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Abstract

Precipitation changes over the Tibetan Plateau (TP), “Asian Water Tower”, greatly affect water resources of the surrounding
countries. A dipole pattern in summer precipitation trend over the TP is observed for 1961-2013, increasing over the north
TP (NTP) and decreasing over the south TP (STP). Since the TP is one of the most vulnerable regions to climate change in
the world, it is of great importance to investigate the role of anthropogenic forcing in the TP precipitation changes. Moisture
budget analysis based on reanalysis reveals that the precipitation trends over NTP and STP are dominated by thermodynamic
and dynamic terms of vertical moisture advection, respectively. Southward shift in the summer subtropical Asian westerly jet
(AW]J) over the west of TP and northward shift in AWJ over the east of TP collaboratively result in the increase and decrease
in dynamic component over NTP and STP, respectively. Here, we successfully detect the anthropogenic contribution to the
NTP summer precipitation trends using the attribution experiments from the CLIVAR Climate of the 20th Century Plus
Project (C20C+). The drying trends over STP are mainly controlled by internal variability, and the anthropogenic forcing is
favorable for the drying trends. The impacts of anthropogenic forcing are twofold. First, human activity induced warming
increases the specific humidity over TP, increasing the thermodynamic component of moisture budget. Second, the warm-
ing trend caused by anthropogenic forcing is unevenly distributed over the Eurasian continent, leading to the southward
(northward) shift of AWJ over the west (east) of TP, favoring more precipitation over the NTP but less precipitation over
the STP. This study provides evidence of the importance of anthropogenic forcing on the water cycle changes over the TP.
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1 Introduction

The Tibetan Plateau (TP), known as the “Asian Water
Tower” and the “Third Pole”, is the highest plateau in the
world and contains the largest number of glaciers outside the
polar regions (Xu et al. 2008; Yao et al. 2012). As the head-
water of many rivers in Asia, water cycle processes over the
TP greatly affect the downstream hydrology and ecosystem
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(Yao et al. 2012). TP can also modulate the Asian climate
and global circulation through accelerating land-atmosphere
heat exchange and changing the intensity and direction of
circulation, due to its elevated topography (Immerzeel et al.
2010; Xu et al. 2014, 2015). TP is recognized as one of the
most sensitive regions to climate changes, with the warming
rate twice of global mean (Liu et al. 2021; Moore 2012). Sig-
nificant changes in the ecosystems over the TP are reported
in the past decades, including lake expansion and precipi-
tation increase over the central TP (Lei et al. 2014; Zhang
et al. 2019; Sun et al. 2020). However, the role of human
activities in the climate change over TP and its mechanisms
are still not fully understood. Given the importance of pre-
cipitation changes over the TP in the water cycle and water
resources management of surrounding, it is of an urgent need
to improve our knowledge about the impact of anthropogenic
forcing on its precipitation changes (Gao et al. 2014; Gao
et al. 2015a; Gao et al. 2015b; Sun et al. 2020; Liu et al.
2022).
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Many studies have reported the significant lake expan-
sion in the central TP in recent decades (Zhang et al. 2017,
Lei et al. 2014; Zhang et al. 2019), which is ascribed to the
increased precipitation (Yang et al. 2011, 2018; Lei et al.
2014; Qiao et al. 2019) and melted glaciers induced by warm-
ing (Yao et al. 2012). The spring precipitation over the Sanji-
angyuan region (31.5°-36.5°N, 89.5°-102.5°E) has increased
at a rate of 0.05 mm day~! (10 year)~! for 1979-2009 and
the summer precipitation shows interdecadal oscillation (Sun
et al. 2018). The winter total precipitation over the eastern
and central TP also shows significant increasing trends of
1.05 mm (10 year)~! for 1961-2007 in observation (You
et al. 2012). The changes in annual mean TP precipitation
exhibit spatial dependence. Increased precipitation in the
central TP and decreased precipitation along the southern
TP periphery are shown in gauge observation from 1984 to
2006 (Yang et al. 2011, 2014). Drying trends in the clima-
tologically humid southeastern TP and wetting trends in the
arid and semiarid northwestern TP are also found in grid-
ded datasets during 1979-2011 (Gao et al. 2014). The Asian
subtropical westerly jet (AWJ) and the South Asian monsoon
are the dominant atmospheric circulations affecting the TP.
The two centers of AWJ are located on the east and west
of the TP, respectively (Du et al. 2016; Zhao et al. 2018).
The northward shift and weakening of the AWJ near the TP
are explored to be the mechanisms for the general wetting
trend over the central TP (Gao et al. 2014; Sun et al. 2020;
Liu et al. 2021). Li et al. (2021) recently also illustrated the
phenomenon of inconsistent precipitation changes over the
northern and southern TP, and interpreted the increased pre-
cipitation over the northern TP from the perspective of the
activities of Tibetan Plateau vortices due to the strengthened
AWI there. However, it is not clear yet whether and how the
human activities contribute to the observed dipole pattern of
precipitation trend over TP in summer.

Detection and attribution analysis can quantify the rela-
tive contribution of anthropogenic and natural forcing to the
changes in specific climate variables, which is helpful for
formulating policies in handling climate change. Attribution
studies on TP temperature show that anthropogenic green-
house gases forcing dominate the TP warming (Chen et al.
2003; Duan et al. 2006; Zhou and Zhang 2021). Meanwhile,
tree-ring series reveal the influence of anthropogenic forc-
ing on the weakening annual temperature cycle over the TP
(Duan et al. 2017). Because the observed regional precipita-
tion changes are more difficult to capture than temperature
in climate models, the attribution on regional precipitation
changes is a great challenge (Gillett et al. 2004; Zhang et al.
2013). The results of attribution using optimal fingerprint
method show that the increase in spring precipitation and
low flow over the Sanjiangyuan region from 1979 to 2005
is controlled by anthropogenic forcing (Ji and Yuan 2019).
In this study, we performed the detection and attribution
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analysis on the summer (JJA) precipitation changes over the
TP, since the precipitation over TP mainly falls in summer
(Tong et al. 2014). The basic questions we address in this
study are: (1) Does anthropogenic forcing contribute to the
observed changes in TP summer precipitation? (2) If so,
what are the physical mechanisms for the changes?

The remainder of this paper is organized as follows: We
introduce the analysis methods and datasets used in this
study in Sect. 2. Section 3 presents the main results includ-
ing observed changes in summer TP precipitation, contribu-
tion of anthropogenic forcing to precipitation changes and
the mechanisms behind it. Finally, the main results are sum-
marized in Sect. 4.

2 Data and methods
2.1 Datasets

We use monthly precipitation for 1961-2013 on a 0.5° x 0.5°
grid from two observation datasets, i.e., Climate Research
Unit gridded Time Series (CRU TS) Version 4.0.3 (Har-
ris et al. 2020) and Global Precipitation Climatology Cen-
tre (GPCC) Full Data Reanalysis Version 2018 (Schneider
et al. 2018). The ensemble mean of the two precipitation is
regarded as observation in this study. Previous studies have
shown that these gridded precipitation datasets can reason-
ably represent the large-scale spatial and temporal character-
istics of precipitation on the TP compared with rain gauge
records, although they perform poorly in precisely portraying
the topography-dependence of precipitation (Shi et al. 2017,
Yang et al. 2018; Hamm et al. 2020). The circulation datasets
are from the Japanese 55-year Reanalysis (JRA-55) dataset
at a horizontal resolution of 1.25° x 1.25° for 1961-2013
(Kobayashi et al. 2015). The variables in JRA-55 used in this
study include precipitation, evaporation, specific humidity,
vertical velocity, horizontal winds, and geopotential height.

The model output used in this study are conducted by
the Community Atmosphere Model version 5.1 (CAMS.1)
from the Climate Variability and Predictability Research
Program (CLIVAR) Climate of the Twentieth Century Plus
(C20C+) Detection and Attribution Project (Folland et al.
2014; Angélil et al. 2017). The model has two experiments,
i.e., all forcing (CAMS5-All) and natural forcing (CAMS-
Nat), and each of them has 50 realizations. The CAM5-All
is driven by observed external forcing, including observed
sea surface temperature, greenhouse gases, tropospheric
aerosols, volcanic aerosols and land cover, representing the
real-world simulation. In CAMS5-Nat, tropospheric aero-
sols, greenhouse gas, stratospheric ozone, and land cover
are set to the estimated preindustrial level, and the anthro-
pogenic contributions to sea surface temperature and sea ice
coverage estimated from CMIP5 models using the optimal
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fingerprinting method are subtracted from observations
(Stone and Pall 2016; Stone et al. 2018). It represents the
natural scenario unaffected by human activities. Therefore,
the difference between the CAMS-All and CAMS5-Nat shows
the contribution of anthropogenic forcing. Details of the
model driven data and setups are available in the above ref-
erences and on the web site of the CLIVAR C20C+ Detec-
tion and Attribution Project (http://portal.nersc.gov/c20c/
main.html). To verify the robustness of the results revealed
by CAMS.1, we also analyzed the attribution outputs from
the Hadley Centre Global Environmental Model version 3
(HadGEM3) from C20C+ as a reference, which only has
15 realizations in the all forcing (HadGEM-AIl) and natural
forcing (HadGEM-Nat) experiment (Christidis et al. 2013).
Mann-Kendall non-parametric test is used to examine the
significance of linear trends.

2.2 Moisture budget analysis

A commonly used moisture budget analysis (Seager et al.
2010; Chou and Lan 2012) is performed in this study to
investigate the physical mechanisms for the influence of
human activities on summer TP precipitation changes, which
is expressed as:

P'=E -0(q) = (V,- V,q) — (w0,q) +56, )

where P, E, q, V,, and o is precipitation, evaporation,
specific humidity, horizontal winds, and vertical velocity,
respectively. < denotes a column integration from surface
to tropopause. Thus, —(V,, - V,,¢)" and —(wd,q)’ represents
the changes in horizontal and vertical moisture advection,
respectively. 0,(g) can be neglected on a seasonal scale. § is
the residual term, which indicates the sub-seasonal transient
eddy.
The changes in vertical moisture advection can be further
divided as

—(@d,q) = —(@ 8,q1) — (!9, ) — (@I, q1). )

The three terms on the right side of Eq. 2 denotes the
thermodynamic (contribution of moisture changes), dynamic
(contribution of atmospheric circulation changes) and non-
linear component, respectively.

3 Results

3.1 Observed and simulated changes in summer TP
precipitation

We first examine the performance of the CAMS.1 in simu-
lating the climatological summer precipitation over the

TP (Fig. 1). The observed summer precipitation over the
TP and surrounding region increases from northwest to
southeast, with the maximum (~1300 mm month~!) on
the southeastern edge of the TP (Fig. 1a, b). The reanaly-
sis shows similar pattern with observation but with larger
amount (Fig. 1¢). The multi-model ensemble mean (MME)
of CAMS5-AlI can capture the distribution of the observed
precipitation reasonably, but the precipitation amount in
the model is larger than the observation over the whole
TP, especially along the southern periphery (Fig. 1d). The
pattern correlation coefficient between summer precipita-
tion in CAMS5-All MME and observation mean is 0.88
over the TP.

Then we show the distribution of precipitation trends
derived from the observation and simulation in Fig. 2. Sig-
nificant positive and negative trends of summer precipita-
tion for 1961-2013 are displayed over the north and south
TP in the observation, respectively (Fig. 2a). The positive
trends are located in the climatologically arid northwest-
ern part of TP, with the maximum trend reaching 7.91
mm month™' decade™'. The negative trends are distributed
along the climatologically humid southern edge of TP with
a minimum of — 18.25 mm month~! decade™'. The pre-
cipitation changes in JRASS are similar to the observation,
but with overestimated magnitudes (Fig. 2b). To detect the
contribution of anthropogenic forcing to the precipitation
changes, we show the spatial distribution of summer TP
precipitation trends in CAMS5-All and CAMS5-Nat simu-
lations in Fig. 2c, d. The CAMS5-All MME can capture
the dipole pattern exhibited in observation and JRAS5
(Fig. 2¢). More than 80% realizations of the CAMS-All
show the same trend as the CAMS5-All MME over the
regions with significant trends, indicating the reliability of
the precipitation trends derived from CAMS5-AIL. In con-
trast to the observation and CAMS5-ALl, the precipitation in
CAMS-Nat MME decreases significantly over southwest-
ern and northeastern TP, and increases over southeastern
TP for 1961-2013 (Fig. 2d). As for the uncertainty of pre-
cipitation trends in the natural forcing only experiment, the
ratio of realizations with the same sign as MME exceeds
80% over the southwestern TP regions with significant
decreasing trends in MME. Thus, the decreasing trends
over the south TP can be forced by internal variability.
Based on the different distributions derived from CAMS5-
All and CAMS5-Nat, it can be inferred that the observed
dipole pattern of summer TP precipitation trends, particu-
larly over the north TP, are markedly affected by anthro-
pogenic forcing.

To quantify the contribution of anthropogenic forcing
on precipitation changes, we selected two subregions based
on precipitation trends in the observation to represent the
north TP (NTP, 32°-40°N, 70°-98°E) and south TP (STP,
25°-31°N, 75°-105°E), respectively. The evolution of
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Fig. 1 Spatial distribution of climatological summer precipitation (mm month™!) over the Tibetan Plateau for 1961-2013 in a CRU, b GPCC, ¢

JRAS55 and d CAMS-All MME

summer precipitation derived from the observation, rea-
nalysis and model simulations averaged over NTP and STP
are shown in Fig. 3a, b. As for observation, the regional
mean summer precipitation in CRU (green line) and GPCC
(yellow line) both show a positive trend over NTP, with an
increasing rate at 1.27 mm mon~! decade™ and 1.31 mm
mon~! decade™!, respectively (Fig. 3a). In contrast, the pre-
cipitation over STP decreased significantly by — 3.32 mm
mon~! decade™! and -2.55 mm mon~! decade™! in CRU and
GPCC, respectively (Fig. 3b). The JRASS5 can present the
dipole precipitation trends.

The CAMS5-All and CAMS5-Nat experiments display
different precipitation evolutions and trends. For the NTP,
precipitation in CAMS5-All MME shows increasing trend of
1.70 mm mon~"! decade™!, slightly higher than the observa-
tions, although the climate mean precipitation in CAMS5-
All is stronger than the observation. On the contrary, the
CAMS5-Nat MME simulates a decreasing trend of — 1.01
mm mon~! decade™! (Fig. 3a). To assess the reliability of the
attribution result, the probability density functions (PDF) of
precipitation trends derived from 50 realizations of CAMS5-
All and CAMS5-Nat simulations are compared (Fig. 3c).
The observed NTP trend (green and yellow lines in Fig. 3c)
can hardly happen in a natural forcing world (blue shading

@ Springer

in Fig. 3c), and only one out of the 50 realizations (2%)
from CAMS-Nat shows comparable trend with the obser-
vation. The observed NTP precipitation trend falls outside
the 5-95% confidence interval range (— 2.86 to 0.85 mm
mon~! decade™!) in a natural forcing world. It indicates
that the increasing NTP precipitation in the observation is
hardly to happen without anthropogenic forcing. In con-
trast, the 5-95% confidence interval range of NTP trend in
CAMS5-All is 0.40-3.00 mm mon~! decade™!(red shading).
The probability of NTP precipitation trend exceeding the
observation is 76% in CAMS5-All, which is 38 times of that
in CAMS5-Nat. Thus, the observed wetting trends of NTP
can be attributed to the anthropogenic forcing. As for STP,
both the CAMS5-All MME and CAMS5-Nat MME exhibit a
decreasing trend (Fig. 3b). The decreasing trend in CAMS5-
All is more significant than that in CAM5-Nat. The observed
precipitation trends are located within the 5-95% confidence
interval range of both CAMS5-All and CAMS5-Nat. The prob-
ability of the decreasing precipitation trend exceeding the
observation is 19.2% in the natural forcing world, while it
increases to 59.1% under anthropogenic forcing, by a factor
of 3 (Fig. 3d). Thus, the drying trends over STP are signifi-
cantly controlled by internal variability, in accord with Yue
et al. (2020), and the anthropogenic forcing is also favorable
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Fig.2 Summer precipitation trends (mm month™' decade™) over the
Tibetan Plateau for 1961-2013 in a observations derived from the
ensemble mean of CRU and GPCC; b JRAS5; ¢ CAMS5-All MME;
d CAMS5-Nat MME. The black dots in (a, b) indicate that trends are
statistically significant at the 5% level based on Mann-Kendall non-
parametric test. Crossed lines in (c, d) indicate that trends are statis-

for the drying trends. The Kolmogorov—Smirnov test shows
that the precipitation trend PDF distributions from CAMS5-
All and CAMS-Nat are different over both NTP and STP
(Fig. 3c, d), statistically significant at the 5% level. This
further reveals that the impact of anthropogenic forcing on
the TP precipitation trend is detectable.

3.2 Mechanisms for the influence of anthropogenic
forcing on TP precipitation changes

To further investigate the physical mechanisms for the
influence of human activities on summer TP precipitation
changes, the moisture budget analysis is performed over
the NTP and STP, respectively (Fig. 4). For the NTP, the
increased precipitation is dominated by the increased verti-
cal moisture advection term in JRA5S5. By further dividing
it to dynamic and thermodynamic component, both of them
contribute to the increased vertical moisture advection, and
the thermodynamic term plays a dominant role (red bars in
Fig. 4a). Over the STP, the decrease in precipitation is attrib-
uted to the diminishing vertical moisture advection, and it

tically significant at the 5% level and more than 80% of 50 realiza-
tions agree on the sign of MME. Diagonal lines in (¢, d) indicate that
trends are statistically significant at the 5% level but fewer than 80%
of 50 realizations agree on the sign of MME. The black curly line
indicates the Tibetan Plateau. The black boxes in (a) indicate the NTP
and STP in this study

is caused by less dynamic term due to suppressed ascent
motion (red bars in Fig. 4b). The moisture budget in CAMS-
All MME shows consistencies with JRASS5, indicating that
it can reproduce the physical mechanisms for precipitation
changes over the TP reasonably. By contrast, the CAMS5-Nat
MME simulates opposite trends to JRA55 and CAMS5-All
for each dominant component mentioned above. For each
dominant moisture budget process, the trend of JRASS falls
within the range of the CAMS5-All realizations, while out-
side the range of the CAMS5-Nat realizations, over both the
NTP and STP. Clearly, anthropogenic forcing contributes to
the wetting trend in NTP mainly by increasing the specific
humidity, and to the drying trend in STP by suppressing the
vertical motion, respectively. In addition, we also notice a
large magnitude of residue term of the moisture budget over
NTP, which is may due to imbalance of moisture budget in
reanalysis caused by scare observation and complex topog-
raphy over NTP.

The thermodynamic effect of anthropogenic forcing is
relative clearly with global warming, since global warming
can increase the atmospheric water holding capacity and
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Fig.3 a, b The 5-year running mean summer precipitation anomalies
(mm month~!) averaged over the a NTP and b STP for 1961-2013.
CRU, GPCC, JRAS55, CAMS5-All ensemble mean and CAMS5-Nat
ensemble mean are indicated by the green, yellow, purple, red and
blue lines, respectively. The red and blue shading denotes the stand-
ard deviation of the 50 realizations in CAMS5-All and CAMS5-Nat,
respectively. The dashed lines are the linear trends. All trends are
statistically significant at the 5% level except for the trend in CAMS5-

then more moisture content. The distributions of summer
precipitable water vapor trends over the TP derived from
JRASS and simulation MME are shown in Fig. 5. In JRASS,
the precipitable water vapor over the central and north TP
increases significantly, with positive trends increase from
south to north. The largest trends are located on north
periphery of the TP (> 5% decade™), contributing to the
wetting trend over NTP (Fig. 5a). The CAMS-All MME can
reproduce the increasing trend and its meridional gradient,
with maximum of 3-4% decade™! over north TP (Fig. 5b).
The CAMS-AIl show high consistency across the TP, with
more than 80% of the realizations can capture the increasing
trend of precipitable water vapor over the TP. By contrast,
the precipitable water vapor in CAMS5-Nat MME decreases
over the TP, especially over west region (Fig. 5c). The
increased atmospheric water vapor content over the NTP
with anthropogenic forcing contributes to the increase in
NTP precipitation. It is also worth noting that the increase
in atmospheric water vapor content is partially attributed to
the increase in precipitation, and precipitation trend can also
contribute to local evaporation to alter local water vapor.
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of each experiment. The horizontal black lines indicate a range of
5-95% from the corresponding distribution. Significance test is based
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Previous studies have shown that the changes in summer
precipitation over TP are modulated by the AWJ (Sun et al.
2020; Gao et al. 2014). Thus, we examined the first two
EOF modes of 200-hPa zonal wind anomalies over Asia
(25-55°N, 40-140°E) and their correlation with the summer
TP precipitation in the observation (Fig. 6). As reported in
previous studies, the first mode represents the meridional
movement of the AWJ axis with consistent east-west exten-
sion (Fig. 6¢), and the second mode, a zonally asymmetric
mode, reflects the inclination and rotation of the jet axis
(Fig. 6d), with reverse meridional movement of jet’s center
over East and West Asia (Du et al. 2016; Li et al. 2020).
We show the regression coefficient between the principal
components (PC1 and PC2) corresponding to the first two
EOF modes and summer TP precipitation, 500-hPa wind and
integrated water vapor flux divergence in Fig. 6e—h, respec-
tively. The increasing trend of PC1 (Fig. 6a) corresponds to
the weakened and strengthened westerlies north and south
of 40°N, respectively, accompany with air and water vapor
convergence over east TP and divergence over southwest TP
(Fig. 6e, g). Accordingly, the precipitation changes associ-
ated with EOF1 is below normal over the southwest TP, but
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above normal over the southeast TP (Fig. 6e). The regres-
sion coefficient between PC1 and observed precipitation is
0.05 and -1.43 mm mon™" averaged over the NTP and STP,
respectively. For the second mode, positive trend of the PC2
(Fig. 6b) indicates that the jet stream is displaced southward
for the center west of TP and northward near the TP, result-
ing in intensified and weakened westerlies over west and east
of the TP, respectively. Such changes are also demonstrated
in Sun et al. (2020). The large-scale circulation anomalies
lead to anomalous air and water vapor flux convergence and
divergence over NTP and STP, respectively (Fig. 6f, h). That
is favorable for the increase and decrease in vertical mois-
ture advection over NTP and STP, respectively. Hence, the
precipitation regression pattern is similar to the linear trend
for 1961-2013 (Fig. 6f), with wetter NTP and dryer STP
(Fig. 6f). The regression coefficient between PC2 and pre-
cipitation is 1.06 and — 2.22 mm mon~' averaged over the
NTP and STP, respectively. The second mode of the AW]J

plays a dominant role in the dipole pattern of precipitation
anomalies.

To detect the influence of human activities on the changes
in the second mode of AWJ, we examined the evolutions
and trends of the second mode of AWJ PC2 in CAMS5-All
and CAMS5-Nat simulations (Fig. 7a). The PC2 in JRAS5S5
and CAMS5-All MME both show increase trend, but that in
CAMS5-Nat MME shows a significant decrease trend. The
PDF of trends in PC2 derived from the 50 realizations of
CAMS5-All and CAMS5-Nat are exhibited in Fig. 7b. The
probability of the trend exceeding that in JRASS increased
from 2.0% in CAMS5-Nat to 9.6% in CAMS5-All, indicating
that human activities have indispensable contribution to
the increased trend in the second mode of AWJ, and then
the dynamical term of TP precipitation trends as shown in
Fig. 4.

To verify the robustness of the results in CAMS.1, we
also analyzed the attribution outputs from the HadGEM3
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Fig.5 Summer precipitable water vapor trends (% decade™) over
the TP for 1961-2013 in a JRA55, b CAMS5-All ensemble mean, ¢
CAMS5-Nat ensemble mean. Crossed lines in b, ¢ indicate that trends
are statistically significant at the 5% level and more than 80% of 50
realizations agree on the sign of MME. Diagonal lines in ¢, d indicate
that trends are statistically significant at the 5% level but fewer than
80% of 50 realizations agree on the sign of MME. Significance test is
based on the Mann—Kendall non-parametric test

with less realizations as a reference (Fig. 8). The dipole
trends of TP summer precipitation also can be simulated
by HadGEM-AIlIl (Fig. 8a), while the wetting trends over
NTP are absent in HadGEM-Nat (Fig. 8b). Similar effects of
the anthropogenic forcing to the precipitation changes over
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NTP and STP are detected in the HadGEM3. Over NTP,
the observed precipitation trends are located within the
5-95% confidence interval range of HadGEM3-All (- 0.13
to 1.77 mm mon™! decade_l), but fall outside the 5-95% of
HadGEM3-Nat (— 1.08 to 0.87 mm mon~" decade™"). The
probability of NTP precipitation trend exceeding the obser-
vation is also remarkably larger in HadGEM3-All than in
HadGEM3-Nat (Fig. 8c). This demonstrates the robustness
of the impact of anthropogenic forcing on NTP precipita-
tion changes. The probability of the decreasing precipitation
trend over STP exceeding the observation slightly increased
in HadGEM3-All than in HadGEM3-Nat (Fig. 8d), high-
lighting the importance of internal variability, which is con-
sistent with CAMS. As for the PC2 of AWJ, HadGEM-AIl
MME shows increasing trend, consistent with JRASS, while
the HadGEM-Nat MME simulates significant decreasing
trend (Fig. 8e). The probability of the PC2 trend exceeding
that in JRASS also increased significantly with anthropo-
genic forcing in HadGEM3-All (Fig. 8f), in accord with the
results from CAMS.1.

To clarify the cause of AWJ changes, Fig. 9 shows the
trends of meridional 200-hPa geopotential height gradi-
ent during 1961-2013 in JRAS5, CAMS5-All MME and
CAMS5-Nat MME. To the west of the TP, the meridional
geopotential height gradient increases south of 40°N but
decreases north of it, resulting in the intensified (20°—40°N,
40°-80°E) and weakened (40°-55°N, 40°-80°E) westerly
winds, respectively. Near the northeastern TP, the decreas-
ing gradient weakens the westerly winds (Fig. 9a). Similar
results are also reported in Li et al. (2021). This corre-
sponds to the second mode of the westerly winds described
above. The CAMS5-All simulation shows similar pattern
with JRASS, while the changes in NAT simulation are not
significant (Fig. 9b, c¢). The CAMS5-All realizations show
high consistency. In the context of global warming, the
tropospheric temperature increased in general, but the
warming rate is unevenly distributed (Hong and Lu 2016;
Peng et al. 2018). There is a cooling center over the west of
the TP, which has been reported in several previous studies
(Zhou and Zhang 2009; Zhao et al. 2014). It makes the dis-
tribution of changes in tropospheric temperature gradient
around the TP uneven as shown in Fig. 9a. By comparing
Fig. 9b, c, these changes are influenced by human activities
significantly. Discrepancies between geopotential height
gradient trends in the CAMS5-All MME and JRA-55 are
also seen (Fig. 9a, b). This is because CAMS5-All MME is
obtained by averaging 50 realizations, which reflects the
overall impacts of all forcing and minimizes noise of inter-
nal variability. By examining results from each realization
of CAMS5-ALL, we can find some realizations highly consist-
ent with that in the JRASS.
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Fig.6 a, b Evolutions of principal components corresponding to the
first two EOF modes in JRASS; ¢, d The first two EOF modes pattern
(m s7") for the summer 200-hPa zonal wind anomaly derived from
JRASS; e, f Contour and vectors indicate the regression coefficients
between principal components and summer precipitation in observa-

4 Summary

The Tibetan Plateau is the headwater of many rivers in Asia,
and the precipitation changes over the TP greatly affect the
downstream hydrology and ecosystem. Since the TP is

tion (mm month™!), 500-hPa wind in JRA55 (m s, only the vectors
statistically significant at the 5% level are shown), respectively; g, h
The regression coefficients between the principal components of the
first two leading modes and the summer integrated water vapor flux
divergence (107> kg m™2 s™!)

one of the most sensitive regions to climate change, it is of
great importance to investigate the role of anthropogenic
forcing on the TP precipitation changes. In this study, the
anthropogenic contribution to the summer TP precipitation
changes from 1961 to 2013 is detected using outputs from
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the Climate Variability and Predictability Research Program
(CLIVAR) Climate of the Twentieth Century Plus (C20C+)
Detection and Attribution Project. The mechanisms for the

impact of anthropogenic forcing are also examined. The 3.

main findings are summarized below:

1. Increased precipitation and decreased precipitation
for1961-2013 is exhibited over the north TP and south-
ern TP periphery, respectively. The positive trends with
the maximum rate at 7.91 mm month™! decade™ lies in
the northwestern corner of TP. The negative trends are
distributed along the southern periphery with the mini-
mum of — 18.25 mm month™! decade™.

2. The role of anthropogenic forcing on the observed trends
in summer TP precipitation is successfully detected. The
probability of NTP precipitation trend in the all forcing
experiment of CAMS.1 (CAMS5-All) with the magnitude
exceeding the observation is 76%, significantly different
from 2% in the natural only forcing experiment (CAMS-
Nat). The drying trends over STP are mainly controlled

trend

declined STP precipitation trend exceeding the observa-
tion is 19.2% in CAMS5-Nat, while it increases to 59.1%
under anthropogenic forcing, by a factor of 3.

Anthropogenic forcing contributes to the wetting trend
in NTP mainly by increasing specific humidity, and
to the drying trend in STP by suppressing the vertical
motion through shifting the AWJ southward, respec-
tively. The thermodynamic term of anthropogenic forc-
ing is manifested as increased atmospheric moisture
content induced by global warming. Because warming
trend in troposphere caused by human activities are spa-
tially unevenly distributed, the mid-latitude jet stream
shifted southward and northward for the center west of
and near the TP, respectively, with intensified and weak-
ened westerlies over west and east of the TP. It led to
anomalous water vapor convergence and divergence over
NTP and STP, respectively, favorable for the increase
and decrease in the vertical motion over NTP and STP.

The rapid global warming in the past decades has brought

by internal variability, and the anthropogenic forcing is ~ remarkable changes to the water cycle over the Tibetan Pla-
favorable for the drying trends. The probability of the  teau. The role of anthropogenic forcing in surface warming

@ Springer
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Fig.8 a, b Summer precipitation trends (mm month™' decade™)
over the Tibetan Plateau for 1961-2013 in a HadGEM-AIl and
b HadGEM-Nat; ¢, d The probability density functions of precipita-
tion trends (mm month™' decade™") over the ¢ NTP and d STP from
HadGEM-AII (red line) and HadGEM-Nat (blue line). The green, yel-
low and purple lines denote the trends from CRU, GPCC and JRASS,
respectively. The dots indicate ensemble mean. The horizontal black
lines indicate a range of 5-95% from the corresponding distribution;

has been well detected and attributed, implying a high risk
in the glacier retreat, and degradation of permafrost due to
surface warming (Zhou and Zhang 2021; Yao et al. 2019). In
comparison, the understanding on the role of human influ-
ence in large-scale circulation and precipitation trends is
relatively unclear so far. This study suggests that the dipole
pattern of summer precipitation trend over the TP in the
past sixty years are greatly affected by human influence due
to the increase of moisture holding capacity and large-scale
circulation change under human-induced global warm-
ing. It provides scientific evidence for the inhomogeneous

e Evolutions of PC2 in JRAS5 (black line), HadGEM-AIl ensemble
mean (red line) and HadGEM-Nat ensemble mean (blue line). The
red and blue shading denote the standard deviation of the 15 reali-
zations in HadGEM-AIl and HadGEM-Nat, respectively; f The prob-
ability density functions of PC2 trends from HadGEM-AIIl (red line)
and HadGEM-Nat (blue line). The black line denotes the trend from
JRASS. Significance test is based on the Mann-Kendall non-paramet-
ric test

shrinkage of glacier across the TP, i.e. negative mass bal-
ance over the Himalayas (South TP) but less change in the
eastern Pamir (Northwest TP) due to anthropogenic forcing
(Yao et al. 2012, 2019). If the decadal internal variability
controlling the current STP drying continue under further
global warming, an accelerated glacier collapsing over the
STP would be expected, which would greatly threaten water
supplies and increase geohazard events over the surrounding
regions. Thus, adaptation and mitigation measures should be
taken to avoid potential environmental challenges caused by
climate change in the near future.
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Fig.9 Summer 200-hPa geopotential height gradient trends (gpm
decade™") for 1961-2013 in a JRA55; b CAMS5-All ensemble mean; ¢
CAMS5-Nat ensemble mean. Crossed lines in b, ¢ indicate that trends
are statistically significant at the 5% level and more than 80% of 50
realizations agree on the sign of MME. Diagonal lines in b, ¢ indicate
that trends are statistically significant at the 5% level but fewer than
80% of 50 realizations agree on the sign of MME. Significance test is
based on the Mann—Kendall non-parametric test
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