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Abstract
This study investigated the influence of interannual variations in tropical Indian Ocean tripole (IOT) on the surface air 
temperature (SAT) over the western Tibetan Plateau (TP) during boreal summer. During the positive phase of the IOT, two 
northward cross-equatorial airflows are induced over the tropical eastern and western Indian Ocean. These airflows reinforce 
the ascending motion over the southern tropical Asia (15°–25°N, 80°–125°E), increasing local precipitation, as confirmed 
by observations and simulations by the Community Atmosphere Model. The upper-level Asian Continental Meridional Tel-
econnection (ACMT) pattern is excited by the latent heat released from precipitation and transmits signals from the southern 
tropical Asia to the western TP, leading to the positive geopotential height anomalies and anomalous anticyclones over 
there. Upper-level circulation anomalies over the western TP enhance atmospheric thickness through adiabatic processes, 
consequently elevating local SAT. The ACMT associated with precipitation anomalies thus serves as an atmospheric bridge 
connecting the IOT and the SAT variations over the western TP.
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1  Introduction

The Tibetan Plateau (TP), often referred to as the ‘Roof of 
the World’, covers an area of 2.5 million km2 at latitudes 
26°–39°N and longitudes 73°–104°E, with an average 
elevation of ~ 4000 m. Its majestic mountain ranges, tow-
ering frost-covered peaks, and extensive glaciers make it 
the highest and most dramatic plateau on Earth. Due to the 
unique terrain of the TP, it absorbs solar radiation more 
intensely, resulting in surface air temperatures (SAT) that 
are higher compared to surrounding regions at similar lati-
tudes. This heating affects eddies, waves and convective 
motions, thereby influencing the weather and climate of the 
plateau, as well as Asia and the Northern Hemisphere as a 
whole (Ye and Gao 1979; Yanai et al. 1992; Tao et al. 1999; 
Zhou et al. 2009; Zou et al. 2014; Li and Zhang 2021). For 
example, Wang et al. (2007) pointed out that in spring, the 
temperature of the TP is a more significant factor affecting 
its snow cover changes compared to precipitation. Huang 
(2003) found that the surface heating field of the TP in the 
preceding winter influences the 500 hPa geopotential height 
in the subsequent spring, leading to anomalous spring tem-
peratures in the Sichuan-Chongqing region to the east of the 
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plateau. Yu et al. (2005) revealed the impact of the surface 
temperature of the TP on changes in summer precipitation 
in North China. Further studies have also explored the influ-
ence of the thermal conditions of the TP on the Asian sum-
mer monsoon (Hu and Duan 2015; Son et al. 2020; Wang 
et al. 2018; Zhou et al. 2021). Therefore, understanding the 
driving factors behind temperature changes in the TP is cru-
cial for enhancing our understanding of the plateau's impact 
on global climate.

Many studies have explored the influence of various cli-
mate modes on TP temperatures. The Arctic Oscillation 
(AO) is a key driver of winter climate patterns in the North-
ern Hemisphere, and previous studies have found a strong 
relationship between the AO and SAT over the TP, driven 
by changes in regional atmospheric circulation patterns 
associated with the AO (Jiao et al. 2014; Deng et al. 2024), 
although this may apply only in certain TP regions (Cuo 
et al. 2013; Deng et al. 2023). Furthermore, the North Atlan-
tic Oscillation (NAO) is also an important climate mode 
influencing the temperature of the TP. One significant way in 
which the NAO impacts the temperature of the TP is through 
teleconnection (Si et al. 2023). For example, Li et al. (2008) 
pointed out that the NAO indirectly influences the North 
Atlantic–Ural–East Asia (NAULEA) teleconnection, which 
in turn affects cloud formation over the TP, thereby influenc-
ing its temperature. Further studies indicate that NAO tends 
to lower spring temperatures on the TP, primarily due to its 
influence on the jet stream (Li et al. 2005; Liu et al. 2018b; 
Li et al. 2021). Moreover, it is well established that sea sur-
face temperature anomalies (SSTA) over the tropical Pacific 
Ocean, particularly El Niño–Southern Oscillation (ENSO), 
affect temperature conditions over the TP. The influence of 
the ENSO on the temperature of the TP is complex. East-
ern Pacific El Niño events lead to more frequent extreme 
cold events on the TP, while Central Pacific El Niño events 
have a weaker impact on extreme temperatures (Yong et al. 
2023). Yin et al. (2000) conducted a regional study of the 
TP and found that concurrent ENSO events affect tempera-
tures in the northeast and southeast parts of TP. Jiang et al. 
(2019) revealed that during the positive phases of ENSO, 
suppressed convection in the western North Pacific Ocean 
can lead to non-adiabatic cooling, which may induce strong 
cold anomalies in the eastern TP. Additionally, Bafitlhile 
and Liu (2023) focused more on the impact of ENSO on the 
southern TP.

Previous studies on this topic have focused on the effects 
of climate variability over the Pacific, Atlantic, and Arc-
tic oceans and Eurasia on TP temperature variability. The 
Indian Ocean lies to the south of the TP and, as the nearest 
ocean, exerts a significant influence on TP climate evolution. 
There are two dominant interannual modes in the Indian 
Ocean, the Indian Ocean basin (IOB) mode and Indian 
Ocean dipole (IOD), both of which have significant impacts 

on climate change over the TP. Zhao et al. (2018) pointed out 
that during the positive phase of the IOB, the local Hadley 
circulation is enhanced, altering the thermal forcing over 
the TP in May. Zhang et al. (2022a) found that the IOB 
and tropical North Atlantic SSTA jointly affect late summer 
TP precipitation in August. Li et al. (2022a) suggested that 
the IOB might be a major factor controlling the interannual 
variability of summer temperatures over the TP. Li et al. 
(2017) indicated that changes in monsoon precipitation in 
southeastern TP might be driven by the IOD on the multi-
centennial scale. Zhang and Duan (2023) stated that the IOD 
influences TP precipitation by regulating the moisture cir-
culation over the tropical Indian Ocean and the subtropical 
northwestern Pacific. Zhang et al. (2019) further suggested 
that the IOD significantly affects TP precipitation by influ-
encing the anticyclonic anomalies over the Indian subconti-
nent and the Bay of Bengal, as well as the westerly jet over 
the North Atlantic, thereby modulating moisture transport 
over the Indian subcontinent and Central Asia. Additionally, 
Li and Zhang (2023) believed that changes in the IOD could 
alter low-level winds over the TP, thus impacting precipita-
tion. However, these studies predominantly focused on the 
impact of the Indian Ocean on precipitation over the TP, and 
paid less attention to the temperature.

The evolution characteristics of IOD are complex. Du 
et al. (2013) divided IOD events into three types according 
to different temporal evolution characteristics of IOD events. 
Endo and Tozuka (2016) divided IOD events into canonical 
IOD and "IOD Modoki" according to their different spatial 
characteristics. Subsequently, Tozuka et al. (2016) further 
investigated the significant differences in the anomalous 
Walker circulation between these two types of IOD. Zhang 
et al. (2020) pointed out that IOD Modoki is actually the 
third leading mode (EOF3) of SSTA in the Indian Ocean 
and named it IOT. Subsequent studies on atmospheric and 
oceanic processes demonstrated that the IOT exists inde-
pendently of the IOD (Zhang et al. 2020). The independent 
climatic effects of the IOT on summer SAT in the west-
ern United States, and on summer extreme low tempera-
tures in central Siberia have also been studied (Zhang et al. 
2022a, b). According to the coupled oceanic–atmospheric 
bridge theory (Li et al. 2019), the upper-level Asian Con-
tinental Meridional Teleconnection (ACMT) serves as an 
atmospheric bridge for the IOT to affect central Siberia 
(Zhang et al. 2022b). The ACMT also passes by the west-
ern TP, leading us to consider the possibility of a connection 
between the IOT and climate change over the western TP.

The rest of this article is organized as follows. Section 2 
provides a detailed introduction to the datasets and methods, 
while Sect. 3 explores the relationship between IOT and SAT 
over the western TP. In Sect. 4, we investigate the underly-
ing physical mechanism of the IOT effects on the SAT over 
the western TP during boreal summer (June–July–August, 
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JJA), including the effect of the circulation anomalies related 
to IOT over the western TP on local SAT and the linkage 
between IOT and circulation anomalies over the western 
TP. Atmospheric processes related to the impact of the IOT 
on SAT were validated using the Community Atmosphere 
Model version 5 (CAM5) in Sect. 5, and the conclusion and 
discussion are presented in Sect. 6.

2 � Datasets, indices, methods, and numerical 
experiments

2.1 � Datasets

The following datasets were employed in this study for the 
period 1982–2022.

1.	 Monthly oceanic SST data (1.0° × 1.0° horizontal resolu-
tion) were derived from the Optimum Interpolation SST 
(OISST; Reynolds et al. 2002). The improved Extended 
Reconstructed SST version 5 (ERSST v5; Huang et al. 
2017) dataset (2° × 2° horizontal resolution) was used to 
verify results.

2.	 Monthly atmospheric variables including geopoten-
tial height (HGT), zonal, and meridional winds (with 
10 levels from 1000 to 200 hPa), atmosphere thick-
ness, total cloud cover and downward solar radiation 
flux were obtained from two separate datasets: (a) the 
National Centers for Environmental Prediction reanaly-
sis (NCEP2), with a 2.5° × 2.5° grid (Kanamitsu et al. 
2002; https://​psl.​noaa.​gov/​data/​gridd​ed/​data.​ncep.​reana​
lysis2.​html), and (b) the European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis version 
5 (ERA5), with a 0.25° × 0.25° grid (Hersbach et al. 
2020; https://​www.​ecmwf.​int/​en/​forec​asts/​datas​ets/​reana​
lysis​datas​ets/​era5).

3.	 Two SAT datasets were employed, from the Global 
Historical Climatology Network (GHCN) dataset with 
a 0.5° × 0.5° grid (Menne et al. 2012; https://​www.​psl.​
noaa.​gov/​data/​gridd​ed/​data.​ghcnc​ams.​html) and the 
Berkeley Earth Surface Temperature (BEST) dataset 
with a 1° × 1° grid (Rohde et al. 2013a, b; https://​berke​
leyea​rth.​org/​data).

4.	 The study also used two precipitation datasets, one from 
the Climate Prediction Center Merged Analysis of Pre-
cipitation (CMAP; Xie and Arkin 1997), and another 
one from the Global Precipitation Climatology Project 
(GPCP; Huffman et al. 2015), with a 2.5° × 2.5° grid.

2.2 � Indices

Zhang et al. (2020) indicates that the IOT can be identi-
fied as the EOF3 pattern (passed the North’s test), which 

explains ~ 7% of the total variance of the tropical Indian 
Ocean SSTA (Fig. 1a, c). We applied the IOT mode index 
(TMI) defined by Zhang et al. (2020), which represents the 
difference in SSTA between the tropical central (5°–20°S, 
65°–85°E) 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 (Fig. 1a, c). The TMI exhibits 
the highest correlations with the third principal component 
(PC3), with values of 0.88 and 0.81 when using the OISST 
and ERSST datasets (Fig. 1b, d), respectively. This indicates 
that this index is thus effective for representing IOT variabil-
ity (Zhang et al. 2020). According to Zhang et al. (2020), the 
IOT has strong seasonality and peaks in JJA, so we select the 
JJA index of IOT as the forcing factor.

2.3 � Methods

The significance of correlations between variables X and Y 
was tested with a two-tailed Student’s t test using the effec-
tive number of degrees of freedom ( Neff  ), as given in the 
following approximation (e.g.Bretherton et al. 1999; Li et al. 
2013):

where N is the total number of samples in the time series; 
and �XX(i) and �YY (i) denote the autocorrelations of the two 
time-series X and Y at time lag i, respectively.

To determine if tropical southern Asia can trigger Rossby 
waves, the Rossby wave source (RWS) is calculated at 
200 hPa following Sardeshmukh and Hoskins (1988):

where the RWS represents Rossby wave source. The f  and 
� are planetary vorticity and relative vorticity, respectively. 
D represents the horizontal divergence and V� represents the 
divergent component of the horizontal wind.

Rossby wave ray tracing theory in horizontally nonuni-
form basic flows was used to track the trajectory of station-
ary Rossby wave trains and delineate the pathway of the 
influence of heat sources in the 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 horizontally 
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):

1

Neff

≈
1

N
+

2

N

N∑

i=1

N − i

N
�XX(i)�YY (i),

RWS = −∇ ∙ (f + �)V� = −(f + �)D − V� ∙ ∇(f + �),

(1)� = uMk + vMk +
qxl − qyk

k2 + l2
,
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where � is the wave frequency; k  and l  are the 
zonal and meridional wavenumbers, respectively; (
uM , vM

)
= (u, v)∕cos� is the Mercator projection of zonal 

and meridional winds; � is the latitude; q = ∇2

M
�∕cos2� + f  

represents the absolute vorticity 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 velocity are as follows:

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

(2a)ug =
��

�k
= uM +

(k2 − l2)qy − 2klqx

K4
,

(2b)vg =
��

�l
= vM +

(k2 − l2)qx − 2klqy

K4
.

where dg
dt

=
�

�t
+ ug

�

�x
+ vg

�

�y
 represents the material deriva-

tive moving with the group velocity. In Eqs. (3a, 3b), 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, 
Eqs. (2a, 2b) and (3a, 3b) allow determination of the initial 
local meridional wavenumber l after providing the initial 
position and zonal wavenumber, k , as in Eq. (1). Subse-
quently, the wave ray tracing equation set facilitates the deri-
vation of the corresponding wave ray trajectory. For large-
scale Rossby waves, integration ceases when the local 

(3a)
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dt
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,

Fig. 1   a Spatial patterns of the EOF3 of the monthly SSTA over the 
tropical Indian Ocean based on the OISST dataset. The value at the 
upper right is the explained variance. The three green boxes respec-
tively denote the central tropical (5°–20°S, 65°–85°E), 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. b Normalized time 

series of the monthly third principal component (PC3; blue) and TMI 
(red) from the OISST dataset for the period 1982–2022. The correla-
tion coefficient (R) between the PC3 and TMI is 0.88 at > 99% confi-
dence level. c As in (a), but for the ERSST dataset. d As in (b), but 
for the ERSST dataset and R = 0.81 at > 99% confidence level
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meridional wavelength falls below 1000 km (Wang et al. 
2022, 2023).

We used the perturbation hypsometric equation (Sun et al. 
2016; Li et al. 2022b) as follows to examine the impact of 
atmospheric circulation variability on air temperature:

where ⟨T ′⟩ and ΔZ� represent the anomalies or deviations 
from their temporal averages between two pressure surfaces 
p1 and p2 , respectively; g0 denotes the acceleration due to 
gravity, and R stands for the gas constant of dry air. Based 
on Eq. (4), the perturbation mean air temperature within 
the atmospheric layer is directly related to the perturbation 
atmospheric thickness delimited by isobaric surfaces. The 
anomaly in atmospheric thickness thus serves as a proxy for 
the perturbation mean air temperature of the atmospheric 
layer. A decrease in atmospheric thickness corresponds to 
a reduction in the mean air temperature of the atmospheric 
layer; Conversely, an increase in thickness correlates with a 
rise in temperature. We employed this perturbation hypso-
metric equation to explore the impact of upper-level atmos-
pheric circulation on air temperature anomalies.

2.4 � Numerical experiments

In Sect. 4.2, we show that precipitation in the southern tropi-
cal Asia is a key link for IOT to affect the SAT of the west-
ern TP. To verify the influence of the IOT on precipitation 
over the southern tropical Asia (15°–25°N, 80°–125°E), we 
conducted numerical experiments using the CAM5 model, 
which uses a horizontal grid with a resolution of approxi-
mately 1.9° × 2.5° and 26 hybrid sigma-pressure levels 
(available at http://​www.​cesm.​ucar.​edu/​models/​cesm1.0/​
cam/​docs/​descr​iptio-n/​cam5_​desc.​pdf). CAM5 has been 
widely used in studies of atmospheric circulation responses 
to external forcings (i.e., SST and sea-ice, Meehl et al. 2012; 
He and Wu 2014).

Here, we designed two CAM5 experiments with different 
lower boundary conditions: a control run, and a positive IOT 
forcing sensitivity experiment, which is shown in Table 1. 

(4)T � =
g0

R

(
ln

p1

p2

)−1

ΔZ�,

The control run was forced by monthly climatological SST 
globally over 1982–2011. The positive IOT forcing was 
driven by the climatological SST plus the SSTA related to 
positive IOT events, with the positive SSTA over the tropi-
cal central (5°–20°S, 65°–85°E) and the negative SSTA over 
the tropical southeastern (10°S–0°, 90°–110°E) and west-
ern (5°S–20°N, 45°–60°E and 10°–20°N, 60°–70°E) Indian 
Ocean, and climatological SST are imposed in remaining 
regions. Notably, these SSTA in the tropical Indian Ocean 
were extracted from positive IOT events in 1991, 1994, 
2003, 2008, and 2016 (Zhang et al. 2020), and were lin-
early added to the climatological SST in the tropical Indian 
Ocean. Both experiments were simulated for 33 years, the 
first 3 years are used as the initial adaptation period, and the 
remaining simulation results are used to analyze. The forc-
ing boundaries in the sensitive experiment was not treated. 
But we verified that the model closely matches the observed 
spatial patterns of precipitation and winds climatology (not 
shown). This suggests that untreated boundary forcing has 
a minor impact on the simulation results. It should be noted 
that we used the same numerical experiment as Zhang et al. 
(2022b).

3 � Spatiotemporal relationship 
between the IOT and SAT over the western 
TP

Figure 2 displays the spatiotemporal relationship between 
the IOT and SAT over the western TP. The significant posi-
tive correlations both on spatial and temporal levels between 
the IOT and SAT are clearly observed over the western TP 
based on the GHCN data (Fig. 2a, b), and the correlation 
between the IOT and area-averaged SAT anomalies over 
the western TP (35°–45°N, 75°–90°E) is 0.44 at > 99% 
confidence level (Fig. 2b). This suggests that during the 
positive phase of the IOT, the SAT over the western TP 
increases. These significant results can also be obtained 
using the BEST data (Fig. 2c, d). These preliminary cor-
relation analyses indicate that the IOT is intrinsically linked 
to SAT over the western TP during JJA. Furthermore, there 
was a strongly negative correlation zone in northern parts 

Table 1   The detailed information of the CAM5 experiments in this study

Note that, for the positive IOT forcing case, the SST forcing is extracted in the tropical Indian Ocean (20°S–20°N, 40°–110°E) based on the 
positive IOT years

Numerical experiments Detailed settings of the experiments

Control run A 30-year integration with climatological SST prescribed as the lower boundary condition in the global oceanic 
domain

Positive IOT forcing The positive SSTA are specified in the tropical central (5°–20°S, 65°–85°E) and the negative SSTA are specified 
in the tropical southeastern (10°S–0°, 90°–110°E) and western (5°S–20°N, 45°–60°E and 10°–20°N, 60°–70°E) 
Indian Ocean, and climatological SST are imposed in other regions

http://www.cesm.ucar.edu/models/cesm1.0/cam/docs/descriptio-n/cam5_desc.pdf
http://www.cesm.ucar.edu/models/cesm1.0/cam/docs/descriptio-n/cam5_desc.pdf
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of the Indian and Indochinese peninsulas, but this was not 
investigated here. Because ENSO is highly correlated with 
IOB and IOB, IOD, and IOT are orthogonal, the preceding 
and simultaneous ENSO, IOB and IOD signals are not sig-
nificantly related to IOT. They hardly affect the relationship 
between IOT and the SAT over the western TP. This is also 
confirmed by the results obtained using partial correlation to 
remove the ENSO, IOB and IOD signals (not shown). Pos-
sible mechanisms that drive the effects of the IOT on SAT 
over the western TP were investigated as follows.

4 � Potential physical mechanisms

4.1 � Effect of the circulation anomalies related 
to IOT over the western TP on local SAT

Changes in SAT are usually strongly linked to variations in 
atmospheric circulation. Figure 3 presents the spatial corre-
lations between the IOT and 200 hPa geopotential height and 
wind anomalies during JJA, based on the NCEP2 and ERA5 
datasets. As shown in Fig. 3, over the western TP, there is a 
significant positive correlation region, accompanied by an 
anticyclonic circulation. These imply that when positive IOT 

events mature during JJA, the significant positive anomalies 
in geopotential height develop over the western TP and are 
accompanied by the strong anomalous anticyclone (Fig. 3). 
Such anomalous circulation patterns favor the development 
of the subsidence movement. To verify this result, Fig. 4 
displays the meridional-vertical distribution of the omega 
and wind anomalies associated with the IOT. The remark-
able positive omega anomalies occur over the western TP, 
suggesting the enhancement of the subsidence movement 
(Fig. 4).

Previous studies have reported that upper-level atmos-
pheric circulation over middle–high-latitude land masses 
is relatively insensitive to local surface warming/cooling 
(Screen et al. 2012; Tang et al. 2013). Upper-level atmos-
pheric circulation may therefore impact SAT changes 
through adiabatic expansion/compression. The anomalous 
high or low is respectively linked to higher or lower geo-
potential height, leading to warmer or cooler local SAT (Sun 
et al. 2016; Li et al. 2022b).

The spatial correlation between the IOT and atmospheric 
thicknesses anomalies at 500–200 hPa during JJA is shown 
in Fig. 5, based on the NCEP2 and ERA5 datasets. There is 
clearly a significant positive correlation over the western TP. 
This means that the positive geopotential height anomalies 

Fig. 2   a Correlation map between the TMI and SAT during JJA based 
on the GHCN data. The green box denotes the western TP region 
(35°–45°N, 75°–90°E). The blue contour represents the outline of 
the TP. The black stippled areas indicate the significant correlations 
above the 95% confidence level. b Time series of the TMI (blue) and 

area-averaged SAT (red) over the western TP (the green box in (a)) 
from the GHCN data. Correlation between the two time-series is sig-
nificant above the 99% confidence level. c As in (a), but for the BEST 
data. d As in (b), but for the BEST data
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in that region favor an increase in middle–upper-level tropo-
spheric (500–200 hPa) atmosphere thickness (Fig. 5), driv-
ing a thickening of the atmospheric boundary layer and 
promoting warmer than normal SAT through modulation 
of adiabatic expansion/compression (Fig. 2). Furthermore, 
the anomalous circulation over the western TP may not only 
change local atmospheric thickness, but also local total 
cloud cover, affecting the intensity of shortwave solar radia-
tion reaching the ground (not shown). However, the results 
are not significant, primarily considering that this is not the 
main factor causing the SAT increase.

Overall, we have established the effect of the circulation 
anomalies related to IOT over the western TP on local SAT. 
During the positive IOT phase, the western TP experiences 
elevated geopotential height anomalies and anomalous anti-
cyclonic circulation. This induces anomalous subsidence 
movement over the TP, altering atmospheric thickness and 
influencing solar radiation influx, ultimately contributing to 
SAT elevation.

4.2 � Linkage between IOT and circulation anomalies 
over the western TP

The mechanism by which the IOT affects western TP circu-
lation anomalies was considered further. The atmospheric 
bridge is a key physical process through which tropical 
ocean modes influence extratropical climate variability (Li 
et al. 2019). Previous studies have pointed out that the IOT-
related teleconnections, such as circumglobal teleconnec-
tion (CGT)-like pattern (Ding and Wang 2005) and ACMT, 
are the atmospheric bridges that IOT affects the western 
United States and central Siberia, respectively, and these 

two atmospheric bridges are stimulated by the precipitation 
in the southern tropical Asia (Zhang et al. 2022a, b), so the 
precipitation in tropical South Asia and the atmospheric tele-
connections caused by precipitation are the key atmospheric 
bridges for IOT to affect extratropical climate variability. We 
hypothesize that precipitation in the southern tropical Asia 
is a key link for IOT to affect the SAT over the western TP.

Figure 6a, b shows the relationship between the IOT and 
precipitation, together with 850 hPa wind over the tropi-
cal Indian Ocean and western Pacific Ocean (20°S–40°N, 
40°–160°E). In the figure, there is a significant cyclonic cir-
culation in the central tropical Indian Ocean, and significant 
anticyclonic circulations exist in the eastern and western 
tropical Indian Ocean, respectively. These two anticyclonic 
circulations cross the equator and converge in the south-
ern tropical Asia. The precipitation field exhibits a spatial 
distribution pattern similar to that of the IOT, with a sig-
nificant positive correlation in the central tropical Indian 
Ocean and negative correlations in the eastern and western 
tropical Indian Ocean. Significant positive correlations also 
appear in the southern tropical Asia, indicating an excess of 
precipitation associated with the IOT (Fig. 6a, b). Surplus 
precipitation is attributed mainly to negative precipitation 
anomalies corresponding to anomalous anticyclones over 
the tropical eastern and western tropical Indian Ocean, par-
ticularly in the Arabian Sea area (Fig. 6a, b). Such anomalies 
favor the formation of anomalous cross-equatorial winds off 
the coasts of East Africa and Sumatra/Java coasts (Fig. 6a, 
b). On the western side of the anticyclonic activity, near the 
Sumatra/Java coast, intensified southerly anomalies tend to 
reinforce anomalous cyclonic activity over the tropical cen-
tral southern Indian Ocean. The enhanced cyclonic activity 

Fig. 3   a Correlation map of the TMI with the geopotential height 
(HGT, shading) and wind anomalies (vector) at 200 hPa during JJA 
based on the NCEP2 dataset. The purple contour represents the out-

line of the TP. The black vectors and the black stippled areas indi-
cate the significance above the 95% confidence level. b As in (a), but 
using the ERA5 dataset
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Fig. 4   a Correlations of the TMI with the meridional-vertical cir-
culation anomalies (vectors) and omega (shading) averaged over 
65°–95°E during JJA based on the NCEP2 dataset. When plotting the 

shading, the negative values of omega were used. The black stippled 
areas indicate significance above the 90% confidence level. b As in 
(a), but using the ERA5 dataset

Fig. 5   a Correlations between the TMI and the 500–200 hPa atmos-
pheric thickness during JJA based on the NCEP2 dataset. The blue 
contour represents the outline of the TP. The black stippled areas 

indicate the significant correlations above the 95% confidence level. b 
As in (a), but using the ERA5 dataset
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further strengthens the cross-equatorial winds off the East 
African coast (Fig. 6a, b). These two robust cross-equatorial 
airflows develop in the tropical eastern and western Indian 
Ocean, transitioning into westerly anomalies over the north-
ern Indian Ocean, together with the anomalous east airflow 
from the western Pacific Ocean, transporting additional 
moisture to the southern tropical Asia, where they converge. 
This convergence enhances the ascending motion, contribut-
ing to excessive local precipitation (Fig. 6a, b; Zhang et al. 
2022a, b).

Correspondingly, the surplus precipitation serves as a 
heat source through the latent-heat release, triggering a Gill-
type pattern over the western TP and generating anomalous 
anticyclonic circulation (Fig. 3; Gill 1980), this is consistent 
with the atmospheric response to an isolated equatorially 
asymmetric heating studied by Xing et al. (2014). Further-
more, the precipitation-induced ascending motion related 
to the IOT favors the enhanced descending motion over the 
western TP (Fig. 4). According to Zhang et al. (2022b), 
the lead–lag correlations that were calculated for the study 
period show that the IOT leads the southern tropical Asia 

precipitation by one month. We also calculated the lead-
lag correlations between the SAT over the western TP and 
the precipitation in the southern tropical Asia (Fig. 6c, d). 
Based on the results from both datasets, it is observed that 
the correlation coefficients between the precipitation in the 
southern tropical Asia and the SAT over the western TP 
reached the maximum value simultaneously, with the cor-
relation coefficient exceeded 0.4 at > 95% confidence level. 
This means that when precipitation increases in southern 
tropical Asia, the SAT over the western TP rises simultane-
ous6ly. Considering the relationship between the southern 
tropical Asia precipitation and the IOT, we hypothesize that 
establishing this indirect process between IOT and the SAT 
over the western TP likely takes about one month.

Previous studies have pointed out that Rossby waves are 
usually triggered when strong convection (rainfall) generates 
anomalous condensation latent heat, causing anomalous flow 
divergence and vorticity in the upper troposphere (Sardesh-
mukh and Hoskins 1988; Qin and Robinson 1993; Shi et al. 
2024). Therefore, we calculated the RWS in Fig. 7a–d. As 
can be seen in the figure, the climatological RWS in the 
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Fig. 6   a Correlations of the TMI with precipitation (shading) and 
850 hPa wind anomalies (vector) during JJA based on the GPCP and 
NCEP2 datasets. The purple contour represents the outline of the 
TP. The red box denotes the southern tropical Asia region. The black 
vectors and the black stippled areas indicate the significant values 
above the 90% confidence level. c Lead-lag correlations of the area-

averaged SAT anomalies over the western TP with the area-averaged 
precipitation anomalies in the southern tropical Asia based on the 
GHCN and CMAP datasets. The dashed line indicates the 95% con-
fidence level. b As in (a), but for the CMAP and ERA5 datasets. d As 
in (c), but for the BEST and GPCP datasets
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southern tropical Asia is negative (Fig. 7a, b), which is con-
sistent with previous results (Moon and Ha 2003; Lu and 
Baek-Jo 2004; Shimizu and Cavalcanti 2011; Ding et al. 
2023). In addition, there are relatively significant negative 
composite differences in the southern tropical Asia (Fig. 7c, 
d). These mean that in the positive IOT phase, tropical 
southern Asia is conducive to Rossby wave excitation.

To further confirm the change of Rossby wave propaga-
tion from the southern tropical Asia, the Rossby wave ray 
is shown (e.g., Li and Li 2012; Li et al. 2015; Liu et al. 
2018a, 2020; Zhang et al. 2022a, b). Figure 7e, f using 
the climatological wind from 1982 to 2022, illustrates the 
stationary Rossby wave trajectories in the horizontally 
non-uniform flow at 200 hPa when there is an increase 

in latent heat release in the southern tropical Asia. It is 
worth noting that we firstly set the Rossby wave source 
throughout southern tropical Asia, and then selected the 
Rossby wave source whose Rossby wave rays can reach 
the western TP for mapping. The initial region of wave 
source in the southern tropical Asian region has a zonal 
wavenumber of 1–7. These initial signals first spread 
westward to the Red Sea, then north to western Russia 
at high altitudes (200 hPa) along the south and west side 
of the South Asian High, and finally east to the western 
TP (Fig. 7e, f), triggering a Gill-type response and result-
ing in anomalous anticyclonic circulation (Fig. 3). The 
research of Zhao et al. (2015, 2019) and Li et al. (2015) 
shows that meridional basic flow plays an important role 
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(e) NCEP2 200 hPa Rossby wave ray (k=1-7) (f) ERA5 200 hPa Rossby wave ray (k=1-7)

Fig. 7   a Distribution of climatological JJA 200-hPa Rossby wave 
source ( 10−10s−2 ) based on the NCEP2 dataset. c Composite dif-
ferences map of the JJA 200-hPa Rossby wave source anomalies 
( 10−9s−2 ) between the positive IOT and negative IOT based on the 
NCEP2 dataset. The black slash areas indicate the significant values 
above the 90% confidence level. The red box in (a) and (c) denote 
the southern tropical Asia region. e Stationary Rossby wave trajec-
tories at 200  hPa in a horizontally non-uniform climatological flow 

(green curves) with zonal wavenumbers of 1–7 and the starting points 
of wave rays (black dots) in the southern tropical Asia region based 
on the NCEP2 dataset. The blue contour represents the outline of 
the TP. Shadings and contours are the climatological 200 hPa zonal 
and meridional winds ( ms−1 ). The black and yellow boxes denote the 
southern tropical Asia and western TP regions, respectively. b, d, f 
As in (a, c, e), but using the ERA5 dataset
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in promoting the propagation of stationary Rossby waves. 
In Fig. 7e, f, in the upper troposphere, westward climato-
logical flows occur over the west of southern tropical Asia, 
which along with the anomalous easterly winds (Fig. 3), 
promotes the westward propagation of Rossby waves in 
the tropics. The prevailing southwesterly wind occur over 
the west of the prominent South Asian High, and along 
with the anomalous southwesterly winds (Fig. 3), they 
dominate the northward propagation of Rossby waves to 
higher latitudes. Upon reaching western Russia, the strong 
climatological westerly winds in the extratropical regions 
dominate the eastward transmission of Rossby waves to 
the western TP, and trigger a Gill-type response (Fig. 3). 
By calculating the correlation coefficient between IOT and 
the area-average geopotential height of the 200 hPa region 
over the western TP, we found that the two showed a sig-
nificant positive correlation (not shown). Positive potential 
height anomalies usually correspond to anomalous anticy-
clones, which further confirms that when IOT is in positive 
phase, it is conducive to anomalous anticyclone formation 
over the western TP.

Consequently, the influence of the IOT on the circula-
tion over the western TP region is indirect. The primary 
physical process involves the IOT first inducing cross-
equatorial flow along the eastern coast off the coasts of 
East Africa and the western coast off the coasts of Suma-
tra/Java coasts, causing convergence of these two airflow 
branches in the southern tropical Asian region, resulting 
in upward motion and triggering anomalous precipitation, 
thus promoting latent heat release. The released-latent heat 
propagates the signal to the western TP through Rossby 
waves, and excites a Gill-type response here, thereby 
affecting the local circulation patterns.

5 � Numerical experiments results

To examine the atmospheric response to the imposed posi-
tive IOT forcing (Fig. 8a), Fig. 8b shows the differences 
between the control simulation and the simulation with posi-
tive IOT forcing for precipitation and 850 hPa wind in JJA. 
In the central tropical Indian Ocean, a significant cyclonic 
circulation is observed, with significant anticyclonic circu-
lations in the eastern and western tropical Indian Ocean. 
These two anticyclonic circulations converge in the southern 
tropical Asia region after crossing the equator. The precipita-
tion field in the tropical Indian Ocean region exhibits a tri-
polar pattern, with a significant increase in precipitation in 
the central tropical Indian Ocean, and a significant decrease 
in precipitation in the eastern and western tropical Indian 
Ocean, which closely resembles the spatial structure of the 
IOT (Fig. 8b). These results are consistent with observa-
tions (Fig. 6a, b), and the surplus precipitation is reasonably 
reproduced over the southern tropical Asia region (Fig. 8b), 
again consistent with observations (Fig. 6a, b), albeit with a 
slight southward shift.

To verify the response of atmospheric circulation to the 
IOT forcing, Fig. 9a presents the geopotential height and 
wind at 200 hPa during JJA, based on differences between 
the control simulation and the simulation with positive IOT 
forcing. As seen in Fig. 9a, the positive geopotential height 
and anticyclonic anomalies are significant over the western 
TP. Moreover, in the simulation of omega, the simulated 
results effectively demonstrate the observed negative–pos-
itive-negative pattern from the subtropics to the higher 
latitudes, with significant anomalous subsidence over the 
western TP, which is crucial for warming. Despite the sub-
sidence region over the western TP is shifted southward, 

(a) positive IOT forcing (b) Simulation precip & 850 hPa wind

Fig. 8   a Indian Ocean SSTA (shading, ℃) that were used as the 
lower boundary conditions for the positive IOT forcing in CAM5 
experiments. b Differences between the positive IOT forcing simula-
tion and the control simulation for JJA mean precipitation (shading, 

mmday−1 ) and 850 hPa wind (vector, m s−1). The black contour rep-
resents the outline of the TP. The red box denotes the southern tropi-
cal Asia region. The black vectors and the black stippled areas in (b) 
indicate significant values above the 95% confidence level
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Fig. 9   a Differences between 
the positive IOT forcing simula-
tion and the control simulation 
for JJA mean geopotential 
height (shading, gpm) and wind 
(vector, m s−1) at 200 hPa. The 
purple contour represents the 
outline of the TP. The black 
vectors and the black stippled 
areas indicate significant values 
above the 90% confidence level. 
b As in (a), but for the mean 
meridional-vertical circulation 
(vectors, m s−1 ) and omega 
(shading, 10−2 hPa s−1) aver-
aged over 65°–95°E. When plot-
ting the shading, the negative 
values of omega were used
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and there are some differences between the observations and 
simulations in the tropical regions (Fig. 9b). Overall, the 
anomalous atmospheric circulation conditions are consistent 
with the observations, indicating the prominent influence of 
the IOT on the atmospheric circulation over the western TP.

6 � Discussion and summary

The IOT, as proposed by Zhang et al. (2020), represents a 
significant interannual variability of ocean–atmosphere cou-
pling, exerting considerable influence on climate variability 
in the Northern Hemisphere and globally. This study focused 
on the impact of the IOT on SAT over the western TP during 
JJA and the underlying physical mechanisms.

Through observational data analysis, we found that dur-
ing positive or negative phases of the IOT, SAT over the 
western TP during JJA respectively increased or decreased. 
The underlying physical processes may be summarized as 
follows. In the positive IOT events, anomalous cross-equato-
rial flows from both the tropical eastern and western Indian 
Ocean are induced. After crossing the equator, these flows 
converge over the southern tropical Asia, promoting local-
ized precipitation increases. The surplus precipitation over 
the southern tropical Asia acts as a heat source, resulting 
in positive geopotential height anomalies and anomalous 
anticyclonic circulation over the western TP, based on the 
Gill-type response theory, accompanied by an anomalous 
sinking motion. Using Rossby wave ray tracing theory, we 
were able to demonstrate that anomalous precipitation over 
the southern tropical Asia excites a northward-propagating 
ACMT pattern, influencing the circulation over the western 
TP. The observed atmospheric circulation conditions were 
accurately reproduced using CAM5. Under such anomalous 
circulation patterns, an increase in atmospheric thickness 
through adiabatic processes ultimately leads to surface 
warming. Furthermore, anomalous circulation patterns may 
also affect SAT by influencing solar radiation influx over the 
western TP. The detailed physical processes through which 
the IOT influences SAT over the western TP during JJA are 
illustrated in Fig. 10.

In the CAM5 numerical model experiments, spatial 
differences were found between the results of anomalous 
SAT and observations (not shown). This was due mainly 
to the impact of the IOT first manifests in the southern 
tropical Asia region, where precipitation variations sub-
sequently influenced the circulation over the western TP, 
thus affecting local SAT changes. The influence of the IOT 
on SAT over the western TP is thus indirect. Furthermore, 
the CAM5 numerical model experiments were able only to 
add a heat source over the ocean, whereas the direct influ-
ence on the western TP stems from increased latent heat 
release from the enhanced precipitation in the southern 

tropical Asia region. Hence, the coupled model applied in 
the future may overcome these limitations. CMIP6 models 
may also allow for the physical connection between the 
IOT and SAT over the western TP, which needs further 
in-depth study. In addition, we note that in Fig. 6a, b, sig-
nificant westly wind anomalies are observed east of the 
Philippines, where westerly winds are a key atmospheric 
factor for ENSO formation and development in the next 
season, suggesting that IOT may have some impact on sub-
sequent ENSO formation and development, which needs 
further study in the future.
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