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Abstract: The Tibetan Plateau (TP) is an important water source in Asia, and precipitation and
evaporation patterns at different geographical and temporal scales play a significant role in managing
water resource distribution. Based on quality control data from 87 meteorological stations, this study
analyzed the spatial and temporal evolution patterns of precipitation and pan evaporation (Epan) on
the TP in 1966–2016 using the Mann–Kendall test, the moving t-test, wavelet analysis, Sen’s slope
method, and correlation analysis. The results revealed that the average mean temperature in the TP
area increased by about 2.1 ◦C during the study period, and precipitation steadily increased at an
average rate of 8.2 mm/10a, with summer and autumn precipitation making up about 80% of the year.
In contrast, Epan showed an overall decreasing trend at a decline rate of 20.8 mm/10a, with spring
and summer Epan values making up about 67% of the year. The time series of the precipitation and
Epan within the TP region clearly exhibit nonstationary features. Precipitation is more concentrated
in the southeast than in the northwest, while Epan is mostly concentrated in the southwest and
northeast of the plateau around the Qaidam Basin. The “evaporation paradox” phenomenon was
common in the TP region for about 40 years (1960s–1990s) and gradually faded in the 21st century.
In addition, we introduced a standardized precipitation evaporation index (SPEI) to investigate the
differences and relationships between precipitation and Epan time series over the past 50 years. The
findings indicate that the southern Qinghai was dominated by an arid trend, while the central and
southeast TP remained wet. Droughts and floods coexist in the eastern Qinghai and southern Tibet
areas with high population concentrations, and the risk of both is rising as the inhomogeneity of
precipitation distribution in the TP region will increase in the future. This study can be used as a
reference for managing water resources and predicting regional drought and flood risk.

Keywords: Tibetan Plateau; precipitation; pan evaporation; trend analysis; drought evolution

1. Introduction

Precipitation and evaporation are not only two essential hydrological processes in
the regional water cycle, but also closely related key factors in determining the spatial
pattern of water resources [1,2]. The hydrological cycle processes of precipitation, runoff,
and evaporation have accelerated and altered the spatial and temporal distribution of
water resources based on the global warming, with significant implications on natural
eco-environmental systems, resource development, and utilization [3–5]. Additionally,
the alteration of the caused by human activities has had an impact on the intensity of
regional evaporation [6] and destabilized the atmospheric water content, which to some
extent increased the risk of regional flood and drought disasters and endangers vegetation
ecosystems [7,8], agricultural security [9], and economic and social development [10].
Therefore, investigating regional precipitation and evaporation patterns and trends is of
practical significance for regional drought risk assessment and water security planning
and management.
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Being the highest-altitude region in the world, unique natural geomorphic units and
fragile natural environment of the Tibetan Plateau (TP) present high sensitivity to climate
change [11,12], which has recently received widespread attention. In the context of climate
change, seasonal droughts and extreme heavy precipitation events brought on by anoma-
lies in precipitation and evaporation are taking place in the TP area [13,14]. Many studies
have reported that there has been an overall trend of some increase in precipitation on
the TP since the 1950s [15,16], which has also sped up the plateau’s inner water resource
buildup and plateau lake expansion [17]. Due to the impact of monsoon circulation, the
commencement of the precipitation season is more regionally heterogeneous [18]. Cur-
rent scholarly research mainly focuses on precipitation trends, intensity and frequency
indicators [16,19,20], and it is widely considered to have significant seasonal and regional
characteristics. However, studies on meteorological drought brought on by precipitation
fluctuation on the TP are relatively lacking, and specific area differences in drought variabil-
ity are not well-understood. On the other hand, it is impossible to overlook how regional
water balance and drought are affected by evaporation anomalies [21]. Pan evaporation
(Epan) has been utilized as a significant method by meteorological departments to deter-
mine the demand for atmospheric evaporation due to the numerous challenges associated
with the measurement and calculation of actual evaporation [22]. Epan displays a strong
consistency with the actual evaporation in terms of trend despite the variations [23]. Based
on this, various researchers have examined the topic extensively and widely concluded that
Epan has shown a decreasing trend in recent decades both worldwide [24–28] and in the
TP regions [29,30]. For example, Liu et al. [31] pointed out that the overall decreasing trend
of Epan in the TP region was 3.06 mm/a from 1970 to 2005, and Yao et al. [32] simulated TP
evaporation based on the PenPan model and found that there was a significant decreasing
trend in the 1980s, with abrupt changes in 1989 and 1996 [33]; some scholars also suggested
that this decreasing trend continued into the early 21st century [34,35]. Hence, it is clear
that there are still some controversies regarding the analysis of the Epan trend in the TP
region over a short period of time. Additionally, precipitation and evaporation on the TP
are governed by various factors, such as water vapor content, radiation flux, wind speed,
and relative humidity [36,37]. Researchers have established regional precipitation and
evaporation models and produced a series of innovative findings using meteorological
observation data, MSWEP, TRMM, other multisource reanalysis datasets, and GIS technol-
ogy [38–40]. However, previous studies mostly focused on the exploration of single factors
of meteorological elements and largely treated precipitation and evaporation as separate
hydrological processes for attribution analysis, while studies using their trend changes and
interconversion mechanisms to assess the influence of the hydrological cycle on the climate
system are still relatively few, and the limitations of the study area and differences in data
simulations lead to an unclear understanding of the TP water resources change patterns.
Hence, the discussion of particular variations in precipitation and evaporation trends and
their hydrological response to climate change remains attractive.

Based on the data of each meteorological station on the TP in 1966–2016, this study
attempted to analyze the spatial and temporal distribution patterns and trends of precipita-
tion and evaporation against the backdrop of climate change and explore the interactions
and constraints between the two hydrological processes. The methods used include the
Mann–Kendall test, the moving t-test, wavelet analysis, and correlation analysis. Consid-
ering the effects of regional evaporation and temperature changes on water deficit, we
also introduced a standardized precipitation evaporation index (SPEI) to quantitatively
assess the drought distribution and drought characteristics in the TP region and predict
water abundance and deficit in the future based on the current drought trend. There-
fore, the study of the TP precipitation and evaporation trends and interrelationships is
a significant reference for uncovering regional hydrological cycle change patterns and
scientifically formulating countermeasures for water resources management in response to
future climate change.
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2. Study Area and Data
2.1. Overview of the Study Area

The TP is a region geographically located in southwest China (26.2–39.8◦ N, 73.4−
104.5◦ E) (Figure 1), with an average elevation of 4000 m above sea level and a total area
of around 2.5 million kilometers. It mainly includes the whole of the Tibet Autonomous
Region, Qinghai Province, and parts of the Xinjiang Uygur Autonomous Region, Gansu
Province, Sichuan Province, and Yunnan Province. Strong solar radiation, complex and
varied climate, and different dry and wet seasons are all results of the unique topography
and geomorphological features of the plateau. The average annual temperature in the study
area varies from south to north between 20 and 5 ◦C, and the average annual precipitation
varies between 2000 and 50 mm. The TP is rich in water resources as the source of many
Asian rivers, including the Yangtze River, the Yellow River, and the Indus River. However,
the stability of water resource systems is being seriously challenged with the growing trend
of global warming.
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2.2. Data Sources

The meteorological data applied for this study mainly include daily average temper-
ature (Tavg), daily maximum temperature (Tmax), daily minimum temperature (Tmin),
relative humidity (RH), daily precipitation (P), and daily pan evaporation (Epan), etc. The
earliest year that the meteorological stations in the TP region were cataloged is 1951, but
some of the them lack data due to variances in station building dates, monitoring methods,
and other considerations. Therefore, 87 meteorological stations with good integrity in the
study area were selected to have quality-controlled time series data from 1966 to 2016
(51 years), which were obtained from the National Meteorological Information Center
(http://www.nmic.cn/, accessed on 1 March 2022). Temperature and relative humidity
were standardized to eliminate wrong data. The daily value meteorological data with null
values were defined as missing data. According to statistical analysis, the percentage of
missing precipitation data among the selected meteorological stations was about 1.70% and
the percentage of missing Epan was about 18.08%. For the problem of missing precipitation
data, correlation analysis was carried out based on station location and record years, and
interpolation was performed using adjacent stations or similar years with correction for
singular values. For the problem of missing Epan data, the Hargreaves–Samani model [41]

http://www.nmic.cn/
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was used to linearly fit the existing data, and the fitted relationship was then used to
linearly interpolate the missing data. The seasons were divided into spring (March–May),
summer (June–August), autumn (September–November), and winter (December–the fol-
lowing February). The location and distribution of each meteorological station are shown
in Figure 1.

3. Research Methods
3.1. Standardized Precipitation Evaporation Index

The standardized precipitation evaporation index (SPEI), an improved drought in-
dex [42], takes into account the impact of evaporation on drought in a changing envi-
ronment [43]; it can characterize regional multiscale drought intensity, frequency, and
spatial and temporal variability in terms of water deficit and duration. This approach
has been used successfully in numerous studies [44–46]. The main step in this study’s
calculation of the SPEI was application of the Hargreaves–Samani formula to estimate
potential evaporation (PET):

PET = 0.0023·Ra·T0.5(Tavg + 17.8
)

(1)

where Tavg is the average temperature (◦C), T is the temperature difference (◦C), and Ra is
the extraterrestrial radiation (mm/day).

The cumulative difference series of precipitation and PET over various timescales was
built as follows:

Dk
n =

k−1

∑
i=0

(Pn−i − PETn−i) (2)

A three-parameter log-logistic probability distribution function was introduced to
fit Di, calculate the probability density of the difference series, and derive the cumulative
probability distribution function:

f(x) =
β

α

(
x− γ
α

)β−1
[

1 +
(

x− γ
α

)β]−2

(3)

F(x) =

[
1 +

(
α

x− γ

)β]−1

(4)

The SPEI was determined after the difference series were standardized to be normal:

SPEI = W− C0 + C1 + C2W2

1 + d1W + d2W2 + d3W3 (5)

W =
√
−2ln(P), P ≤ 0.5 (6)

where P is the cumulative probability, P is replaced by 1 − P if P > 0.5, and the value
takes the opposite number. The other parameters are C0 = 2.515517, C1 = 0.802853,
C2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308, respectively. Based on
the annual and monthly scales, the SPEI is divided into eight categories of drought: ex-
treme drought (SPEI ≤ −2.0), severe drought (−2.0 < SPEI ≤ −1.5), moderate drought
(−1.5 < SPEI ≤ −1.0), mild drought (−1.0 < SPEI ≤ 0) and mildly wet (0 < SPEI ≤ 1),
moderately wet (1 < SPEI ≤ 1.5), severely wet (1.5 < SPEI ≤ 2), and extremely wet
(SPEI > 2) [47].

3.2. Trend Testing and Cycle Analysis
3.2.1. Mann–Kendall Test

Due to its simplicity and validity, the M–K test, a reliable nonparametric statistical
test, is frequently used to examine results of trend analyses of hydrological variables,
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meteorological components, and other time series [48]. The null hypothesis H0 constructed
in this study was that long time series were independent identically distributed random
sample values with no trend of variation, and its statistical variables S were computed
as follows:

S =
n−1

∑
i=1

∑n
j=i+1 sgn

(
xj − xi

)
(7)

sgn
(
xj − xi

)
=


1, xj − xi > 0
0, xj − xi = 0
−1, xj − xi < 0

(8)

The statistic S is thought to roughly follow a normal distribution when the sample
size n > 10, and its variance can be expressed as follows:

var(S) =
1
18

[n(n− 1)(n− 5)−∑
t

ft(ft − 1)(2ft + 5) (9)

where ft is the number of samples in each group and t is the number of groups of identical
samples in the time series.

The statistic variable Z for the standard normal distribution was calculated as follows:

Z =


S−1

var(S) , S > 0
0, S = 0

S+1
var(S) , S < 0

(10)

At a particular degree of confidence, if |Z| ≥ |Z1−α/2|, the null hypothesis H0 is
rejected, there is a significant upward (Z > 0) or downward (Z < 0) trend in this time series.
When |Z| ≥ 1.28, 1.96, or 2.32, the time series is said to pass the significance test with a
90%, 95%, or 100% confidence level, respectively.

The rank sequence Sk was created based on the time series (x1, x2, . . . , xn) for addi-
tional mutation checks:

Sk =
k

∑
i=1

ri, k = 2, 3, . . . , n (11)

ri =

{
+1, xi > xj
0, other

(12)

The statistics were established as follows:

UFk =
Sk − E(Sk)√

var(Sk)
, k = 2, 3, . . . , n (13)

E(Sk) =
n(n− 1)

4
, k = 2, 3, . . . , n (14)

var(Sk) =
n(n− 1(2n + 5))

72
, k = 2, 3, . . . , n (15)

where E(Sk), var (Sk) are the mean and variance of Sk, respectively.
The above process was repeated in the inverse order of the time series (xn, xn − 1,

. . . , x1) and let UB1 = 0 and UBk = −UFk (k = n, n − 1, . . . , 1). A mutation in the sequence
was indicated when the resulting statistical sequence UFk and UBk intersected between the
critical lines.

3.2.2. Moving T-Test

This work introduced the moving t-test to compound the time series to increase the
accuracy of mutation analysis because the M–K test may include virtual mutation spots.
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The fundamental concept is to define the statistic t and subdivide the time series sample
values into two subseries, x1 and x2:

t = (x1 − x2)/

(
s

√
1

n1
+

1
n2

)
(16)

s =
√(

n1s2
1 + n2s2

2
)
/(n1 + n2 − 2) (17)

where x1 and x2, s1 and s2 are the mean and variance of the subseries, respectively, and
the statistic t follows t-distribution with degrees of freedom equal to n1 + n2 − 2. The time
series detected abrupt changes at the benchmark if |ti| > tα at a particular significance
level α.

3.2.3. Wavelet Analysis

Wavelet analysis can accurately analyze nonstationary hydrological time series from
the time domain and the frequency domain perspectives to reveal the periodic variation
patterns and intrinsic structural characteristics of precipitation and evaporation series at
multiple timescales and has been widely used in climate research [49,50]. The Morlet
wavelet used in this study is a nonorthogonal complex-valued wavelet with good temporal
aggregation and high frequency resolution. Following is the primary calculating formula.

Wavelet function is a cluster of functions with an oscillation period defined as follows:∫ +∞

−∞
ϕ(t)dt = 0 (18)

Morlet wavelets are the wavelet basis functions used in this study:

ϕ(t) = e−t2/2eiω0t (19)

where i is the imaginary number and ω0 is the constant.
The supplied time series signal was decomposed using the discrete wavelet transform

(DWT), and various wavelet coefficients were produced by altering the scale scaling and
time translation parameters.

Wf(a, b) = |a|−0.5∆t ∑N
k=1 f(k·∆t)·ϕ

(
k·∆t− b

a

)
(20)

where Wf(a,b) is the wavelet transform coefficient, f (k·∆t) indicates the time series, ∆t is the
time interval, a is the timescale factor, and b indicates the time translation factor.

The wavelet variance (Var) was calculated as follows:

Var(a) =
∫ +∞

−∞

∣∣Wf(a, b)
∣∣−0.5db (21)

The main cycles of the time series’ fluctuation evolution trend could be reflected in the
wavelet coefficient diagram created using the wavelet transform. Positive coefficients indi-
cate large values of meteorological elements in the corresponding period, while negative
coefficients indicate small values. The wavelet variance diagram could show the fluctua-
tion trend’s strong and weak change characteristics for various cycles of the time series.
The extreme value of the variance corresponds to the main period of the meteorological
element values, and the combination of the two has significant benefits for improving the
comprehension of period and timescale features.

3.3. Other Methods

In order to reduce the influence of time series outliers on the trend, the linear trend of
precipitation, Epan, and the SPEI on the TP was determined using Sen’s slope (β) and the
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moving average approach. Arcgis was used to analyze the spatial pattern of precipitation,
Epan, and the SPEI on the TP. Additionally, correlation coefficients (confidence level taken
as 95% or 99%) and normalized index were calculated to study the relationship between
precipitation, Epan, and the SPEI in time and space.

4. Results and Analysis
4.1. Precipitation Characteristics and Trends at Multiple Scales
4.1.1. Spatial and Temporal Patterns of Precipitation

Based on the precipitation data from each meteorological station, the TP area’s annual
average precipitation and seasonal precipitation variation were determined (Figure 2). As
can be seen, between 1966 and 2016, the plateau received 340.3 mm of precipitation a year
on average, with a variation of 289.2 to 385.8 mm. According to the results of the Sen’s
slope trend analysis, the plateau’s annual precipitation exhibited a moderately significant
fluctuating increasing trend (β = 8.2 mm/10a). Specifically, precipitation was below average
and slowly increased from the 1960s to the 1980s, with a brief significant dip in the 1990s
and then a generally consistent upward trend.
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Figure 2. Variation of precipitation in the TP region on different timescales in 1966–2016. (a) Annual,
(b) spring, (c) summer, (d) autumn, (e) winter.

In the spring, summer, autumn, and winter, respectively, there were 56.0 mm, 204.7 mm,
69.2 mm, and 10.4 mm of precipitation on average during the research period. The spring
and summer precipitation values passed the significance test at a 95% confidence level,
as shown in Figure 2b,c, and exhibited a comparable annual variance with a fluctuating
increasing trend. The 5-year moving average curve demonstrated that the increasing
trend of spring precipitation was comparatively stable over the study period, whereas
the summer precipitation values were almost nonexistent prior to 1997, then suddenly
increased after 1997 and were stable at the beginning of the 21st century, with multiyear
average precipitation increasing from 198.6 mm to 215.1 mm. The results of the M–K trend
test found that the series of precipitation data in autumn and winter showed an overall
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nonsignificant increasing trend, with the exception that the autumn precipitation series
fluctuated more and the winter counterpart increased and then decreased, with 1988 as the
dividing line.

The spatial distribution of the multiyear average precipitation in the TP area over the
course of the study was depicted in Figure 3. With the maximum precipitation value occur-
ring at Gongshan station in the southeast (1723.97 mm) and the minimum precipitation
value occurring at Lenghu station in the northwest (17.11 mm), the precipitation in the
southeastern part of the plateau was specifically higher than that in the northwestern part,
indicating a significant difference in the annual average precipitation in different regions.
According to Figure 3b, spring precipitation had a sort of “boundary effect” (higher precip-
itation levels) in the southern and eastern parts of the plateau, whereas the middle portion
received less. After the start of the warm and humid season, precipitation progressively
moved to the central and western parts of the TP, where it increased significantly across
a wide area. However, the increase in precipitation values near the Qaidam Basin in the
plateau’s northern half was less than 100 mm. Precipitation differences within the plateau
were not noticeable against the backdrop of generally lower winter temperatures, with
heavier precipitation taking place solely near the southern plateau boundary and 86.2%
of the stations receiving less than 20 mm of precipitation (Figure 3e). Additionally, pre-
cipitation is concentrated in the western Sichuan and northern Yunnan areas, especially
in summer and autumn, and the precipitation recharge continues being a crucial water
foundation for the region.
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The annual and seasonal precipitation was analyzed using the M–K method on a
site-by-site basis inside the plateau in order to evaluate the spatial pattern of precipitation
trend variations in the TP region. It can be seen that 84% of the stations in the TP region
showed an increasing trend in the annual mean precipitation series in 1966–2016, with 22
of them exceeding the significance level (α = 5%). The growing tendency was noticeably
stronger in the northern and southern parts of the plateau (Figure 4a), with the northern
Wudaoliang station (β = 20.3 mm/10a) showing the strongest trend. Some areas of the
Jinsha River basin showed an insignificant decreasing trend of precipitation (the minimum
Sen’s slope was −15 mm/10a at Muli station), while the stations with insignificantly
increasing trends of precipitation were concentrated in the Yarlung Tsangpo River basin
and some parts of western Sichuan, and the average annual precipitation in all these areas
was relatively abundant.
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From the seasonal scale trends, it can be seen that 33 sites exhibited a significant
increase in precipitation series in spring, with a maximum Sen’s slope of 20.8 mm/10a,
whereas only 11 sites in winter had an increase rate of less than 3 mm/10a due to the small
amount of precipitation. However, more than 70% of the sites showed an increase in both
spring and winter, which may be explained by the fact that the warming of the TP in recent
decades has led to higher temperatures in spring and winter, and enhanced atmospheric
circulation has contributed to higher precipitation. Thirteen sites exhibited statistically
significant increases during the summer, mainly in the northeastern part of the plateau,
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while most sites in the eastern part of the TP showed minor increasing or decreasing
trends. In contrast, autumn precipitation failed the trend significance test at more than
90% of the sites throughout the research period with the most consistent variability. At the
spatial scale, seasonal precipitation in most parts of the TP showed an increasing trend,
and the decreasing trend occurred mainly in the lower elevation areas in the east, which
was consistent with the trend in the annual mean precipitation series.

4.1.2. Precipitation Abrupt Changes and Cycles Analysis

A frequent and significant phenomenon in the climate system, abrupt climate change
is the fast transition of climate elements from one stable state to another [51]. It is crucial
for the detection of changes in the climate system and the analysis of the attribution of
climate factors. The M–K approach and the moving t-test model were utilized in this study
to assess and examine the abrupt changes in precipitation. Table 1 shows the test results of
the two methods for abrupt changes in precipitation. It can be found that the mean annual
precipitation of the TP at a significance level of 5% has undergone multiple mutation points
during the research period, with the majority of these changes occurring in the years 1980
to 1995. The seasonal trends in mutation demonstrated that the spring mutation test was
passed by both methods in 1996, the summer mutation point was reached in 1998, and
there was no statistically significant mutation found in the autumn. The M–K method and
the t-test both determined that the mutation point for the winter precipitation data was in
1970 and 1971, respectively. It is clear that the abrupt shift in the annual mean precipitation
trend is the combined effect of precipitation in each season and is significantly influenced
by the inconsistent variations in spring and summer precipitation.

Table 1. Abrupt precipitation change year on the TP based on the M–K test and t-test methods.

Methods Annual
Precipitation

Spring
Precipitation

Summer
Precipitation

Autumn
Precipitation

Winter
Precipitation

M–K 1980/1988/1994 1996 1998 No mutation 1970
T 1980/1988/1998 1996 1998 No mutation 1971

Wavelet coefficient identification and variance analysis at various timescales can be
used to characterize the oscillatory cycle of precipitation, which is intricate and accompa-
nied by a number of timescale properties. We plotted the annual and seasonal precipitation
wavelet coefficient’s real part contours and the wavelet variance diagram for the TP re-
gion in 1966–2016, with higher values denoting more precipitation and vice versa. The
time corresponding to the great value of wavelet variance is the main period of the pre-
cipitation series at different timescales. It was noticeable that the plateau has seen three
distinct oscillating cycles (i.e., 7, 16, 32 years) of yearly precipitation over the past 51 years
(Figure 5a). Combining the variations in the number of oscillations in various cycles
(Table 2), it was revealed that the fluctuation cycle was very significant in 16 and 32 years.
Since precipitation exhibited the phenomenon of alternating abundance and depletion
and the wavelet coefficient was situated in the study period’s final trough, it is possible to
anticipate that future precipitation will demonstrate an increasing trend.

Table 2. Oscillatory variation of precipitation at different timescales on the TP in 1966–2016.

Date Range First Primary
Cycle

Number of
Oscillations

Second
Primary

Cycle

Number of
Oscillations

Third
Primary

Cycle

Number of
Oscillations

Forecast for
Future

Precipitation

Annual 32 3 16 5 7 11 Increase
Spring 32 3 21 4 8 9 Increase

Summer 32 3 16 4 7 11 Increase
Autumn 32 3 17 4 5 15 Increase
Winter 27 3 12 6 Increase
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Figure 5b–e shows that the plateau’s seasonal precipitation cycle followed a similar
pattern. Spring precipitation had 8-, 21-, and 32-year oscillatory cycles, and the 21-year
cycle was not significant, while the 32-year cycle revealed three more substantial oscillatory
variations. Figure 5b indicates that spring precipitation is likely to increase in the coming
period. We observed that the significant oscillation periods (16 and 32 years) and trends
were essentially the same as those of annual precipitation by evaluating the change of
wavelet variance and wavelet coefficients in the real part of summer and autumn precipita-
tion, which also illustrated their dominant role on annual precipitation. There were two
different cycles of winter precipitation, 12 and 27 years, as shown in Figure 5e. It underwent
three oscillatory variations on a 27-year cycle scale and achieved a minimal value in 2016
(Table 2), indicating a potential increase in winter precipitation in the upcoming half cycle.
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Figure 5. Wavelet variance of the annual and seasonal precipitation series and a contour map of
the real part of wavelet coefficients in the TP area in 1966–2016. (a) Annual, (b) spring, (c) summer,
(d) autumn, (e) winter.

4.2. The Spatiotemporal Variation Pattern of Epan
4.2.1. Temporal Trend Characteristics of Epan

Figure 6 depicts the annual and seasonal mean Epan temporal fluctuation and linear
trend in the TP region in 1966–2016. It was visible that the plateau’s multiyear average
Epan over the research period was 1974.9 ± 143.4 mm. The 5-year moving average curve
demonstrated that after a brief increase in the 1960s and 1970s, the Epan series began to
fluctuate and decline year to year, reaching the minimum value at the end of the 20th century
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(1831.5 mm in 1997), though there were also instances of unusual increases in evaporation
during this period, such as 2103.9 mm in 1984. Epan began to slowly increase after the
beginning of the 21st century, although it was still essentially below the evaporation average.
The M–K trend test found that the overall annual Epan showed a significant decreasing
trend at the 95% confidence level, with a Sen’s slope of −20.8 mm/10a.
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Figure 6. Variation of Epan on the TP on different timescales in 1966–2016. (a) Annual, (b) spring,
(c) summer, (d) autumn, (e) winter.

Epan in the TP region also reported significant seasonal variations. Overall, the mean
Epan in summer was the largest of the annual total with 37%, followed by spring (30%),
autumn (21%), and winter (12%). Consistent with the annual variation, the spring and
summer mean Epan demonstrated a significant declining trend at the 95% confidence level
with rates of −10.35 mm/10a and −7.6 mm/10a, respectively, while the variation trend of
the mean Epan in autumn (β = −3.06 mm/10a) was not statistically significant (α = 95%).
In contrast, the mean Epan in winter displayed a stable or slightly increasing trend, which
might be a result of strong contribution to evaporation rates due to the general increase in
winter temperatures caused by the warming of the TP region.

We performed trend testing and mutation analysis using the M–K test and moving
t-test on the annual Epan series of 87 sites in the TP area (Figure 7). Compared with the
regional mean annual precipitation, only 47.1% of the stations showed an increasing trend
in annual Epan during the study period, half of which possessed significance characteristics
(a = 5%), mainly in southern Qinghai and at the southern border of Tibet areas. Epan
for 16 sites in the southeastern and northern regions, on the other hand, displayed a
significant declining trend. Additionally, a weak declining trend in Epan was detected at
the majority of sites in the Yarlung Tsangpo River basin in southern Tibet. According to
Epan’s seasonal trend, more than 59% of the stations showed a declining trend in both
spring and summer, and the regional distribution was consistent with the annual change.
The percentage of sites with a decreasing trend in autumn and winter was relatively small
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(42% and 35%, respectively), while the majority of them had a strong increasing trend and
were concentrated in eastern Tibet and southeastern Qinghai. With over 20% of the stations
displaying seasonal decreasing and increasing trends in each of the four seasons’ Epan,
the overall percentage of positive and negative trend shifts of Epan in the TP region was
around the same.
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The results of the mutation test showed that 77% of the stations experienced at least
one mutation in the annual Epan series over the course of the study period, with Langkazi,
Qingshuihe, and Markang stations experiencing the most changes (all four times) (Figure 8).
The majority of the Epan mutations in the TP region, according to a statistical analysis
of the abrupt changes era, occurred in the 1970s and at the beginning of the 21st century,
particularly around 1974 and 2005, when 20 and 13 mutations, respectively, occurred.
In addition, the mutation sites also showed various regional characteristics. Figure 8
shows that the initial mutation began earlier in the eastern portion of the TP, followed by
the northern portion, and later in the central region, with the latest mutation occurring
near 2010.
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Figure 8. The relationship between the Epan mutation time and the longitude (a) and latitude (b) for
each site on the TP.

4.2.2. Spatial Evaluation of Epan

We investigated the relationship between Epan and latitude, longitude, and altitude
in order to evaluate the spatial heterogeneity of Epan in the TP region (Figure 9). It
can be acknowledged that the annual average value of Epan at each station on the TP
ranged from 1120.1 to 3087.1 mm, which generally demonstrated the features of substantial
evaporation in the north and south of the TP and small evaporation in the central and
eastern parts. According to the significance test of the correlation coefficient, we found
that the relationship between Epan and longitude was statistically negative (R = −0.57)
at a level of confidence of 99% (Figure 9a), indicating that Epan fell by 44 mm on average
for each degree of longitude increase in the TP area. For sites at high latitudes over 33◦

N, there was a strong linear relationship between Epan and latitude (p < 0.01), and Epan
typically increased by 173.36 mm every degree of latitude. When the latitude was below
33◦, this correlation was much weaker. It is worth noting that the distribution of Epan was
more discrete at various elevations, and there was no significant correlation between them.
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Figure 9. Correlation of the annual and seasonal mean Epan with longitude (a), latitude (b), and
altitude (c) at each site on the TP.

The relationship between seasonal Epan and longitude actually showed that while the
winter Epan presented an extraordinary increase in the center and gradually fell toward
the east and west, the spring, summer, and autumn Epan was consistent with the trend
of the annual Epan. Regarding the variation of Epan with latitude, spring, summer, and
autumn saw a progressive increase in Epan from the center to the north and south, while
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winter displayed a monotonic decline from the south to the north. This may be connected
to winter temperatures since evaporation is promoted by the relatively high temperatures
in the low-latitude region.

4.3. Precipitation–Evaporation Relationship and Regional Drought
4.3.1. Relationship between Precipitation and Evaporation on the TP

Precipitation and subsurface evaporation as major producers and consumers of the
surface water cycle have a substantial influence on the regional water cycle in terms of
magnitude trends and degree of interconversion. The link between the monthly mean
precipitation and Epan in the TP area over the course of the study is summarized in
Table 3 and Figure 10. The multiyear average precipitation and Epan at each site generally
correlated negatively (Figure 10a), with each 10 mm increase in precipitation causing an
average drop in Epan of 13.1 mm. The magnitude of this relationship varied significantly
by month, with August having the highest negative correlation (R = −0.83). The long-
term trend from June to September had a strong nonconsistency, while this phenomenon
weakened in spring and winter and the correlation dropped to a minimum in February.

Table 3. Correlation coefficients between precipitation and Epan on the TP at the monthly scale.

Month 1 2 3 4 5 6 7 8 9 10 11 12

R −0.36 ** −0.29 * −0.41 ** −0.57 ** −0.42 ** −0.67 ** −0.74 ** −0.83 ** −0.71 ** −0.46 ** −0.53 ** −0.46 **
Re −0.09 −0.10 −0.38 ** −0.37 ** −0.30 ** −0.54 ** −0.25 −0.60 ** −0.35 * −0.36 * −0.33 * −0.39 **
Rp −0.40 ** −0.27 −0.45 ** −0.68 ** −0.44 ** −0.67 ** −0.68 ** −0.63 ** −0.44 ** −0.24 −0.32 * −0.57 **

Note: */** denotes significance at the 95%/99% confidence level. R denotes the correlation coefficient between
Epan and precipitation. Re denotes the correlation coefficient between the sum of Epan in the previous month
and the current month and the precipitation in the current month, while Rp is the same.
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Figure 10. Comparison of Epan and precipitation at different timescales of the TP. (a) Correlation
between the annual mean precipitation and Epan at each site, (b) interannual variation of normalized
precipitation and Epan in August.

To investigate the lead-lag correlations between precipitation and evaporation series,
a correlation analysis was carried out between precipitation (Epan) for two consecutive
months and Epan (precipitation) for that month on the TP (Table 3). The Re values for all
months increased when Epan was advanced to one month, indicating that evaporation as
one of the sources of precipitation can be transformed in a relatively short period of time
and that changes in precipitation were less affected by evaporation in the previous period.
Continuous calculation of precipitation caused the Rp value to decrease in some months in
spring and winter, with the largest decrease of 0.11 occurring in April. It was interesting to
note that the R value showed an increase in both models from July to November. These
results suggest that the interconversion of evaporation and precipitation is quicker in the
warm and wet seasons with increased insolation hours and air flow, but precipitation
is enriched at the surface for a longer period of time and plays a more decisive role in
evaporation during the cold season.
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To further compare the trend relationship between precipitation and Epan, Figure 11
depicts the trend changes of the annual mean values of both at various stations as well
as the interannual variation of Epan (precipitation) under various precipitation (Epan)
conditions. Although precipitation increased at the majority of the stations, the trend of
increasing Epan on the TP was not significant. Only four stations showed a significant
increasing trend at the same period, while more than half of them had opposite trends
(Figure 11a). Epan typically expressed a substantial falling trend (with the lowest values
as low as −100 mm/10a) in the regions with low precipitation (less than 100 mm). The
decreasing trend of Epan at the 400–800 mm precipitation condition gradually became
insignificant, and nearly half of the stations showed an increasing trend, which indicated
that the change of Epan in the TP’s semi-humid areas revealed a polarized situation. In
contrast, the trend of precipitation becomes progressively more homogeneous (increasing
but not significant) with the increase in Epan.
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Figure 11. Comparison of the trends of precipitation and Epan at different stations on the TP.
(a) Trend’s z-value relationship, (b) relationship between precipitation and Epan’s Sen’s slope,
(c) relationship between Epan and precipitation’s Sen’s slope.

4.3.2. Patterns of Regional Drought

Regional drought is frequently the result of the hydrological response to variations
in precipitation and evaporation, which can be identified by multiple types of drought
indicators. In this paper, the SPEI index was used as a criterion to assess the characteristics
of drought in TP regions. Figure 12 shows the change in the area-weighted mean SPEI
over the course of the study at various timescales (1-, 3-, 6-, and 12-month). According
to the SPEI values on the 1-month scale, the TP experienced 213 months of mild drought,
47 months of moderate drought, and 8 months of severe drought, with frequencies of 34.8%,
7.68%, and 1.31%, respectively (Table 4). This means that the study area is in drought for
nearly half of the year on average. Comparing the SPEI series at the 3-month timescale, it
was found that the seasonal drought frequency decreased to 34.8%, including 24.02% for
mild drought, 8.33% for moderate drought, and 2.45% for severe drought. The primary
factor may be the enhanced regional water regulation capacity at the seasonal scale and
corresponding homogenization of SPEI values. Figure 12’s SPEI variation curves on the
6- and 12-month timescales reveal four concentrated drought periods on the TP in 1966–
1974, 1993–1996, 1983–1985, and 2006–2007, which is consistent with the years in the study
area that experienced negative precipitation anomalies (Figure 2). Overall, the TP region
experienced less intense drought as time went on, but the alternating pattern of dryness
and wetness in different SPEIs was comparable, and the SPEI values all increased at a slow
rate. For instance, the correlation coefficient of SPEI-12 with years passed the significance
test at the confidence level of 95% and increased at a rate of 0.08/10a, indicating an increase
in humidity in the TP area.
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Table 4. Classification of the SPEI on the TP in 1966–2016.

Category Classes SPEI-1 (%) SPEI-3 (%) SPEI-6 (%) SPEI-12 (%)

Extreme drought <−2 0.16 0.00 0.00 0.00
Severe drought −2–−1.5 1.31 2.45 0.98 0.00

Moderate drought −1.5–−1.0 7.68 8.33 3.92 0.00
Mild drought −1.0–0 34.80 24.02 43.14 54.90

Mildly wet 0–1.0 56.05 65.20 51.96 45.10
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Figure 12. Temporal evolution of the SPEI at 1-, 3-, 6-, and 12-month timescales on the TP in 1966–2016.

M–K trend tests were run on the SPEI values at various timescales at each station
in the study area for this paper. The results demonstrated that SPEI-1 had an increasing
trend mostly in the central and southeastern regions of the TP, and the majority of the
stations that passed the test for trend significance were located in southeastern TP (western
Sichuan) (Figure 13a). By contrast, a huge percentage of stations in the lower-elevation and
at the northeastern Qaidam Basin edge displayed a mixed pattern of increasing and falling
trends and were essentially insignificant. SPEI-3 displayed a declining trend over a broader
area near the plateau’s southern edge, similarly to SPEI-1 (but not significant at the 95%
confidence level, except for some stations). We noticed that several stations unexpectedly
turned from a decreasing trend to an increasing trend when the timescale was 6 months,
and these stations were mostly in the northeastern and eastern regions (Figure 13c). For
SPEI-12, it can be observed that the decreasing trend of the SPEI continued for sites in the
eastern part of the plateau, on the one hand, and the increasing trend of the SPEI values
gradually became significant for sites in the southern part of it, on the other. This proves
that the polarization between drought and humidity on the TP is serious, particularly in
the major populated areas in southern Tibet and eastern Qinghai; the situation with and
risk of droughts and floods occurring simultaneously are getting worse.
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5. Discussion
5.1. Incoherence in the Trends of Precipitation and Epan

As can be observed from the study above, there was a distinct spatial and temporal
distribution pattern for both precipitation and Epan on the TP. Similarly to the results of
earlier studies [16,52,53], precipitation in the TP region typically showed an increasing trend
at a rate of 8.2 mm/10a in 1966–2016. The general consensus is that rising global surface
temperatures speed up the hydrological cycle and significantly contribute to increasing
precipitation [54,55]. We examined the temperature changes at various meteorological
stations on the TP (Figure 14a) and discovered that the regional average temperature
increased by roughly 2.1 ◦C during the course of 51 years, which further validated the
previous viewpoint. On the other hand, the high reliance of Epan on temperature should
have indicated a theoretical increasing trend [56]. However, contrary to our findings, this
phenomenon, also known as the “evaporation paradox”, existed especially in the 1960s–
1990s and gradually disappeared after the beginning of the 21st century (Figure 6a). Similar
conclusions have been reached in related studies [34,57], but there was some discrepancy
regarding the precise timing of disappearance. For instance, Yao et al. [32] noted that
the “evaporation paradox” on the TP vanished around 1993. Zhao et al. [58] came to the
conclusion that Epan of the Zoige Alpine Wetland at the eastern edge of the TP changed
from a decreasing trend to an increasing trend in 1990, while the evaporation inflection
point in the Nam Co basin occurred in 1995 [59]. Based on the regional topography and
diverse climatic circumstances, our analysis indicated that choice of the study area and
inconsistent Epan time series acquisition were the main causes of this disparity. The
“evaporation paradox” phenomenon, however, was unquestionably common on the TP.
Hence, it has been proposed that the substantial temporal anisotropy of wind speed and
vapor pressure deficit were the primary causes of this phenomenon [60,61]. Additionally,
we discovered that the average temperature over the TP tended to rise steadily throughout
the research period, which suggested that the increase in temperature may not have reached
the threshold to induce significant increase in Epan or that other sensitive factors have had a
strong negative feedback effect, offsetting the contribution of temperature increase to Epan.
From the precipitation perspective, in the second half of the 20th century, precipitation and
Epan showed an overall negative correlation, and as the 21st century began, Epan displayed
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a fluctuating increasing tendency consistent with its ongoing increase in precipitation. As a
result, we believe that Epan may be suppressed to some extent by increasing precipitation;
however, this suppressive effect may be lessened when specific wetting conditions are met
in the regional environment.
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Figure 14. Interannual trends of the average temperature (a) and the drought index (b) on the TP.

In terms of spatial differences, precipitation was concentrated at lower elevations in
the eastern and southern portions of the TP, where rivers were extensively developed, and
decreased from southeast to northwest, whereas Epan had larger values in the southwest
and northeast TP, decreasing from the northern and southern ends toward the mid-latitudes
of the plateau. The varying levels of solar radiation and air water vapor content were the
key contributors to this phenomenon [23]. The main way that solar radiation affected the
insolation conditions at the surface was cloud cover [34]. The dense cloud cover in the TP
mid-latitudes reduced the amount of net radiation received by the surface, and the lack
of sufficient energy-driven conditions for water evaporation caused Epan to tend to be
small [33]. On the other hand, the crucial indication for preserving the air–water balance,
the water vapor content, significantly positively regulated precipitation [37]. Up to 90%
of the annual precipitation was produced during the rainy season [62] due to the high
water vapor content of the Indian Ocean summer winds and southeastern monsoon in the
southern part of the plateau [63]. Precipitation and evaporation may be in opposition to
one another due to the oversaturation of water vapor concentration, which may impact the
water balance in the atmosphere and partially inhibit evaporation. The changes in monthly-
scale precipitation and evaporation mentioned above (Figure 10) also lent credence to this
theory, further indicating a widespread interconversion between the regional precipitation
and evaporation. However, complex topography, harsh environment, and low population
density of the central and northern regions of the TP make meteorological observation
more challenging, and the availability of only a few monitoring stations also limits the
precision of the whole area of the TP. Therefore, in order to quantitatively assess the
conversion mechanism of precipitation–evaporation under inconsistent conditions of trend
changes and more fully understand the variation patterns of precipitation and Epan, future
research should investigate multisource remote sensing satellite datasets, and calibration
and correction should be performed using ground-based observations.

5.2. Evolution of Regional Water Resources

The nature and intensity of hydrological cycle processes in the TP region have changed
significantly over 51 years in the context of climate change. With the exception of Southern
Qinghai and northern Sichuan, more than 60% of the stations with precipitation below
the Epan of 1000 mm or more could be found in other parts of the TP. According to the
difference analysis, severe precipitation deficit was the root cause of the local drought [64].
To further explore the extent of the regional water abundance, we compared and analyzed
the interannual trend variation of the drought index (Epan/P) (Figure 14b). The drought
index (Epan/P) showed a fluctuating decreasing trend in the 1960s–1990s and remained
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largely stable after 1999, whereas the years of anomalous values (1972, 1984, 1994, and 2006)
were consistent with the SPEI drought concentration period, indicating that the drought
index and the SPEI had strong objectivity in identifying drought [53].

The SPEI study in this paper demonstrated that the TP region was dominated by
mild drought and mild wetness in 1966–2016, and that the proportion of the two var-
ied at different timescales (Table 4). However, overall, the aridity status of the TP re-
gion is weakening, i.e., the wetness trend is gradually becoming significant and the wa-
ter abundance is further enhanced. These results are consistent with earlier research.
Feng et al. [14] suggested that there was a general trend toward wetting in the TP region
and a positive correlation with altitude; Gao et al. [65] noted that the northwest of the
TP experienced significant wetting, while the eastern semi-humid region gradually dried
out. When seen from a seasonal viewpoint, the wetting trend on the TP was more no-
table in spring and summer than it was in autumn and winter [66]. In addition to the
pervasive wetting trend, we also discovered that some places had consistent aridification
1966–2016. For instance, the SPEI in eastern Qinghai province and the southern part of the
Plateau displayed a declining trend over a range of timescales, which was demonstrated by
He et al. [32,67]. This is a result of the regional water shortage brought on by the decline in
precipitation, particularly in summer when the drought trend is aggravated by the large
negative association between precipitation and evaporation. As can be seen, the drought on
the TP may be a combined regional hydrological response of insufficient precipitation and
abnormally reduced evaporation [68]. Current research indicates that changes in sunshine
hours, wind speed, and humidity are not negligible in influencing the spatial and temporal
patterns of drought [66,69] and that high temperature anomalies are also a significant
determinant of the occurrence of “heat wave droughts” [70,71]. However, we think that
meteorological elements like the amount of sunshine and wind speed may have an impact
on evaporation rather than create a direct demand for drought. On the other hand, despite
the background of widespread temperature increases, the average temperature in the TP
region has remained low for a long time, making it challenging to meet the criteria for a
“heat wave”. Additionally, glacial snowmelt in some regions of the TP is developing into a
significant recharge item for the regionally accessible water resources [17,72], suggesting
that the diversification of water resources plays a significant role in dealing with drought.
However, little is known about how much glacial melting in a changing environment
tempers local dryness [73], which requires more investigation.

6. Conclusions

In this study, the spatiotemporal variation patterns of precipitation and Epan on the
TP in 1966–2016 were analyzed based on the precipitation and evaporation data from
87 meteorological stations, and the influence of precipitation and Epan inconsistency on
the regional drought was explored by calculating the SPEI on 1-, 3-, 6-, and 12-month
timescales. The main findings are as follows:

(1) Precipitation on the TP as a whole was characterized by higher precipitation
in the southeast than in the northwest, and the average annual precipitation increased
progressively at a rate of approximately 8.2 mm/10a, with 80% of the annual precipitation
falling in the summer and autumn. The precipitation time series also had a 32-year primary
cycle and multiple abrupt change points.

(2) There was significant nonconsistency between Epan and the precipitation variation
on the TP, especially under the warm and humid conditions from June to September,
and the correlation coefficient could be as low as −0.83. The larger values of Epan were
mainly concentrated in the southwest and northeast of the TP, and Epan showed an overall
decreasing trend, with a rate of approximately −20.8 mm/10a.

(3) Although the temperature rose by around 2.1 ◦C on average during the study
period, the “evaporation paradox” persisted on the TP for almost 40 years, from the 1960s
to the 1990s, and generally disappeared after the beginning of the 21st century.
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(4) The distribution of water resources on the TP showed significant differences, with a
continuous wet trend in the central and southeastern portion of the TP and a predominately
arid trend in southern Qinghai. Both arid and humid conditions characterized the major
populated areas in eastern Qinghai and southern Tibet.

According to the analysis of precipitation and Epan trends over the past 50 years, the
TP drought may continue on its current trajectory, the dry and wet conditions will coexist,
and the polarization of water resources will become more significant. As a result, it is
urgently necessary to have a thorough understanding of the regional drought patterns and
water dynamics for water resources management.
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