tripole pattern is clearly observed in the
tropical Indian Ocean, with the warm SST anom-
alies over the tropical central (65◦–85◦ E, 5◦–20◦ S)
and southeastern (10◦ S–0◦, 90◦–110◦ E) andwestern
(5◦ S–20◦ N, 45◦–60◦ E and 10◦–20◦ N, 60◦–70◦ E)
sectors of the Indian Ocean. The similar results are
also robust using ERSST dataset (figure 1(b)). These
suggest the unique spatial features of the IOT that is
distinct with the IOB and IOD.

To explore the relationship between the IOT
and warm extremes over the Indochina Peninsula,
figures 1(c) and (d) show the spatial distribution of
the warm days (TX90p) and warm nights (TN90p)

associated with the IOT. The significant negative rela-
tions of the IOT with TX90p and TN90p occur over
the Indochina Peninsula (figures 1(c) and (d)). The
regression coefficient of the TX90p (TN90p) on the
IOT area-averaged over the Indochina Peninsula is
−2.23 (−1.95) days (figures 1(c) and (d)), implying
that the TX90p (TN90p) decrease 2.23 (1.95) days
when the IOT changes by one standard deviation.
The high correlation coefficient between the IOT and
TX90p (TN90p) area-averaged over the Indochina
Peninsula is−0.58 (−0.58) at>0.01 significance level
(figures 1(e) and (f)), and the explained variances of
warm extremes by the IOT exceed 33%. These res-
ults indicate that the IOT is intrinsically associated
with extreme high temperatures over the Indochina
Peninsula. After removal of other SST modes in trop-
ical Indian and Pacific Oceans, the correlation is still
significant (figure S1).

3.2. Underlying physical mechanisms in
observation
Generally, the surface temperature changes are
strongly associated with the local atmosphere cir-
culation variations. The anomalous higher or lower
HGT may lead to warmer or cooler local surface
temperature (Sun et al 2016, Li et al 2021). As a
result, figure 1 presents the spatial correlations of
the IOT with the HGT and wind anomalies in JJA
using the ERA5 and NCEP2 datasets. The signific-
ant negative HGT anomalies related to the IOT are
clearly observed at the whole troposphere over the
Indochina Peninsula, accompanied by a strong cyc-
lonic circulation (figure 2). The remarkable tropo-
spheric circulation configuration associated with the
IOT over the Indochina Peninsula is also conducive to
the local water vapor convergence and upward move-
ment, further enhancing convection activity (figure
S2). Such anomalous circulation conditions over the
Indochina Peninsula tend to increase the total cloud
cover, to stop the downward solar radiation reach-
ing the ground and to reduce the upward latent heat
flux, thus causing a decline in the temperature of the
middle–lower levels of the troposphere (figure 3),
which further leads to the reduction of the surface
temperature (figure S3). The high correlation coef-
ficients between the surface temperature and warm
extremes (TX90p and TN90p) are both−0.88 (figure
S4), indicating that the IOT affects the local extreme
high temperatures in the Indochina Peninsula by
influencing the local surface temperature.

The mechanism by which the IOT affects the
Indochina Peninsula circulation anomalies was
investigated further. The aforementioned results
indicate that the circulation anomalies associated
with the IOT provide the favorable water vapor
transport and dynamic conditions for the occur-
rence of precipitation over the Indochina Peninsula.
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Figure 1. Regressions of (a) the SST anomalies over the tropical Indian Ocean (OISST) and (c) warm days (TX90p) over the
Indochina Peninsula on the TMI in JJA for the period of 1982–2018. (b), (d) as (a), (c), but using the SST anomalies from ERSST
v5 and warm nights (TN90p). (e) Time series of the TMI (sloid line, green boxes in (a) and from OISST dataset) and
area-averaged TX90p (dashed line) over the Indochina Peninsula (red box in (c)). Correlation between the two time-series is
−0.58 (significance at 99% confidence level). (f) As (e), but using ERSST v5 for TMI and TN90p (−0.58, significance at 99%
confidence level). The black stippled areas in (a)–(d) indicate the significant at 90% confidence level. The green boxes in (a), (b)
denote the central tropical (65◦–85◦ E, 5◦–20◦ S), southeastern (90◦–110◦ E, 10◦ S–0◦), and western (45◦–60◦ E, 5◦ S–20◦ N
and 60◦–70◦ E, 10◦–20◦ N) sectors of the Indian Ocean. The red boxes in (c, d) denote the Indochina Peninsula region
(10◦–25◦ N, 90◦–110◦ E).

Figures 4(a) and (b) exhibit the spatial distribution
of IOT in relation to precipitation anomalies in the
surrounding areas of the tropical Indian Ocean. A
remarkable tripole pattern in the precipitation anom-
alies also occurs over the tropical Indian Ocean in
the tropical Indian Ocean (figures 4(a) and (b)),
demonstrating the significant influence of the IOT
on the precipitation in the tropical Indian Ocean.
Meanwhile, there are two obvious cross-equatorial
currents along the coasts of the tropical eastern and
western Indian Ocean, which enhance the westerly
water vapor transport in the northern Indian Ocean
and then favor the water vapor convergence in the

Indochina Peninsula, further contributing to the
development of the local upward movement and
leading to the increase of the precipitation anomalies
(figures 4(a) and (b)).

To further examine the impact of IOT on circu-
lation anomalies over the Indochina Peninsula, the
Rossby wave ray-tracing methods for a horizont-
ally non-uniform basic flow is utilized. Under the
prevailing monsoonal winds in JJA, the northward-
propagating fluctuations starting from the key
regions in the tropical Indian Ocean related to
the IOT cross the equator and extent into the
northern Indian Ocean (figures 4(c) and (d)),
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Figure 2. Correlations of the IOT with the geopotential height (HGT, shading) and wind anomalies (vector) at (a) 500 hPa, (c)
850 hPa in JJA using ERA5 dataset. (b), (d) as (a), (c) but using NCEP2 dataset. The colored areas and the green arrow denote the
significance above the 90% confidence level. The red boxes denote the Indochina Peninsula region (10◦–25◦ N, 90◦–110◦ E).

thereby influencing the circulation changes over the
Indochina Peninsula.

Based on the aforementioned analysis of obser-
vational datasets, the IOT modulates the mois-
ture transport via cross-equatorial currents over the
Indochina Peninsula, leading to enhanced mois-
ture convergence and increased precipitation. The
precipitation-induced anomalous cyclonic circula-
tion further intensifies the local anomalous upward
movement. Such circulation configurations promote
to decrease of the surface temperatures through
stopping solar radiation into the ground, ultimately
decreasing the warm extremes days. In summary, the
IOT influences local warm extreme events by mod-
ulating the anomalous cyclonic circulation over the
Indochina Peninsula.

3.3. IOT-induced circulation simulated in
numerical experiments
To test the physical mechanism of the IOT on the
anomalous circulation in the Indochina Peninsula,
the comparative experiments between the control and
positive IOT forcing are designed using the CAM5
model (figure 5(a)). The precipitation tripole pat-
tern in the tropical Indian Ocean is responded to the
SST anomalies related to the IOT, accompanied with
prominent cross-equatorial flows off the coast of the

tropical west and east Indian Ocean (figure 5(b)).
These two strong cross-equatorial airflows turn into
the westerly in the northern Indian Ocean. The car-
ried warm-humid water vapor converges over the
Indochina Peninsula and promotes the local upward
motion, accompanied with the negative geopotential
heigh anomalies occur in the troposphere, thereby
leading to the decrease in surface air temperature
(figures 5(c) and (d)). These atmosphere circulation
responses are well current with the observation, fur-
ther decreasing the warm extremes in the Indochina
Peninsula.

4. Summary and discussion

The Indochina Peninsula experienced the serious
extreme temperatures with higher frequency and
intensity and relevant droughts in recent decades.
The warm extremes (TX90p and TN90p) over the
Indochina Peninsula exhibits an obvious interannual
variability, which is significantly correlated with the
IOT that is an independent ocean-atmosphere coup-
ling mode in the tropical Indian Ocean. Previous
studies have reported that the climate variations in
many regions, i.e. western United State and Central
Siberia, are independently affected by the IOT. In this
study, we focused on the interannual variations in the

6
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Figure 3. (a) Correlations of the IOT with the total cloud cover in JJA using ERA5 dataset. (c), (e) as (a), but for downward
shortwave flux and the upward latent heat flux. (b), (d), (f) as (a), (c), (e), but using NCEP2 dataset. The colored areas denote the
significance above the 90% confidence level. The red boxes denote the Indochina Peninsula region (10◦–25◦ N, 90◦–110◦ E).

warm extremes in the Indochina Peninsula linked to
the IOT and the underlying physical mechanisms.

The IOT has a temporally and spatially significant
negative correlation with summertime temperature
extremes in the Indochina Peninsula, which remains

significance after removing other climate modes in
the Pacific and Indian Oceans. The detailed physical
processes through which the IOT influences summer
temperature extremes in the Indochina Peninsula are
illustrated in figure 6. During positive IOT phase, the

7
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Figure 4. (a) Correlations of the TMI with precipitation (shading) and 950 hPa water vapor transport anomalies (vector) during
JJA using ERA5 dataset. The red box denotes the Indochina Peninsula region. The black vectors and the black stippled areas
indicate the significant values above the 90% confidence level. (b) as (a), but using NCEP2 dataset. The red boxes denote the
Indochina Peninsula region (10◦–25◦ N, 90◦–110◦ E). (c) Stationary Rossby wave trajectories at 850 hPa using ERA5 dataset, (d)
as (c) but using NCEP2 dataset. The yellow boxes denote the Indochina Peninsula region (10◦–25◦ N, 90◦–110◦ E).

cross-equatorial airflows tend to strengthen the west-
erly anomaly in the northern Indian Ocean, favorable
for the water vapor convergence and upward motion
over the Indochina Peninsula, which correspond the
negative geopotential heigh anomalies with an anom-
alous cyclone. These circulation patterns could affect
surface temperature through increasing cloud cover,
thus reducing the warm extremes days. These obser-
vational atmosphere processes could also be better
simulated in CAM5 model.

Our study focuses on the impact of the IOT on
extreme temperatures over the Indochina Peninsula.
Chu et al (2024) reported that both tropical IOB
and ENSO could induce anomalous anticyclonic
(cyclonic) patterns at the lower (upper) tropo-
sphere over the South China Sea, thereby promot-
ing the subsidence and occurrence of interannual
variations of extreme high temperatures over the
Indochina Peninsula. Additionally, the significant
correlations with extreme temperatures over the

Indochina Peninsula are also observed in the trop-
ical Atlantic, while the Pacific exhibits signal distinct
from ENSO (figure S5). Future studies will compre-
hensively consider the influences of multiple oceanic
regions to refine the mechanistic understanding of
extreme temperatures in this region.

Furthermore, the results of the numerical exper-
iments in this study are provided as monthly aver-
aged data, which cannot be directly utilized to
calculate extreme temperatures (TX90p/TN90p).
Therefore, it is limited to directly verify the impact
of IOT on extreme temperatures. Future studies
will select CMIP6 models that demonstrate both
strong fidelity in simulating the IOT and robust
representations of its linkage to regional extremes.
Such models may allow for the direct establishment
of physical connections between the IOT and
extreme high temperatures over the Indochina
Peninsula, warranting further in-depth
investigation.

8
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Figure 5. (a) Indian Ocean SST anomalies that were used as the lower boundary conditions for the positive IOT forcing in CAM5
experiments. (b) Differences between the positive IOT forcing simulation and the control simulation for JJA precipitation and
950 hPa wind. The grey slash shade areas and blue vectors in (b) indicate results that are significant above the 95% confidence
level. (c), (d) as (b), but for JJA mean geopotential heigh at 500 hPa and surface air temperature. The grey stippled areas and black
vectors in (c)–(d) indicate significant values above the 95% confidence level. The red box denotes the Indochina Peninsula region.

Figure 6. Schematic diagram of the IOT affecting the summer temperature extremes in the Indochina Peninsula during JJA. Red
(blue) shadings represent positive (negative) SST anomalies, and green shadings (blue contours) denote the warm extremes
(surface temperature). Red arrows (orange vectors) are the anomalous cross-equatorial winds over the tropical Indian Ocean and
solar radiation. The cloud with the raindrop indicates the surplus precipitation over the Indochina Peninsula.

Data availability statement

The monthly Optimum Interpolation SST (OISST)
and extended Reconstructed SST version 5
(ERSST v5) datasets are both available at https://
psl.noaa.gov/data/gridded/tables/sst.html. The

monthly mean atmospheric variables were obtained
from the National Centers for Environmental
Prediction reanalysis 2 (NCEP2; https://psl.
noaa.gov/data/gridded/data.ncep.reanalysis2.html)
and the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis version
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5 (ERA5; www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5). Two monthly indicators
for extreme high temperatures TX10p and TN10p
are both employed from the World Meteorological
Organization (www.metoffice.gov.uk/hadobs/
hadex3/download.html). The precipitation datasets
were derived from the Climate Prediction Center
Merged Analysis of Precipitation (CMAP; https://
psl.noaa.gov/data/gridded/data.cmap.html) and the
Global Precipitation Climatology Project (GPCP;
https://psl.noaa.gov/data/gridded/data.gpcp.html).
Community Atmosphere Model (CAM) Version 5
experiment outputs: https://doi.org/10.5281/zenodo.
5816581.

All data that support the findings of this study are
included within the article (and any supplementary
files).
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