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Abstract

The Tibetan Plateau (TP) significantly affects its surroundings and the global climate through thermal and dynamic processes.
Precipitation is a key driver of hydrological, meteorological, and ecological processes. In general, the precipitation over the
TP displays a wetting trend over the past half century, with large spatial heterogeneity. However, the causes of such spatially
variable trends in TP precipitation and the driving forces have not been well quantified. Here we investigate the spatial variations
in precipitation trends and their possible mechanisms, using ground-based observations from 132 CMA (China Meteorological
Administration) stations (1970-2016) and CMFD (China Meteorological Forcing Dataset) reanalysis data (1980-2016) over the
TP. The major findings are: (1) Pronounced spatial patterns of precipitation changes (increasing on the inner TP and decreasing
for regions around the TP) are observed in both CMA and CMFD data. (2) Maximum precipitation decreases generally
occurred in stations that experienced a southwesterly daily maximum wind speed (Ws). (3) Positive correlations between mean
precipitation amount and corresponding temperature (or W) are obtained in directions of maximum precipitation increase
(decrease), which are further verified by the qualitative and quantitative analysis of the CMFD dataset. Therefore, we suggest
that intensified local recycling in a warming and hydrologically unbalanced environment has led to precipitation increases on

the central TP, whereas precipitation decreases in areas bordering the TP may be the result of a weakening Indian monsoon.
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Abstract:
The Tibetan Plateau (TP) significantly affects its surroundings and the global climate
through thermal and dynamic processes. Precipitation is a key driver of hydrological,

1



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

meteorological, and ecological processes. In general, the precipitation over the TP
displays a wetting trend over the past half century, with large spatial heterogeneity.
However, the causes of such spatially variable trends in TP precipitation and the
driving forces have not been well quantified. Here we investigate the spatial
variations in precipitation trends and their possible mechanisms, using ground-based
observations from 132 CMA (China Meteorological Administration) stations (1970—
2016) and CMFD (China Meteorological Forcing Dataset) reanalysis data (1980—
2016) over the TP. The major findings are: (1) Pronounced spatial patterns of
precipitation changes (increasing on the inner TP and decreasing for regions around
the TP) are observed in both CMA and CMFD data. (2) Maximum precipitation
decreases generally occurred in stations that experienced a southwesterly daily
maximum wind speed (W;). (3) Positive correlations between mean precipitation
amount and corresponding temperature (or W) are obtained in directions of maximum
precipitation increase (decrease), which are further verified by the qualitative and
quantitative analysis of the CMFD dataset. Therefore, we suggest that intensified local
recycling in a warming and hydrologically unbalanced environment has led to
precipitation increases on the central TP, whereas precipitation decreases in areas

bordering the TP may be the result of a weakening Indian monsoon.

Keywords: spatial patterns of precipitation changes; mechanisms; Indian monsoon;

warming; Tibetan Plateau

1 Introduction
Global climate change has received considerable scientific attention in recent

decades due to its pronounced impact on the world’s water and carbon cycles
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(Rangwala et al., 2009; Jung et al., 2010), ecosystems (Knapp et al., 2008;
Beaugrand, 2009; Guénette et al., 2014), and soil-plant-atmosphere interactions
(Barreiro and Diaz, 2011). A marked warming of approximately 0.74 °C has been
identified over the past 100 years (Mackay, 2008; Pepin and Lundquist, 2008), while
greater warming rates (1-2 °C in the last century) have been reported for high-
mountain regions than for lower altitude regions (Beniston et al., 1997; Diaz and
Bradley, 1997; Qin et al., 2009). This suggests that hydrological cycles over high-
mountain regions are more vulnerable to climate change. As the world’s highest
(>4,000 m above sea level (asl)) and China’s largest (>2.5 million km?) plateau
(Zheng et al., 2000), the Tibetan Plateau (TP) has, as a whole, experienced increases
in surface air temperatures over recent decades (Liu et al., 2009; Pepin et al., 2015),
increased solar dimming (Shi and Liang, 2013), an increasingly moist environment
(Zhang W et al., 2017), decreases in potential evaporation (Zhang et al., 2009; Wang
et al., 2014), and weakening winds (McVicar et al., 2012; Lin et al., 2013; Guo et al.,
2017a). Atmospheric and terrestrial thermal processes over the TP may affect Asian
monsoonal rainfall (Ren et al., 2006), weaken thermal forcing (Ma et al., 2008), and
exert a marked impact on both the regional climate and global atmospheric
circulations (Wu et al., 1997; Wu and Zhang, 1998; Xu et al., 2008) via the coupling
and interaction with atmospherically and hydrospherically induced climate change in
the Arctic and Antarctica. Aside from the polar regions, the TP is the world’s largest
reservoir of solid water (in the form of glaciers, snow cover and permafrost) and the
source of several large rivers (e.g., the Yellow, Yangtze, and Mekong rivers). As such,
it is acknowledged as the “Asian Water Tower” region, supplying water to ~20% of
the world’s population (Immerzeel et al., 2010). Climate change, and especially the

warming over the TP, has modified the hydrological cycle, leading to enhanced
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glacier retreat (Yao et al., 2012; Molg et al., 2014), lake expansion (Lei et al., 2013;
Zhang G et al., 2013), greening (Shen et al., 2011; Zhang W et al., 2017), changes to
snow cover (Wang et al., 2019) and groundwater storage (Zhang G et al., 2017),
permafrost degradation (Guo et al., 2013; Cuo et al., 2015), and greater runoft yields
(Yang et al., 2014; Su et al., 2016). An intensified hydrological cycle has led to
dramatic regional changes, characterized by the spatial instability in water resources
over the TP, which in turn has affected ecosystems (e.g., increased species loss; Klein
et al., 2004). Clearly, the subsequent socioeconomic consequences may also be
considerable (Pritchard, 2019).

Precipitation is a key primary component of the global water resource and as
such exerts a profound impact on the spatial distribution of other water resources and
their possible variabilities (Yang et al., 2011; Kuang et al., 2016; Hrudya et al., 2020).
A thorough understanding of the trends and spatial patterns of precipitation changes
over the TP and their possible mechanisms, set against the background of global
climate change, should allow further insight into the instability shown by hydrological
cycles in the Asian Water Tower region. Precipitation changes over the TP are more
complicated than in other regions due to the plateau’s complex precipitation inputs
from multiple moisture sources (Tian et al., 2001), variable transport pathways (Curio
etal.,2013; Pan et al., 2019), and the frequent tectonic uplift of the region’s huge and
varied topography (Qi et al., 2016). Therefore, these changes in precipitation have
been studied for some time (Singh and Nakamura, 2009; Rajagopalan and Molnar,
2013; Gao et al., 2014; Li et al., 2017; Zhang C et al., 2019; Sun et al., 2021). Large-
scale atmospheric circulation features such as the North Atlantic Oscillation, the
Arctic Oscillation, the Indian monsoon, the westerlies, and the East Asian monsoon,

as well as smaller-scale circulation arising from the intensity of local hydrological
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cycles, are all possible controls of spatially varying precipitation changes over the TP
(Cuo et al., 2013; Liu et al., 2016; Zhang C et al., 2017). The effects of precipitation
changes on the TP’s hydrological regimes have also been investigated (Yang et al.,
2014; Meng et al., 2019). For example, a weakening Indian monsoon has led to
decreases in precipitation, thereby accelerating glacier retreat on the southeastern TP,
while, conversely, significant glacier advance on the northwestern TP have been
attributed to the enhanced westerlies and consequent increases in precipitation (Yao et
al., 2012). Increased glacier mass loss and water surpluses arising from increased
precipitation (Yang et al., 2014) are considered the most likely causes of river
discharge changes on the central TP, further affecting the water budget on both local
and regional scales. Although much uncertainty remains because of the sparsity of
ground observations over the TP, an overall increasing trend in precipitation has
nonetheless been reported (You et al., 2008; Yao et al., 2012). However, set against a
general background of global warming, the spatial patterns of precipitation changes
over the TP, and the possible mechanisms, merit further investigation.

To achieve this, we present herein an analysis of precipitation changes over the
TP. Two sets of data were used, the ground-based observations from 132 CMA (China
Meteorological Administration) stations, and CMFD reanalysis datasets (China
Meteorological Forcing Dataset). For the 132 CMA stations, we analyzed the daily
precipitation values, air temperatures, daily maximum wind speeds (W) and W,
directions over the TP during the period 1970-2016. Reanalysis data from the CMFD
were used to verify the results obtained from the CMA observations. Precipitation
trends and the precipitation correlations with Shum (specific humidity), Temp
(temperature) and Wind (wind speeds) were calculated. We list the items used in this

analysis in Table 1. This study aims to: (1) explore the spatial patterns of recent
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precipitation changes over the TP; and (2) reveal the possible mechanisms driving
these patterns, given regional intense warming and wind weakening. We hope that our
research results will improve the understanding of hydrological cycles, and further aid
studies of the interactions between the land surface and the atmosphere over the TP

and its surrounding regions.

2 Materials and methods
2.1 Study area
Fig. 1

Our study region lies mainly within the rectangle 20-43°N, 78-107°E, and
encompasses the five western Chinese provinces, including all of Qinghai province
and Tibet, and parts of Gansu, Sichuan, and Yunnan provinces (Fig. 1). Digital
elevation models (DEM) issued by the Shuttle Radar Topography Mission
(https://gisgeography.com/srtm-shuttle-radar-topography-mission/) were wused to
describe the general topography (asl) of the study area, which generally decreases
from the northwest to the southeast. The climate over the TP is complex (Yao et al.,
2013), due to the interaction between, and mixing of, various moisture transport
pathways, including the westerlies with dry air masses (especially in the northern and
western parts of the study area) (Guo et al., 2017; Zhang T et al., 2019), and the
Indian monsoon with humid air masses (especially in the southern part of the study
area) (Feng et al., 2012; Zhang Y et al., 2019), as well as the actions of locally

recycled moisture (influencing most parts of the TP) (Curio et al., 2015).

2.2 Datasets

2.2.1 Ground-based measurements
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The meteorological station measurements were taken from the records of the
CMA (http://data.cma.cn/). The CMA dataset was quality controlled before being
made publicly available. The 132 CMA stations sited across and around the TP
provide records of daily precipitation amounts (mm), 2-m above ground level (agl)
temperatures (daily maximum air temperature, 7. daily minimum air temperature,
Tmin; daily mean air temperature, Timen), 10-m agl daily maximum wind speeds (W),
and 10-m agl directions of daily maximum wind speeds (W;). These records cover the
47-year period 1970-2016. We removed stations from the Sichuan Basin because of
the possible effects of the basin’s microclimate on precipitation variability. The
distribution of the 132 stations is spatially inhomogeneous (i.e., dense concentrations
at low altitudes and quite low concentrations at high altitudes, very few stations at
west of 90°E), whilst the stations are generally equally spread in each altitudinal band
from <1,000 m to ~5,000 m asl (Fig. 1, lower left corner).

2.2.2 Reanalysis dataset

The CMFD reanalysis dataset (from the National Tibetan Plateau Data Center:
http://data.tpdc.ac.cn) was used to verify the results from the ground-based
measurements. The CMFD reanalysis is generated through the fusion of remote
sensing products, reanalysis datasets, and in-situ station data (Yang et al., 2010; He et
al., 2020). Validated against ground-based measurements, the CMFD data were found
to be of superior quality to the GLDAS (Global Land Data Assimilation System)
dataset (He et al., 2020). The CMFD is widely used in land surface process studies in
China. Its spatial and temporal resolutions reach 0.1° and 3 hours, respectively. The
CMFD dataset includes seven elements (2-m Temp, surface pressure, and Shum, 10-m
Wind, downward shortwave radiation, downward longwave radiation, and

precipitation rate), and is available for 1979-2018. In this study, we used records of
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precipitation, Temp, Shum, and Wind for 1980-2016. For consistency with the spatial
distribution of 132 stations from the CMA, we used CMFD data within the rectangle
20-43°N, 78-107°E. For quantitative calculations of cell numbers (Fig. 9), the area
covered by the CMFD was restricted as shown in Fig. 8; it includes the five western
Chinese provinces and the TP within the rectangle 20—43°N, 78—-107°E, but with grid
cells in the Sichuan Basin removed.

The large-scale circulation patterns over the TP are shown in terms of the wind
vector field and specific humidity at 500 hPa, together with the outgoing longwave
radiation (OLR) in Fig. 10. The wind and humidity data are from NCAR (National
Center for Atmospheric Research) reanalysis datasets
(https://psl.noaa.gov/data/gridded/reanalysis/), at a resolution of 2.5° x 2.5° and
averaged over 1981-2010. Values of OLR are another proxy for large-scale
circulation over the TP. The OLR is negatively correlated with the intensity of
convective activity during convective processes, whereas it is positively correlated
with temperatures in winter seasons without convection (Gruber and Winston, 1978;
Wang and Xu, 1997). Therefore, OLR has been used to illustrate cloudiness and
rainfall in deep convection in the tropics (Risi et al., 2008a, b). In this analysis, we
use OLR wvalues at a resolution of 2.5° x 2.5° from NOAA satellites
(https://psl.noaa.gov/data/gridded/data.interp OLR.html) averaged over 1981-2010.
We show the seasonal and annual circulation patterns over the TP together with those

in summer months (June, July, August) (Fig. 10).

2.3 Methods
The ISM is more intensive compared with the winter monsoon.

For this study, the four seasons are defined as follows: spring (March—May),
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summer (June—August), autumn (September—November), and winter (December—
February). Specific details about the study periods and exact range of the study area
for the two datasets (the CMA and CMFD) are given below. When detecting the
spatial distribution and possible mechanisms of precipitation trends over the TP from
the 132 CMA observations, precipitation trends and the correlations of precipitation
with temperature or W, were calculated for the four seasons and annually for various
sub-periods during 1970-2016. Regions over the TP experienced significant air
warming and wind weakening (Guo et al, 2017a). We mentioned that Indian
monsoon are the main supplies of moisture origins and played a key role in
precipitation patterns in the TP (especially the southern TP) both in summer and in
winter months (Nair et al., 2018; Kuttippurath et al., 2021). Large-scale circulation
patterns in the summer months exhibit significant spatial variability (e.g., local
circulation or the westerlies for the northern TP, and the Indian summer monsoon and
humid air masses in the south) (Yao et al., 2013). This is also seen in the circulation
patterns presented in Fig. 10. Therefore, precipitation patterns in summer months
were specifically selected during the verification processes using the CMFD
reanalysis. The spatial patterns of precipitation change and the correlations with
possible controlling factors are captured well in summer, and the linkage to global
warming and wind weakening over the TP is further investigated. For ground-based
observations from the CMA, 132 stations during 1970-2016 were used. The CMFD
dataset encompass periods 1979-2018, and we used data during 1980-2016 for
consistency with the CMA data as much as possible. The comparatively large
altitudinal range of ~4,500 m (from the Yuanjiang Station in Yunnan Province at 397
m asl to the Anduo Station in Tibet at 4,801 m asl), the generally equally spread

numbers of stations for each altitudinal band (lower left in Fig. 1), the complex
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climatic conditions, various sources of moisture and vast topographical range, as well
as intense climate changes set against a background of global and regional warming,
make our study region an ideal area for the observation of the spatial distribution of
precipitation changes over recent decades and investigation of the possible
mechanisms. Datasets from both ground-based measurements (CMA) and reanalysis
(CMFD) ensure the high reliability of results.
Fig. 2

Figure 2 sets out the general framework in this study. Two sets of data (i.e., the
132 CMA stations and the CMFD reanalysis) were used to reveal and verify the
spatial patterns and possible mechanisms of precipitation changes in recent decades
over the TP. For the CMA datasets, we followed the steps outlined below to describe
the precipitation patterns over the TP. In Table 2, the general steps to achieve the
spatially precipitation patterns for datasets of CMA and CMFD are both list and
compared, with corresponding Figures also provided. (1) Trend analysis of
precipitation. We calculated the linear trends of precipitation for the four seasons and
annually for eight sub-periods between 1970 and 2016 (i.e., 1970-2016, 1980-2016,
1990-2016, 2000-2016, 1970-1979, 1980-1989, 1990-1999, and 2000-2009).
Results are plotted in Fig. 3 (summer) and Figs S1-S4 (spring, autumn, winter, and
annually). To clarify the possible causes of spatial variability in the rates of
precipitation change from the aspect of water and energy availability, which may
differ with height due to the varying altitudes, linear correlations of precipitation
trends with the corresponding altitudes were then computed (Table 2). (2)
Classification of precipitation trends based on W, of the 132 stations. We classified
the precipitation trends in Step (1) into 16 groups, based on the W; values of the 132

CMA stations. For each of the 16 groups in each sub-period during 1970-2016, we

10
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then calculated the average rates of change. We did this for all of the stations and for
those with precipitation trends significant at p < 0.1. Then the maximum and
minimum cluster-averaged values and the corresponding Wy (Dirma and Dirmy,) were
selected (panel (a) in Fig. 4). (3) Correlations of precipitation amount and W or
temperature. For the Dirs (Dirm.x and Diryy,) selected in Step (2) (panel (a) in Fig. 4),
we analyzed the linear correlations (») between precipitation amount and
corresponding temperatures (7max, Tmin, aNd Tiean) OF W5 (panels (b) and (c) in Fig. 4).
All elements for the regressions were averaged for each of the 16 groups. (4)
Comparative analysis for Dirs. Statistics on Diry. and Diry, (panel (a) in Fig. 4)
were plotted for comparison with those obtained using the correlations (panels (b) and
(c) in Fig. 4). We then identified whether there are consistent relationships between
Dirm. and Dirm,, and those Dirs for positive or negative » values. (5) Possible
mechanisms for precipitation trends in TP. From the spatial patterns of precipitation
trends (Fig. 3, Figs S1-S4), and the clustering results in Fig. 4, and combining these
with the large-scale circulation over the TP (Fig. 10), we tried to identify possible
mechanisms for the spatial patterns of precipitation trends. In this step, it is essential
to understand the background of the large-scale circulation and climate change (e.g.,
warming, monsoon weakening) in recent decades. Note that summer precipitation
appears to be the most representative (compared with other seasons), because of its
higher contribution to annual precipitation and the comparatively complex climatic
conditions induced by the combined influence of various moisture sources. Spatial
patterns of changes in precipitation during the summer months are therefore a
particular focus of our analysis and are shown in the main paper as Fig. 3, while those
for other seasons and annually are presented in the appendix (Figs S1-S4).

The CMFD reanalysis was used to verify the results from the CMA observations.

11
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The detailed steps were as follows. (1) Analysis of precipitation trends. Firstly, we
calculated the CMFD precipitation trends for each month in summer and the whole
summer between 1980 and 2016. All the rates of change of precipitation and those
significant at various p values (p < 0.1, p < 0.05, p < 0.01) are presented (Figs 5-7).
(2) Correlations between precipitation and Shum/Temp/Wind. The linear correlation
coefficients between precipitation and Shum/Temp/Wind from the CMFD reanalysis
were calculated for periods 1980-2016. All the » values and those significant at p <
0.1, p <0.05, p <0.01 are shown, with the precipitation trends obtained in Step (1) as
the background (Figs 5-7). (3) Comparisons of the spatial distributions in Steps (1)
and (2). We plot the precipitation trends (Step (1)) and » values (Step (2)) in
individual figures (Fig. 5, Shum; Fig. 6, Temp; Fig. 7, Wind). Positive or negative
precipitation trends and 7 values are identified by different symbols. In this step, we
identify relations between the spatial distributions of precipitation trends and the
negative or positive » values that are obtained from correlations of precipitation and
Shum/Temp/Wind. (4) Quantitative ratio calculations. Finally, the proportions of cells
with precipitation increases or decreases and positive or negative r values defined in
terms of correlation with humidity, temperature wind were calculated. The ratios in
summer months, and for those precipitation trends or » values significant at p < 0.1, p
< 0.05, p < 0.01 are calculated (Fig. 9). Comparatively higher or lower percentages
for precipitation increases or decreases and sets of cells defined by positive or
negative correlations between precipitation and Shum/Temp/Wind_suggest high
reliability of the results from the 132 CMA stations.

Linear regression is adopted in this analysis to calculate precipitation trends, the
linear correlations between precipitation trends and corresponding altitudes asl, and

the linear correlations between precipitation amounts and Wy/temperatures (7 max, Tmin,

12
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and Tipean) or Shum/Temp/Wind, as shown below:

y=ax+b (D)

For trend analysis, y denotes the precipitation amount, and x represents the time
(in years); for linear correlation analysis, y represents the precipitation trends or
precipitation amount, and x denotes the corresponding altitude, W values, temperature
(Twaxs Tomin, and Thpean) or Shum/Temp/Wind. a is the slope (changing rates of
precipitation, variability of precipitation trends with altitude, precipitation changes
dependent on possible controlling factors as W, temperature or Shum/Temp/Wind),
and b is the intercept.

We determined the regression parameters a and b using least squares fitting
method. The statistical significance of the changes in rates (precipitation amount
versus time, precipitation trends versus altitude, precipitation amount versus the
controlling factors W, temperature or Shum/Temp/Wind) were evaluated using the
Student’s #-test as follows:

t=rln=-2)/(1-r)]" )
where n represents the total number of samples analyzed (the number of years, the
number of CMA stations or the number of grid cells) and » represents the correlation
coefficients between x and y in Equation (1).

The general procedures used to investigate spatial patterns of precipitation
change in recent decades and the mechanisms responsible over the TP are as follows.
(1) With the 132 CMA stations, we calculated the precipitation trends (Fig. 3, Figs
S1-S4), clustered them into 16 groups based on W; of the 132 stations, and identified
the Dirmay, Dirm for each sub-period during 1970-2016 (panel (a) in Fig. 4). (2) For
groups of Dirm, and Diry,, correlations between clustered-averaged precipitation

amount and corresponding W or temperature (7max, Tmin, Imean) Were analyzed (panels
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(b) and (c) in Fig. 4). We then compared the Dirs of Dirm., and Diry, with those
obtained using the correlations (Fig. 4). (3) Precipitation trends were recalculated
using the CMFD reanalysis for summer months (and the whole summer) over 1980—
2016 (Figs 5-7). The results were compared with those from Step (1). (4) With the
CMFD, we regressed precipitation amount against Shum/Temp/Wind. The r values at
various confidence levels (p < 0.1, p < 0.05, p < 0.01) were plotted, with precipitation
trends as the background (Figs 5-7). (5) Quantitative statistics of precipitation trends
and positive/negative » values (Step (4) over the area defined in Fig. 8) are presented
in Fig. 9. (6) We show the possible mechanisms for the spatial patterns of
precipitation trends, combining the results from the CMA and the CMFD, under the

background conditions of warming and weakening wind over the TP (Fig. 11).

3 Results
3.1 Spatial patterns of precipitation trends from CMA observations
Fig. 3
Figs S1-S4

Figure 3 and Figs S1-S4 show the spatial distribution of precipitation trends
across the four seasons and annually during each period within the 1970-2016
timeframe. In contrast to the consistency shown in wind speed decreases (Yang et al.,
2014; Guo et al., 2017a) and warming (Qin et al., 2009; Guo et al., 2016) observed
over the TP in previous studies, we detected no homogeneous increasing or
decreasing trends in precipitation. Summer precipitation experienced the most severe
changes (increasing or decreasing; Fig. 3), while the smallest amplitude in trends was
detected in winter (Fig. S3). To test the sensitivity of these precipitation trends,

similar analyses of various periods during the 1970-2016 timeframe were conducted;
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viz. 1980-2016, 1990-2016, 2000-2016, 1970-1979, 1980-1989, 1990-1999, and
2000-2009. From the increase in the number of stations with stronger precipitation
trends and the increasing numbers of stations significant at p < 0.1 in the left-hand
panels of Fig. 3 and Figs S1-S4, it is reasonable to conclude that changing rates in
precipitation (both increases and decreases) have generally intensified over the past
47 years for all seasons and annually. No uniform temporal characteristics of
precipitation trends were found in any decade (panel (b) in Fig. 3 and Figs S1-S4).
Spatially distinct patterns in precipitation trends are seen except for 1970-1979, and
for 1980—-1989 during some seasons, and can be generally categorized as increases on

the central TP and decreases in regions around the TP.

3.2 Precipitation trends with altitude

Table 2
Altitudes in the hinterland of the TP are higher, but are lower in the peripheral
regions of our study area, thereby determining the vertical and/or altitudinal

distributions of the water and energy budgets, and further affecting the spatial patterns
of precipitation changes to some extent. Changes in precipitation rates were then
regressed against altitude for each stated period within 1970-2016, with results listed
in Table 2. We found that precipitation generally increased (decreased) at higher
(lower) altitudes, and that the rates of change were enhanced with increasing
(decreasing) altitude. Exceptions were found during winter and the periods 1970—
1979 (autumn, insignificant at p < 0.1) and 1990-1999 (summer, insignificant at p <
0.1). Even given different starting years for the different analysis periods between
1970 and 2000 (see the four left-hand columns in Table 2), the dependency of

precipitation changes on altitude are weakened for both all the 132 stations counted,
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and for the mean values of each altitudinal band. The dependency of precipitation

changes on altitude is strongest for the longest period of 1970-2016.

3.3 Precipitation and temperature or W,
Fig. 4

To reveal the effect of climate change on the spatial changes of precipitation over
the TP, we clustered precipitation trends of the 132 stations into 16 groups, based on
the W, values, which are recorded in 16 directions in CMA and may varied during
different seasons and in various study periods. Rates of precipitation change and
meteorological variables (e.g., precipitation amount, T, Tmin, and Tinean, W) were
averaged for each of the 16 groups. All 132 stations, and only those with precipitation
trends significant at p < 0.1, were considered. The overall W; of maximum and
minimum precipitation trends (Dirma.x, Dirmm) wWere selected for each study period and
plotted in panel (a) of Fig. 4; the linear correlations between precipitation amounts
and corresponding temperature (7max, Tmin, and Thean) and W values for the selected
directions (DiFmax, Dirmm) are shown in panels (b) and (c) of Fig. 4. Note that
correlation coefficients of < 0.1 (absolute value) were not counted.

In panel (a) of Fig. 4, maximum precipitation decreases (Dirmn, red dots) are
mainly distributed in a southwesterly direction in clusters 9—12, this being especially
true for spring, summer, autumn, and annual values, indicating that meteorological
stations dominated by the southwesterly W, experienced the highest decreases in
precipitation over the TP, except during the winter period. The greatest increases in
precipitation corresponding to Dirm. (blue dots) are spread across various directions
in different seasons. The directions are inconsistent: 5—8 and 13 in spring, 5 and 7—8

in the summer, 6—13 in the autumn, and 6—8 and 10—13 annually. Few Diry, were
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observed to extend in southwesterly Dirs, especially during the spring, summer,
autumn, and annually. We note that Dirs of precipitation trend extremes (both maxima
and minima) during the winter (clusters 7-14) showed no consistent dependence on
direction. Correlation coefficients in panels (b) and (c) in Fig. 4 should be compared
with the directions (Dirmaux, Dirmn) Shown in panel (a). Both positive (red symbols) and
negative (blue symbols) correlations were observed. The Dirs of the positive
correlations with temperatures (panel (b) in Fig. 4, red) were generally the same as the
Dirm. (panel (a) in Fig. 4, blue; especially in spring, summer, and annually), and
positive correlations with W (panel (¢) in Fig. 4, red) were mainly spread across
ranges similar to the Diry, (panel (a) in Fig. 4, red; especially in summer, autumn,
and annually). As shown in Fig. 4, and excluding any winter results, we uniformly
found maximum precipitation decreases for stations with southwesterly W, (panel (a)
in Fig. 4), relatively consistent Dirs for positive correlations of precipitation with
temperature (panel (b) in Fig. 4), and for Dir,. (panel (a) in Fig. 4), and relatively
consistent Dirs for positive correlations with W (panel (c) in Fig. 4), and for Diryi,

(panel (a) in Fig. 4), discounting some minor disturbance.

3.4 Spatial patterns of precipitation trends from CMFD reanalysis
Fig. 5

The CMFD reanalysis was also used to detect the spatial distribution and
possible mechanisms of recent precipitation changes over the TP. In addition, the
study of the CMFD reanalysis may verify results from the CMA observations. For
spatial patterns of precipitation trends, the CMFD data covered the same rectangle
(20—43°N, 78-107°E) as the 132 CMA stations. We show the summer precipitation

trends during periods 1980—2016 as colored shading in Figs 57, for all the grid cells
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(panel (a) in Fig. 5) and those with precipitation trends significant at p < 0.1 (panel (b)
in Fig. 5), p < 0.05 (panel (c) in Fig. 5), and p < 0.01 (panel (d) in Fig. 5). The
borders for precipitation trends at each confidence level (p < 0.1, p < 0.05, and p <
0.01) are marked as black solid lines, with the precipitation trends as the background.
Since the precipitation trends used as background in Figs 5-7 are exactly the same,
we therefore take those in Fig. 5 as representative.

We detect increases in summer precipitation on the main body of the TP (green
in Fig. 5), especially on the northern and central TP. For regions of the southern TP or
around the TP, precipitation was decreasing (red in Fig. 5). With the confidence level
changing from p < 0.1 to p < 0.05, and then p < 0.01, the most severe and significant
precipitation increases are found on the northern border of the TP (bold black lines in
Fig. 5), while grid cells with significant precipitation decreases are mainly located on
the southern and eastern border of the TP. This is true for all the summer months. For
monthly comparisons from June to August, precipitation in June experienced more
severe increases on the central TP, with both higher rates of change of precipitation
and more cells with precipitation increases (Fig. 5(d1)). There are more grid cells with
negative precipitation trends in July (Fig. 5(d2)) and August (Fig. 5(d3)) than in June.
In other words, we generally see widespread deep green (precipitation increases) in
June (Fig. 5(d1)), whereas more grid cells with red backgrounds (precipitation

decreases) can be seen in July and August (Fig. 5(d2) and (d3)).

3.5 Precipitation and Shum/Temp/Wind
Figs 5-7
Shum, Temp, and Wind are important controls of water and energy redistribution.

With the CMFD reanalysis, the linear correlations between precipitation amount and
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Shum/Temp/Wind during summer and each summer month in 1980—-2016 were
analyzed. To highlight the spatial distribution of precipitation trends and
positive/negative r values obtained for correlations between precipitation and
Shum/Temp/Wind, the correlations are drawn on a background showing the summer
precipitation trends (Figs 5—7). The results may help identify the controls of spatial
changes in precipitation over the TP. The colored crosses in Figs 5—7 indicate positive
(black) and negative (blue) correlations obtained between precipitation with Shum
(Fig. 5), Temp (Fig. 6), and Wind (Fig. 7). Negative or positive correlations for all the
grid cells (panel (a) in Figs 5—7), and those significant at p < 0.1 (panel (b) in Figs
5-7), p < 0.05 (panel (c¢) in Figs 5-7), and p < 0.01 (panel (d) in Figs 5-7) are all
shown. For each panel in Figs 5—7, the precipitation trends shown as the background
have the same confidence level as the correlations between precipitation and
Shum/Temp/Wind.
Fig. 5

Correlations between precipitation and Shum presented in Fig. 5 are mainly
positive. The spatial distribution of positive » values spreads across the central TP,
where there are significant precipitation increases. Cells with positive » values (black
crosses in Fig. 5) do not overlap cells with precipitation decreases (red background in
Fig. 5). This is especially true for calculations significant at the p < 0.1, p < 0.05, and
p < 0.01 confidence levels, in which significant precipitation decreases are indicated
by the black boundary with the red background in Fig. 5. In other words, for relations
between precipitation and Shum, we detected closer positive relations in regions with
significant summer precipitation increases, whereas no clear relations were found for
regions of precipitation decreases, with the confidence level changing from p < 0.1 to

p<0.05and p <0.01.
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Fig. 6

In Fig. 6, more cells with negative correlations (blue crosses) between
precipitation and 7emp are evident. With confidence level changing from p <0.1, to p
< 0.05, to p < 0.01, very few positive » values were found, and they were mainly
scattered among cells with significant precipitation increases on the central TP.
Negative » values were mainly spread across regions around the margin of the TP. We
found that cells with significant precipitation decreases (black border with red
background in Fig. 6) generally have significant negative r correlations (black crosses
in Fig. 6). This is true for p < 0.1, p < 0.05, and p < 0.01. In conclusion, close
relations were found between precipitation and 7emp on the central and northern TP,
in the form of positive correlations for cells with significant summer precipitation
increases. Significantly negative » values detected in regions around the margin of TP
agreed with results from the 132 CMA stations (panel (b) in Fig. 4).
Fig. 7

The correlations of precipitation amount and Wind during summer and each
summer month in 1980-2016 are shown in Fig. 7. Grid cells in the rectangle 20—
43°N, 78-107°E in our study area generally showed negative correlations. Positive r
values are found both in regions of the central TP and around the margins of the TP
(panel (a) in Fig. 7). With p values changing from p < 0.1, to p < 0.05, and p < 0.01,
the area with significant » values became smaller. Positive » correlations were
generally spread over regions of the northern TP, within the northern border of the TP.
This is especially true for p < 0.1 (panel (b) in Fig. 7), p < 0.05 in June (Fig. 7(c1))
and summer averages at p < 0.01 (Fig. 7(d4)). We note that precipitation trends in the
northern border of the TP are generally positive. No spatially uniform patterns are

found for negative r correlations. Note that cells with significantly negative » values
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(blue crosses) are generally not located in regions with significant summer
precipitation decreases (black border with red background in Fig. 7). Significantly
negative » values (blue crosses) are also found for cells with precipitation increases
(black border with green background in Fig. 7). From the northwest to the southeast
of our study region, the r values between precipitation and Wind change from
significantly positive (northwestern region), to significantly negative (the central TP),
and no correlations or insignificant 7 values (southeastern region). The spatial patterns
are especially clear for p < 0.05 (panel (c) in Fig. 7) and p <0.01 (panel (d) in Fig. 7).
Fig. 8
Fig. 9

Statistics for various ratios of positive and negative precipitation trends (P—/P+)
and correlation coefficients (r+/r—) between precipitation and Shum/Temp/Wind are
shown in Fig. 9. The exact area considered is shown in Fig. 8(e). We retain grid cells
including the five western Chinese provinces (Tibet, Qinghai, Gansu, Yunnan, and
Sichuan) within the TP boundary, while grid cells outside the rectangle 20—43°N, 78—
107°E and in the Sichuan Basin are removed. The area covered in Fig. 8(¢) and Fig. 9
is consistent with the exact locations of the 132 CMA stations (Fig. 1). In Fig. 9 the x
axis shows the confidence level (p < 0.1, p < 0.05, and p < 0.01) for each of the
summer months. Numbers with a blue background are the averaged ratios for each
sub-figure. The various ratios in Fig. 9 are labelled as follows: taking “»—/r all” (Fig.
9(a2)) as an example, this is the ratio of cells with negative correlation coefficients r
between precipitation and the quantity labelled on the left (e.g., Temp, Wind) to the
number of cells with all values of 7 in a certain month and at a certain confidence
level. Similarly, “r—P—/P—" means the ratio of all cells in which the precipitation

decreased that also had a negative correlation with defined climate factors (e.g., Shum,
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Temp, and Wind).

For correlations of precipitation with Shum, the proportions of positive » values
(r+/r_all) reach 99% (Fig. 9(al)). The proportion of all cells with precipitation
decreases that also have positive 7 values (r+P—/P—) is as low as 0.24 on average (Fig.
9(bl)). As the confidence level changes from p < 0.1, to p < 0.05, and p < 0.01, the
former proportion decreases to values < 0.1. The proportion of cells with precipitation
increases that also have positive » values (#+P+/P+) is much higher at 0.48 (Fig.
9(c1)). Ratios of “r+P+/P+” exceed 0.5 for p < 0.1 and p < 0.05 in July and summer.

Under the background conditions of global warming and weakening wind over
the TP, we also analyze correlations of precipitation with 7emp or Wind and compare
the statistics (the middle and lower panels in Fig. 9). The negative r proportions (r—/
r_all) are high for both Temp and Wind, reaching 0.88 (Fig. 9(a2)) and 0.86 (Fig.
9(b3)), respectively. The proportions are as high as 0.62 for cells with precipitation
decreases that also have negative correlations with Temp (r—P—/P—) (Fig. 9(b2));
higher values of —P—/P— (> 0.7) in Fig. 9(b2) occurred at the p < 0.1 confidence
level. Much lower values of 0.19 (»—P—/P—) are found for the correlation against Wind
(Fig. 9(b3)), with minimum values of < 0.1 for p < 0.01. Positive » correlations
between precipitation and 7emp are generally strongly associated with cells with
precipitation increases, as illustrated by the high percentages of 0.67 (»+P+/r+) in Fig.
9 (c2). In Fig. 9 (c3), the grid cells that have positive » with Wind have a high
proportion of 0.72 for cells with precipitation increases (#+P+/r+). This is especially
true for cells significant at p < 0.01 (Fig. 9(c3)). We note that both the Temp and Wind
play important positive roles for precipitation changes in regions with precipitation

increases (Fig. 9(c2), (c3)).
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4 Discussion
4.1 Spatial patterns of precipitation change

Spatial patterns of precipitation change taken from both the CMA observations
(Fig. 3, Figs S1-S4) and the CMFD reanalysis (Figs 5—7) in this study agree with the
results presented in previous research (Yin et al., 2013; Yao et al., 2013; Tong et al.,
2014; Deng et al., 2017; Zhang C et al., 2017; Yang K, 2021). In general,
precipitation for regions in the central and northern TP is increasing, whereas in
regions around the margin of the TP, significant precipitation decreases have been
observed in recent decades. Precipitation is one of the most important sources for the
hydrological cycle and thus has a marked impact on the spatial distribution and
variability of other water resources. Relatively consistent spatial patterns in changes
to glacial coverage (Kang et al., 2010; Yao et al., 2012), snow cover (Chen et al.,
2017; Wang et al., 2019), permafrost (Cheng et al., 2007; Guo et al., 2013), lake
volume (Song et al., 2014; Yang et al., 2017), soil moisture (Yang et al., 2011), river
runoff (Yang et al., 2014) and water storage (Meng et al., 2019) appear to correlate
with changes in precipitation over recent decades observed over the TP, confirming

the reliability of our results.

4.2 Physical drivers: from climate variables

A positive relation was generally found from the linear regressions of rate of
change of precipitation from CMA stations against altitude (Table 2). Precipitation
from the CMA stations generally increased (decreased) at higher (lower) altitudes, and
the rates of change were enhanced with increasing (decreasing) altitude. The altitudes
of our study area showed a rough trend of “low to high” from the southeastern to

northwestern TP, which further affects the vertical distribution of water and energy
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over the TP. The generally positive 7 values in Table 2 indicate that altitude has some
effect on the spatial patterns of precipitation changes over the TP, as widely reported
in previous studies (Li et al., 2017). Negative relations were also found in winter and
in 1970-1979 (autumn, insignificant at p < 0.1), 1990-1999 (summer, insignificant at
p <0.1). In addition, in the four left-hand columns in Table 2, the altitude dependency
of precipitation changes generally weakens as the start year of the analyzed period
changes from 1970 to 2000. This is true when all 132 CMA stations (without
background in Table 2) are considered, and also within each altitudinal band (with
gray background in Table 2).

Over recent years, climate change over the TP has generally amplified (Guo et
al., 2017a), while the subsequent influence on the vertical distributions of the water
and energy budgets, as represented by the altitudinal dependency of precipitation
trends, has weakened in inverse proportion (Table 2, the four left-hand columns). The
question here therefore concerns the possible mechanisms behind, and drivers of, such
spatial patterns of precipitation trends over the TP. In the work of Guo et al. (2017a),
consistently enhanced, altitude-dependent changes in both wind speed and
temperatures (especially Tin) during the 1970-2012 period were observed, contrary to
the weakening altitudinal dependency of precipitation changes propounded in this
analysis. Using spatially continuous, satellite-based datasets over and around the TP,
Guo et al. (2019) reported a reversal in “altitude-dependent warming” at higher
altitudes as shown by the decreases in rates of warming in regions >4,500 m asl
(consistent with patterns of nighttime cloud and snow cover). This suggests that the
altitude-dependent changes in climate variables (e.g., temperature, wind speed, and
precipitation) based on land surface measurements may be difficult to diagnose

because of the relative sparsity of observations at >5,000 m asl. Controls other than
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altitude must affect the spatial distribution of precipitation trends over the TP.

The spatial or vertical redistributions of water and energy budgets are intricately
connected with changes in climatic variables such as temperature and wind (Guo et
al., 2016). Given the background of global and regional air warming (Liu et al., 2009;
Qin et al., 2009; Pepin et al., 2015) and consistent decline in wind speed (Lin et al.,
2013; Guo et al., 2017a) over the TP, the roles these variables play in the spatial
patterns of precipitation trends is an interesting, and relatively unexplored, theme.
Moisture sources and transport pathways, the main controls of precipitation, are both
closely correlated with W,, and the effect of W, on precipitation changes over the TP
merits further exploration.

The clustering of the 16 groups in Fig. 4 is striking. Stations affected by
southwesterly maximum winds (W;) (groups of 9-12) are mainly located in the
southern TP or regions around the margin of the TP (Fig. 1, Fig. 10); these are the
stations that experienced maximum precipitation decreases (Fig. 3, Figs S1-S4, and
red dots in panel (a) of Fig. 4) and exhibit a positive correlation between precipitation
and W (red symbols in panel (c) of Fig. 4). These results indicate that wind speed
(upper-air wind and W;) plays a profound role in the precipitation decreases in regions
around the TP. For the CMA stations located in regions affected by the westerlies or
the locally recycled air masses of the inner TP (Fig. 1, Fig. 10), precipitation is
significantly increased (Fig. 3, Figs S1-S4, and blue dots in panel (a) of Fig. 4). We
also observed similar Dirs of maximum precipitation increases (Dirm.; blue dots of
panel (a) in Fig. 4) and positive correlations between precipitation and temperatures
(red symbols of panel (b) in Fig. 4), which further illustrates the impact of warming
on precipitation increases on the central TP (Fig. 3, Figs S1-S4).

The spatial distributions of correlations between precipitation and
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Shum/Temp/Wind are presented in Figs 5-7, with precipitation trends from CMFD
reanalysis as the background. The corresponding quantitative statistics are presented
in Fig. 9. Spatially, positive r for correlations with Shum are mainly distributed on the
central TP and do not overlap cells with significant precipitation decreases (Fig. 5);
this is further verified by the low +P—/P— value of 0.24 in Fig. 9(b1) and the much
higher »+P+/P+ value of 0.48 in Fig. 9(cl). In Fig. 6, positive r correlations between
precipitation and 7emp are distributed on the central TP, with comparatively high ratio
for r+P+/P+ of 0.67 (Fig. 9(c2)). In contrast, negative r correlations are distributed on
the southern TP, with the ratio for »—P—/P— of 0.62 (Fig. 9(b2)). Positive correlations
between precipitation and Wind are found for regions with both precipitation increases
and decreases (Fig. 7), while significantly negative r values are not seen for cells with
precipitation decreases, which can be verified by the low ratio for »—P—/P—, 0.19 in
Fig. 9(b3). The corresponding spatial patterns and quantitative analysis using the
CMFD reanalysis coincide with those observed from the CMA observations (panels
(b) and (c) in Fig. 4). The high proportions of 0.72 observed in +P+/r+ in Fig. 9(c3)
seems unreasonable and is discussed in the following paragraph.

For the CMFD reanalysis, and for the northern TP, positive correlations were
found both in Fig. 6 (precipitation and 7emp) and Fig. 7 (precipitation and Wind). In
Fig. 5 (precipitation and Shum), the r values at the northwestern TP are also positive.
The general positive relations between precipitation amount and Shum over the TP
(Fig. 5) are reasonable and easy to understand. The higher the Shum, the higher the
precipitable water vapor, which further determines the patterns of precipitation
amount and precipitation variability. The other factors, Temp and Wind, may influence
precipitation distributions and precipitation trends by either directly or indirectly

affecting water and energy redistribution. The positive 7 values between precipitation
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and temperatures (panel (b) in Fig. 4, T; and Fig. 6 Temp) observed in the central and
northern TP are related to enhanced evaporation, Shum increases, and an intensified
hydrological cycle. The intensified hydrological cycle may be induced by or closely
connected with temperature rises, and results in precipitation increases. With the
CMFD reanalysis, we detected significant positive correlations between precipitation
and Wind for the central and the northern TP, where precipitation increased
significantly (Fig. 7). These positive results on the inner TP from Wind also make
sense, considering the large-scale circulation patterns over our study region. For the
inner or northern TP regions, comparatively dry air masses from the westerlies or
locally recycled masses are the main controls of precipitation patterns (Tian et al.,
2001; Yao et al., 2013). Humid air associated with the Indian summer monsoon can
only reach the northern TP via intensive monsoonal processes (Guo et al., 2017),
while the subsequent monsoonal precipitation over the northern TP is extremely
limited. The W, of CMA indicates the daily maximum wind speed and can represent
winds at large-scale; Winds from the CMFD are the near-surface winds and more
closely connected with local air masses. Therefore, for regions of the northern TP,
Wind from the CMFD reanalysis refers to the winds of the westerlies or from the
locally recycled air; W from the 132 CMA stations may represent winds from both
the westerlies or local air and the Indian monsoon. Considering that air masses from
the westerlies or local recycling are comparatively dry, changes in absolute water
vapor content along with this kind of wind are negligible. Thus, the positive relations
between precipitation and Wind for the northern TP mainly relate to accelerated water
and energy exchange between the land surface and the upper atmosphere, enhanced
evapotranspiration, and a further intensified hydrological cycle, bringing more water

vapor into the atmosphere. In a word, higher winds accelerate air disturbance and
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increase the amount of water vapor in the atmosphere, resulting in precipitation
increases in the northern TP regions. In panel (c) of Fig. 4, positive correlations
between precipitation and W, are mainly spread over the southwesterly Dirs, while
positive correlations are also found for the western Dirs. For example, positive r
values are observed in Dirs of 12 in summer (Fig. 4(c2)), 13 in spring (Fig. 4(cl)),
and 14 in winter (Fig. 4(c4)), which may relates to the westerlies winds for northern
TP regions. Results from the CMA (panels (b) and (¢) in Fig. 4) are consistent with
the positive relations observed between precipitation and Temp/Wind for the inner TP
regions (Figs 6 and 7). The intensity of the Indian monsoon is strongest in summer,
and the areas affected by the westerlies or the local air masses spread farther over the
TP in seasons other than summer (Fig. 10). Wind in the northern TP is more closely
related to the intensity of water and heat exchange with the land and upper
atmosphere but not the intensity of humid air mass transportation, particularly outside
the summer months. The positive correlations between precipitation and W, detected
in Dirs 14 (in winter) and 13 (in spring) rather than 12 (in summer; summer: Dir 12
slightly overlaps with the directions of the Indian summer monsoon; panel (¢) in Fig.
4) are reasonable. Since the results presented in panel (c) of Fig. 4 show only those
obtained from Diry.x and Diry, (panel (a) in Fig. 4), and the W, (from CMA) differs
from Wind (from the CMFD), the positive relations between precipitation and W, or
Wind may not be totally equivalent between the CMA and the CMFD datasets.

The qualitative (Figs 3—4 and Figs 5-7) and quantitative (Fig. 9) analysis of
spatial precipitation patterns from both the ground-based observations (the 132 CMA
stations) and reanalysis datasets (the CMFD) have improved our understanding of
precipitation changes and their possible physical drivers. Under the background of

global climate change, precipitation patterns over the TP are extremely complex and
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affected by multiple controlling factors. Therefore, composite analysis of such spatial
patterns of precipitation should be performed for various controlling factors in
combination with the background of warming and wind weakening over the TP. We

discuss this further in the following section.

4.3 Possible mechanisms

Precipitation (along with temperature) is the source and principal control of the
spatial distributions of other water resources on the warming TP, with its significant
ice, snow, and permafrost cover. Spatially significant changes to other components of
the hydrological cycle (e.g., evaporation, glaciers, snow cover, lake volume/area,
permafrost, river runoff, and water storage) over the TP appear in good agreement
with the patterns of precipitation changes obtained in our study, generally increasing
for the central TP and decreasing for regions around the TP (Fig. 3, Figs S1-S4).
Precipitation changes and the corresponding unbalanced variations of other water
resources over the TP might plausibly have been amplified by coupling and
interaction with thermal and dynamic changes in the Arctic and Antarctica, thereby
affecting the global climate and water cycles (Wu and Zhang, 1998; Xu et al., 2008).
The comparatively systematic and uniform patterns of change for each component of
the hydrological cycles extant over the TP indicate that large-scale weather or climate
systems must play a role in inducing the precipitation or temperature changes that
have caused the instability in water-related circulation in our study region.
Fig. 10

We present the large-scale circulation patterns in terms of the divergent wind
vector field and specific humidity at the 500-hPa pressure level (panels (a) and (¢) in

Fig. 10), and OLR (panels (b) and (d) in Fig. 10) over and around our study area. All
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proxies are the long term mean over the period 1981-2010. Seasonal (spring, autumn,
winter, and annual) circulations are shown as panels (a) and (b) in Fig. 10, whereas
those in the summer months (June, July, August, and summer averages) are shown
separately in panels (c¢) and (d). The OLR values are negatively correlated with
convection (Wang and Xu, 1997) during convective processes in the monsoon seasons
(i.e., summer in the TP), while being positively correlated with temperatures in non-
monsoon seasons and are widely used for monitoring the earth—atmosphere radiation
balance (Gruber and Winston, 1978). Combining the wind vector field and specific
humidity at the 500-hPa pressure level with the OLR illustrates the seasonal
variability of the large-scale moisture transportation processes in TP. In summer
months, humid air (high specific humidity) is transported to the TP along the Indian
summer monsoon pathways. The Bay of Bengal and the Indian Peninsula have the
lowest OLR values; spatially the OLR increases from southeast to northwest (Fig.
10(d4)). Convective processes dominate during the monsoon season, and generally
weaken on a trajectory from the origins of the Indian monsoon to the central TP. The
wind directions of the Indian summer monsoon to the TP are mainly from the
southwest and south (panel (c¢) in Fig. 10), while some shift to southeasterly in the
monsoon season and dominate the southern TP (Fig. 10(c2), (c4)). The southwesterly,
southerly, and southeasterly winds of the Indian summer monsoon pathways to the TP
coincide with the southwesterly Dirn, based on the 132 CMA stations (panel (a) in
Fig. 4). Specific humidity in seasons other than summer (panel (a) in Fig. 10) is low,
with the highest values of ~3 g/kg occurring in northern and western Eurasia. The
spatial patterns of OLR in winter ((Fig. 10(b3): low in Mongolia and northern China,
and increasing from north to south) are clearly consistent with the temperature

patterns. In spring (Fig. 10(al)), autumn (Fig. 10(a2)), and the annual average (Fig.
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10(a4)), spatial patterns of specific humidity are similar to those in summer (Fig.
10(c4)), but with two areas of extremely low values of specific humidity over the
northern TP and the South China Sea. Similar patterns are found in OLR. Combining
specific humidity and OLR values (panel (b) in Fig. 10), the low OLR values and low
specific humidity on the northern TP are related to low temperatures and a weak
Indian monsoon, whereas those in the South China Sea correspond to intensive
convection. The spatial patterns of large-scale circulation for each season (Fig. 10) are
consistent with those observed in precipitation trends (Fig. 3, Figs S1-S4, and Fig. §;
i.e., increases over the inner TP but decreases over the southern TP), and Diry. or
Dirmi, (panel (a) in Fig. 4), in which the Diry., or Diry, in spring, summer, autumn,
and the annual average (Fig. 4(al), (a2), (a3), (a5)) are well-organized (with
southwesterly Diry,), but are randomly scattered in winter (Fig. 4(a4)).

Considering the importance of moisture sources for water cycles, scientists have
frequently focused on the quantitative identification of moisture sources over and
around the TP using various datasets and analytical methods (Chen ef al., 2012; Feng
et al., 2012; Ma et al., 2018; Pan et al., 2019). Using the High Asia Refined analysis
dataset that better represents the complex topography of the TP, Curio et al. (2015)
presented a 12-year high-resolution climatology of atmospheric water transport. This
showed that ~37% of moisture comes from outside the TP, and that the proportion
coming from local moisture recycling is ~63%, with no transport from the East Asian
monsoon detectable. Zhang C et al. (2017) estimated from a modified Water
Accounting Model that > 69% of the moisture over the TP comes from the land and
21% from the ocean; they attributed the precipitation increases during the 1979-2013
period to an enhanced southwesterly flux and local moisture supply. The effect of the

local moisture supply can be verified using the increased precipitation recycling ratio
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and a delineation of the effect of intensified hydrological cycles within a warming
environment. Pan et al. (2019) used the Community Atmospheric Model to
demonstrate that the tropical Indian Ocean (central TP) is the dominant supplier of
moisture to the southern (northern) TP in the summer. Qi et al. (2016) used a
topographical model to explain the spatial distribution of precipitation. They asserted
that moist southeasterlies from the Bay of Bengal make the greatest contribution
(32.56%) to precipitation over the TP, and that moisture sources from the east, south,
and west contribute 23.59%, 23.48% and 20.37%, respectively. Although no
consistent ratios of different moisture sources over and around the TP have been
formulated, the mainstream view appears to be that major moisture sources from the
central TP (Indian monsoon) dominate the northwestern (southeastern) TP, and that
these differ proportionally during different seasons.
Fig. 11

Local moisture recycling plays an essential role in maintaining an active
hydrological cycle (An et al., 2017), especially for the central TP, with its higher
proportion of locally recycled moisture. Cryosphere melt and water cycle
intensification, accompanied by a rapid warming over the TP, have been reported for
some time (Yao et al., 2012, 2019). Guo and Wang (2014) suggested that, for regions
with local water vapor as the major supplier, an intensified local recycling within a
warming climatic regime may be responsible for precipitation increases. As calculated
by Zhang C et al. (2019), moisture from intensified local recycling on the central TP
contributes as much as ~52% to the increases in precipitation over recent decades on
the northern TP. Based on an analysis of the water budget, Zhang C et al. (2017)
concluded that the effect of increases in atmospheric moisture and evaporation on

changes in precipitation was enhanced because there was more water vapor in the

32



801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

65
66

atmosphere and more evaporation produced by the unstable hydrological cycles
typical of a warming climate. Thus, the comparatively uniform precipitation increases
observed for the central TP in this analysis (Fig. 3, Figs S1-S4, Figs 5-7) and in
previous studies (Yao et al., 2013; Deng et al., 2017) may result from intensified local
recycling and accelerated interaction between atmosphere and the land surface in a
warming environment. On the one hand, given the warming background, the
equilibrium state in the water resource components of the hydrological cycle will
break down, resulting in accelerated glacial retreat, changes in snow cover and
permafrost, and enhanced evaporation rates. These processes will contribute to more
intense local moisture circulation in the atmosphere, cryosphere, and local
ecosystems, further enhancing the instability of local hydrological cycles. On the
other hand, a warming climate affects and changes land surface conditions such as
vegetation cover changes, glacial retreat, lake expansion, soil moisture content and
land surface evaporation, dramatically contributing to changes in both local and
regional hydrological cycles.

For the southern TP or regions around the margin of the TP, where the Indian
monsoon is the dominant moisture source, variability in the moisture transported to
these regions from the tropical Indian Ocean plays a more significant role in
precipitation changes, with such variability closely related to the intensity of the
Indian monsoon (Stolbova et al., 2016; Mohan and Rajeevan, 2017). Srinivasan
(2012) detected a synchronous reduction in the strength of the Indian summer and
winter monsoons in the Indian region during periods of Northern Hemisphere cold
phase. Using a quasi-isentropic backward trajectory model, decreases in Indian Ocean
evaporative sources were reported (Xu et al., 2019) and considered as the major factor

responsible for the decreases in precipitation observed on the southeastern TP. Upper-
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air wind speed observed using the rawinsonde method can delineate the intensity of
large-scale atmospheric patterns such as the Indian monsoon. Significant reductions in
ground level wind speeds over the TP and its surrounding regions have been
documented (Yang et al., 2014; Guo et al., 2017a). Lin et al. (2013) observed similar
trends in the relation between surface wind speed and upper-air wind speed at 850 hPa
as recorded in the Integrated Global Radiosonde Archive, with a correlation
coefficient of 0.7, thereby verifying the presence of a weakening Indian monsoon over
recent decades over and around the TP. Thus, we attribute the decreases in
precipitation for regions around the TP to a weakening Indian monsoon as revealed by
a downward trend in wind speeds for both the ground and upper-air measurements.
Spatial patterns of precipitation trends over the Earth’s highest plateau and their
possible mechanisms are of great importance for understanding hydrological cycles
and have therefore attracted scientific attention. Using P—E (precipitation—
evaporation) to represent changes in moisture sources, Gao et al. (2014) revealed a
generally wetter climate for the vast northwestern TP, but a drier one for the
southeastern TP; they analyzed the poleward shift of the East Asian westerly jet and
the poleward transport of moisture, as well as the intensification of summer
monsoonal circulation in a warming environment. They concluded that all these
factors were responsible for the generally wetter climate experienced by the central
TP. Jiang et al. (2017) proposed that the dipole pattern of summer rainfall across the
Indian subcontinent and the TP is closely associated with anomalies in rainfall,
atmospheric circulation and water vapor transport over the Asian continent and the
nearby oceans. Wang et al. (2017) concluded that multi-year variabilities in southern
TP precipitation are mainly controlled by remote moisture transport, as well as a

significant impact exerted by the summer North Atlantic Oscillation. Zhou et al.
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(2019) attributed the interdecadal variabilities evident in the wetting phase observed
for summer precipitation over the TP to water vapor changes exported from the
eastern margins of the TP, which they suggested were strongly associated with a
summer atmospheric circulation anomaly located near Lake Baikal. Sun et al. (2020)
analyzed the wetting processes in the inner TP and changes in atmospheric circulation
over 1979-2018. They found close relations between wetting and the weakened
westerlies over the TP, with weakening of the westerlies significantly correlated with
the Atlantic multidecadal oscillation on interdecadal scales.

In this analysis, an intensified local recycling from climate warming (the central
TP) and a weakening Indian monsoon (southern TP and regions around the TP) are
the possible causes of spatial precipitation changes (increases on the central TP and
decreases in regions around the TP). For the 16 Dirs as shown in Fig. 4, we noticed
the crossed distributions of positive/negative correlation coefficients between
precipitation amounts and W values (or temperatures), especially for stations under
the combined effect of the Indian monsoon, local moisture circulation and the
westerlies (stations in unti-southwestern Dirs). Warming of the air, and the consequent
intensified or unstable hydrological cycles triggered precipitation increases, while the
weakened Indian monsoon has exactly the reverse effect on precipitation trends
(precipitation decreases). Over recent decades, the warming of the TP (Qin et al.,
2009; Liu et al., 2009; Pepin et al., 2015) and wind weakening (Lin et al., 2013; Guo
et al., 2017a) have occurred simultaneously, described as “elevation dependent
warming” and “elevation dependent wind weakening”. Results in this analysis
indicate that the precipitation changes over the TP are affected by the interaction and
battle between a weakening Indian monsoon (decreasing the precipitation) and

accelerated local recycling (increasing the precipitation), making our study area’s
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spatial precipitation trends even more complex. From the CMFD reanalysis (Figs 5—
7), a general pattern of “central positive and southern/surrounding negative changes”
exists, with no distinct boundaries, and this is true for both precipitation trends and
precipitation correlations with climate variables (e.g., Shum, Temp, Wind). For stations
or precipitation events with higher contributions from locally recycled moisture or
from the westerlies (Indian monsoon) moisture sources, more positive correlations
were detected between precipitation amount and temperatures (W or Wind). In the
work conducted by Guo et al. (2017a), altitude-dependent warming, and thus
decreasing horizontal pressure gradients, were suggested as primary causes of near-
surface wind speed decreases. Therefore, the positive (or negative) correlations
between precipitation and W/ Wind are coincidental, and do not contradict, with the
negative (or positive) correlations between precipitation and temperature (e.g., T,

Tnins Tinean, and Temp).

5 Conclusions

The TP has undergone dramatic hydrological changes in recent decades. These
changes might have affected the local and regional climate through thermal and
dynamic processes. Knowledge of the spatial patterns of precipitation changes over
the TP and their possible mechanisms within a warming environment can provide an
insight into the instability experienced by hydrological cycles and water resources in
the Asian Water Tower region. With this goal, ground-based measurements from 132
CMA stations and the CMFD reanalysis over and around the TP, including
precipitation amounts, temperatures (7Tmax, Tmin, Imean, 1€mp), Wy and winds (W4 and
Wind) were used. We observed pronounced spatial patterns of precipitation changes

throughout the study region that can be generally described as increases on the central
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TP and decreases over the southern TP and regions around the TP. Stations with
maximum precipitation decreases were mainly controlled by the southwesterly Wj,
especially during the spring, summer, autumn, and annually. Positive correlations
between averaged precipitation amounts and corresponding temperature (or W)
values were observed in Dirs like Diry.x (01 Diryy), which were further verified by the
positive (or negative) relationships between precipitation and Temp (or Wind) in
regions of the inner TP (avoiding the regions with significant precipitation decreases
in the southern TP) from the CMFD reanalysis. We therefore suggest that an
intensified local recycling within a warming environment has led to precipitation
increases on the central TP, whilst decreased precipitation in the regions surrounding
the TP may be attributed to a weakening Indian monsoon as revealed by reductions in
both the near-surface and upper-air wind speeds. Issues and caveats such as the
spatially uneven distributions of CMA stations, and a paucity of observed
measurements for altitudes of >5,000 m asl may limit the quality of the results; the
CMFD reanalysis may help refine the gaps. Other possible causes in addition to the
warming of the TP (central TP) and a weakening Indian monsoon (the TP’s

surrounding regions) will be investigated further in future research.
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Fig. 1 Locations of the 132 meteorological stations used in this analysis over the
Tibetan Plateau (TP), with the diagram in the lower left showing the numbers of
stations for each altitudinal band; i.e., <1,000 m asl (above sea level), 1,001-1,500 m
asl, 1,501-2,000 m asl, 2,001-2,500 m asl, 2,501-3,000 m asl, 3,001-3,500 m asl,
3,501-4,000 m asl, 4,001-4,500 m asl and 4,501-5,000 m asl. Colored arrows show
the usual moisture transport pathways surrounding the TP, including the westerlies
(black), the Indian monsoon (blue) and the East Asian monsoon (red). The general
topography issued by the Shuttle Radar Topography Mission is shown by color

shading.
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Fig. 3 Trends (mm/10 y) of summer precipitation during each sub-period of the 1970—
2016 timeframe (a, 1970-2016; b, 1980-2016; c, 1990-2016; d, 2000-2016; e, 1970—
1979; f, 1980-1989; g, 1990-1999; h, 2000-2009) for 132 meteorological stations
over the TP. The colored circles show increasing (blue) or decreasing (red) summer

precipitation trends; circles with crosses are for values significant at p < 0.1. The
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Fig. 4 (a) Maximal and minimal precipitation trends (mm/10 y), selected from mean
values for each of the 16 directions (1—16) based on directions of daily maximum
wind speed (Wy) of the 132 stations; (b) linear correlation coefficients of precipitation
amount (P) against air temperatures (7% Tmax, Tmin, a0d Tean); and (c) linear correlation
coefficients of P against W; (daily maximum wind speed). Statistics for all the 132
stations, in addition to those stations with P trends significant at p < 0.1, for the
various study periods within the 1970—2016 timeframe (i.e., 1970—-2016, 1980—2016,
1990-2016, 2000-2016, 1970—1979, 1980—1989, 1990—1999 and 2000—2009), are
all included in (a). Climate variables (P, 7 and W;) used in (b) and (c) are the values
for each of the directions in (a). Coefficients of <0.1 (absolute value) are not included
in (b) and (c). Colored symbols represent the positive/negative correlations, i.e.,
circles in (a) with a gray background show positive (blue) or negative (red) P trends,
and red (blue) symbols in (b) and (c) represent positive (negative) correlations. The
compass points “1-4” correspond to northeast Wy, “5-8” to southeast, “9—12” to
southwest and “13—16” to northwest. The four seasons are defined as: spring
(November—February), summer (March—May), autumn (June—August) and winter

(September—November).
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Fig. 5 Rates of recently precipitation changes (mm/10 y, color shading) and
correlation coefficients between precipitation (P) and Shum (specific humidity, kg/kg,
colored crosses) from CMFD reanalysis over the TP during periods 1980—-2016. The
black bold lines are the TP boundary. Thin black lines show the boundaries for those
grid cells with P changes at various significance levels (p < 0.1, p < 0.05, and p <

0.01); colored crosses represent positive (black) or negative (blue) correlations

between P and Shum. The significance levels are: all grid cells counted, panel (a) , ; p

< 0.1, panel (b); p < 0.05, panel (c); and p < 0.01, panel (d). Values are calculated for

June, July, August, and the summer period (June to August).
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1275  Fig. 7 Same as Fig. S, but for correlations with the near-surface wind speed (Wind).
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Fig. 8 General steps for generation of the ranges of grid cells to be used in Fig. 9. We
selected grid cells including the five provinces in western China (i.e., Tibet, Qinghai,
Gansu, Yunnan, and Sichuan, colored background in (a)) and within the TP boundary
(black lines), while we removed the grid cells outside the rectangle 20—43°N, 78—
107°E; grid cells in the Sichuan Basin (<700 m asl and within Sichuan province) are
removed for possible disturbance from microtopography. The final area used for ratio
calculations in Fig. 9 is shown in (e), which is consistent with the spatial distribution

of the 132 CMA stations.
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Fig. 9 Statistics for various ratios between positive or negative precipitation trends
(P—/P+) and positive or negative correlation coefficients (7+/r—) between precipitation
and Shum (specific humidity), Temp (temperature) and Wind (wind speed) from the
CMEFD reanalysis in summer months. The exact area of grid cells included is shown

6C_9d

in Fig. 8. P is precipitation; “r” represents correlations between P and
Shum/Temp/Wind. Negative or positive trends or correlations are shown by symbols
“+” or “=” respectively. “r all” means all the correlations at a certain confidence
level. Thus, for example, “r+P—/P—" means the ratios of all cells in which P decreased

between 1980 and 2016 that also had a positive correlation with certain climatic

variables. Numbers with blue background are the averages for each sub-figure.
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1297  Fig. 10 Wind vector field and specific humidity at 500-hPa pressure level (panels (a)
1298 and (c)), and OLR (outgoing longwave radiation; panels (b) and (d)) for each season
1299  (panels (a) and (b), spring, autumn, winter, and annual) and in summer months (panels
1300 (c) and (d), June, July, August, and summer averages). All values are averaged over
1301 periods 1981-2010. The scale for the divergent wind vector field (m/s) is shown at the
1302  bottom and the color bar represents specific humidity (g/kg) or radiation (W/m?). The
1303 four seasons are defined as: spring (March—May), summer (June—August), autumn

1304  (September—November), and winter (December—February).
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Fig. 11 (a) Possible mechanisms driving the spatial patterns of precipitation changes,
which differ between regions surrounding the TP and the central TP; and (b)
schematic representation of the main processes affecting recently precipitation change

patterns over the TP (with reference to Yao et al., 2013).

62



1310 Table 1. List of variables and abbreviations used in this analysis and their definitions.

Abbreviations Meanings
TP the Tibetan Plateau
DEM the digital elevation model
CMA the China Meteorological Administration
CMFD the China Meteorological Forcing Dataset
asl above sea level
agl above ground level
P precipitation
T temperature from the CMA
Tnax daily maximum temperature
Tin daily minimum temperature
Tnean daily mean temperature
Wi daily maximum wind speed
Wy directions of daily maximum wind speed
Shum specific humidity from the CMFD
Temp temperature from the CMFD
Wind wind speeds from the CMFD
Dir directions
Dirmax W, of maximum precipitation changes
Dit min W4 of minimum precipitation changes
OLR outgoing longwave radiation
r linear correlation coefficients
1311
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1312 Table 2. General steps of the recently spatial precipittaion analysis over the Tibetan Plateau, based on datasets of the China Meteorological

1313  Administration (CMA) and the China Meteorological Forcing Dataset (CMFD) reanalysis.

CMA CMFD
Steps Figures Steps Figures
P trends 3,S1-S4 P trends 5-7
Classification of P trends based on W, 4(a) - -
Correlations of P and Wy/T 4(b), 4(c) Correlations of P and Shum/Temp/Wind 5-7
Comparative analysis for Diry.x and Dir i 4 Comparations for the above spatial distributions 5-7
- - Quantitative ratio calculations 8,9
Possible mechanisms of spatially P trends 11

1314  P: precipitation;

1315  Wjy: directions of daily maximum wind speed;

1316 W daily maximum wind speed;

1317  T: records of temperature from the CMA;

1318  DiFimax/ Dirmin: W4 of maximum/minimum precipitation changes;

1319 Shum/Temp/Wind: the near-surface specific humidity, temperature, and wind speed from the CMFD reanalysis.

1320 Table 3. Linear correlation coefficients of recent precipitation trends against corresponding altitude over the Tibetan Plateau.
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1970-2016 1980-2016 1990-2016 2000-2016 1970—1979 1980—1989 1990-1999 2000—2009

0.50%** 0.27%%* 0.44 %% 0.40%%* 0.39%** 0.17%* 0.36%** 0.25%**

Spring
0.93*** 0.71%* (0.93%** 0.89%*** 0.82*** 0.53 0.75%** 0.78***
0.47*** 0.35**=* 0.42*** 0.02 0.09 0.24*** -0.17 0.14*
Summer
0.89%*** 0.88*** 0.92*** 0.34 0.01 0.57* —-0.43 0.55*
0.31%%* 0.25%%* 0.09 0.11 —0.18 0.02 0.08 0. 227%%*
Autumn
0.88*** 0.78%** 041 0.56 —0.82 0.22 0.61%* 0.8 ***
0.000 -0.17* —0.11 —0.15% 0.3 %** 0.41%** 0.28%%** 0.18**
Winter
0.11 —0.65* —0.60* —0.627* 0.79** 0.94%** 0.91*** 0.34
0.58%** 0.42%* 0.44%** 0.21%* 0.20%* 0.29%** 0.14* 0.29%**
annual
0.96*** 0.96*** 0.95*** 0.57* 0.21 0.57* 0.73** 0.85***

1321 */**/*** represent correlations significance at p < 0.1, p <0.05 and p < 0.01, respectively.

1322 Numbers with a gray background are the coefficients regressed from mean values (precipitation and altitude) with 500 m as their altitudinal
1323 interval (< 1,000 m asl, 1,000—1,500 m asl, 1,501-2,000 m asl, 2,001-2,500 m asl, 2,501—-3,000 m asl, 3,001-3,500 m asl, 3,501-4,000 m asl,
1324  4,001-4,500 m asl, 4,501-5,000 m asl).
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1325 Black and red numbers are positive and negative correlation coefficients, respectively.
1326 The four seasons were defined as: Spring (March—May), Summer (June—August), Autumn (September—November) and Winter

1327  (December—February).
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