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Impact of Tibetan plateau warming
amplificationon the interannual variations
in East Asia Summer precipitation
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The amplified warming on the Tibetan Plateau (TA) is a distinctive characteristic of global climate
change, leading to various climate responses with far-reaching implications. This study investigates
the influence of interannual variation of TA on summer precipitation over East Asia (Pre_EA) using
observational data and a Linear Baroclinic Model (LBM). When TA exceeds the Northern Hemisphere
average, summer precipitation in the Yangtze River Valley significantly decreases, while it increases in
North China and South China, resulting in a tripole Pre_EA pattern. Notably, the relationship between
TA and Pre_EA is independent of the El Niño-Southern Oscillation (ENSO) and explainsmore variance
in Pre_EA than ENSO.Our analysis reveals that TA enhances the tripole Pre_EA pattern bymodulating
moisture transport and vertical motion in the East Asia-North Pacific regions. Specifically, positive TA
is linked to significant local tropospheric warming, which intensifies and eastward expands the South
Asian High, creating a double-gyre meridional circulation over East Asia. Additionally, positive TA
induces an eastward-propagating wave, reinforcing a midlatitude anomalous high-pressure belt over
East Asia and the western North Pacific regions. These circulation changes weaken the East Asian
subtropical jet, form a notable double jet configuration, and promote subsidence over mid-latitude
East Asia. Moreover, anomalously warm sea surface temperatures in the Northwestern Pacific
reinforce the TA-Pre_EA relationship by contributing to the mid-latitude East Asia-North Pacific high-
pressure belt. Our LBM model experiments support these findings. Our study provides an in-depth
understanding of the physical processes influencing summer precipitation variability in East Asia.

East Asia, one of the most densely populated and economically significant
regions globally, experiences substantial impacts from summer rainfall
variations on its ecological environment and people’s livelihoods, drawing
extensive research attention1–7. Under global warming, both mean and
extreme precipitation have notably increased in East Asia over the past few
decades8–11. Various factors contribute to the variability of precipitation over
East Asia, such as the East Asian summer monsoon (EASM)1,7,12 and the El
Niño-Southern Oscillation (ENSO)13–15. Other influencing factors include
the tropical Indo-Pacific sea surface temperature anomalies (SSTAs)16–19, the
western Pacific subtropical high (WPSH)20–23, and the North Atlantic
Oscillation (NAO)24–26. Previous work revealed that positive winter SSTAs
in the central-eastern tropical Pacific and tropical Indian Ocean can lead to
the formation of a lower-level anomalous anticyclone over the western
North Pacific, which can persist into summer, enhancing northward water

vapor transport along its western flank to the continent’s interior and sur-
rounding areas14,19.

Recognized as the world’s highest and most expansive plateau, the
Tibetan Plateau has an average elevation exceeding 4000m27–29. This high
elevation positions the Tibetan Plateau as the largest cryosphere (including
snow and glaciers) outside the polar regions30–35. The Tibetan Plateau is the
source of many major Asian rivers, such as the Yellow River, the Yangtze
River, the Ganges River, and numerous inland rivers, providing water
resources to over 1.4 billion people and earning the title “Asian Water
Tower”36–40. The thermal effects of the Tibetan Plateau also significantly
influence the Asian summer precipitation41–46. Wang et al.47 identified that
Tibetan Plateau warming enhances frontal precipitation in East Asia via
Rossby wave trains. Some studies demonstrate that variations in Tibetan
Plateau winter-spring snow cover and spring sensible heat weaken the
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EASM, altering rainfall distribution over the Yangtze River Valley and
prompting shifts in the monsoon rainfall belt48,49.

Similar to the Arctic amplification (AA), a phenomenon that describes
the Arctic region experiencing an accelerated warming trend compared to
the rest of the globe50,51, the Tibetan Plateau’s surface experienced rapid
warming,with a trend that is nearly twice the global average52–55. This feature
is documented as Tibetan Plateau amplified warming (TA) by previous
researches29,56–58. The TA effect leads to significant climatic changes over the
Tibetan Plateau and surrounding regions, including glacier retreat,
decreased biodiversity, reduced snow cover, permafrost degradation, and
more frequent climate extremes29,35,39,40,59–61. It also influences the intensity
and location of the South Asian High2,45,62,63. However, the relationship
between TA and summer precipitation over East Asia (Pre_EA) and the
mechanisms is not clear. This research discovers that variation of TA is
closely related to a tripole pattern of summer Pre_EA, accounting for more
considerable variance in summer Pre_EA than ENSO.We investigated the
physical processes behind the TA-Pre_EA relationship using both obser-
vational data and numerical model experiments. These findings provide a
newperspective in understanding the complexphysicalmechanisms of East
Asia summer precipitation variations.

Results
The relationship between the TA and summer Pre_EA
Both global and Tibetan Plateau temperatures exhibited significant warm-
ing from 1940 to 2022, with annual mean temperature warming rates
accelerating markedly post-mid-1970s (Fig. 1a), aligning with previous
studies29,58. After the mid-1970s, the Tibetan Plateau experienced enhanced
warming (0.35 Kperdecade,p < 0.01) compared to the global average (0.2 K
per decade, p < 0.01), resembling Arctic amplification (AA)64–67. This
Tibetan Plateau amplified warming phenomenon is also evident in the
annualmean (Supplementary Fig. 1a) and summer (Supplementary Fig. 1b)
30-year sliding warming trends. Prior research predominantly focused on
the amplifiedwarming of theTibetanPlateau inwintertime68.However, Fig.
1b indicates that the Tibetan Plateau summer warming rate (0.34 K per
decade, p < 0.01) also significantly exceeded the global average (0.18 K per
decade, p < 0.01). In this work, we concentrate on summer TA and its
impact on summer precipitation over East Asia after mid-1970s.

We constructed the summer TA index as the area-averaged summer
surface temperature difference between the Tibetan Plateau and the
Northern Hemisphere for 1976–2022. The TA index (Fig. 1e, f) shows that
the time series shows both interannual component and long-term trends

Fig. 1 | Global and Tibetan Plateau temperature trends and the summer Tibetan
Plateau warming amplification (TA). Normalized time series of global-averaged
(shading) andTibetanPlateau-averaged (blue line) (a) annualmean and (b) summer
2 m temperature during 1940–2022. k1 and k2 are the linear trends, ** indicates that
the linear trend exceeds the 99% confidence level. Regression of summer 2 m

temperature (unit: °C) onto the (c) original and (d) detrended TA index during
1976–2022. The cross lines indicate where the anomalies are significant at the 95%
confidence level. The (e) normalized and (f) detrended time series of summer TA
during 1976–2022. The dashed gray line in (e) denotes the linear trend.
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(0.18 K per decade, p < 0.1), indicating that the amplified TP warming can
impact the climate on multiple time scales. TA-associated temperatures
indicate extensive warming across the extratropical Northern Hemisphere
(Fig. 1c), with the most pronounced warming over three regions, i.e., the
Tibetan Plateau-East Asia-North Pacific, eastern Europe and the North
America-westernAtlantic regions, implying a hemispheric-wide TA related
anomalous temperature. To isolate the global warming effect, the summer
TA index was detrended (Fig. 1f) and the associated temperature patterns
are displayed in Fig. 1d. The most pronounced warming related to
detrended TA index appears over the Tibetan Plateau-central North Pacific
regions (Fig. 1d). The similarities between Fig. 1c, d suggest that the TA has
similar climate impact on the long-term and interannual component. The

difference between these two temperature patterns also indicates that the
TA’s impact on the climate over the East Asian region is most pronounced
for the interannual TA variation. Inspired by the above results, our current
study aims to elucidate the distinct influence of TA on East Asian summer
precipitation on interannual timescales.

We then examined the potential relationship between the TA and
summer precipitation over East Asia. Our results reveal a significant
correlation between TA variations and a tripole pattern of precipitation
anomalies in East Asia (Pre_EA) on both interannual (Fig. 2a) and
interdecadal (Fig. 2b) time scales. Specifically, when warming over the
Tibetan Plateau surpasses the average warming of the Northern Hemi-
sphere, significantly decreased rainfall is observed in the Yangtze River

Fig. 2 | The relationship between East Asian
summer precipitation and TA. Regression of
summer precipitation (unit: mm/day) onto the (a)
interannual and (b) interdecadal component of TA
index during 1976–2022. cComposite differences in
the summer precipitation (unit: mm/day) between
the high and lowTA years for the period 1976–2022.
The years that were chosen for the composite are
denoted in Table 1. d Spatial pattern of EOF1 of the
summer precipitation (mm/day) over eastern China
during 1976–2022. The numbers in the top right
brackets indicate the percentage of the variance
explained by EOF1. The red square denotes the area
to do the EOF analysis (20°–40°N, 105°–123°E). e
The corresponding normalized principle compo-
nent of EOF1 (PC1; transparent bar) and the inter-
annual component of PC1 (PC1_IA; red and blue
bar) andTA index (TA_IA; purple line). ** indicates
that the correlation coefficients exceed the 99%
confidence level. The spatial pattern of EOF1 is
represented by the linear regression of the summer
precipitation onto PC1. The cross lines indicate
where the anomalies are significant at the 95%
confidence level.
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Valley and increased rainfall in both North China and South China. By
comparing Fig. 2a, b, it can be found that the summer East Asian pre-
cipitation anomalies related to the interdecadal component of TA also
presents as a tripole pattern, but the magnitudes and significance of the
anomalies are far less than those associated with interannual TA (Fig.
2a), suggesting that the interannual variability in TA has a distinct and
significant impact on the summer precipitation over East Asia. Previous
work focus on examining the long-term characteristics or impact of the
amplified TP warming. Here this study focused on the interannual
variability of TA.We revealed that the interannual component of the TA
is an important indicator for the summer climate variation over East
Asia. While long-term trends provide valuable insights into climate
change, interannual variability offers a more nuanced understanding of
annual climate dynamics, particularly for extreme weather events and
seasonal precipitation patterns that have significant societal and envir-
onmental implications. Consequently, subsequent analyses focused on
the TA-Pre_EA relationship on the interannual time scale.

In this study, we use the TA index to emphasize the amplifiedwarming
of the Tibetan Plateau relative to the Northern Hemisphere. A Tibetan
Plateau Temperature Index (TPTI) is constructed by area-averaging the
temperature over the Tibetan Plateau. To clarify the differences between the
TA and TPTI, we also examined the regressions of summer precipitation
against the interannual component of the TPTI index (TPTI_IA) (not
shown). Both figures exhibit a tripolar anomaly pattern over East Asia;
however, theTPTI_IA-relatedprecipitation shows reducedmagnitudes and
significance, particularly in southern China and surrounding areas. This
indicates that both indices capture the relationship between variations in
Tibetan Plateau temperature and East Asian summer precipitation. How-
ever, the correlation between TA_IA and summer precipitation is more
robust than that of TPTI_IA. Therefore, the TA index serves as a more
representative measure of the amplified warming phenomena associated

with theTibetanPlateau.Consequently, our study employs theTA index for
further investigations.

Wealsoperformedcomposite analyses of summer rainfall basedon the
detrended TA index to further validate the TA-Pre_EA relationship. Years
with interannual TA index of 0.8 standard deviations were identified as
strong anomalous TA years. Ten positive high and ten negative anomalous
TA years were selected, with the remainder classified as normal years (Table
1). The composite of summer precipitation (Fig. 2c) illustrates a significant
precipitation tripole pattern, closely resembling Fig. 2a. This composite
analysis reinforces the statistical robustness of the TA-Pre_EA linkage,
indicating consistent observational results regardless of the analytical
method used. To understand the importance of the tripole pattern of the
Pre_EA, we further conducted an Empirical Orthogonal Function (EOF)
analysis of summer Pre_EA from 1976 to 2022. The dominate feature of the
leading mode (EOF1) exhibits an out-of-phase variation between pre-
cipitation over the Yangtze River Valley and South China. Weak positive
precipitation anomalies can also be noticed in North China. The corre-
sponding principal component (PC1) of EOF1 highly correlated with the
interannual components of the TA index (r = 0.45, p < 0.01) (Fig. 2e). In
sum, the analysis reveals the importance of the Pre_EA tripole pattern and
confirms the substantial correlation between the interannual variations in
TA and summer Pre_EA.

Asmentioned before, ENSO significantly affects precipitation in South
China13,14,43 and also impactswarming on theTibetanPlateau69,70. Therefore,
it is crucial to examine the role of ENSO in the above TA-Pre_EA rela-
tionship. We investigated the tropical sea surface temperature anomalies
(SSTAs) associated with TA variations during the preceding spring and
winter. Results indicated weak and non-significant SSTAs in winter (Sup-
plementary Fig. 2a). In contrast, spring SSTAs exhibited a distinct “Cold
East-Warm West” pattern over the tropical Pacific (Fig. 3e), akin to a La
Niña pattern. The correlation coefficient between summer TA and spring
Niño3.4 indices was –0.33 (p < 0.05) (Supplementary Fig. 2b), indicating an
existing TA-ENSO relationship. The spring Niño3.4 index was associated
with a tripole precipitation pattern in East Asia (Fig. 3a). However, themost
significant values related toNiño3.4 are the positive precipitation anomalies
in the South China Sea. In contrast, the decreased precipitation anomalies
over the Yangtze River Valley are much weaker than Fig. 2a, c. The differ-
ences suggest that the TA and ENSO impacted regions of the precipitation
over East Asia are not totally overlapped.

We conducted a conditional composite analysis to exclude ENSO’s
influence on the TA-Pre_EA. El Niño (La Niña) events were selected if the
spring Niño3.4 index was greater (less) than 0.8 (–0.8) of a standard
deviation, marked by bold fonts in Table 1. The summer precipitation
composites, excluding El Niño and La Niña years, showed significant pre-
cipitation anomalies in the Yangtze River Valley and North China. At the
same time, South China experienced a weakened excessive precipitation
anomaly (Fig. 3b). This confirms that the TA-Pre_EA tripole pattern rela-
tionship is generally independent of ENSO, except in South China, where
ENSO also plays a significant role. A comparison between Fig. 3c, d further
indicates that thedominant regions of summerprecipitation associatedwith
ENSOandTAare distinct across EastAsia. ENSOprimarily affects summer
precipitation in the South China Sea, whereas TA accounts for a more
significant variance in precipitation in the Yangtze River Valley and North
China (Fig. 3d).

The possible physical mechanism
We then examined the TA-related atmospheric circulation anomalies to
understand the underlying physical mechanisms responsible for the TA-
Pre_EA relationship.When TA intensifies, the heating effect of the Tibetan
Plateau on the atmosphere also becomes more pronounced. This
enhancement leads to increased vertical motion over the Plateau, resulting
in greater atmospheric instability and the establishment of a prominent
anticyclonic system over East Asia (Fig. 4b). Along the southern edge of this
high-pressure system, moisture is transported from the western Pacific to
the Yangtze River Valley (Fig. 4a). This moisture is subsequently carried

Table 1 | Selected high (higher than 0.8) and low (lower than
-0.8) Tibetan Plateau amplification (TA) years according to the
interannual component of the TA index and their
corresponding values

Year TA_IA ( > 0.8) Niño34_IA (MAM) NPSI_IA ( > 0.8)

High 1978 1.70 −0.38 1.21

1981 1.63 −1.22 −0.09

1984 0.85 −1.24 1.14

1994 1.07 −0.43 2.06

2006 1.11 −0.46 0.28

2010 0.82 1.65 −0.46

2013 1.96 −0.42 0.52

2016 1.27 0.94 0.33

2018 1.79 −1.86 0.43

2022 2.76 −0.71 2.02

Low 1976 −1.80 −0.30 −2.72

1979 −0.85 0.25 −0.09

1980 −0.97 0.19 0.15

1983 −1.28 2.05 −1.48

1992 −1.08 1.46 −1.15

1997 −1.02 0.48 −1.98

2011 −0.84 −0.79 −0.34

2014 −0.84 −0.08 −0.57

2015 −1.95 0.82 −0.29

2019 −1.68 1.13 −1.21

Note that high/low ENSO and NPSI_IA years are marked by bold fonts.
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northward to North China (Fig. 4a), resulting inmoisture divergence in the
Yangtze River Valley and convergence in North China, which in turn leads
to increased precipitation in the former and decreased precipitation in the
latter. Concurrently, cyclonic anomalies dominate South China, where
moisture is transported northward from the low-latitude Pacific, causing
moisture convergence in that region (Fig. 4a) and corresponding increases
in precipitation. These circulation anomalies and moisture transport pat-
terns align with the tripole pattern observed in Pre_EA.

Figure 4c–e provides the longitude–altitude cross-section (26°–36°N)
for TA-related climate anomalies. The intensified TA is accompanied by
significant local warming extending from the Tibetan Plateau surface to the

upper troposphere, further extending eastward and downward to coastal
EastAsia (Fig. 4c).Unlike theTibetanPlateau, themost significantwarming
over coastal East Asia appears in the lower troposphere. The TA-related
warming is accompaniedby anomaloushigh-pressure (Fig. 4e) andnegative
vorticity anomalies (Fig. 4d) in the lower tomid-troposphere over EastAsia.
These circulation anomalies are accompanied by significant subsidence in
theYangtzeRiverValley, accounting for reducedprecipitationover there. In
addition, the significant negative vorticity anomalies may facilitate the
strengthening and eastward extension of the South Asian High into the
lower levels of East Asia (Fig. 4e)2. In the latitude–altitude direction
(105°–125°E), the anomalous circulation forms a double-gyre meridional

Fig. 3 | The ENSO-independent impact of TA on
East Asian summer precipitation. a Regression of
summer precipitation (unit: mm/day) onto the
interannual component of spring Niño3.4 index
during 1976–2022. b Composite differences in
summer precipitation (unit: mm/day) between the
high and low TA years for the period 1976–2022
without strong ENSO years. The strong ENSO years
are marked with bold fonts in Table 1. The percen-
tage of summer precipitation variance explained by
interannual (c) spring Niño34 and (d) summer TA
index. e Correlation coefficients between spring sea
surface temperature (SST) and summer TA from
1976 to 2022. The black (gray) cross lines indicate
where the correlation coefficients or the anomalies
are significant at the 95% (90%) confidence level.
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circulation dominating East Asia, favorable for the tripole Pre_EA
pattern. More specific, associated with strong TA, significant
anomalous high-pressure dominates 25–50°N East Asia. Pronounced
subsidence prevails between 25 and 35°N (Fig. 4f), corresponding to
decreased precipitation in the Yangtze River Valley (Fig. 2a). On the
southern side of the high-pressure system, strong ascent motion
occurs between 15–20°N, corresponding to increased precipitation in
South China (Fig. 4f). Another branch of ascent motion is noticed to
the north of the high pressure, corresponding to increased pre-
cipitation over North China.

Earlier studies have suggested that the double jets, which are char-
acterized by a zonally oriented bandofweakened anomalouswesterlywinds
with two belts of stronger westerly winds over southern and northern lati-
tudes, can enhance the waveguide and amplify and maintain planetary
waveswithin themid-latitudinal belt. Consequently, this phenomenonmay
contribute to the prolonged persistence of anomalous high pressure as well
as extreme events71,72. In the upper levels, the enhancedTA-associated high-
pressure belt extends from the Tibetan Plateau to the central North Pacific
(Fig. 5a). Under the control of this high-pressure belt, over the continent,
easterly winds prevail on the southern side of the Tibetan Plateau between

Fig. 4 | Atmospheric circulation anomalies related to TA. Summer (a) moisture
flux (vector; unit: 102⋅kg⋅m−1⋅s−1), moisture divergence (shading; unit: kg⋅m−2⋅s−1)
and (b) 850-hPa geopotential height (shading; unit: gpm) anomalies regressed by the
TA_IA during 1976–2022. Longitude-altitude cross section along 26°–36°N for the
regression of summer (c) temperature (unit: °C), (d) relative vorticity (unit: s−1) and

(e) geopotential height (shading; unit: gpm) and vertical circulation (vector; unit:
m⋅s−1) onto the TA_IA during 1976–2022. f Latitude-altitude cross section along
105°–125°E for the regression of summer geopotential height (shading; unit: gpm)
and vertical circulation (vector; unit: m⋅s−1) onto the TA_IA during 1976–2022. The
cross lines indicate where the anomalies are significant at the 95% confidence level.
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20° and 30°N. In contrast, westerly wind anomalies dominate on the
northern side between 40°–50°N. Over the North Pacific, the high-pressure
belt is prevalent between 40° and 60°N, with the maximum-value area
locatednortheast of the JapanSea. Significant easterlywindsdominate along
its southern flank between 30°–40°N. These anomalous winds may mod-
ulate the upper jet stream over these latitudes. Figure 5b depicts upper-level
zonal wind anomalies associatedwith TA. A significant negative zonal wind
band extends from theTibetanPlateau to theNorthwest Pacific, indicating a
weakening of the East Asian Subtropical Jet (EASJ). To its south, one pro-
minent band of positive anomalies represents the enhanced subtropical jet
stream (centered around 20°N), while the high-latitude band represents the
intensified Arctic front jet (centered around 55°N). This forms a notable
double jet configuration over the East Asia-west Pacific regions, which not
only constrains themeridional displacement of the TA_IA-associated zonal
high-pressure system but also enhances its intensity, contributing to the
zonal extension and intensification of the subtropical high-pressure
anomalies. In addition, the weakening of the EASJ results in reduced
upward motions beneath the jet stream (Fig. 5c), leading to negative vor-
ticity anomalies (Fig. 5d) and abnormal convergence aloft (not shown).
These circulation anomalies can trigger secondary circulations onboth sides
of the jet stream axis, ultimately enhancing the double-gyre meridional
circulation dominating East Asia and impacting Pre_EA.

As illustrated in Fig. 4, the TA-related high-pressure belt extends sig-
nificantly eastward into the central North Pacific, potentially intensified by
local sea surface temperature anomalies (SSTAs). Figure 6a shows that
substantial TA-related SSTAs dominate the East China Sea and the
Northwest Pacific. To quantify this effect, we defined a North Pacific Sea
Surface Temperature Index (NPSI) (Supplementary Fig. 3a) based on area-
averaged SSTAs within the blue rectangle in Fig. 6a. The correlation coef-
ficient between the interannual component of the NPSI and the TA is 0.58

(p < 0.01), indicating that the North Pacific SST anomalies have a close
relationship with the TA variations. TheNPSI-related apparent heat source
(Q1; Supplementary Fig. 3c) analysis indicates that these warm Northwest
Pacific SSTAs exert a warming influence on the overlying atmosphere
through sea-to-air feedback process. Consequently, a prominent high-
pressure anomaly develops in the upper troposphere, extending westward
into East Asia and eastward to the central North Pacific (Fig. 6b). Addi-
tionally, the wind anomalies associated with this high-pressure belt similar
to thoseobserved inFig. 4b.To assess the influenceof thewarmSSTAs in the
Northwest Pacific on Pre_EA, we calculated the regression of Pre_EA
against the NPSI index (Supplementary Fig. 4a). This analysis reveals a
precipitation anomaly pattern characterized by a “DryYangtze River Valley
andWet North China and South China,” associated with the warm SSTAs
in the Northwest Pacific. Considering the significant correlation between
NPSI_IA and TA_IA, there may be a link between the interannual varia-
bility of TA and the positive SST anomalies over the North Pacific. On one
hand, the anomalous warming over the Tibetan Plateau can alter the
atmospheric circulation (Figs. 4 and 5), affecting the heat budget and
moisture transport over theNorth Pacific. Thismight, in turn,modulate the
SSTAs in the region. On the other hand, positive SSTAs in theNorth Pacific
may exert a thermal forcing on the atmosphere (Supplementary Fig. 3c),
influencing the atmospheric circulation patterns that may extend westward
to affect the East Asia and the Tibetan Plateau (Fig. 6b). This two-way
interaction suggests a coupled relationship between TA and NPSI_IA,
where each can potentially force or be forced by the other. Therefore, we
conducted a conditional composite analysis to examine the TA-Pre_EA
relationship while excluding the impact of SSTAs. Years in which the
NPSI_IA index exceeds 0.8 or falls below -0.8 (Table 1) were excluded from
the composite analysis. This left us with six high and five low TA years
(Table 1). The composite map of precipitation anomalies for these eleven

Fig. 5 | The TA-related atmospheric circulation anomalies in high-troposphere.
Summer (a) 200-hPa geopotential height (shading; unit: gpm) and wind (vector;
unit: m⋅s−1), (b) 200-hPa zonal wind (unit: m⋅s−1), (c) 500-hPa vertical velocity (unit:
Pa⋅s−1) and (d) 200-hPa relative vorticity (unit: s−1) anomalies regressed by the

TA_IA during 1976–2022. The green contours in (a) show the climatological
location of the SAH.The red contour in (b) denotes the climatological position of the
jet core with a zonal wind greater than 25 m⋅s−1. The cross lines indicate where the
anomalies are significant at the 95% confidence level.
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remaining years still exhibits a significant tripole precipitation pattern
(Supplementary Fig. 4b), indicating that the TA-Pre_EA relationship is
impacted but mainly independent of the warm SSTAs in the Northwest
Pacific.

LBM experiments
In this section, we employed the Linear BaroclinicModel (LBM) to conduct
several numerical experiments to validate the physical processes by which
TA influences atmospheric circulation. The averaged effects of TA on the
above atmosphere are evident from theQ1 depicted in Fig. 7a, which shows
significant positiveQ1 values over the central-westernTibetanPlateau. This
indicates that the intensification of TA is corresponding to a significant
warming effect on theoverlying atmosphere. Subsequently, in thenumerical
experiment (EXP2), we introduced a hypothetical thermal forcing located
over Tibetan Plateau centered at 32°N, 90°E, with a long axis of 17° in
longitude and a short axis of 9° in latitude to simulate TA-related heating
(Fig. 7b). This thermal forcing peaks at a sigma level of 0.4, with a vertically
averaged heating rate of 3°C/day (Fig. 7b) andmaximumhorizontal forcing
values of 1°C/day. To ensure the stability of atmospheric responses, we
analyzed the model atmospheric response from the 21 to the 25 day of the
simulations (Fig. 7c, d).

The model’s atmospheric response to this thermal forcing reveals a
strong high-pressure anomaly dominating over the Tibetan Plateau and
East Asia (Fig. 7c), accompanied by prevalent easterly anomalies to the
south and westerly anomalies to the north, similar to Fig. 5a. Additionally,
weak negative and positive geopotential height anomalies are observed over
east of Japan and the Northwest Pacific, respectively (Fig. 7c). The zonal
cross-section of the model atmosphere (Fig. 7d) shows strong positive
geopotential height anomalies dominating the mid-to-upper troposphere
over the Tibetan Plateau. These hight anomalies extend eastward and
downward, resulting in high pressure over the Yangtze River Valley, con-
sistent with Fig. 4e. Further downstream, alternating negative and positive
geopotential height anomalies form a propagating wave train. The baro-
tropic structure observed in the reanalysis data (Fig. 4e) indicates a deeper
and more uniform response across pressure levels, whereas the response in

the LBM experiment reveals a more baroclinic pattern. This discrepancy is
likely attributable to the idealized heating profile employed in the LBM.
However, in the current study, we focus on replicating the upper-level
atmospheric response to the thermal forcing associated with the TA_IA
index, and the main characteristics have been reasonably captured by the
LBM. EXP2 demonstrates that the atmospheric circulation response to TA
heating replicates the amplification and eastward extension of the South
AsianHigh, influencing prevailingwind patterns and pressure systems over
East Asia.

To investigate the impact of Northwest Pacific warm SSTAs on
atmosphere, we conducted another LBM experiment (EXP1). In EXP1, we
set an idealized thermal forcing at 48°N, 165°E, characterized by a long-
itudinal axis of 15° and a latitudinal axis of 7°(Fig. 6c). The vertically aver-
aged heating rate (3°C/day) and maximum horizontal values (1°C/day) of
this thermal forcing are identical to those in EXP2. As in the previous
experiment, we examined the atmospheric responses averaged from the 21
to the 25 day (Fig. 6d). The results confirm that warm SSTAs can induce a
robust high-pressure anomaly in the upper troposphere, extending west-
ward into Tibetan Plateau and eastward to central North Pacific. This
process involves air-sea interactions. Specifically, the anomalous warming
over the Tibetan Plateau induces high-pressure anomalies over East Asia
and coastal regions (Figs. 4, 5). This anomalous high pressure is associated
with descending motion (Fig. 5c), which promotes elevated SSTs in the
western North Pacific. Conversely, positive SST anomalies in this region
exert thermal forcing on the overlying atmosphere (LBM EXP1, Supple-
mentary Fig. 3c), strengthening the thermal anomaly-related atmospheric
circulation patterns and extending them further westward (Fig. 6b, d).
Specially, warmSSTs in theNorth Pacific act as an atmospheric heat source,
forming an anomalous anticyclone in the upper troposphere.Consequently,
this high-pressure anomaly extends westward into the Tibetan Plateau and
eastward toward the central North Pacific, as illustrated in Fig. 6b of
our study.

We then designed a third numerical experiment to validate the
atmospheric response to combined forcings from both TA and Northwest
Pacific warm SSTAs (EXP3). In EXP3, the positions and shapes of the two

Fig. 6 | The role of Northwest Pacific SST. a Correlation coefficients between
summer SST and TA_IA from 1976 to 2022. The blue rectangle indicates the
domains used to define the Northwest Pacific SST index (NPSI) (32°–50°N,
153°E–173°W). b Summer 200-hPa geopotential height (shading; unit: gpm) and
wind (vector; unit: m⋅s−1) anomalies regressed by the interannual component of the

Northwest Pacific SST index (NPSI_IA) during 1976–2022. The green contours in
(b) show the climatological location of the SAH. c Spatial distribution and vertical
profile of the warming forcing in the second LBM experiment (EXP2). (d) The
average of 21–25 days’ model response of 200-hPa geopotential height (shading;
unit: m) and wind (vector; unit: m⋅s−1) in EXP2.
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thermal forcings are identical to those in EXP1 and EXP2 (Fig. 7e), with the
same vertical settings. The mean circulation anomalies from the 21 to the
25 days reveal a large-scale high-pressure anomalies belt extending from the
Tibetan Plateau to the North Pacific (Fig. 7f), similar to that depicted in Fig.
5a. This indicates that both TA and warm SSTAs in the Northwest Pacific
contribute to the atmospheric circulation anomalies associated with
abnormal summer Pre_EA. The positive geopotential heights near the
Yangtze River Valley significantly modulate regional climate conditions,
leading to altered precipitation patterns.

Discussion
As one of the most significant indicators of global climate change, the
amplified warming on the Tibetan Plateau (TA) can trigger a series of
climate responses with far-reaching global consequences. This research
examines the relationship between interannual variations in TA and sum-
merprecipitationoverEastAsia (Pre_EA), utilizing observational data from
1976 to2022andaLinearBaroclinicModel (LBM).Our results revealed that
when TA exceeds the average warming for theNorthernHemisphere, there
is a notable reduction in precipitation in the Yangtze River Valley, accom-
panied by an increase in North China and South China. This relationship is
mainly independent of ENSO influences and explains more variance in
Pre_EA. In the lower troposphere, the TA is related to anomalously

eastward winds transporting moisture from the North Pacific toward East
China, which further transport northward, resulting inmoisture divergence
over theYangtzeRiverValley and convergence inNorthChina.Meanwhile,
South China is affected by moisture transport from the lower-latitude
Pacific which related to a cyclonic system. Further investigations reveal that
TA-related local warming effect in the overlying atmosphere results in deep
high-pressure anomalies. This leads to an enhanced and eastward extended
South Asian High. Additionally, positive tropical anomalies (TA) also
induce eastward-propagating waves, which strengthen a midlatitude
anomalous high-pressure belt over East Asia and the western North Pacific.
These changes in circulation reduce the intensification of the East Asian
subtropical jet, forming a distinct double jet configuration and promoting
subsidence over mid-latitude East Asia. Furthermore, anomalously warm
sea surface temperatures in the North Pacific enhance the TA-Pre_EA
relationship by reinforcing the high-pressure belt in midlatitude East Asia
and the North Pacific. Our LBM model experiments corroborate these
findings.

In conclusion, our study provides an in-depth understanding of the
physical processes influencing summerprecipitation variability inEastAsia.
The independent and combined effects of TA and Pacific SSTAs onPre_EA
highlight the necessity for a comprehensive understanding of regional and
global climatic interactions. The correlation coefficient between PC_IA and

Fig. 7 | The atmospheric reponses in LBM experiments. a Summer Q1 (unit:
W·m−2) anomalies regressed by the TA_IA during 1976–2022. The cross lines
indicate where the anomalies are significant at the 95% confidence level. Spatial
distribution and vertical profile of the warming forcing in the (b) first (EXP1) and (e)
third LBM experiment (EXP3), respectively. The average of 21–25 days’ model

response of 200-hPa geopotential height (shading; unit: m) and wind (vector; unit:
m⋅s−1) in (c) EXP1 and (f) EXP3, respectively. d Longitude-altitude cross section
along 26°–36°N of the average of 21–25 days’model response of geopotential height
(shading; unit: m) and temperature (contour; unit: °C) in EXP1.
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TA_IA is 0.45 (Fig. 2e), suggesting that additional factors also influence the
tripole pattern of East Asian precipitation. Previous research indicates that
during the developing phase of ENSO, SST anomalies in the eastern-central
tropical Pacific can cause a tripole pattern of summer precipitation
anomalies over East Asia14,15. Furthermore, the East Asian summer mon-
soon (EASM) can notably affect summer precipitation in East Asia. A
weakening monsoon is closely linked to decreased precipitation in North
China and increased precipitation in the Yangtze River Valley and South
China1,12. Other factors, such as the North Atlantic Oscillation (NAO)25,26

and the Western Pacific Subtropical High (WPSH)21,22, also play a role in
modulatingprecipitationpatterns inEastAsia. Future research should focus
on quantifying the relative contributions of these factors under changing
climatic conditions to enhance predictive capabilities regarding regional
precipitation patterns in a warming world.

Methods
Data and analysis
The monthly mean meteorological variables employed in this work,
including 2m surface temperature (t2m), total precipitation, sea surface
temperature (SST), specific humidity, surface pressure, meridional and
zonal wind, vertically integrated moisture divergence, geopotential height,
relative vorticity, vertical velocity, divergence, net sensible heat flux (SHF),
net longwave radiation flux at surface/top and net shortwave radiation flux
at surface/top, are all obtained from the ERA5 reanalysis dataset, which is
available from the European Center for Medium-Range Weather
Forecasts73. In the ERA5 reanalysis dataset, the initial horizontal resolution
for the monthly atmospheric variables is 0.25° × 0.25°. For data associated
with pressure levels, such as specific humidity, meridional and zonal wind,
geopotential height, relative vorticity, vertical velocity, and divergence, we
have gridded these variables to a spatial resolution of 1° × 1°. The Niño-3.4
index is obtained from the Earth System Research Laboratory of the
National Oceanic and Atmospheric Administration (NOAA).

The period of analysis in this study is chosen from 1976 to 2022. To
concentrate on interannual variability, we employed a Fourier harmonic
highpass filter to extract variations on timescales of less than eight years
from all the data. Subsequently, these high-frequency components were
utilized for further examination, with the confidence levels for both corre-
lation and linear regression analyses determined by the Student’s t-test. An
empirical orthogonal function (EOF) analysis is performed on the pre-
cipitation data to identify the dominant mode of the summer Pre_EA
variations. A conditional composite analysis is executed to obtain the
independent impacts of the TA on the interannual variations in Pre_EA.

To explore the influence of anomalous conditions at the surface on the
atmosphere above, we calculated the apparent heat source (Q1) in a total
atmospheric column adhering to the methodology outlined by Zhao and
Chen74. The formulation of Q1 is expressed as follows:

Q1 ¼ SHþ RADþ COND ð1Þ

Where SH represents the sensible heat flux at the surface, RAD denotes the
net radiationwithin an atmospheric column, andCOND refers to the latent
heat associated with condensation processes. When the value of Q1 is
positive, it indicates that the atmosphere functions as a heat source. Con-
versely, a negative Q1 value signifies that the atmosphere acts as a sink
for heat.

Definition of Tibetan plateau amplification index (TA)
Following the approach developed by Wang et al.75 for defining the Arctic
amplification index, we define the TibetanPlateau amplification index (TA)
as the difference in area-averaged t2m between the Tibetan Plateau and the
Northern Hemisphere72, which can characterize the warming amplification
on the Tibetan Plateau more intuitively. The formula is shown as follows:

TA ¼ T2mTP � T2mNH ð2Þ

Where T2m is 2m surface temperature, superscript TP represent the area-
averagedmeteorological element within the domain of the Tibetan Plateau,
and superscript NH represent the area-averaged meteorological element
over the northern hemisphere. When TA is greater than 0, it indicates that
thewarming on theTibetanPlateau exceeds the averagewarming across the
Northern Hemisphere, and vice versa.

Linear baroclinic model (LBM)
This research employs a linear baroclinic model (LBM) to analyze the
atmospheric reactions to designated idealized thermal forcings. This model
simplifies the dynamic processes by eliminating the nonlinearity, allowing
for straightforward interpretation of the outcomes. The study utilizes ver-
sion 2.3 of the LBM, which operates at a T42 horizontal resolution and
includes 20 sigma levels for vertical division. For a comprehensive overview
of the LBM’s functionalities, one can refer to the work by Watanabe and
Kimoto76.

Data availability
No datasets were generated or analysed during the current study.

Code availability
The codes were written in NCAR Command Language (NCL) and are
available upon request from the corresponding author.
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