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Abstract: Based on daily observation records at 277 meteorological stations on the Tibetan Plateau
(TP) and its surrounding areas during 1970-2017, drought evolution was investigated using the
Standardized Precipitation Evapotranspiration Index (SPEI). First, the spatiotemporal changes in
the growing season of SPEI (SPEIgs) were re-examined using the Mann—-Kendall and Sen’s slope
approach—the piecewise linear regression and intensity analysis approach. Then, the persistence
of the SPEIgs trend was predicted by the Hurst exponent. The results showed that the SPEIgs on
the TP exhibited a significant increasing trend at the rate of 0.10 decade™ (p < 0.05) and that there is
no significant trend shift in SPEIgs (p = 0.37), indicating that the TP tended to undergo continuous
wetting during 1970-2017. In contrast, the areas surrounding the TP underwent a significant trend
shift from an increase to a decrease in SPEIgs around 1984 (p < 0.05), resulting in a weak decreasing
trend overall. Spatially, most of the stations on the TP were characterized by an increasing trend
in SPEIgs, except those on the Eastern fringe of TP. The rate of drought/wet changes was relatively
fast during the 1970s and 1980s, and gradually slowed afterward on the TP. Finally, the consistent
increasing trend and decreasing trend of SPEIgs on the TP and the area East of the TP were predicted
to continue in the future, respectively. Our results highlight that the TP experienced a significant
continuous wetting trend in the growing season during 1970-2017, and this trend is likely to continue.

Keywords: SPEL drought; climate change; Tibetan Plateau

1. Introduction

Drought is recognized as one of the most destructive and expensive natural disasters in the world
and has serious influences on agriculture, water resources, and human society [1,2]. In the context of
global warming, increasing drought has been observed over much of the global land area and has
resulted in increased drought losses [3,4]. Annual drought losses have been above 200 billion dollars
worldwide since 1960 [5]. Global warming is projected to enhance droughts in the current century [6],
and drought losses are also expected to continue to soar in the future [7]. Given that drought exerts
complex spatial and temporal heterogeneity, a better understanding of the occurrence and evolution of
drought will increase our ability to manage drought risk and reduce drought losses.

In the past several decades, a variety of multivariate drought indices have been developed for
meteorological drought detection and monitoring, such as the Standardized Precipitation Index (SPI) [8]
and the Palmer drought severity index (PDSI) [9]. Some studies have also improved the algorithms
of these drought indices, such as the self-calibrating Palmer drought severity index (sc-PDSI) [10].
Numerous studies have found deficiencies in these drought indices, which limits the accuracy of
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drought studies to a certain extent [2,11]. A new Standardized Precipitation Evapotranspiration Index
(SPEI) was developed by integrating the multi-scalar characteristic of SPI and the sensitivity of PDSI
to potential evapotranspiration (PET) [2,12]. The SPEI is considered to be a useful index for drought
assessment and has been widely applied to investigate the spatiotemporal patterns and variations in
drought at global and regional scales [12-15].

The Tibetan Plateau (TP), known as the “Asian Water Tower” and the “Third Pole”, acts as
water storage tower for South and East Asia and plays an important role in regional and hemispheric
climates [16,17]. The TP has been undergoing profound climate change over the past decades, which has
tended to favor climate extremes [18]. Rapid warming has been observed and predicted on the TP,
and the warming rate exceeded those of the Northern Hemisphere and the globe [19]; the rapid warming
could induce an increase in evaporation [20]. Meanwhile, the annual precipitation is slightly increasing
in most areas of the TP [21,22]. The question of whether the TP is becoming wetter or drier has attracted
much attention; however, recent literature has presented inconsistent conclusions. For example, several
studies using the sc-PDSI found that the TP exhibited a significant drying trend [23], especially in
the Northern TP [24], whereas other studies showed that the TP experienced wetting [13,25-28] and
exhibited a decrease in drought intensity [29]. Additionally, the drought intensity on the TP exhibited
obvious inter-decadal variation [30]; however, the variation characteristics of the drought intensity in
each time interval remain seldom investigated.

In the regions surrounding the TP, several studies have noted that the SPEI in Southwestern China
(e.g., the Sichuan Basin and the Yunnan—-Guizhou Plateau) exhibited a significant decreasing trend over
the past five decades [31-33], and Northwestern China (e.g., Xinjiang Province) displayed an increasing
trend before 1997, but a slightly decreasing trend overall [34]. However, most previous studies have
focused either on the TP or on the sub-regions of its surrounding areas, and it is not clear whether there
is an obvious difference in the change in drought intensity between the TP and its surrounding areas.

Based on the daily meteorological records from 277 stations throughout the TP and its surrounding
area during 1970-2017, this study revisited the spatiotemporal variations in drought using the SPEI
and identified differences in the change trends of drought between the TP and its surrounding area.
The objectives of this study are: (1) To re-examine the temporal and spatial variation characteristics of
drought with Mann—Kendall, Sen’s slope approach, and piecewise linear regression; (2) to explore
the inter-decadal variations among the categories of drought intensity using an intensity analysis
approach; and (3) to predict the persistence or anti-persistence of drought trends using the Hurst
exponent with R/S analysis. We also compare the variation characteristics of drought on the TP with
those in the area surrounding the TP.

2. Materials and Methods

2.1. Study Area

The TP, located in Southwest China (25-40° N and 76-104° E), encompasses an area of
approximately 2.57 x 10° km? with an average elevation of higher than 4000 m above sea level [35],
which leads to the generation of a unique climate regime (Figure 1). The temperature in the Southeastern
TP is relatively warmer, while that in the Northwestern TP is extremely cold. The amount of precipitation
generally decreases from the Southeast to the Northwest, which results in an increase in aridity from
the Southeast to the Northwest. Due to its thermal and mechanical forcing influences, the TP has a
profound impact on the regional and even global climate [16,36] and is considered a “driver” and
“amplifier” of global climate change [37]. To investigate the similarities and differences in the temporal
and spatial changes in SPEI between the TP and its surrounding areas, this study creates a 200 km
buffer zone with the TP at the center. Considering the limitations in our data acquisition, the buffer
zone is limited to China (Figure 1).
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Figure 1. The study area and the meteorological stations. The black and red circles indicate the
meteorological stations located on the Tibetan Plateau and its surrounding areas, respectively.

2.2. Data Source

The original daily meteorological records during 1970-2017 were collected at 2474 stations
from the China National Stations” Fundamental Elements Datasets, v3.0. The daily meteorological
datasets include precipitation (P), maximum temperature (Tyqy), minimum temperature (T),,),
wind speed at a height of 10 m, sunshine duration, and relative humidity. These datasets have been
quality-controlled [38]. The data for 315 meteorological stations on the TP and in the surrounding area
(0-200 km) were then extracted. To ensure the completeness of the data time series, 277 meteorological
stations were retained after removing the stations that had missing records more than 1% of the data.
Of the stations, 109 are located on the TP, and the remaining 168 are distributed in the surrounding
area (0-200 km). The reliable station data are limited to the Northwestern part of the TP (Figure 1).
A few missing records were interpolated through linear regression from the responding records in
neighboring stations, and a consistency test was then performed [39]. The daily data were processed
into monthly data, and SPEI was then calculated. Considering that the growing season in most parts
of the TP is very short and is generally considered to be from May to October [40], the growing season
SPEI (SPElgs) data were selected for the analysis of the temporal and spatial variation characteristics of
drought on the TP and its surrounding areas.

2.3. Methods

2.3.1. Calculation of the SPEI

SPEI can reveal the drought intensity by standardizing the difference between precipitation and
potential evapotranspiration (PET) [2] and is an ideal indicator to monitor and assess drought in the
context of global change [13]. Vicente-Serrano et al. developed the SPEI in 2010, based on monthly
temperature and precipitation [2], and the PET was estimated from the temperature by the empirical
Thornthwaite equation [41]. The SPEI method was modified in 2014 by Begueria et al. [12]. For example,
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the Thornthwaite equations were replaced by the Penman-Monteith equation for the PET calculation.
Studies noted that SPEI calculations based on the Penman—Monteith equation outperformed those
based on the Thornthwaite equation with regard to drought monitoring in arid regions of China [11].
Therefore, this study employed the updated method to calculate SPEL. The computation of SPEI was
as follows:

Step 1: Calculating the Potential Evaporation (PET) (FAO56 Penman—-Monteith equation)

0408A(Ry — G) + Y7255 Ua(es — €a)
PET = )
A+ y(1 + 0.34U)

where A indicates the slope of the saturated vapor pressure, kPa-°C~1; R, indicates the net radiation,
MJ-m~2-d~!; G indicates the soil heat flux, MJ-m~2-d~1; y denotes the psychrometric constant, kPa-°C~1;
T denotes the mean air temperature at 2 m, T = (Tyax + Thin)/2, °C; Uy denotes the average wind
speed at 2 m, m-s~}; and e; and ¢, are the saturated vapor pressure and the actual vapor pressure, kPa,
respectively.

Step 2: Calculating the difference between precipitation and evapotranspiration

D; = P; — PET; )

The difference, D;‘, in a given month j of year i depends on the timescale k. The accumulated
difference for month I in a particular year / with a 12-month timescale is calculated as follows,

12 j
ij = Y Diay+ X Dij j<k
’ I=13-k+j I=1
j 3)
Xic = Y, D,‘,]’ jZk
T =Tk 4

where D; ; denotes the P — PET in month [ of year i. Given that the growing season in most parts of the
TP is generally from May to October, the k of this study was set to six, that is, the timescale was set to
six-months.

Step 3: Normalizing the water balance into a log-logistic probability distribution to obtain the
SPEI index series.

The probability distribution function of series D is calculated as follows:

F(x) = [1 + (x - y)ﬁr )

where «, 8, and y indicate the scale, shape, and origin parameters, respectively. The details for these
three parameters can be found in References [2,12].
Step 4: Calculating the SPEI

Co + CiW + Co,W?

SPEI = W —
1+ W + dyW? + d3W3

©)

where W is equal to 4/-21n(x) if P is not higher than 0.5, then P is the probability of exceeding a
determination D value and is equal to1 — F(x). When P is higher than 0.5, P is replaced by 1 — P, and the
sign of the resultant SPEI is reversed. The constants dy, d,, d3, Cy, C1, and C; are equal to 1.432788,
0.189269, 0.001308, 2.515517, 0.802853, and 0.010328, respectively. According to the SPEI, the drought
categories based on SPEI values are shown in Table 1 [14,42].
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Table 1. Drought category based on the SPEIL

Number SPEI Value Classification
1 SPEI > 2.0 Extreme wet
2 1.5 <SPEI<2.0 Severe wet
3 1.0 <SPEI < 1.5 Moderate wet
4 0.5<SPEI<1.0 Light wet
5 —-0.5<SPEI < 0.5 Near normal
6 -1.0 <SPEI < -0.5 Light dry
7 -1.5<SPEI < -1.0 Moderate dry
8 -20<SPEI<-15 Severe dry
9 SPEI < -2.0 Extreme dry

2.3.2. Mann-Kendall and Theil-Sen Approach

The Mann—Kendall (MK) nonparametric test, which was proposed by Mann [43] and then modified
by Kendall [44], is a useful tool to detect variations in hydro-meteorological time series and has been
recommended for general use by the World Meteorological Organization (WMO). The advantage of
this approach is that the data series do not require a certain sample distribution, which avoids the
potential interference of a few outliers. This approach was employed to investigate the gradual changes
in drought indices from 1971 to 2017. The formula is as follows:

=L 50
var(S)
Zs =30 S=0 (6)
_S+1 S <0
var(S)
where
n-1 n
S = Z Z sgn(xj - xi) ?)
i=1j=i+1
-1)(2 5 — Yttt - 1)(2t + 5
var(s) _ M= D@0 +5) = LKt = 1)@t + 5 .
18
where 1 refers to the length of data series and both x; and x; indicate sequential data values. Sgn(x; — x;)
isequal to +1, 0, and -1 whenx; — x; > 0,x; — x; = 0,orx; — x; < 0, respectively. The null
hypothesis is rejected at a specific a significant level when |Zs| > Z; _ , 5.
The trends of SPEIgs were then estimated by the Theil-Sen estimator [45], as follows:
. (X T X . .
bsen = median =i Vi < i 9)

wherel < i < j < n,and by denotes the magnitude of change in SPEIgs.

2.3.3. Piecewise Linear Regression Model

The piecewise linear regression model, proposed by Page [46] and then improved by Quandt [47],
is an advanced statistical method to solve the problem of heterogeneous trends in long-term time-series
data [48,49]. As this model can reveal one or more change-points in heterogeneous trends, it effectively
compensates for the shortcomings of a simple linear regression [39]. Here, we applied the model with
one change point to detect the significance of possible change points in the trend of SPEIL This approach

is as follows:
ayg + bixy + ¢ xtSj
= . . 10
Yr {a0+blxt+bz(xt—])+€ xt>]} {10

where y; denotes the SPEI time series; t denotes the year; j indicates the estimated change-point
of the trend in SPEI time series; ag, b1, and by are the regression coefficients; and ¢ denotes the
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residual error. The SPEI trend before the change point is by, and after that, the change point is b; + bs.
When a change-point was captured, the significance of the overall non-linearity would be tested by the
pseudo-score statistic test [50].

2.3.4. Intensity Analysis Approach

The intensity analysis approach, developed by Aldwaik and Pontius [51], was initially used for
the quantitative analysis of land use and land cover change. Recently, studies have noted that this
approach is also a useful tool for the quantitative analysis of drought change at regional scales [5,52].
The different patterns of land use and land cover change or the drought category at the interval, category,
and transition level can be obtained using intensity analysis. For drought categories, the interval
level intensity analysis can be used to detect whether the rate of drought category changes within a
certain time interval was fast or slow, and the category intensity analysis can be applied to determine
whether the change in a certain drought category became relatively active or dormant. Additionally,
the intensity analysis approach required the classification criteria to be consistent at each time interval.
Thus, the mean values of the SPEIgs in the 1970s, 1980s, 1990s, 2000s, and 2010s were calculated.
According to the drought categories shown in Table 1, for each drought category, we calculated the
percentage of stations that transitioned from one certain time interval to the next time interval.

2.3.5. Hurst Exponent

The Hurst exponent, proposed by Hurst [53] and modified by Mandelbrot and Wallis [54],
is generally applied to assess the durability of changes in time series data over long periods. The most
commonly used method to calculate the Hurst exponent is the rescaled range (R/S) analysis. The Hurst
exponent with R/S analysis was used to predict the persistence or anti-persistence of trends in the
SPEIgs time series on the TP and the surrounding area. The main calculation steps are as follows:
Divide the time series SPEIgs(;), (t = 1,2, 3, ..., n) into 7 sub series X(;, and for each subseries, i = 1, 2,
3,...,1T.

_ 1 ©
SPEIgs(r) = — }Zl SPEIgs ;) (11)
1=
i _— .
X(jx) = ). (SPEIgs — SPEIgs )1 < i <t (12)
max X; min X;
_ (i7) _ (i,7)
Risi) 1<i<nt 1<i<t (13)
. T 1/2
Sw = | Z{(SPEIgs(i) — SPEIgs ) (14)
R
(1) H
= cr (15)
S(x)

According to previous studies [53,54], the H value expanded from 0 to 1 and is generally
categorized into three cases. When 0.5 < H < 1, the future trend of the SPEIgs is likely to be consistent
with the historical trend. When H = 0.5, the SPEIgs time series are likely to be a true random walk
without consistency. When 0 < H < 0.5, the future trend of the SPEIgs is likely to be the opposite of the
trend in the past.
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3. Results

3.1. Trend Analysis of the SPEIgs Time Series at Regional Scales

The SPEIgs for the entire TP and its surrounding area were generally within —0.5-0.5 from 1970
to 2017 (Figure 2), but there were also some light wet or light dry years. SPEIgs values higher than
0.5 mainly occurred in the 1990s and 2000s on the entire TP, while those in the area surrounding the
TP primarily occurred in the 1980s and 1990s. The three years with SPEIgs values lower than —0.5
were sparsely distributed throughout the study period on the TP, whereas SPEIgs values lower than
—0.5 mainly occurred after 1995 in the area surrounding the TP.

—#— TP —&— Surrounding areas

SPEI

0.5

1.0 T T T T T T T T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

Figure 2. Variation in the SPEIgs on the Tibetan Plateau (TP) and the surrounding area during 1970-2017.

The Mann-Kendall and Theil-Sen approach were used to detect gradual changes in the SPEIgs
series (Table 2). The SPEIgs on the entire TP exhibited a significant increasing trend during 1970-2017
at a rate of —0.10 decade™! (p < 0.05), whereas the SPEIgs in the area surrounding the TP exhibited
an insignificant decreasing trend (p > 0.05). A similar result was also detected by the least squares
estimator (Table 2). These results indicate that the TP experienced a significant wetting trend, while the
areas surrounding TP witnessed a weak drying trend, although not significantly.

Table 2. Trend analysis of the SPEIgs on the TP and in the surrounding area during 1970-2017 based on
two trend estimation methods.

. Theil-Sen Estimator Least Squares Estimator
Region
Trend (Decade1) p-Value Trend (Decade1) p-Value
P 0.10 0.02 0.10 0.02
Area surrounding TP -0.02 0.65 -0.01 0.83

We then applied piecewise linear regression to explore whether there was a change-point in the
changing trend in SPEIgs during 1970-2017, both on the TP and in the surrounding area. There is an
obvious difference in the trend shift of SPEIgs between the TP and the surrounding area (Figure 3).
No statistically significant abrupt change was detected in the SPEIgs on the TP (p > 0.05). However,
a change-point was identified around 1984 in the SPEIgs in the area surrounding the TP (p < 0.05),
switching from a wetting trend (0.46 decade™!) during 1970-1984 to a drying trend (—0.15 decade™)
since the mid-1980s. Consistent results were also identified using a locally weighted polynomial
regression (Figure A1). These results indicated that, in contrast to the trend shift from wetting to drying
in the area surrounding the TP, the TP exhibited a continuous wetting trend in the period 1970-2017.
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Figure 3. Trend shift in SPEIgs on the Tibetan Plateau (a) and the surrounding area (b).
3.2. Spatial Pattern of Trends in SPEIgs on the TP and Its Surrounding Area

The trends in SPEIgs on the TP and its surrounding area during 1970-2017 showed strongly
different patterns of distribution (Figure 4). The SPEIgs increased in 77.98% of stations on the TP. A total
of 46.79% of stations were characterized by rates above 0.10/decade (the rate of the entire TP, Table 2),
most of which are located in the Northeastern and Southern parts of the TP. In addition, a decreasing
trend was also identified at 22.02% of stations, with approximately half of them characterized by a rate
lower than —0.10/decade, mainly distributed in the Eastern fringe of the TP.

xoa \ N
. S— A
,‘,. = o ®e 2
B ° 5 vy
9® L4 .‘ ~. \
: ) ’A.‘Z‘. ‘\_‘

Slope(year') i R 1 e
® -0.06--0.03 e &
® -0.03--0.01 P
¢ -0.01-0 G 1P

0-0.01

0.01 - 0.03 0 250 500 km
® 0.03-0.06 I T

Figure 4. Spatial distribution of trends in the SPEIgs on the TP and its surrounding area during
1970-2017. The trends were estimated by the Theil-Sen approach.

However, approximately two-thirds of stations were characterized by a decreasing trend in SPEIgs
in the area surrounding the TP. In total, 32.74% and 29.76% of stations were characterized by rates lower
than and higher than —0.10/decade, respectively, primarily located in the East of the TP, especially in
Southern Gansu Province and Western Sichuan Province. A total of 37.50% of stations displayed an
increasing trend in SPEIgs. Only 19.64% of stations were characterized by rates higher than 0.10/decade,
and those stations were mainly distributed in Southern Xinjiang Province, North of the TP.

3.3. Intensity Analysis for the Decadal Variations in SPEIgs

In this study, the drought transition matrix for four time intervals (1970s-1980s, 1980s-1990s,
1990s-2000s, and 2000s-2010s) were employed for the intensity analysis on the TP and the surrounding
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area, respectively. The interval level intensity analysis for the above four time intervals showed that
the rate of drought/wet changes was relatively fast at first and gradually slowed afterward on the TP.
In detail, the rate of drought/wet changes was relatively fast in the time interval of 1970s-1980s and
those in the time interval of 1980s-1990s, 1990s—2000s, and 2000s-2010s were relatively slow, especially
that in 2000s-2010s (Figure 5a). In contrast, the change rates in the area surrounding the TP were
relatively fast for the period of 1980s-1990s and 2000s-2010s compared with those in the time interval
of 1970s-1980s and 1990s-2000s (Figure 5b).

(@) Time Interval Change Intensity () Time Interval Change Intensity
2.91% 3.49%
)
s
) )
) )
|
i i
| )
= 1990s-2 = -
2 ! i !
E i £ i
g i g
= 1980s-1990s ! = 1980s-1990s
)
) )
)
i
)
)
) )
1 1
0 1 2 3 0 1 2 3
Annual Change (% of domain) Annual Change (% of domain)

Figure 5. The interval level intensity analysis on the TP (a) and in the surrounding area (b). The gray
bar denotes the time intensity, and the blue dashed line refers to the uniform line. If the gray bar
surpasses the blue dashed line, the change in the drought in a certain time interval is considered
relatively fast, and vice versa.

The category intensity analysis for the four time intervals on the TP were shown in Figure 6.
The annual changes station of light wet gains and moderate drought losses were both relatively active
during 1970s-1980s. The annual change station of light drought category was relatively active, and the
change in stations of losses was larger than gains in the period of 1970s-1980s (Figure 6a,b). The changes
of light wet and light drought categories were both relatively active in the interval of 1980s-1990s and
1990s-2000s, but their change rates of gains and losses were similar (Figure 6¢—f). In the interval of
2000s-2010s, the change of moderate wet gains was relatively active and the moderately wet was zero
in the 2000s. Meanwhile, the change of light drought category was relatively active, and the change in
stations of losses was much larger than gains (Figure 6g-h). These results indicated that the losses of
drought levels were larger than the gains in the light wet level on the TP during 1970s-1980s, followed
by a maintenance phase during 1980s-1990s and 1990s-2000s, and the transition from the 2000s to
2010s was associated with wetting.

The category intensity analysis for the area surrounding the TP is shown in Figure 7. The annual
change station of light wet and light drought categories were both relatively active in the interval
of 1970s-1980s. The change in stations of light wet gains was larger than losses, and the change in
stations of light drought losses was much larger than gains. The annual change station of moderate
drought losses was relatively active, and the station of moderate drought category was zero in the 1980s
(Figure 7a,b). The annual change stations of light wet category were relatively active, and the change
in stations of gains was larger than losses in the period of 1980s-1990s. The annual change station
of moderate wet gains was relatively active, and the stations of moderate wet were zero in the 1980s
(Figure 7c,d). However, in the interval of 1990s—2000s, the annual change station of moderate wet losses
was relatively active, and the stations of moderate wet were zero in the 1990s (Figure 7e—f). In this
interval, the annual change station of light drought and light wet categories were also relatively active,
and the former experienced a large increase, but the latter experienced a large decrease. The change
situation in the interval of 2000s—2010s was similar to that in the interval of 1980s-1990s, but the change
in stations of light wet losses was still larger than gains, while the change in stations of light drought
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gains was much larger than losses (Figure 7g-h). These results suggested that the surrounding areas of
TP experienced a relatively wet period during 1970s-1990s and then turned into increasing drought

since the 1990s, but the drought condition tended to weaken during 2000s-2010s.
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Figure 6. Category intensity analysis for each time interval on the TP. The blue dashed line represents

the uniform line; if a bar surpasses the blue dashed line, the change in the corresponding drought

category in the given time interval is considered relatively active, and vice versa. (a,b) for 1970s-1980s,
(c,d) for 1980s-1990s, (e,f) for 1990s-2010s, and (g,h) for 2000s—2010s. (a), (c), (e), and (g) for gains,
and (b), (d), (f), and (h) for losses.
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Figure 7. Similar to Figure 6, but for the area surrounding the TP.

3.4. Persistence Analysis of Trends in SPEIgs Variations

The persistence characteristics of future change trends in SPEIgs were analyzed based on the
Hurst exponent of the SPEIgs. The Hurst exponent values of the entire TP and of the surrounding area
were 0.55 and 0.56, respectively, indicating an overall consistent increasing trend of the SPEIgs on the
TP and a consistent decreasing trend in the area surrounding the TP in the future. To further explore
the spatial pattern of the consistency in the change trends of SPEIgs, we superimposed the results of
SPEIgs trend analysis on the Hurst exponent on the TP and the surrounding area (Figures 4 and 8a).
The coupling results show that approximately three-quarters of stations are likely to exhibit wetting
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trends in the future on the TP (Figure 8b). Among them, the future trend at two-thirds of the stations is
consistent with the historical continued wetting trend, located on the TP, except for the Eastern fringe
of the TP (Figure 8b). In contrast, approximately 60% of stations are likely to display a drying trend in
the future in the area surrounding the TP, most of which are consistent with the historical drying trend,
except those in Southern Xinjiang Province.
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Figure 8. Spatial distribution of the Hurst exponent (a) and persistence (b) of the trend in SPEIgs on
the TP and the surrounding area.

4. Discussion

In this study, we revisited the changes in drought characteristics across the TP for the period
of 1970-2017 using the SPEI based on the highly available and abundant records from national
meteorological stations. Our analysis result confirms an overall wetting trend in the growing season on
the TP since 1970, which corresponds with previous studies based on observational station data using
the SPI/SPEI [25,29] and aridity index [27,28]. However, this finding is not in line with the results based
on the sc-PDSI calculated with global reanalysis data sets [23,24]. This discrepancy might be related to
the substantial biases in trends for the global gridded data on the TP [22,55]. Spatially, apart from the
Eastern fringe of the TP, most of the stations on the TP were characterized by an obvious wetting trend,
which is in good agreement with the finding that most areas of the TP experienced wetting trends over
the past six decades [25,27].

Compared with previous assessments, however, two findings obtained in this study were not
fully reported. First, there was no significant shift in the increasing trends of SPEIgs during 1970-2017
over the TP (Figures 3a and Ala), which indicated that the TP has exhibited a continuous wetting
trend since 1970. This is in strong contrast to the fact that the SPEIgs displayed a significant trend shift
from wetting to drying around 1984 in the area surrounding the TP (Figures 3b and A1b), resulting
in a slight drying trend for the whole study period (Table 2). Liu et al. noted that the TP exhibited
wetter states after 1987, compared to before 1987 [27]; however, the wetting trends were continuous
throughout the whole study period.

Second, a consistent increasing trend of the SPEIgs was predicted for the entire TP and most
stations of the TP, suggesting that the wetting trend on the TP is likely to continue in the future.
Meanwhile, the rapid warming trend on the TP is projected to strengthen in this century [56]. Therefore,
the future climate on the TP is expected to be warmer and wetter than the current climate, which might
lead to profound influences on alpine vegetation growth and on the ecosystem function and services
of the TP [57]. Additionally, the opposite trends in SPEIgs between the TP and the areas East of the TP
were also predicted to continue in the future (Figure 8b).

Changes in meteorological drought are generally associated with anomalies in precipitation,
temperature, and evaporation. The opposite trends in meteorological drought between the TP and
its surrounding area were mainly related to the opposite change trends in precipitation [13,27-29,58].
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An overall increasing trend in precipitation primarily led to an increasing trend in SPEIgs on the TP
and in the areas North of the TP, followed by a change in wind speed, relative humidity, and sunshine
duration, which contribute to the evaporation variation [29]. Previous assessments noted that the
drying trend in the areas East of the TP was mainly due to the significant decrease in precipitation [58],
coupled with a temperature increase [13]. The increasing evaporation driven by a temperature increase
would influence the surface moisture status [59,60], but it is difficult to measure evaporation directly.
Furthermore, precipitation variation is strongly driven by large-scale atmospheric circulations. Several
studies have also noted that the drought evolution in the areas East of the TP has teleconnections with
the change of the Asian summer monsoon [31], the ENSO strength [29] and even the strength of the
polar vortex in Asia [32]. Further investigations of the complex mechanisms of the opposite drought
trends between the TP and the surrounding area are still required.

5. Conclusions

This study re-examined the spatiotemporal evolution of drought in the growing season on the TP
and its surrounding area during 1970-2017 using SPEI with potential evapotranspiration estimated by
the Penman—-Monteith equation. The analysis results showed that, in contrast to a significant trend
shift from wetting to drying around 1984 in the area surrounding the TP, the TP exhibited a continuous
wetting trend in the growing season during 1970-2017. Spatially, more than three-quarters of the
stations on the TP were characterized by a wetting trend, apart from those on the Eastern fringe of the
TP, whereas most of the stations in the areas East of the TP exhibited a drying trend. The results of the
intensity analysis showed that the rate of drought/wet changes was relatively fast in the 1970s-1980s
and gradually slowed afterward on the TP. The different drought levels were transformed into the
light wet level on the TP during 1970s-1980s, followed by a maintenance phase during 1980s-1990s
and 1990s-2000s, and the transition from 2000s to 2010s was associated with wetting. The wetting
trend on the TP is likely to continue in the future, and the opposite trends in drought between the TP
and the areas East of the TP are also predicted to continue.
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