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Abstract
During the recent decades, summer precipitation has increased over the western and northeastern
Tibetan Plateau (TP) and decreased over the southeastern TP. This study investigates the effects of
external forcing and internal variability on summer rainfall changes over the TP during 1979-2013. It is
shown that the variations in atmospheric circulation and precipitation over the TP are largely contributed
by the anthropogenic forcing and oceanic boundary conditions and that the Interdecadal Paci�c
Oscillation (IPO) plays an important role in TP summer rainfall changes on decadal time scales. The sea
surface temperature (SST) anomalies in the tropical central-eastern Paci�c induce a wave train
consisting of anomalous cyclones and anticyclones over Eurasia. The anomalous anticyclone to the
northeast TP weakens westerlies, facilitating the convergence of water vapor over the TP. Further analysis
indicates that the IPO-related SST anomalies contribute partly to the uncertainty in simulations of
summer rainfall changes over the TP in recent decades using a 40-member ensemble of the Community
Earth System Model (CESM). Consequently, the IPO can be used as one of the predictive factors of TP
summer rainfall on decadal time scales. 

1 Introduction
The Tibetan Plateau (TP) is known as “the Roof of the world”, with a mean elevation of more than 4000m
above the sea level (Xu et al. 2008). The TP contains the most glaciers outside the Arctic and Antarctic,
and is referred to as “the Third Pole of the Earth” (Yao et al. 2012). The TP is also known as “the Water
Tower of Asia” as it is the source region of several major Asian rivers, including the Yangtze River, the
Yellow River, Brahmaputra, Mekong, Ganges, Indus, Irrawaddy and Salween, and supplies water to more
than 2.0 billion people (Immerzeel et al. 2020).

The TP is one of the most sensitive regions to global climate changes and exhibits a rapid warming in
recent decades along with glacier retreat and permafrost degeneration (Kuang and Jiao 2016; Yao et al.
2019). By contrast, changes in TP precipitation show larger spatial and temporal variability with lower
con�dence partly due to the existence of various climate regimes and complex topography (Wang et al.
2018; You et al. 2015; Zhang et al. 2017a). During 1979–2011, annual precipitation increased in most
areas of the TP, but decreased in the southeastern part (Gao et al. 2015). Yang et al. (2011) obtained
insigni�cant increasing trend in central TP and decreasing trend along the periphery for annual
precipitation during 1984–2006. Liu et al. (2018) pointed out that annual precipitation decreased
signi�cantly after 1998 over the southeastern TP and increased slightly since 2002 over the northeastern
TP.

The in situ rain gauge stations are mainly located in the central and eastern TP, while lakes are widely and
densely distributed in the western TP (Ma et al. 2010). The majority of lakes in the northern Inner TP
present an increasing expansion in the past few decades, whereas the lakes in the southern TP have
shrunk (Zhang et al. 2017b, 2019a). The enhanced net precipitation is indicated to be the dominant
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contributor to increased lake water storage, followed by glacier loss and permafrost degradation (Lei et
al. 2019; Zhang et al. 2020).

The possible mechanism responsible for the long-term changes in TP precipitation is a great concern of
the research community. Gao et al. (2014) suggested that the poleward shift of the East Asian westerly jet
and the intensi�cation of the summer monsoon circulation contribute to the general wetting trend over
the TP during 1979–2011, and changes in local circulations may have played a key role in the spatially
varying trends. Liu et al. (2021) indicated that the changes in moisture transport and convection activity
have profound impacts on the interdecadal variations of precipitation over the northern and southern TP,
respectively. Moreover, some studies found that the Atlantic multidecadal oscillation (AMO) was a key
factor of summer precipitation variation over the TP on interdecadal time scales through a wave train of
anomalous cyclones and anticyclones (Hu and Zhou 2021; Sun et al. 2020; Zhou et al. 2019).

Studies have been conducted to understand the change in the contribution of moisture sources to the TP
precipitation (Li et al. 2019; Xu et al. 2020; Zhang et al. 2017c, 2019b). Zhang et al. (2017c) applied a
Euler tracer model to analyze the water sources and revealed that the wetting trends over the central and
western TP during 1979–2013 was attributable to an increased water vapor transport from the Indian
Ocean and an intensi�cation of local moisture supply. Base on a Lagrangian trajectory model, Xu et al.
(2020) showed that the intensi�ed water vapor convergence over the TP from 1979 to 2018 was
attributed to the strengthened contribution from the mid-latitude westerly.

Although signi�cant progress has been achieved in understanding the TP precipitation changes, some
questions remain unclear. What are the relative contributions of external forcing and internal variability to
the recent changes in TP rainfall? What is the dominant internal mode responsible for the spread in
rainfall change simulations over the TP? Recently, large ensembles from a single climate model with
different initial condition have become a suitable tool for identifying the relative roles of forced and
internal variability in determining climate trends at regional scales (Deser et al. 2012, 2016). In this study,
we aim to address the above questions using a set of large ensemble simulations.

The remainder of the paper is organized as follows. The observational datasets, model simulations, and
analysis methods are described in section 2. Results are presented in section 3, including the causes of
the variations of the TP summer precipitation and associated physical mechanisms. Section 4 gives the
conclusions.

2 Data And Methods

2.1 Data
The in situ daily precipitation was obtained from China Meteorological Administration (CMA) for the
period of 1951–2021. 133 meteorological stations located in or near the TP with less than 0.5% missing
data are selected in the present analysis. Given the scarcity of meteorological stations on the western TP,
two gridded precipitation datasets are applied to test the robustness of the results in this study. One is the
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monthly precipitation product constructed by the Global Precipitation Climatology Center (GPCC V2018;
Schneider et al. 2014), which spans from 1891 to 2016 with a horizontal resolution of 1° latitude by 1°
longitude. The other is the monthly precipitation data from the China Meteorological Forced Dataset
(CMFD) with a spatial resolution of 0.1°×0.1° for the period of 1979–2018 (He et al. 2020; Yang and He
2016). In addition, the ERA5 reanalysis (Hersbach et al. 2020) provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF) were used, including monthly precipitation, evaporation,
surface pressure, speci�c humidity, wind velocity and geopotential height at 0.25° horizontal resolution
for the time period from 1979 to the present.

We make use of monthly mean outputs from four sets of experiments conducted by the Community Earth
System Model version 1 (CESM1; Hurrell et al. 2013). The �rst set is 10-member ensemble simulations
with the atmospheric component for CESM (Community Atmospheric Model version 5 or CAM5) driven by
observed sea surface temperature (SST) and sea ice conditions prescribed globally over the period of
1880–2015, termed Global Ocean Global Atmosphere (GOGA). The second set is 40-member large
ensembles of fully coupled simulations with CESM (CESM-LE; Kay et al. 2015). These simulations are
subject to the historical evolution of radiative forcing for 1920–2005 and the Representative
Concentration Pathway 8.5 (RCP8.5) radiative forcing for 2006–2100 following the �fth phase of the
Coupled Model Intercomparison Project protocols (CMIP5; Taylor et al. 2012). The third set is 20-member
coupled model ensemble of tropical Paci�c pacemaker simulations in which time-varying SST anomalies
in the eastern tropical Paci�c (10°S-10°N, 160°-90°W, with a linearly tapering buffer zone that extends to
20°S, 20°N, 180°W and the coast of South America) are restored to the model climatology plus observed
historical temporal anomalies during 1920–2013. Those simulations are referred as TPAC. In the
pacemaker simulations, the rest of the model’s coupled climate system is free to evolve using the external
forcing identical to the CESM-LE simulations. For further details of the pacemaker experiments, please
refer to Deser et al. (2017). The fourth set is an 1800-year preindustrial (constant 1850 radiative
conditions) control integration of the fully coupled CESM1 (Kay et al. 2015).

2.2 Method
We focus on summer season of June-July-August (JJA) and calculate linear trends by the least squares
method over the period of 1979–2013. This time period was chosen because it is common in both
observational datasets and model simulations. The statistical signi�cance of long-term trends is
evaluated by the nonparametric Mann-Kendall test (Mondal et al. 2012). Regression analysis is used in
the present analysis. The two-sided Student’s t test is used to estimate the signi�cance of regression
coe�cients. The multivariate empirical orthogonal function method (MV-EOF; Wang 1992), which can
capture the dominant spatial relationship among multiple variables, are used in this study. The ensemble
mean (EM) of each variable is �rst removed from each ensemble member before the inter-member MV-
EOF, and then each variable is divided by the standard deviation of that variable.

A moisture budget analysis (Chou et al. 2009; Seager et al. 2010) is employed to understand the physical
processes related to the precipitation change over TP. In Chou et al. (2009), the estimated change of
precipitation P' can be decomposed as:
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P'= E'- 〈Vh∇hq〉' - 〈ω∂pq〉' + δ'   (1)
where P, E, q, ω and Vh denote precipitation, surface evaporation, speci�c humidity, pressure velocity, and
horizontal vector wind, respectively. Angel brackets denote vertical integral from the surface to
tropopause, and the primes represent departures from climatological mean. δ is the residual term, which
is attributed to transient eddies. The second and third terms on the right-hand side of Eq. (1) are
horizontal and vertical moisture transport, respectively. The vertical moisture advection term −⟨ω∂pq⟩ '

can be further divided as:

  (2)
where overbar represents climatological mean, and the �rst and second terms on the right-hand side of
Eq. (2) are thermodynamic and dynamic components, re�ecting the effects of changes in speci�c
humidity and atmospheric circulation, respectively.

3 Results

3.1 Observed precipitation trends and related physical
processes
Figure 1 exhibits the spatial distribution of TP precipitation trends in summer during 1979–2013 based
on the meteorological stations, CMFD, GPCC, and ERA5 datasets. Results from all the four datasets
display predominantly positive rainfall trends over the vast western TP and northeastern part of the TP,
with negative trends over the southeastern TP.

To reveal the physical processes related to the TP precipitation trends, a moisture budget analysis is
performed using the ERA5 reanalysis data. The spatial patterns of the trends in moisture budget
components are shown in Fig. 2. A close resemblance is observed among precipitation (Fig. 1d), the
vertical moisture transport term (Fig. 2d), and the dynamic component (Fig. 2f) over the TP, while the
thermodynamic component displays a wetting trend (Fig. 2e). The horizontal moisture advection terms
contribute partly to the increasing trend of precipitation over the northeastern TP (Figs. 2b and 2c). The
drying trend of precipitation over the southeastern TP is dominated by the dynamic component related to
atmospheric circulation changes. The evaporation change features a widespread decrease over the TP
(Fig. 2a) possibly owing to the combined effects of decreasing net radiation and wind speed (Yao et al.
2021; Zhang et al. 2018).

Based on the above analysis, the corresponding circulation characteristics have been investigated to
reveal the underlying mechanism responsible for the observed hydrological changes over the TP. The
summer-mean trends in atmospheric circulation and moisture at 500hPa during 1979–2013 in ERA5 are
presented in Fig. 3a. Anomalous easterly �ows are seen over the TP, accompanied by increased speci�c
humidity. It is clear that the easterly wind anomalies are generally larger to the east than to the west of
the TP. Such signi�cant contrast in wind anomalies is favorable for moisture �ux convergence over the
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TP (Sun et al. 2020; Zhou et al. 2019). Thus, water vapor carried by the westerlies is restrained over the
TP.

Can the observed atmospheric circulation trend potentially be attributed to the observed boundary
conditions over the oceans together with historical anthropogenic forcing? Indeed, much of the observed
precipitation and 500hPa wind trend pattern is reproduced by the ensemble mean of the GOGA
simulations (Figs. 3b and 4b). Can the observed hydroclimate trends be attributed to anthropogenic
forcing? The CESM-LE ensemble mean represents an estimate of the forced response to radiative forcing.
The spatial pattern of externally forced trends in precipitation and 500hPa wind (Figs. 3d and 4d) bears
close resemblance to that of the ensemble mean of the GOGA (Figs. 3b and 4b) but with reduced
amplitude, suggesting the combined in�uences of SST and anthropogenic forcing. The observed SST
trend pattern resembles closely the interdecadal Paci�c oscillation (IPO), and cannot be attributed to
anthropogenic forcing according to the CESM-LE and other models (�gures not shown). To what extent
are the trends in precipitation and 500-hPa wind in GOGA EM forced by tropical Paci�c SST and radiative
forcing? The TPAC EM, which include both effects, also displays easterly wind anomalies over the TP but
with a slightly weaker magnitude (Fig. 3c), in accordance with the weaker wetting over the central TP (Fig.
4c), compared to GOGA EM. Precipitation and atmospheric circulation responses in TPAC EM are a result
of both internal variability driven by tropical Paci�c SST anomalies and radiative forcing. It is noted that
the simulated moisture trend (Figs. 3b-d) is much weaker than the observations (Fig. 3a), which could be
related to systematic error in the model climatology over the TP (Fig. 5). The drier background in the
model may limit the thermodynamic changes and in turn atmospheric circulation changes.

The above analysis suggests that the TP precipitation changes in recent decades are closely related to
atmospheric circulation changes, and tropical Paci�c SST changes may play an important role in the
circulation changes around the TP. Hence, we will discuss the relationship between the tropical Paci�c
SST and TP summer rainfall changes in the subsequent analysis.

3.2 Role of tropical Paci�c SST
In this section, we �rst examine the atmospheric teleconnection associated with the TP precipitation
changes. Figure 6a shows the trend in 200-hPa eddy geopotential height in the observations. The eddy
geopotential height is de�ned as the difference of geopotential height from its zonal mean. As can be
seen in Fig. 6a, a wave train appears in the extratropics, with negative anomalies over central-eastern
Atlantic Ocean and western Asia and positive anomalies over central Europe and the Lake Baikal. This
large-scale wave train resembles closely the “Silk Road Pattern” (SRP). The SRP is a summer
teleconnection pattern in the upper troposphere along the subtropical westerly jet over the Eurasian
continent (Enomoto et al. 2003; Lu et al. 2002; Kosaka et al. 2009). This result indicates that the cyclonic
circulation anomaly near the Lake Baikal is regional manifestation of SRP on the decadal time scale.

The ensemble mean of the GOGA simulations (Fig. 6b) shows a series of high pressure and low pressure
systems over Eurasia but with reduced amplitude (Fig. 6a). The anomalies over North America-North
Atlantic Ocean-Europe display differences from the observations. Note, however, that the anomalies
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around the TP are similar to the observations. In addition, the ensemble mean of the Pacemaker
simulations shows a similar pattern of geopotential height trends as GOGA EM over much of the
extratropical Eurasia (Fig. 6c), indicating that the atmospheric teleconnection pattern could be forced by
tropical Paci�c SST anomalies. Figure 6d displays the trend in 200-hPa geopotential height from the
CESM-LE EM. Although the spatial pattern is similar to that of GOGA EM, the anticyclones over the Lake
Baikal and the North Paci�c are much weaker (Fig. 6d).

Can the tropical Paci�c SST anomalies alone reproduce the observed anomalies on decadal time scales?
To address this question, we compute 35 year trends from nonoverlapping segments of the 1800 year
control integration of the fully coupled CESM, for a total 51 segments. Figure 7 illustrates the trend
differences in SST and 200h-Pa eddy geopotential height between the segments with SST trends
averaged over 5°S-5°N, 170°-90°W below one negative standard deviation and over one positive standard
deviation. The SST trend difference features a cooling in the tropical central-eastern Paci�c and a
warming in the western mid-latitude North Paci�c (Fig. 7a), which resembles the negative phase of the
IPO pattern in the observations (Dong and Dai 2015). As shown in Fig. 7b, the IPO cold phase induces a
series of anticyclone and cyclone systems over the Eurasian continent at 200hPa, which is similar to the
observations (Fig. 6a).

Thus, these results imply that the IPO may be one of the key internal variability modes in�uencing the
near-term simulation of TP summer rainfall. To examine whether the IPO-related SST anomalies are
responsible for the uncertainty in the simulated TP rainfall trend, the CESM1 large ensembles (CESM-LE)
are used. With the same external forcing, the 40 ensemble members simulate diverse TP rainfall changes,
accompanied by a variety of atmospheric circulation trend patterns (�gures not shown). To identify the
leading modes of the inter-member spread in TP circulation changes, the MV-EOF analysis is applied to a
set of �ve circulation variables, including the JJA-mean 500- and 200-hPa wind vector and the 500-hPa
vertical pressure velocity over the TP and adjoining regions (10°-45°N, 60°-110°E).

The �rst and second MV-EOF modes account for 18.4% and 12.4% of the total variance, respectively. The
two leading modes can be separated from each other and from other modes based on the criterion of
North et al. (1982). The regression patterns of the 500-hPa atmospheric circulation anomalies onto the
normalized �rst principal component (PC1) show two pronounced anticyclones, with centers located to
the west of TP and over eastern China, respectively (Fig. 8a). The corresponding 200-hPa non-zonal
geopotential exhibits an anomalous wave train over mid- and high latitudes of Eurasia, with positive
(negative) anomalies over the northwestern Europe, the east of the Caspian Sea and the eastern China
(the eastern European Plain-western Siberia-Mongolia), respectively (Fig. 9a). This pattern highly
resembles the typical spatial pattern of the summer North Atlantic oscillation (SNAO; Folland et al. 2009).

The general characteristics of the 500-hPa atmospheric circulation anomalies associated with the EOF2
shows an anomalous cyclone located to the west of TP and an anomalous anticyclone over the eastern
China (Fig. 8b). The 200-hPa circulation anomalies associated with the EOF2 display a wave train-like
teleconnection pattern along the Northern Hemisphere westerly jet, with its centers located over the high-
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latitude North Atlantic, the central Europe, the Caspian Sea, the eastern China and the North Paci�c (Fig.
9b). This zonal teleconnection pattern is similar to the typical pattern of the SRP.

Previous studies (Hong et al. 2017; Piao et al. 2017; Wang et al. 2017; Wu et al. 2016) have suggested
that the AMO may play an import role in regulating the SRP variability on decadal time scales. However,
both the EOF1 and EOF2 patterns appear to be signi�cantly correlated with the IPO-like SST trend pattern
(Fig. 10), indicating a potential link between different members of the IPO phase and the spread in the
simulated TP summer rainfall in the CESM-LE. To investigate the respective contributions of SST
anomalies over tropical central-eastern Paci�c and western mid-latitude North Paci�c to the large-scale
atmospheric circulation, we compute the trend differences in 200-hPa geopotential between the
realizations with SST trends averaged over 30°-60°N, 130°E-160°W (5°S-5°N, 170°-90°W) over positive 1
standard deviation and below negative 1 standard deviation in the CESM-LE. As shown in Fig. 11, the
SNAO- and SRP-like atmospheric teleconnection patterns may be modulated by the SST trend anomalies
over western mid-latitude North Paci�c and tropical central-eastern Paci�c, respectively.

4 Conclusions
In this study, the in�uences of external forcing and internal variability on summer rainfall changes over
the TP were investigated for the years 1979–2013. During this period, the western and northeastern TP is
getting wetter, while the southeastern TP becomes drier. Using the ERA5 reanalysis data, it is found that
the dynamic component played a key role in rainfall changes over the TP. Climate model simulations
further demonstrated that the observed trend in atmospheric circulation and precipitation could be
attributed to the observed oceanic boundary conditions and anthropogenic forcing, and that the IPO was
an important factor contributing to the summer precipitation changes over the TP on the decadal time
scale.

The SST anomalies in the tropical central-eastern Paci�c induce a wave train consisting of cyclones and
anticyclones over the Eurasian continent. The anomalous anticyclone to the east of the TP causes
weakened westerly winds, which reduces water vapor export on the eastern boundary and favors the
convergence of water vapor over the TP. Based on a 40-member ensemble of CESM, MV-EOF analyses
showed that the IPO-related SST trend anomalies contributed partly to the spread of simulated summer
rainfall trends over the TP in recent decades. Therefore, the IPO could be employed as one of the
predictive factors for TP summer precipitation changes on decadal time scales.

Further investigation is needed to understand the processes related to the roles of the eastern tropical
Paci�c SST anomalies and external forcing in inducing the SRP on the decadal time scale. Additionally,
outputs from large ensemble simulations with models other than CESM are needed to examine the model
dependence of the results of the present analysis.
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Figure 1

Observed precipitation trends over Tibetan Plateau in summer. The precipitation trends (mm month-1

decade-1) during 1979-2013 derived from (a) station observations, (b) CMFD, (c) GPCC and (d) ERA5. The
stippling denotes the linear trend signi�cant at the 10% con�dence level according to the MK test. Blue
dots indicate wetting trends and red dots indicate drying trends. Solid dots denote trends signi�cant at
the 10% con�dence level according to the MK test. The black lines show the 3000-m contour line of the
TP. 
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Figure 2

Linear trends of the moisture budget terms over Tibetan Plateau in summer during 1979-2013 derived
from ERA5. The linear trends (mm month-1 decade-1) of (a) evaporation, (b) the zonal advection term, (c)
the meridional advection term, (d) the vertical advection term, and the (e) thermodynamic and (f) dynamic
components of the vertical advection term. The stippling denotes the linear trend signi�cant at the 10%
con�dence level according to the MK test. 
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Figure 3

Linear trends in speci�c humidity (shaded; 10-4 kg/kg/decade) and wind (vectors; m/s/ decade) at
500hPa over the Tibetan Plateau in summer during 1979-2013 in (a) ERA5, (b) GOGA ensemble mean, (c)
TPAC ensemble mean, and (d) CESM-LE mean. The stippling denotes the linear trend signi�cant at the
10% con�dence level according to the MK test. 
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Figure 4

Summer precipitation trends (mm month-1 decade-1) over Tibetan Plateau from 1979 to 2013 in (a)
GPCC, (b) GOGA ensemble mean, (c) TPAC ensemble mean, and (d) CESM-LE mean. The stippling
denotes the linear trend signi�cant at the 10% con�dence level according to the MK test. Note that Fig. 4a
is the same as Fig. 1c.
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Figure 5

Climatology of summer speci�c humidity (10-4 kg/kg/) at 500hPa over Tibetan Plateau for 1979-2013
constructed from the (a) ERA5 reanalysis, (b) GOGA ensemble mean, (c) TPAC ensemble mean, and (d)
CESM-LE mean.
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Figure 6

Linear trends (m/decade) of summer non-zonal geopotential height at 200hPa over Tibetan Plateau
during 1979-2013 in the (a) ERA5 reanalysis, (b) GOGA ensemble mean, (c) TPAC ensemble mean, and
(d) CESM-LE mean. The stippling denotes the linear trend signi�cant at the 10% con�dence level
according to the MK test.

Figure 7

The differences of 35 year trends in (a) SST (˚C/decade) and (b) non-zonal geopotential height
(m/decade) at 200hPa in summer for the SST trends averaged over 5°S-5°N, 170°-90°W between below
one negative standard deviation and over one positive standard deviation (the former minus the latter)
from the PiCTL. The dotted areas indicate that differences are signi�cant at the 0.1 con�dence level
according to the Student’s t test.
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Figure 8

Inter-member regressions of trends in rainfall (shaded; mm month-1 decade-1) and 500-hPa winds
(vectors; m s-1 decade-1) in summer during 1979-2013 onto the normalized principal component of the (a)
�rst and (b) second MV-EOF modes from the CESM-LE. Stippling indicates the regressions are signi�cant
at the 0.1 level based on the Student’s t test.
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Figure 9

As in Fig. 8 but for trends in non-zonal geopotential height (m decade-1). 
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Figure 10

As in Fig. 8 but for trends in SST (˚C decade-1). 
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Figure 11

The differences of trends in non-zonal geopotential height (m/decade) at 200hPa in summer during
1979-2013 for the SST trends (˚C/decade) averaged over (a) 30°-60°N, 130°E-160°W and (b) 5°S-5°N,
170°-90°W between over one positive standard deviation and below one negative standard deviation (the
former minus the latter and the latter minus former, respectively) from the CESM-LE. The dotted areas
indicate that differences are signi�cant at the 0.1 con�dence level based on the Student’s t test.


