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Abstract
A significant drying tendency over the southern slope of the Tibetan Plateau (SSTP) in summer (especially in July–Septem-
ber) during 1980–2018 is identified in this study. Moisture budget analysis reveals that the drying tendency is dominated by 
a decreased vertical moisture advection due to weakened upward motion, which is mainly resulted from an anticyclonic trend 
appeared over the northeastern TP. This anomalous anticyclone can weaken the upper-tropospheric divergence pumping over 
the SSTP. In addition, moist static energy diagnosis indicates that the southern branch of the anomalous anticyclone advects 
low moist enthalpy air into the SSTP, which also suppresses local upward motion and convection. Moreover, the anticyclonic 
trend over the northeastern TP is found not a local phenomenon, but is rather associated with the large-scale atmospheric 
change in the middle latitudes that shows a circumglobal teleconnection (CGT)-like pattern. Our results highlight that the 
long-term CGT-like trend of atmospheric circulation plays a crucial role in triggering the drying tendency over the SSTP 
in recent decades.
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1 Introduction

The Tibetan Plateau (TP), located in the subtropical cen-
tral-eastern Eurasian continent, is the highest and largest 
plateau in the world. Due to the lifting effect of the steep 
southern slope of the TP (SSTP) through both thermal and 
mechanical forcings, the northern branch of the South Asian 
summer monsoon forms over the southern TP (Wu et al. 
2012). Corresponding with the strongest upward motion, a 
large rainfall center always appears over the SSTP during the 
monsoon season (Wang et al. 2016). Known as the “Asian 

Water Tower” (Lu et al. 2005; Xu et al. 2008), the TP is the 
source region of many large rivers such as the Ganges, the 
Indus, the Mekong, the Brahmaputra, the Yangtze River, and 
the Yellow River. These water resources have been sustain-
ing the industrial, agricultural, and living usages of water 
for nearly 40% of the world’s population (Xu et al. 2008). 
Precipitation is one of the most important components in the 
hydrological cycle over the TP, and its variations directly 
regulate the streamflow of the major Asian rivers (Zhang 
et al. 2013). Moreover, precipitation releases huge conden-
sational heat and changes local atmospheric heat source over 
the TP, especially along the southern Himalayas in the mon-
soon season, which drives nearby large-scale circulation and 
further remotely influences the weather and climate in many 
places of the world (e.g., Zhao and Chen 2001; Hsu and 
Liu 2003; Kitoh 2004; Duan et al. 2012; Wu et al. 2016c; 
Lu et al. 2018, 2019). Understanding the physical processes 
responsible for the precipitation change over the TP is of 
great societal and scientific importance.

Much effort has been devoted to identifying the inter-
annual variability of TP precipitation, which is influenced 
by both tropical forcing and mid-latitude atmospheric tel-
econnection (e.g., Liu and Yin 2001; Liu et al. 2015, 2021; 
Wang et al. 2017b; Jiang and Ting 2017; Hu et al. 2021). 
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With the growing interest in global climate change/warm-
ing, the long-term trend of precipitation over the TP has 
become a hot research topic. Different from the uniformly 
warming trend over the whole TP, the change in precipita-
tion shows obvious spatial discrepancies (Yao et al. 2012; 
Gao et al. 2014). It is found that the TP is getting wetter as a 
whole, particularly in the western-central TP, i.e. the Inner 
TP (Li et al. 2010; You et al. 2015; Zhang et al. 2017a; Sun 
et al. 2020). The rapid lake expansion in the recent dec-
ades attests the robust precipitation increase in the Inner TP, 
showing not only the increased area of original lakes (such 
as Selin Co and Nam Co) and also the increased number 
of new lakes (> 1  km2) (Zhang et al. 2017b, 2019). How-
ever, previous studies indicated that precipitation exhibited 
decreasing trend along the TP periphery (Duan et al. 2011; 
Yang et al. 2014; Gao et al. 2015), although the statistical 
significance of the trend could be high or low if the differ-
ent time period considered. Duan et al. (2011) attributed 
the precipitation decreasing along the southern and eastern 
slopes to the weakened surface sensible heating over the 
TP. However, to a lager extent, it is difficult to clarify the 
causal relationship between local sensible heating and pre-
cipitation (latent heating) due to their intense interactions 
(Wu et al. 2016b). On the other hand, Yang et al. (2014) 
concluded that the weakened Asian monsoon was responsi-
ble for the less precipitation in the marginal area of the TP 
during 1984–2006. Indeed, the rainfall trend in the Asian 
monsoon region presents significant spatial discrepancies 
(Duan et al. 2011). Wang and Gillies (2013) reported that 
the Himalayan “mountain rain belt” was inhomogeneous to 
the all-India monsoon rainfall. Meanwhile, an analysis of 
several monsoon indices shows no significantly weakened 
trends in the recent decades (figure not given). Recently, 
Yue et al. (2020) reported that the summer precipitation in 
the southern TP featured a decadal variation with a peak of 
around 10 years and a downward trend appearing after 1998. 
They attributed this feature to the impact from the dipolar 
pattern of sea surface temperature between the equatorial 
central Pacific and the Indo-Pacific warm pool.

We revisit the long-term changes in summer precipitation 
along the TP periphery using multi-source datasets. Consist-
ently in all observational data, a significant drying trend is 
seen over the SSTP region (Fig. 1), where the climatological 
rainfall center is located (Fig. S1a in Supplementary Infor-
mation). It should be pointed out that the highly-populated 
Ganges Valley, the largest river in the South Asian subconti-
nent, is also located in this region. Thus, a better understand-
ing of the change in SSTP precipitation is very important 
in many ways. Our findings in this study raise an intriguing 
possibility that the long-term change of atmospheric circu-
lation in middle latitudes distinctly contributes to the dry-
ing tendency over the SSTP. We will uncover this possible 

contribution and the detailed physical mechanisms involved 
from dynamic diagnoses.

The remainder of this paper is organized as follows. In 
Sect. 2, the data and methodology are described briefly. Sec-
tion 3 presents the results of data analysis and dynamic diag-
nosis, and clarifies the physical mechanisms for the drying 
tendency over the SSTP. Finally, a further discussion and 
brief conclusion are provided in Sect. 4.

2  Data and methodology

The monthly precipitation observations employed in this 
study include two widely-used gridded datasets: the Global 
Precipitation Climatology Project version 2.3 (GPCP; Adler 
et al. 2003) with a 2.5° × 2.5° horizontal resolution, and the 
Global Precipitation Climatology Centre (GPCC; Schneider 
et al. 2014) full data reanalysis version 7 at a horizontal reso-
lution of 1.0° × 1.0°. The GPCC is based on the quality-con-
trolled raingauge data and available only over land, while the 
GPCP is a combination of satellite and station observations 
and covers global land and oceans. The long-term Japanese 
55-year Reanalysis (JRA-55; Kobayashi et al. 2015) dataset 
is used for atmospheric diagnosis. This dataset extends from 
1000 to 1 hPa, with a horizontal resolution of 1.25° × 1.25°. 
The JRA-55 is chosen because it can well replicate the dry-
ing trend over the SSTP (see Fig. 1). Our analysis is focused 
on the mid-late summer (July, August, and September, JAS 
hereafter) during the period of 1980–2018. In addition, two 
more observed precipitation datasets derived from the Asian 
Precipitation Highly Resolved Observational Data Integra-
tion toward Evaluation of Water Resources (APHRODITE; 
Yatagai et al. 2012) in 1980–2015 and the Tropical Rain-
fall Measuring Mission (TRMM; Huffman et al. 2007) in 
1998–2018 are also adopted here for the supporting investi-
gation in the supplementary materials.

To better understand the observational result, model out-
put from the Community Earth System Model Large Ensem-
ble (CESM-LE) project is applied (Kay et al. 2015). This 
project includes a 40-member ensemble of fully-coupled 
CESM1 simulations for 1920–2100 at a horizontal resolu-
tion of 1° × 1°. Each member is subject to the same radiative 
forcing scenario (historical before 2005 and RCP8.5 thereaf-
ter) and is only slightly perturbed in the initial atmospheric 
state. As popularly applied previously (e.g., Ding et al. 2017; 
Hui and Zheng 2018), the CESM-LE project is designed 
as facilitating the analysis of climate change and internal 
variability.

A moisture budget analysis, suitable for the TP and 
surrounding area (e.g., Wang et  al. 2017b; Peng and 
Zhou 2017; He et al. 2019), is adopted here to under-
stand the mechanisms for the drying trend over the SSTP. 
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Following He et al. (2019), the formula of moisture budget 
is expressed as

where P , E , � , � , q , and R denote precipitation, evaporation, 
vertical p-velocity, horizontal wind, specific humidity, and 
the residual, respectively. ∇h is the horizontal differential 
operator, and the subscript p represents vertical direction 
at p level coordination. The variables with a prime indicate 
the monthly anomaly, and those with an overbar denote the 
climatological mean during the period of 1980–2018. The 
symbol ⟨⟩ indicates the vertical integration from the surface 
to 100 hPa. Therefore, the change in precipitation is deter-
mined by evaporation change, thermodynamic and dynamic 
changes in vertical moisture advection, thermodynamic and 
dynamic changes in horizontal moisture advection, and the 
residual term on the right of Eq. (1).

(1)
P�=E� − ⟨��pq�⟩ − ⟨��

�pq⟩ − ⟨� ⋅ ∇hq
�⟩ − ⟨��

⋅ ∇hq⟩ + R,

As will be shown in Sect. 3.1, the dry tendency over 
the SSTP is primarily caused by the weakened upward 
motion. To investigate the mechanisms responsible for the 
anomalous vertical motion, we further diagnose the moist 
static energy (MSE) budget (Neelin and Held 1987; Wu 
et al. 2017), which was considered as one of the dominant 
theoretical paradigms for understanding monsoon rainfall 
(Hill 2019). The equation can be written as

where Fnet is the net flux into the atmospheric column from 
the surface and the top of atmosphere. MSE is denoted by 
h = CpT + Lvq + � ; T  is air temperature; � is the geopoten-
tial; Cp and Lv are the specific heat at constant pressure and 
the latent heat of vaporization, respectively; and CpT + Lvq is 
the moist enthalpy. The other symbols in Eq. (2) are identical 
with Eq. (1). Due to the seasonal mean time tendency term 

(2)
�t⟨CpT + Lvq⟩� + ⟨� ⋅ ∇h(CpT + Lvq)⟩� + ⟨��ph⟩� = F�

net
,

Fig. 1  a Climatology (bars with cold colors; mm  day−1) and changes 
(bars with warm colors; mm  day−1) of the monthly rainfall aver-
aged over the SSTP area (red boxes in c–e; 79°–97°E, 23°–31°N) for 
1980–2018 based on GPCC, GPCP, and JRA-55, respectively. b Time 
series of the mean rainfall (mm  day−1) in JAS over the SSTP area. 
Dashed lines are the corresponding long-time linear trends, and the 

magnitudes of linear trends are marked. c Linear trend (mm  day−1 
 decade−1) of GPCC rainfall in JAS, in which the stippling indicates 
the significant values > 95% confidence level and the bold gray con-
tours denote the topographic heights of 500 m and 3000 m. d Same as 
c, but for the GPCP data. e Same as c, but for the JRA-55
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( �t⟨CpT + Lvq⟩� ) is relatively small and can be neglected, the 
MSE equation can be simplified to

According to the previous studies (e.g., Back and Brether-
ton 2006; Wu et al. 2017; Hu et al. 2021), in the tropics and 
subtropical monsoon regions (such as the SSTP) with deep 
convection in summer, the gross moist stability is generally 
positive and the �ph is usually less than 0, then the negative 
terms on the right-hand side of Eq. (3) can arouse anoma-
lous descending motion ( 𝜔′

> 0 ) under the constraints of the 
MSE budget balance.

Additionally, the methodology also includes the linear 
correlation analysis and regression analysis. The Student’s 
t test is applied to assess the statistical significance of the 
results obtained.

3  Results

3.1  Drying tendency over the SSTP and moisture 
budget analysis

As discussed in the introduction, the northern branch of the 
South Asian summer monsoon develops over the SSTP area, 
characterized by heavy rainfall and strong upward motion 
(see the supplementary Fig. S1). The SSTP area (79° E–97° 
E, 23° N–31° N) being focused in our analysis exactly covers 
the monsoon rainfall center in climatology, and it shows the 
most significant drying tendency (Fig. 1c–e) to be discussed.

Figure 1a shows the climatology and the changes in 
monthly precipitation amount averaged in the SSTP for 
1980–2018 based on three datasets. A major portion of pre-
cipitation (~ 75% of the annual total amount) occurs from 
June to September, corresponding with the time of South 
Asian summer monsoon. Almost all of these months experi-
ence a drying tendency during the analysis period, although 
different trends could appear in various months due to data 
discrepancy and other factors. Except June when a slight 
drying change appears in GPCC, July, August, and Septem-
ber commonly present an obvious decrease of precipitation 
in the three datasets. Hereinafter, we focus on the JAS mean 
and analyze the feature of drying tendency over the SSTP. 
Nevertheless, including June will not change the main con-
clusions of our study. According to the spatial distributions 
of the linear trends of JAS mean precipitation (Fig. 1c–e), 
three datasets consistently show significantly decreased 
precipitation over the slope area, where the topography 
rises sharply from below 500 m to 3000 m. The temporal 
variations of SSTP-averaged JAS precipitation are shown 
in Fig. 1b. All the time series reveal significant downward 

(3)
⟨��

�ph⟩ =F�

net
− ⟨��ph�⟩ − ⟨��

⋅ ∇h(CpT + Lvq)⟩

− ⟨� ⋅ ∇h(CpT + Lvq)
�⟩ + R.

trends, − 0.37  mm   day−1  decade−1, − 0.52  mm   day−1 
 decade−1, and − 0.66 mm  day−1  decade−1 for GPCC, GPCP, 
and JRA-55, respectively, which are all statistically sig-
nificant at the 99% confidence level. An estimate from the 
mean of three datasets indicates that the JAS rainfall over 
the SSTP has decreased by ~ 20% during 1980–2018. Fur-
thermore, two more datasets derived from the APHRODITE 
project (Yatagai et al. 2012) in 1980–2015 and the TRMM 
(Huffman et al. 2007) in 1998–2018 confirm the significant 
drying tendency over the SSTP, although the time periods 
are different (Fig. S2 in Supplementary Information). This 
drying trend directly results in decreases in lake area and 
runoff that have been observed in the TP’s southern periph-
ery (Yang et al. 2014; Zhang et al. 2019), and more likely 
exerts a negative influence on the water resource for human 
activities in the surrounding countries. For example, vanish-
ing springs in the Nepalese mountains have been reported, 
accompanied by drying drinking water sources, low crop 
yields, and forest degradation in Nepal (Poudel and Duex 
2017).

To understand the dominant contributor to the SSTP 
drying tendency, atmospheric moisture budget is diag-
nosed according to Eq. (1). The JRA-55 reanalysis data-
set is adopted because of its reasonable replication of the 
observed drying trend, although the magnitude is somewhat 
stronger (Fig. 1b, e). Figure 2 shows the changes per decade 
of the first five terms on the right-hand side of Eq. (1). It 
is clearly seen that the dynamic change in vertical mois-
ture advection ( −⟨��

�pq⟩ ) is the largest contributor to the 
decreased precipitation over the SSTP (Fig. 2c). By com-
parison, the other four terms all exhibit small values in the 
slope region. In Fig. 2c, the spatial pattern of the obviously 
weakened dynamic component in vertical moisture advec-
tion is remarkably consistent with the pattern of decreased 
precipitation (Fig. 1e). Moreover, the various components 
of the area-averaged moisture budget are shown in Fig. 2f, 
further confirming the overriding contribution from the 
term −⟨��

�pq⟩ with the negative value even larger than that 
of precipitation change. The above moisture budget analy-
sis, demonstrating the dynamic change in vertical moisture 
advection as the responsible factor for the drying tendency 
over the SSTP, indicates the dominance of the change in 
vertical motion ( �′ in Eq. (1)).

Furthermore, a simple recycling equation developed 
from the above traditional atmospheric moisture budget 
(details refer to Zangvil et al. (2004)) is also diagnosed 
here. The relative contributions of locally evapotranspired 
moisture versus externally advected water vapor for the 
SSTP drying tendency are estimated (figure not shown). 
This diagnose confirms no impact from the change of local 
evaporation, while the main contribution for the drying 
SSTP comes from the remarkable reduction of the exter-
nal moisture inflow at the southern boundary of the SSTP 
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region. Climatologically, the southern boundary is the only 
channel for water vapor mass inflow into the SSTP region, 
pumped by the strong upward motion over the slope region 
(Fig. S1b). This pumping effect is significantly weakened 
in past decades over the SSTP (to be discussed in the next 
section), which reduces the moisture inflow into the SSTP 
region transporting from the southern tropical ocean, fur-
ther highlighting the important role of dynamic change in 
vertical moisture advection ( −⟨��

�pq⟩ in Eq. (1)).

3.2  Physical mechanism for the change of vertical 
motion over the SSTP

The question needs to be addressed now is why the verti-
cal motion over the SSTP changes during 1980–2018. Cli-
matologically, there exists a powerful anticyclone over the 
southern TP in summer, known as the South Asian High 
(Mason and Anderson 1963), which can provide the upper-
level air pumping effect via a significant divergence center 
(Fig. 3a; Liu et al. 2013). This pumping effect is crucial 
for the formation and maintenance of strong upward motion 
over the SSTP (Fig. 3c). Meanwhile, the Asian subtropical 
westerly jet in summer is coincident with the northern edge 

Fig. 2  Changes (mm  day−1  decade−1) in the first five terms on the 
right-hand side of Eq. (1) based on JRA-55 in JAS for 1980–2018: a 
evaporation, b thermodynamic component of vertical moisture advec-
tion, c dynamic component of vertical moisture advection, d thermo-
dynamic component of horizontal moisture advection, and e dynamic 
component of horizontal moisture advection. In f, color bars are the 

corresponding area-averaged values of each term over the SSTP area 
(79° E–97° E, 23° N–31° N), and the cross-slash bar is the change 
in precipitation. In a–e, the stippling indicates the significant val-
ues > 95% confidence level and the bold gray contours denote the 
topographic heights of 500 m and 3000 m
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of the South Asian High (Fig. 3a). Specifically, the junction 
of tropical easterly flow and subtropical westerlies is located 
over the SSTP, corresponding with the aforementioned sig-
nificant upper-level divergence and upward motion (Fig. 3a, 
c). Thus, any variations in upper-level atmospheric circula-
tion can directly regulate the divergence pumping, which 
will further influence the intensity of upward motion over 
the SSTP area.

During 1980–2018, the long-term trend of upper-level 
atmospheric circulation presents an anomalous anticyclone 
over the northeastern TP centered along the climatological 
westerly jet (~ 40° N) and is located at the northeastern 
flank of the South Asian High (Fig. 3b). The pressure-
latitude cross section of the linear trend of zonal wind 
(Fig. 3d) clearly shows a significant equivalent barotropic 
feature in the anomaly anticyclone, with a maximum 

intensity at about 200 hPa. Uniform easterly anomalies 
appear over the TP (Fig. 3b, d), which are inverse with 
the climatological westerlies (Fig.  3a) and evidently 
reduce the upper-level divergence (Fig. 3b). This weak-
ened divergence is manifested by the deep convergence 
tendency between 250 and 100 hPa over the SSTP (shown 
by the green dashed contours in Fig. 3d), suggesting an 
attenuated upper-level pumping effect. Consequently, the 
upward motion is weakened (Fig. 3d), leading to the weak-
ened vertical moisture advection (Fig. 2c) and decreased 
precipitation over the SSTP. It is worth mentioning that 
the trend of divergence in the lower level is much weaker 
compared with the upper-level significant and deep con-
vergence tendency (Fig. 3d). This phenomenon further 
highlights the dominant effect due to the change in the 
upper-level atmospheric circulation.

Fig. 3  a Climatology of 200-hPa zonal wind (solid contours; m  s−1), 
horizontal wind (vectors; m  s−1), and divergence (shading;  10–6   s−1) 
in JAS for 1980–2018. b Same as a, but for the linear trends of hori-
zontal wind (m  s−1  decade−1) and divergence  (10–6  s−1  decade−1), in 
which the stippling indicates the significant values > 95% confidence 
level for divergence trend, and only the significant vectors > 95% con-
fidence level are plotted. In a, b, the dashed blue curve is the JAS 
climatological westerly jet axis, and the bold gray contours denote 
the topographic height of 3000  m. c Pressure-latitude cross section 
of climatological zonal wind (contours; m  s−1) and vertical circula-

tion (vectors; v in m  s−1, ω in 0.02 Pa   s−1) averaged from 79° E to 
97° E, in which gray shading denotes the terrain. d Same as c, but 
for the linear trends of zonal wind and vertical circulation per dec-
ade, in which green contours show the linear trend of divergence field 
with absolute value ≥ 0.4 (dashed is negative, and solid is positive; 
CI = 0.4 ×  10–6   s−1  decade−1), the stippling indicates the significant 
values > 95% confidence level for zonal wind trend, and only the sig-
nificant vectors > 95% confidence level for vertical circulation trend 
are plotted
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Simulations from the CESM-LE project are adopted to 
confirm the relationship between the upper-level anomaly 
anticyclone and the SSTP drying tendency. The 40-mem-
ber ensemble mean displays almost no trend in JAS pre-
cipitation over the SSTP during 1980–2018 (Fig. 4a). 
Since the multi-member ensemble mean can effectively 
suppress the internal variability and isolate the effect of 
external forcing (Kay et al. 2015), we speculate that the 
observed SSTP drying tendency is probably regulated 
by atmospheric internal variability, instead of anthropo-
genic forcing. Among the 40 members of the CESM-LE 
project, four members are detected to simulate a signifi-
cant drying trend over the SSTP successfully (Fig. 4b). 
These cases show the common changes in the upper-level 
atmospheric circulations (Fig. 4c, d), namely significant 
anomalous anticyclone with a barotropic structure over 
the northeastern TP. Moreover, there exists an upper-level 
significant and deep (250–100 hPa) convergence trend over 
the SSTP in the drying CESM-LE cases (Fig. 4d), while a 
weak signal in the lower level. This point is identical with 
the observed result shown in Fig. 3d, again confirming 
the more important role of the change in the upper-level 

atmospheric circulation, which is favorable for the weak-
ened upward motion.

In the tropics or monsoon regions, the vertical motions 
are constrained by the MSE budget balance (e.g., Neelin 
et al. 2003; Chou and Neelin 2004; Wu et al. 2017; Hu 
et al. 2021). We diagnose the MSE equation (Eq. (3)) to 
further verify the physical processes causing the anoma-
lous descending motion over the SSTP (Fig. 3d) under the 
influence of upper-level anticyclonic change. According 
to the methodological introduction in Sect. 2, the nega-
tive terms on the right-hand side of Eq. (3) can arouse 
anomalous descending motion. Result indicates that the 
advection of climatological moist enthalpy by anomalous 
horizontal wind ( −⟨��

⋅ ∇h(CpT + Lvq)⟩ ) has the largest 
contribution to the weakened upward motion over the 
SSTP in recent decades (Fig. 5). To explore the detailed 
process of this term, a further decomposition is applied 
(Fig. 6). For the climatology, both the atmospheric spe-
cific humidity and temperature peak in the middle-upper 
troposphere over the SSTP (Fig. 6a), supporting the pla-
teau as a moist and warm center in summer (e.g., Ye and 
Wu 1998; Xu et al. 2008; Boos and Kuang 2010). With the 

Fig. 4  a Linear trend (mm  day−1  decade−1) of the 40-member ensem-
ble mean rainfall from the CESM-LE project in JAS of 1980–2018. 
b Same as a, but for the mean of drying cases in the CESM-LE 40 
members. c Same as b, but for the 200-hPa divergence (shading, 
 10–6   s−1) and wind (vectors; m  s−1  decade−1), in which the dashed 
blue curve is the JAS climatological westerly jet axis. d Same as 
c, but for the pressure-latitude cross sections of zonal wind (orchid 

contours; m  s−1  decade−1) and divergence field with absolute 
value ≥ 0.15 (green contours; dashed is negative and solid is posi-
tive; CI = 0.15 ×  10–6  s−1  decade−1) averaged from 79° E to 97° E. The 
stippling indicates the significant values > 95% confidence level for 
rainfall in a, b, divergence in c, and zonal wind in d. The bold gray 
contours denote the topographic heights of 500 m and 3000 m in a, b 
and 3000 m in c, and gray shading denotes the terrain in d 
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influence of anomalous anticyclonic trend over the north-
eastern TP in 1980–2018, the anomalous easterlies at the 
anticyclone’s southern flank obviously bring the cold and 
dry (low moist enthalpy) air advections into the region 
of SSTP (Fig. 6a). Driving by the anomalous horizontal 
wind, the anomalous cold air advection ( −⟨��

⋅ ∇h(CpT)⟩ ; 
Fig. 6b), in comparison with the anomalous dry air advec-
tion ( −⟨��

⋅ ∇h(Lvq)⟩ ; Fig. 6c), presents the dominated 
contribution to the negative horizontal advection of clima-
tological moist enthalpy ( −⟨��

⋅ ∇h(CpT + Lvq)⟩ ) over the 
SSTP (Fig. 5). Therefore, the above MSE budget diagnosis 
again demonstrates that the anomalous anticyclonic trend 
over the northeastern TP is the key system weakening the 
upward motion over the SSTP through advecting the low 
moist enthalpy air into the slope area.

It should be noted that, except for the most important 
contribution from −⟨��

⋅ ∇h(CpT + Lvq)⟩ on the weakened 
upward motion over the SSTP, the term −

⟨
��ph

�
⟩
 is also 

negative with a relatively small value (Fig. 5). Namely, the 
vertical advection of anomalous MSE by climatological ver-
tical motion also contributes to the weakened upward motion 
over the SSTP in recent decades. This term is mainly related 
to the change in the vertical structure of the MSE h′(Wu 
et al. 2017), which is primarily regulated by the subcompo-
nent of latent energy Lvq′(see the supplementary Fig. S3). 
The positive trend of moisture content or latent energy over 
the SSTP presents a vertical structure with a maximum at 
about 550 hPa (Fig. S3b), which is probably connected to the 
enhanced warming at middle troposphere resulted from the 
increasing elevated aerosol loading over the Indo-Gangetic 
Plain and Himalayan foothills in recent decades (Li et al. 
2016). Since the key role of anomalous anticyclone over the 
northeastern TP is focused here, the detailed process for the 

term −
⟨
��ph

�
⟩
 is beyond the scope of this paper. We will 

show the further investigation in a separate study.

3.3  Linkage with the mid‑latitude atmospheric 
change

From both the perspectives of atmospheric circulation analy-
sis and energy balance diagnosis, the foregoing chapter has 
proved that the trend of descending motion over the SSTP 

Fig. 5  Linear trends (W  m−2  decade−1) for each term of the MSE 
equation (Eq.  (3)) based on the JRA-55 in JAS during 1980–2018, 
being calculated by the area-averaged values over the SSTP area (79° 
E–97° E, 23° N–31° N)

Fig. 6  a Climatology of 350-hPa air temperature (purple contours; K) 
and specific humidity (shading; g  kg−1), and the linear trend of hori-
zonal wind (vectors; m  s−1  decade−1) in JAS for 1980–2018. b Linear 
trend (W  m−2  decade−1) for the term −⟨��

⋅ ∇h(CpT)⟩ . c Same as b, 
but for the term −⟨��

⋅ ∇h(Lvq)⟩ . The stippling indicates the signifi-
cant values > 95% confidence level in b and c 
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can be largely attributed to the upper-level anomalous anti-
cyclone. A further question is, what causes the anticyclonic 
trend over the northeastern TP during 1980–2018? Fig. 7a 
shows the linear trend of large-scale atmospheric circulation 
at 200 hPa in JAS for the recent decades. The anticyclonic 
trend over the northeastern TP is found not a local phenom-
enon, but is rather associated with an eastward extension of 
the large-scale wave train over the North America–North 
Atlantic–Eurasia region. Meanwhile, the long-term change 
of upper-level atmospheric circulation in boreal JAS in the 
CESM-LE is also examined. There exists a similar upstream 
wave train over the Eurasia in the CESM-LE drying cases 
(figure not shown). This wave train is analogous to the cir-
cumglobal teleconnection (CGT) pattern (its Eurasian por-
tion also called the Silk Road pattern), a stationary mode of 
boreal summer atmospheric variability in the Eurasian mid-
dle latitudes (Ding and Wang 2005; Saeed et al. 2014). With 
the JRA-55 reanalysis data, the CGT index is calculated as 
the first principal component (PC1) of the leading mode of 
200-hPa meridional wind over the region (100° W–100° E, 
20° N–80° N) (Saeed et al., 2014). Figure 7b gives the pat-
terns of regression of 200-hPa geopotential height and wind 

against the CGT index, which are extremely similar with 
the patterns in Fig. 7a. The coefficient of spatial correlation 
between the geopotential heights in Fig. 7a, b can reach 0.91. 
Thus, the CGT-like change in atmospheric circulation at 
middle latitudes in recent decades brought the anticyclonic 
trend over the northeastern TP. The anomalous anticyclone 
weakens the upward motion over the SSTP through reducing 
the upper-level divergence pumping and advecting cold and 
dry (low moist enthalpy) air into the slope region, finally 
resulting in the dynamic change in moisture vertical advec-
tion and decreased precipitation.

The above corollary is further confirmed by the signifi-
cant correlation (R = − 0.43; P > 99%) between the CGT 
index and the SSTP rainfall index (Fig. 7c). This relation-
ship can also be manifested from the spatial regression of 
precipitation against the CGT index (Fig. 8). Corresponding 
with the CGT pattern in mid-latitude atmospheric circula-
tion, all the three precipitation datasets consistently show a 
significant drying trend in the region of SSTP. Additionally, 
from the perspective of long-term change, the CGT index 
shows an upward trend in recent decades, which is exactly 
contrary to the drying tendency over the SSTP (Fig. 7c).

Fig. 7  a Linear trends of 
200-hPa geopotential height 
(shading, m  decade−1) and 
wind (vectors; m  s−1  decade−1) 
in JAS for 1980–2018. b Pat-
terns of regression of 200-hPa 
geopotential height (shading, 
m) and wind (vectors, m  s−1) 
against the CGT index. In a, 
b, the stippling indicates the 
significant values > 95% con-
fidence level for geopotential 
height, and only the significant 
vectors > 95% confidence level 
are plotted. Bold gray curves 
denote the topographic height 
of 3000 m, and “R = 0.91” 
denotes the spatial correla-
tion coefficient of geopotential 
height between a and b. c The 
normalized CGT index (black 
curve) and GPCC rainfall index 
over the SSTP area (green 
curve), and their correspond-
ing 8-year running means 
(thick lines); “R = − 0.43” and 
“R_runave = − 0.93” denote 
correlation coefficients for the 
original and running-mean time 
series, respectively
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4  Discussion and summary

4.1  Discussion

The underlying cause for the mid-latitude atmospheric 
change with a CGT-like pattern in recent decades is of 
substantial interest. Limited studies have indicated that 
the Atlantic Multidecadal Oscillation (AMO) may play a 
potential role in modulating the decadal variation of the 
CGT (Lin et al. 2016; Wu et al. 2016a; Hong et al. 2017). 
However, Wang et al. (2017a) recently reported that the 
AMO did not show a significant linear relationship with 
the interdecadal CGT during 1920–2010. In this study, we 
have reinvestigated the connection between the CGT and 
the AMO and found that the AMO exhibits a significant 
correlation (R = 0.45; P > 99%) with the CGT in 1980–2018 
(see the supplementary Fig. S4a). Furthermore, the decadal 
variation of CGT is in phase with that of the AMO (thick 

curves in Fig. S4), suggesting that the CGT and AMO are 
possibly related to each other. In Fig. S4b, it is detected that 
the CGT trend also connected closely with the sea surface 
temperature variation in tropical Indian Ocean in the recent 
decades. However, the associated physical mechanisms for 
those potential oceanic forcings remain unclear. Beside the 
oceanic factors, the barotropic instability of the summer 
mean flow at the exit region of North Atlantic westerly jet 
is regarded as a source for the maintenance and variation 
of the CGT (Ding and Wang 2005). We estimate the local 
barotropic energy conversion CK associated with the CGT 
following the formula in Simmons et al. (1983). As shown 
by the supplementary Fig. S5a, significant positive CK in 
the upper troposphere is clearly observed near the southeast-
ern flank of the Atlantic jet (the exit region), indicating that 
the CGT wave train can get kinetic energy from the mean 
flow in this region. More importantly, the CK in that region 
shows an obvious positive linear trend during the period of 
1980–2018 (Fig. S5b). It is thus believed that the barotropic 
instability in the jet exit region over the North Atlantic also 
plays a potential role on the long-term change of the CGT. 
Automatically, further investigation on comprehensively 
explaining the observed trend of the CGT is still required, 
since this trend may have led to high-impact extremes in 
recent boreal summers (Teng and Branstator 2019). Such a 
study is currently under way and will be reported separately.

Additionally, it was reported that the wave train in CGT 
pattern may interact with the rainfall anomalies associ-
ated the Indian summer monsoon (ISM) at the interannual 
timescale (e.g., Ding and Wang 2005). One might suspect 
that the drying trend over the SSTP may be a reason for 
the mid-latitude CGT-like atmospheric change, rather than 
a result. We have verified this point using sensitivity experi-
ments with the Community Atmosphere Model, in which 
the reduced latent heating by 20% (according to the quanti-
fied drying) was prescribed over the SSTP. Forced by the 
weakened heating, an obviously anomalous cyclone appears 
at the SSTP’s upper troposphere (figure not shown). This 
response of the upper-level atmospheric circulation is simi-
lar with the previous simulated results forced by anomalous 
heating over the southeastern TP with a regional model 
(see Fig. 7a in Wang et al. 2019) and a nonlinear baroclinic 
model (see Fig. 4b in Jiang and Ting 2017). From the above, 
the atmospheric response due to the feedback of the SSTP’s 
drying is very different from the observed dipole pattern 
with an anticyclonic anomaly over the northeastern TP and 
a cyclonic anomaly to the west of the TP shown in Fig. 7a, 
b. Thus, to a large extent, the CGT-like atmospheric change 
shaped the drying tendency over the SSTP in recent decades 
more probably, not vice versa. Furthermore, potential feed-
backs of the wetting tendency in Northwest India and Bay 
of Bengal (see Fig. 1d, e) to the formation of the observed 
CGT-like trend are also numerically examined. Consistent 

Fig. 8  Patterns of regression of JAS precipitation (mm  day−1) against 
the CGT index in 1980–2018 based on a GPCC, b GPCP, and c JRA-
55 datasets. The stippling indicates the significant values > 95% the 
confidence level and the bold gray contours denote the topographic 
heights of 500 m and 3000 m
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with a typical Gill-type response (Gill 1980), an upper-trop-
ospheric anticyclonic anomaly forced by the heat source in 
both two regions (corresponding with the increased pre-
cipitation) can be found over the west of the TP (figure not 
shown). Whereas this anticyclonic response is opposite 
with the observed cyclonic trend (Fig. 7a). Although the 
heat source in Northwest India can trigger an anticyclonic 
anomaly over Northeast Asia, also mentioned by Ding and 
Wang (2005), its intensity and location are vastly different 
from the observed anticyclonic trend over the northeastern 
TP emphasized in this study. In sum, we can infer that the 
local feedback of the rainfall to the mid-latitude CGT-like 
atmospheric change is limited.

In the Sect. 3.2, we mentioned that the observed SSTP 
drying tendency is probably regulated by atmospheric inter-
nal variability, instead of anthropogenic forcing. That’s 
because the 40-member ensemble result in the CESM-LE 
project could not reproduce the decreased precipitation over 
the SSTP during 1980–2018 (Fig. 4a). Actually, we also 
have examined the precipitation change in the phase 6 of the 
Coupled Model Intercomparison Project (CMIP6) with the 
method of multi-model ensemble (MME). The linear trend 
of the CMIP6 MME precipitation in JAS for the period of 
1980–2018 also presents no drying tendency, but even weak 
wetting trend appears in the southern and western slope area 
(Fig. S6a in Supplementary Information). However, under 
the anthropogenic greenhouse gas forcing, the CMIP6 mod-
els consistently project a significant wetting trend over the 
TP and its slope area in future (Fig. S6b, S6c), which was 
also produced by the CMIP5 models (e.g., He et al. 2019). 
Therefore, it can be inferred that the drying SSTP in recent 
decades was dominated by atmospheric internal variabil-
ity, such as the mid-latitude CGT-like atmospheric change 
emphasized in this study. As previous studies have reported, 
the long-term variations of the CGT pattern across Eurasia 
in boreal summer was little relevance to the externally forced 
climate change (e.g., Wang et al. 2017a).

4.2  Summary

Finally, the conclusions obtained from this study are given 
as follows. A robust drying tendency in the mid-late sum-
mer during 1980–2018 is confirmed over the SSTP region 
using both observational and reanalysis data. According 
to the ensemble estimation from three precipitation data-
sets, a nearly 20% decline of the climatological precipi-
tation amount occurred in recent decades, which might 
exert a negative impact on the water resource for the sur-
rounding countries with densest population of the world. 
A moisture budget analysis demonstrates that the drying 
trend over the SSTP is mainly induced by the weakened 
dynamic component of vertical moisture advection, namely 
the weakened upward motion over the SSTP. This change in 

vertical motion results from the appearance of an upper-level 
anomalous anticyclone over the northeastern TP, through 
reducing the divergence field and the pumping effect in the 
upper troposphere, and also advecting cold and dry air (low 
moist enthalpy) into the SSTP region. Moreover, it is found 
that the anticyclonic trend over the northeastern TP is not a 
local phenomenon, but is rather a portion of the large-scale 
atmospheric change in middle latitudes that exhibits a CGT-
like pattern over the North America–North Atlantic–Eurasia 
region. In summary, this study highlights the dominate con-
tribution from a CGT-like trend of the mid-latitude atmos-
pheric variability to the drying tendency over the SSTP in 
recent decades.
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