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Abstract: Soil moisture (SM), as a crucial variable in the soil-vegetation-atmosphere continuum,
plays an important role in the terrestrial water cycle. Analyzing SM’s variation and driver factors is
crucial to maintaining ecosystem diversity on the Tibetan Plateau (TP) and ensuring food security as
well as water supply balance in developing countries. Gradual wetting of the soil has been detected
and attributed to precipitation in this area. However, there is still a gap in understanding the potential
mechanisms. It is unclear whether the greening, glacier melting, and different vegetation degradation
caused by asymmetrical climate change and intensified human activities have significantly affected
the balance of SM. Here, to test the hypothesis that heterogeneous SM caused by precipitation was
subject to temperatures and anthropogenic constraints, GLDAS-2.1 (Global Land Data Assimilation
System-2.1) SM products combined with the statistical downscaling and Geographic detectors were
applied. The results revealed that: (1) Seasonal SM gradually increased (p < 0.05), while SM deficit
frequently appeared with exposure to extreme climates, such as in the summer of 2010 and 2013,
and changed into a pattern of precipitation transport to western dry lands in autumn. (2) There
was a synergistic reaction between greening and local moisture in autumn. SM was dominated by
low temperature (TMN) in winter, warming indirectly regulated SM by exacerbating the thawing
of glaciers and permafrost. The spatial coupling between the faster rising rate of TMN and the
frozen soil might further aggravate the imbalance of SM. (3) The land cover’s mutual transformation
principally affected SM in spring and autumn, and degradation accelerated the loss of SM replenished
by precipitation. (4) Land cover responses were different; SM in grassland was less affected by
external disturbance, while degraded woodland and shrub performed adaptive feedback under dry
environments, SM increased by 0.05 and 0.04 m?/(m? 10a), respectively. Our research provides a
scientific basis for improving hydrological models and developing vegetation restoration strategies
for long-term adaptation to TP-changing environments.

Keywords: GLDAS-2.1 SM products; statistical downscaling; geographic detectors; climate change;
human activities; the Tibetan Plateau

1. Introduction

Soil, land cover, and the upper atmosphere are the main components of the land—atmo-
sphere systems [1]. Soil moisture (SM) is a pivotal factor in the soil-vegetation-atmosphere
continuum and a carrier of matter and energy cycling in soil systems and plays an important
role in the terrestrial water cycle. It not only directly affects hydrological processes and
plant growth, such as runoff, infiltration, and evapotranspiration but also indirectly affects
regional climate processes [2—4]. Some research has shown that the feedback between SM
and the atmosphere might amplify temperature and humidity anomalies and enhance the
direct effects of SM stress as well [5]. The variability of SM may contribute to 90% of the
interannual variability of global land carbon sequestration [6]. Considering the feedback
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mechanism between soil and atmospheric dryness [7], capturing critical information on
regional hydrological responses and providing it to policymakers is significant to achieving
China’s commitment to be carbon neutral by 2060 [8,9].

As an important ecological barrier in China, and even in Asia, the Tibetan Plateau
(TP) has the largest high-altitude grassland in the world, which is a hotspot of ecosystem
diversity [10]. SM controls ecosystem respiration and the occurrences of fire [11]. Veg-
etation growth depends on surface water availability; SM restrictions not only amplify
the mortality risk of plant and herbivores but also lose soil microbial diversity [12,13]. In
addition, as the birthplace of major rivers, it is abundant in glacial reservoirs and freshwater
resources of alpine lakes, with the largest frozen water storage second only to the polar
regions [14]. As a vital freshwater distribution system, the extended water systems of
the Yangtze, Yellow, Yarlung Zangbo, and Tarim provide fresh water to nearly 2 billion
people in the lower reaches [15]. SM status directly determines the water conservation and
runoff recharge in the river source region. SM changes might exacerbate water stress in
downstream developing countries. Thus, a balanced SM regime is crucial for maintaining
the sustainability of the TP ecosystem and stabilizing the demand for crop irrigation to
ensure food security [16].

However, climate change and human activities threaten SM equilibrium. Over the
course of its long history, it has experienced faster warming, twice as fast as the global
average in the TP [17]. The precipitation patterns have also altered, decreasing in the south
and increasing in the northwest [18,19]. The striking socio-economic factors have also
increased. Human intervention has led to the serious degradation of grassland-dominated
ecosystems and water diversion and expansion of reservoirs [10,20]. Accelerated climate
warming, precipitation redistribution, and intensified change in land use have led to the
gradual melting of mountain glaciers, permafrost, and snow cover, and to changes in
lake distribution and size, and river runoff, remarkably affecting regional hydrological
processes. SM responds quickly to external disturbances to the unique geographical
environment and fragile ecological conditions [21]. Meanwhile, driven by climate warming
and rising regional precipitation, forest lines are expanding to higher elevations, and plenty
of green phenomena appeared in the TP from 1982 to 2015, which would have strong
positive feedback on the regional hydrological responses, especially in early summer [22].
It indicated that the spatial and seasonal imbalance of SM was gradually increasing. A
plentiful number of small-scale observations and experiments have suggested that SM
and hydrological characteristics in the alpine region show high spatial variability [23,24].
Better policy decisions require a comprehensive and systematic assessment of the potential
mechanisms driving long-term SM variability across the TP. Remotely sensed and reanalysis
datasets support the understanding of large-scale hydrological changes, and the selection of
reliable SM products is a key step to obtaining robust conclusions [25]. A lot of information
has been obtained about the interannual variation in SM dominated by precipitation [26-28],
while the effects of complex terrains and soil conditions, low temperatures rising faster
than high temperatures (asymmetric warming), regional greening, anthropogenic forcing,
and extreme climate on SM has largely been dismissed, which may be a misunderstanding
of the true states of the SM in the TP.

Based on the long-term reanalysis datasets combined with statistical downscaling,
we investigated the trends of 1 km seasonality SM and identified the anomalous yearly
SM. Multi-driver factors were selected [29-32] from three perspectives, such as the bio-
geographic environment: fractional vegetation coverage (FVC), soil types (ST), vegetation
types (VT), elevation (DEM)), slope (SL), and aspect (AS), human activities: land covers
(LC), and climate: high temperature (TMX), low temperature (TMN), mean temperature
(TMP), and precipitation (PRE). A novel mathematical model (geographic detector) was
applied to separate their contributions to SM heterogeneity, and comprehensively analyze
the vital mechanisms regulating SM changes.
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2. Data and Methods
2.1. Study Area

It is located between 26°00'~39°47'N and 73°19’'~104°47'E in the TP (Figure 1), which
is known as the “roof of the world” or the “third pole” [17], whose three principal climatic
types are plateau mountains, subtropical monsoon, and temperate monsoon. Compared
with other regions, it is a sensitive area to global climate change. The high temperature
(0.06 °C 10 a1), low temperature (0.15 °C 10 a—1), and mean temperature (0.11 °C 10 a !
have increased from 2000 to 2020. Precipitation fluctuated strongly in dry environments
in 2006 and 2015, with an index of 0.18 mm 10 a—!. It is also the area with the widest
distribution of ice, snow, glaciers, and permafrost outside the polar region. The land cover
types mainly include broad-leaved forests, coniferous and broad-leaved mixed forests,
coniferous forests, shrubs, grassland, desert, and bare land (Figure S1).
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Figure 1. Map of the study area and its climatic conditions and location of the observation sites on
the TP: (a) location of the TP in China, (b) map of the TP, (c) Naqu network, (d) Pali network, (e) high
temperature, (f) low temperature. (g) mean temperature, (h) precipitation.

2.2. Data

The reanalysis products were generated by GLDAS-2.1 based on the NOAH model
driven by the Global Land Data Assimilation System (https://disc.gsfc.nasa.gov/ (accessed
on 16 September 2021)), which was a global, high-resolution, land data assimilation system.
As many investigations have shown, the GLDAS-2.1 performed better in the spatial patterns
and trends of SM in the entire TP [25,33-35], compared with other SM products, such as the
European Centre for Medium-Range Weather Forecasts (ECMWEF) interim reanalysis (ERA-
Interim), Essential Climate Variables (ECV) remotely sensed data, and the Modern-Era
retrospective analysis for Research and Applications (MERRA). Thus, it was used in this
study, starting from January 2000 to December 2020, with a spatial resolution of 0.25° and a
temporal resolution of 1 month. It was jointly exploited by the National Aeronautics, Space
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Administration (NASA) and National Oceanic and Atmospheric Administration (NOAA),
and National Centers for Environmental Prediction (NCEP). Furthermore, considering the
soil properties of 0-40 cm surface layer (active layer) were more correlated with vegetation
characteristics [36], and the roots of regional vegetation were concentrated in soil less than
30 cm [37], we studied 040 cm depth SM variations by averaging 0-10 and 10-40 cm
profiles SM.

Land cover changes reflect anthropogenic forcing on the earth’s surface, further
changing the soil’s physical and chemical properties as well as the precipitation redis-
tribution processes, affecting SM movements [38]. Spatial distribution data of remote
sensing monitoring on land use types in China were used, with high classified accuracy
(http:/ /www.resdc.cn/DOI (accessed on 25 October 2021)), in six phases, i.e., the years
2000, 2005, 2010, 2015, 2018, and 2020; there were 25 secondary types in this classification
system (Table S1), according to land resource and use attributes in the TP, which were
merged into 10 classes (Table 1).

Table 1. Codes of land covers in the TP.

Code Name Code Name Code Name
10 Tillage 20 Woodland 22 Shrub

Medium-coverage
grassland (with a

High-coverage

grassland (with Low-coverage

31 32 33 grassland (with a
more than coverage of coverage of 5-20%)
50% coverage) 20-50%) & ?
40 Water 50 Construction land 60 Sand, Gobi, and
Bare land
67 Desert

One kilometer monthly meteorological variables (TMX, TMN, TMP (TMPs), and PRE)
were spatially downscaled from the Climatic Research Unit dataset with the WorldClim
dataset. The mean absolute error decreased by 35.4-48.7% for TMPs and by 25.7% for PRE,
and the averaged climatology differences between the 0.5' downscaled and observed data
equaled —0.12 to 0.01 °C for TMPs, and —0.5 mm for the annual total PRE (http://www.
geodata.cn (accessed on 29 November 2021)), which was reliable to investigate related
climate change [39]. In addition, 1 km spatial distributions of the soil types, vegetation
types, and elevation data were provided by the Resource and Environmental Science Data
Center of the Chinese Academy of Sciences (http://www.resdc.cn/DOI (accessed on 25
October 2021)).

2.3. Methods
2.3.1. Statistical Downscaling GLDAS-2.1 Products

Images with a 25 km resolution might be missing much spatial information [40]; higher
spatial resolution is desirable for capturing SM-related hydrological processes. Relevant
research suggests that the 100,000 km? area was appropriate for downscaling to a resolution
of 1 km [41]. We downscaled GLDAS-2.1 products from 25 km to 1 km through the
method proposed by Carlson (1994) [42]. Furthermore, the triangle/trapezoid feature space
could be used to monitor SM effectively, and the land surface temperature and vegetation
index could reflect well the regional SM. Thus, input variables for statistical downscaling
included the 1 km daily TRIMS Land Surface Temperature [43] (Thermal and Reanalysis
Integrating Moderate-resolution Spatial-seamless LST; http:/ /data.tpdc.ac.cn (accessed
on 23 September 2021); [44]), and the 1 km monthly NDVI (The Normalized Vegetation
Index) based on the SPOT/VEGETATION PROBA-V products (http://www.resdc.cn/DOI
(accessed on 4 July 2021)). The reliability of LST-NDVI in retrieving SM has also been
verified in some regions [38]. Then, the monthly mean LST was calculated from the daily
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values. Input variables were normalized to eliminate the effects of unit dimension, with
the following equations [45]:

LST* = (LST — LSTyin) / (LSTinax — LSTypin) )

NDVI* = (NDVI = NDVI,,)/ (NDV gy — NDV i) )

where LST and NDVI are the LST and NDVI products, and min and max stand for the
corresponding minimum and maximum values, respectively.

LST* and NDVI* were subsequently resampled to a 25 km resolution, consistent with
GLDAS-2.1 SM. The relationship between SM and resampling of LST* and NDVI* was
established pixel by pixel, as described below [42]:

n n (i (i
SM = Zi:O =0 a;jNDVI OF ¥y i0)] 3)

where a;; represents the independent coefficient; i and j respectively represent the dimen-
sion; the 2 or 3 polynomials regression analysis provides a more convincing relationship [38],
so n equals 2.

SM, NDVT*, and LST* were known and 4;; was estimated through multiple linear
regression analysis in MATLAB 2016a software (Mathworks Inc., Natick, MA, USA). Finally,
1 km LST and NDVI data were taken as independent variables to generate high-resolution
(1 km) SM mapping. Slope analysis was used for temporal variations.

Hourly SM observation data from the Tibet-Obs (the time-lapse observation dataset of
soil temperature and humidity on the TP (2008-2016); http://data.tpdc.ac.cn (accessed on
20 December 2021); [46]) were used to assess and verify SM after downscaling. Only two
regional scales in situ observation networks have detected SM at depths of 5, 10, 20, and
40 cm [47]. The cold semiarid climate of the Naqu network and Pali network are presented
(Figure 1). These networks provided representative coverage of different climate and
surface hydrometeorological conditions on the TP [48], to achieve a more robust evaluation.
In addition, previous studies have shown that SM was temporally stable, and site SM data
could represent a large area [38,49]. SM in two networks was averaged to maintain the
consistent temporal and profile scales as GLDAS-2.1 SM, respectively. The precision was
evaluated by determination coefficient (R?) and root mean square error (RMSE).

2.3.2. Contributions of Individual Factor and Their Interactions on SM

In this study, geographic detectors were applied to quantitatively describe the contri-
butions of detection factors to SM, which was a relatively primal spatial statistical model to
detect spatial heterogeneity and reveal its driving factors. Furthermore, compared with the
linear regression or correlation analysis, this model did not assume that there was a linear
or nonlinear response relationship between the two variables. This principle fundamentally
ensured that the results were not affected by multicollinearity interference between multi-
ple independent variables. SM was regarded as the dependent variable Y. Potential driving
factors were selected as the detection factors X, such as FVC, LC, TMX, TMP, TMN, PRE, ST,
VT, DEM, SL, and AS. FVC was estimated by the binary pixel model [50]. The discrete vari-
ables were required as input data of geographic detectors; thus, the natural discontinuity
method was used to discretize the independent variables and set them into 10 categories
(except ST, VT, and LC, which had their own classification system), respectively.

Thus, factor detector, ecological detector, and interactive detector were utilized in
this paper. Factor detector could ascertain the effects of potential factors on the spatial
heterogeneity of SM. The contribution of X to the spatial heterogeneity of Y could be
expressed as q. Moreover, the g value could be simply transformed to satisfy the non-
central F distribution and determine the level of significance. The formulas for the factor
detector were as follows [51]:

Yr_i Nyo? | SSW

1=1-=Nez 1757

(4)
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L
W; = Y Nyoj, SST = No? (5)
h=1

whereh=1,2, ..., L; L was the stratification of driven factors; N, N was the layer i, and
the number of units in the whole area, respectively; (Tﬁ, 02 was the variance of the layer h
and the whole area, respectively; SSW was the sum of variances within the layer, SST was
the total variance of the whole area, respectively. The range of g was [0, 1]. The greater
the q was, the stronger the contribution of the driving factor of SM change. An ecological
detector was used to detect whether each factor had a significant effect on it. The interaction
detector was used to express the degree to which the interaction of any two factors can
explain its spatial distribution.

3. Results
3.1. Spatiotemporal Variations in SM in the TP

These networks provided representative coverage of different climate and surface hy-
drometeorological conditions on the TP [48]; thus, all stations in Naqu and Pali observation
networks were selected, and the SM at the pixel scale of 25 km and 1 km was extracted from
images and compared with the measured data, respectively, to verify the accuracy after
downscaling. It shows that the R? increased from 0.46 to 0.57, and the RMSE decreased
from 0.08 to 0.07 in Figure 2. In general, the dispersion between downscaled SM and field
measures was weakened; it showed better performance at a higher spatial resolution.
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Figure 2. Comparison of (a) GLDAS-2.1 products, and (b) downscaled SM with field measures,
respectively.

The annual variation in SM showed an upward trend in the TP overall (Figure S2).
Considering merely annual trends may mask seasonal variations. Then, the year was
divided into four seasons, which were spring (March to May), summer (June to August),
autumn (September to November), and winter (December to February) to capture more
spatial and temporal heterogeneity (Figures 3 and 4). The seasonal SM gradually increased
over the whole regional scale. It changed fast in spring and autumn, and reached the
wettest in summer and winter in 2020, with an increase of 12.41% and 6.76%, respectively,
compared with 2000 (relative changes description). However, with the simultaneous
occurrence of summer droughts and heat waves in 2010 and 2013, the precipitation was
2.26% and 5.72% less, and the high temperature was 3.60% and 5.19% higher than the
multi-year average (Figure 5), which resulted in a serious SM deficit (Figure 3b), SM was
11.71% and 13.67% lower, respectively. Under these circumstances, evapotranspiration
appeared to accelerate, and the water supply was insufficient, ultimately leading to an
extreme loss of SM. Moreover, SM underwent a sudden continuous growth after 2016 in
winter. There was abundant seasonal frozen soil and permafrost in the TP, which accounted
for 40% of the total area [52]. Warming processes, permafrost degradation, and glacier
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and snow melting have been extensively monitored in the TP [17]. Thus, the thawing of
frozen soil might be an extra exogenous supplement to promote SM rise (Figure 3d) on
account of the higher temperature and lower precipitation in 2017 and 2018 (Figure 5).
Seasonal imbalances in SM are expected to intensify as the climate warms, with frequent
drier summers and wetter winters.
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Figure 3. Changes in seasonal SM in the TP from 2000 to 2020, (a) spring, (b) summer, (c) autumn,
and (d) winter, respectively. * was the significance of 0.05 level.

Spatially, SM showed a spatial pattern that was higher in the southeast and lower in
the northwest (Figure S3). Excluding SM anomalies, most areas were becoming wetter,
especially in the eastern lower reaches, such as the Sanjiangyuan (the catchment areas of the
Yangtze, Yellow, and Lancang rivers), where water resources were abundant. In the vicinity
of Tarim Basin, precipitation was scarce, evaporation was intense, and soil was relatively
dry. Furthermore, glacier and snow melting and greening further enhanced SM spatial
heterogeneity. Such as the northern foothills of the Himalayas, which became significantly
redder in the summer of 2020, and patchy local moisture in the southwest and central
part of the Plateau in 2015, which was consistent with the distribution of FVC high values
(Figure S4). It is worth mentioning the SM deficit in summer, while precipitation reached its
peak and most western regions were wetter in autumn (Figures 4 and 5d). This difference
might be caused by the decrease in SM, limiting evapotranspiration, regulating atmospheric
circulation [53], enhancing the uplift movement of upland and moisture convergence,
having positive feedback to precipitation [22], and turning into the mode of water transport
to drylands in autumn. In winter, the SM changed from “green” to “yellow” and rose
obviously in the alpine regions covered with a large amount of glacial and permafrost, such
as the western Kunlun Mountains and the dry areas near the Qaidam Basin.
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3.2. SM in Different Land Covers

The grassland ecosystem was dominant, accounting for more than 48% on average
(Table 2). With anthropogenic forcing, land covers changed dramatically. Tillage, shrub,
high-coverage grassland, sand, gobi, bare land, and desert dropped sharply, while the
amount of water and construction land showed substantial growth (Table 3), especially
during the period of 2018-2020. The increase in railway construction might dominate the
change in construction land. Due to the unique natural environment and cultural character-
istics of the region, social and economic prosperity has promoted the rapid development of
tourism, which has become a pillar industry [54].

Table 2. The land covers area ratio (%) of the TP from 2000 to 2020.

Land Cover Types 2000 2005 2010 2015 2018 2020
Tillage 1.32 1.30 1.30 1.29 1.29 1.29
Woodland 8.71 8.70 8.71 8.70 8.71 8.70

Shrub 4.47 4.47 4.47 4.47 4.48 4.47
High-coverage grassland 7.81 7.81 7.82 7.81 7.84 7.82
Medium-coverage grassland 18.01 17.99 17.99 17.98 17.97 17.97
Low-coverage grassland 22.64 22.63 22.63 22.62 22.55 22.55
Water 6.22 6.24 6.24 6.26 6.29 6.40
Construction land 0.08 0.09 0.09 0.10 0.10 0.12
Sand gobi and bare land 29.43 29.45 29.45 29.45 29.44 29.35
Desert 1.32 1.32 1.32 1.32 1.32 1.32

Table 3. Annual change rate (%/a) of land covers in the TP.

Land Cover Types 2000-2005  2005-2010  2010-2015  2015-2018  2018-2020

Tillage —0.26 —0.04 —0.10 0.02 —0.13

Woodland —0.02 0.01 —0.01 0.02 —0.03

Shrub —-0.01 0.03 0.00 0.04 —0.08

High-coverage grassland 0.02 0.01 —0.01 0.12 —0.13
Medium-coverage grassland —0.02 —0.01 —0.01 —0.02 0.00
Low-coverage grassland —0.01 0.00 —0.01 -0.09 0.00
Water 0.05 0.00 0.06 0.19 0.81
Construction land 1.31 0.72 2.39 1.56 9.64

Sand gobi and bare land 0.01 0.00 0.00 —0.01 —0.14

Desert 0.01 —0.01 0.00 0.10 —0.15

There were differences in SM among the various types of land cover, and the seasonal
SM in woodland persistently remained at a high level (Figure 6). SM in land covers as a
whole dropped to the lowest, which meant that extreme drought accelerated transpiration
and evaporation, which led to water stress in vegetation roots and increased regional
ecosystem vulnerability and irrigation demands [37]. In general, SM in land covers in
summer and winter was consistent with the seasonal trends of SM. The interconversion
of land covers mainly affected SM in spring and autumn, and partially offset the wetting
effects caused by precipitation under degradation. During spring 2018-2020, the soil was
gradually moist (Figure 3a) with sufficient precipitation, while the SM of Tillage, wood-
land, shrub, and grassland decreased (Figure 6a). In addition, land cover responses were
different in similar climatic environments. Under degradation, no matter whether the
precipitation sharply increased or decreased, SM in high coverage grassland performed
at a slightly decreasing rate (slope description), while SM in medium and low coverage
grassland was consistent with the precipitation trends (Figure 6a,c). Under restoration
conditions, vegetation, such as woodland and shrub, that could effectively increase SM
showed higher increasing rates of 0.05 and 0.04 m?/(m? 10a), respectively, while precip-
itation was low in spring during 2015-2018 (Figure 5d). Correspondingly, precipitation
increased in autumn, and SM increased more swiftly (0.06 m3/(m? 10a)) in vegetation
with better improvement, such as high-coverage grassland (0.12%/a). It is worth noting
that in moderate dry conditions, i.e., the autumn of 2018-2020, SM increased in degraded
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woodland and shrub. Furthermore, woody plants and herbaceous have different strategies
to respond to dry conditions [55].
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Figure 6. Seasonal SM variations in different land covers in the TP from 2000 to 2020: (a) spring,
(b) summer, (c¢) autumn, and (d) winter, respectively. The legend numbers correspond to the land
cover codes.

3.3. Attribution of the Spatial Heterogeneity of SM to Climate Change, Human Activities, and
Complex Terrain

FVC dominated spatial differences in SM. Although q values of each factor changed in
different years, the orders of relative importance remained unchanged (Figure 7). Moreover,
PRE, VT, and LC contributed more than 50% in 2020 (Figure 7f). The interaction between
FVC and ST contributed the most to SM (Figure 7g). In addition, in terms of SM response to
temperatures, TMN was more consistent with its spatial pattern than TMX and TMP. Under
the sustained climate and land cover changes, compared with other years, the contributions
of FVC, PRE, LC, TMX, TMP, and TMN to SM increased in 2020, which means that the
spatial imbalance of SM might gradually intensify.
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Figure 7. Contributions of driving factors and their interactions to spatial distribution of SM from
2000 to 2020: (a) 2000, (b) 2005, (c) 2010, (d) 2015, (e) 2018, (f) 2020, (g) interactions. The numbers
indicated the q values. All q values were statistically significant (p < 0.05). Note: VT, ST, DEM, SL,
and AS in other years were missing.

There were seasonal differences in SM driven by climate. SM spatial heterogeneity
was controlled by PRE, except for winter, and it contributed most in autumn. SM was
affected by the more intense snow and ice melting and vegetation transpiration, thus being
more heterogeneous in summer. In contrast, the autumn PRE was more consistent with
spatial matching. TMN was dominant in winter (Figure 8d). The effects of temperature,
including TMX, TMN, and TMP, on SM, were weakest in summer and strongest in winter.
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Figure 8. Contributions of climatic factors to the spatial distribution of seasonal SM in 2020, (a) spring:
(b) summer, (c) autumn, and (d) winter, respectively.

4. Discussion
4.1. SM Variation Processes and Response to Climate Change

The wetting trends of SM in the TP showed seasonal thawing characteristics, which
was consistent with previous studies [22,25,28,56]. However, SM imbalance was captured
at a finer temporal and spatial scale. That is, spatiotemporal heterogeneity was increasing.
Similarly, relevant studies have pointed out that an imbalance in freshwater resources in
Asia’s water towers is occurring [15]. Regional large-scale asymmetrical warming [57],
spatially and seasonally heterogeneous changes in precipitation patterns [18], and frequent
human interventions [20] were critical regulatory mechanisms and have altered regional
hydrological processes, such as evapotranspiration and surface runoff. The warming rate of
TP in winter (0.46 °C/10a) was approximately twice that in summer (0.26 °C/10a) [58]. The
regional warming rate increased from south to north [59], accompanied by the asymmetrical
warming of TMN and TMX [60]. The growth rate of TMN (0.15 °C/10a) was nearly three
times that of TMX (0.06 °C/10a) (Figure 1). Although lower temperatures limited the
evapotranspiration process with less precipitation in winter, local dryland wetting was
indirectly controlled through the prompt rise of TMN to facilitate the thawing of frozen soil
and glaciers; as such, SM appeared to increase in land covers (Figure 6d). The significant
influence of temperature on SM was reflected in winter when SM was more sensitive
to TMN (Figure 8d), while it would obscure the important role of temperature in the
annual cycle [25]. The contributions of spatially coupled patterns of TMN and frozen soil
to SM were expected to be more crucial [61]. However, there were trade-offs and large
uncertainties. With warming (melting of the cryosphere) and increasing precipitation and
anthropogenic forcing, lakes and reservoirs have expanded [20,62,63], and the substantial
rising of water cover also provides evidence (Table 2). This might amplify evaporation
rates and speed up heat conduction processes [64], and indirectly accelerate SM loss; for
example, SM in water cover response was different and decreased in the winter of 2018-2020
(Figure 6d). The feedback mechanisms highlight the urgent necessity to take its related
processes into account in earth systems or hydrological models.

Precipitation was the direct source of SM. It increased in the Yangtze River and Yellow
River basins while significantly decreasing in the outflow basins such as Yarlung Zangbo
River, and its seasonal trends also varied from north to south [15]. It was usually wet in
summer and dry in winter (Figure 5d). Notably, changes in westerly winds and Indian
monsoons lead to weaker precipitation in the south, and the enhancement of water transport
in the west and north of SM in spring and summer [65], directly leads to the seasonal and
spatial imbalance of SM.

4.2. Changes in SM Response to Greening

In the process of the interaction between land and atmosphere, vegetation could
effectively intercept, block, and consume rainfall [66], as a link to regulate and buffer
the water cycle. The state of water absorption of the root system in the shallow layer
also affects the dynamic changes in SM [67]. The indirect effects of high temperature
and wind speed on the SM were achieved by influencing the plants’ transpiration and
respiration. Fractional vegetation coverage was affected by temperature, precipitation,
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humidity, sunlight, etc. [68]. In that case, it could be used as an integrated indicator to
explain why it contributed the most to the SM. However, the positive and negative effects
of FVC on SM were not fixed. High FVC slowed down surface rainwater loss, roots
promoted its infiltration and prevented SM evaporation [69], while greening enhanced
transpiration and water loss by expanding leaf area, which reduced local SM, but SM could
be either amplified or reduced through altering precipitation patterns [70]. The autumn leaf
senescence was delayed [60], transpiration was restricted along with temperature reduction,
and demand for moisture decreased, which highlighted the rainfall interception effects of
the vegetation canopy. Thus, the synergistic relationship between enhanced greening and
local moisture in autumn could be inferred.

4.3. Changes in SM Associated with Human Activities

The responses of SM to human disturbances emerged in spring and autumn when
precipitation and vegetation covers were less. Alpine grassland was the most important
ecosystem in the TP [21]. In the past few decades, grassland experienced large-scale degra-
dation on account of overgrazing and human activities [10,37], and land cover changes also
provided evidence (Table 3). Degradation was beneficial to heat conduction by altering
soil’s physical and chemical properties and aggravated SM deficit [71]. Woodland and
shrub ecosystems presented similar characteristics. However, SM might be less affected by
alpine grassland degradation [36], which was consistent with the responses of medium and
low-coverage grassland. Dynamical changing of SM according to precipitation patterns
and hydraulic gradient might be a reason, and could partially offset the SM loss caused by
degradation [37]. While high coverage grassland remained a slight vulnerability, accompa-
nied by stronger transpiration and root absorption of higher covers might be the reason [36],
transpiration was still a crucial component for water loss in alpine ecosystems [72]. The
contradictory results indicated the complex mechanisms of SM movements in different
vegetation types and coverage levels, and extensive additional research on SM changes
was still needed.

In this paper, uncertainties still exist, due to the limited accuracy of original SM
products and system errors in statistical methods, such as the overestimated SM during the
thawing period [25,33], and the assumption that scattered land cover had similar climate
conditions in the region. The impacts of land cover changes on SM might be mixed with
climatic factors. The degree of degradation or restoration, different tree species, along with
spatial and soil profile scales also influenced hydrological processes [38].

Having more developed roots, organic matter, and litter layer, enhanced infiltration,
reduced runoff, and increased water holding capacity [73], SM in woodland was the highest,
which was consistent with previous research [38]. What calls for special attention was that
degraded woodland and shrub might have different feedback mechanisms for humid and
dry environments, and SM could still be effectively enhanced in a somewhat dry climate
(Figure 6c). It might be due to shrubs being less sensitive to environmental stress and even
closing their stomata, thus making adaptive adjustments to transpiration to avoid excessive
water consumption [74]. However, the adaptability threshold was limited Vegetation would
suffer SM stress under extreme droughts (Figure 6b). As global warming intensified, the
frequency and intensity of extreme drought continued to increase in the future, which had
strong negative impacts on plant physiology and ecology, and irrigation needs [55,74]. The
different responses of SM posed significant challenges to the management, adaptation,
and stability of TP ecosystems as well as the downstream areas with insufficient water
resources. It is imperative that we continue to vigorously promote vegetation restoration,
improve and breed dominant species that can adapt to the changing environment in the
long term, and develop integrated water resources management strategies to enhance the
capacity of China and downstream developing countries to adapt to SM imbalance and
ensure a sustainable future for world food.
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5. Conclusions

In this study, we used GLDAS-2.1 products in combination with downscaling methods
and a geographic detector model to investigate seasonal trends in SM at 1 km resolution
over the period 2000-2020, and the relative importance of multiple factors in controlling SM
spatial heterogeneity in the TP. First, we discovered that soil gradually became wetter at the
annual and seasonal scales. Fractional vegetation coverage and precipitation principally
dominated spatial heterogeneity of SM. While the seasonal and spatial imbalance of SM
increased with warming and anthropogenic constraints. Greening had a strong feedback
effect on SM in autumn. SM deficit in summer enhanced autumn dryland wetness, and land
covers degradation reduced SM. Moreover, SM was more sensitive to low temperatures in
winter, and asymmetric warming might intensify the trends of soil wetting in permafrost
areas, while the resulting dramatic expansion of lakes would cause soil drying. What’s more,
herbaceous and woody plants had different feedback mechanisms to dry environments.
SM was less affected by a disturbance in grassland, and woodland had a stronger ability to
adapt to drought. However, there are still some uncertainties due to the limited accuracy of
original SM products and system errors in statistical downscaling. Improving the spatial
resolution of remote sensing satellite monitoring SM is an effective technical measure to
capture more detailed information about SM-related hydrological processes in the future.
In addition, focusing on lesser spatial scales or specific vegetation species might improve
our knowledge gap of the key mechanisms of SM movements. Overall, our results might
prove useful for reducing the uncertainty of hydrological model simulation and guiding
management plans and adaptive restoration strategies.
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