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Soil moisture (SM) is a crucial component of the hydrological cycle. Both the

spatial–temporal distribution and the variation characteristics of SM are

effective indicators of regional land surface water resource homogeneity

and heterogeneity. With consideration of the crucial role of the Tibetan

Plateau (TP) in the hydrological process in Asia, this study investigated the

fluctuation of multi-depth soil moisture across the TP during 1950–2020 on a

monthly scale against the background of global warming by using

ERA5 reanalysis datasets. The correlation and potential causality between

soil moisture and associated driving factors were explored. Our research

revealed that the soil moisture across the TP shows a slight wetting trend at

0–100 cm depth for the past 70 years against the background of climate

warming and increasing precipitation. Additionally, the wetting region

(variation trend ≥ 0.005 m3/m3 per decade) had sufficient water

supplementation from precipitation and a mild soil temperature increase. By

comparison, there is a noteworthy warming tendency and falling precipitation

in the sparsely distributed drying region (variation trend ≤ −0.005 m3/m3 per

decade). In terms of vertical variation features, the temporal dynamic

fluctuation of soil moisture and soil temperature evidently decreases as the

depth increases, suggesting high sensitivity of the surface layer soil to

atmospheric conditions. Precipitation and snowmelt preliminarily proved to

be the dominant drivers causing spatial and temporal variations in soil moisture

(occupying over 70% of the TP region), and bidirectional causality (ranging

between 15.52% and 50.56%) was found between soil moisture and these two

parameters. In summary, this study explored the spatial–temporal fluctuation in

the evolutionary characteristics of SM, which is expected to advance our

understanding of soil moisture dynamics under the conditions of climate

change across the TP.
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1 Introduction

Soil moisture is an important form of surface water storage

and is widely recognized as an indispensable climate variable

across the globe (Dorigo and De Jeu, 2016; Gruber et al., 2019;

Deng et al., 2020a). The soil moisture layer is a pivotal area where

atmospheric water, surface water, groundwater, and vegetation

water are connected and exchanged (Koster et al., 2004; Swenson

et al., 2008; Chen et al., 2014). Soil moisture is also a critical

vehicle for storing and exchanging carbon, nitrogen, phosphorus,

and other nutrients, which could have far-reaching effects on the

growth of vegetation and microorganisms in ecosystems (Xu

et al., 2004; Flanagan and Johnson, 2005). The spatial–temporal

distribution of and variations in soil moisture directly affect

geochemical, climatic, ecological, and hydrological processes and

their interactions on the Earth’s surface (Verrot and Destouni,

2016; Dorigo et al., 2017). Thus, it is important to investigate how

soil moisture fluctuates both temporally and spatially across

different depths and what the potential climate drivers could be.

Because it is essential to acquire sufficient soil moisture

records before variation analysis, great efforts have been

devoted to the monitoring of soil moisture since the 1930s

(Robock et al., 2000). First, in situ measurements emerged as

an effective and efficient method to detect and record accurate

soil moisture levels at exact locations and depths (Dorigo et al.,

2011). Nevertheless, as the requirements gradually changed from

regional to large-scale observations, it was barely possible for

point-scale-based measurements to provide a plausible spatial-

continuous dataset.With the development of satellite technology,

remotely sensed soil moisture observations have brought

unprecedented opportunities for the availability of products

with global coverage (Attema et al., 1998; Njoku et al., 2003;

Bartalis et al., 2007; Spencer et al., 2010). Numerous satellite-

retrieved soil moisture products have been utilized in various

hydrological studies (Lakshmi et al., 2004; Seneviratne et al.,

2010; Dorigo et al., 2017). However, owing to the limited

penetration capacity of microwave signals and radio frequency

interference, widespread gap regions exist in remotely sensed soil

moisture retrievals, and microwave signals can merely depict the

surface (> 5 cm) soil water content (Wang and Qu, 2009; Bradley

et al., 2010). Comparatively speaking, the root-zone soil humidity

conditions are certainly equally important in indicating

agricultural drought levels, especially in analyzing the effects

of water stress on the growth and yield of crops. Therefore, it is

important to acquire multi-depth soil humidity information to

gain a comprehensive understanding of the integral state of

multi-depth soil moisture.

The accessibility of multi-depth soil moisture data is made

possible by the emergence of data assimilation algorithms. The

data assimilation approach integrates multi-source

heterogeneous data to drive land surface models to retrieve

long time-series surface parameter estimations. Moreover, it

simultaneously overcomes the limitations of spatial

representation of in situ measurements, improves the

restricted penetration depth of spaceborne microwave signals,

and realizes the multi-depth spatial–temporal seamless coverage

of soil moisture (Spennemann et al., 2015). Reanalysis data are

derived by using a state-of-the-art data assimilation system to

combine and optimally integrate various types of observation

data with short-term weather forecast products (Hersbach et al.,

2020). ERA5, the fifth generation of the European Centre for

Medium-Range Weather Forecasts reanalysis, continuously

provides soil moisture information for 0–289 cm depth and

numerous climate variables across the globe since 1950

(Mahto and Mishra, 2019). Great attention has been paid to

evaluation of the ERA5 soil moisture products since its inception.

Li et al. (2020) validated soil moisture data originating from five

reanalyses, namely the Japanese 55-year reanalysis (JRA-55)

(Kobayashi et al., 2015), the National Centers for

Environmental Prediction Climate Forecast System Reanalysis

(CFSR) (Ek et al., 2003), the Modern-Era Retrospective analysis

for Research and Applications version 2 (MERRA-2) (Gelaro

et al., 2017), ERA-Interim (Dee et al., 2011), and ERA5.

ERA5 showed better performance than the other four

retrievals, as indicated by a high correlation coefficient and

favorable annual cycles. Mahto and Mishra (2019) evaluated

the quality of ERA5 soil moisture data in India, and they found

that ERA5 can be either better than or comparable to other

products retrieved from JRA-55, CFSR, MERRA-2, and ERA-

Interim. Additionally, the applicability of ERA5 and ERA-

Interim in describing soil moisture conditions across the

Tibetan Plateau (TP) was acknowledged in previous studies

(Zeng et al., 2015; Cheng et al., 2019). Many other climate

variables of ERA5 (i.e., precipitation, temperature,

evaporation) were also thoroughly assessed and found to be

valuable for hydrological and climate change applications

(Olauson, 2018; Mahto and Mishra, 2019; Xin et al., 2021).

The TP, known as the “third pole” and the roof of the world,

is the highest plateau in the world, with an average altitude of

approximately 4,000–5,000 m (Yang et al., 2013). Given the

climate particularity and ecological fragility caused by its

unique terrain and location, the TP acts as an initiator and

regulator of climate variation in the Northern Hemisphere. The

climate evolution of the TP not only remarkably influences the

corresponding climate change in Asia but also has a

considerable impact on the Northern Hemisphere.

Additionally, the TP can reveal notable sensitivity,

advancement, and regulation of global climate change.

Climate warming accelerates global hydrological circulation

and strengthens the process of soil water evaporation (Li

et al., 2022). Soil moisture, a critical component of the water

cycle, is regarded as an effective indicator of climate change

(Deng et al., 2020b). It is of great significance to systematically

explore the evolutionary trend of soil moisture to promote the

understanding of surface water circulation characteristics in the

context of global warming. However, little is known about the
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FIGURE 1
(A) Elevation distribution of the TP. This dataset is acquired from the Shuttle Radar Topography Mission (SRTM). For more details about the
SRTM, readers are kindly referred to Farr et al. (2007). Moreover, the boundary of the TP is accessed from the National Tibetan Plateau Data Center,
China (http://data.tpdc.ac.cn/). (B) Land cover types of the TP in 2017. The land cover data is retrieved from the European Space Agency Climate
Change Initiatives Land Cover Project (https://www.esa-landcover-cci.org/). For more information about this dataset, readers are kindly
referred to Bontemps et al. (2013).
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trend of soil moisture across the TP, and previous studies have

mainly focused on the accuracy evaluation of multi-source

soil moisture products derived from in situ measurements

(Bai et al., 2017; Chen et al., 2017; Xie et al., 2017; Li et al.,

2018; Cheng et al., 2019; Xing et al., 2021).

In this study, the multi-depth soil moisture variation trend

across the TP was disclosed by using ERA5 products with the

long-term perspective of 1950–2020. Closely related climate

variables, including soil temperature, precipitation, snowmelt,

and evaporation, were used to investigate potential causal links

that may trigger variations in soil moisture. The main purpose of

this study was to clarify the spatial and temporal fluctuation rules

of multi-depth soil moisture and to investigate the dominant

climatic factors that trigger the evolution of soil moisture. This

FIGURE 2
Spatial (A–D) and temporal (E–H) boxplot distribution pattern of average soil moisture at the TP during 1950–2020.
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paper is organized as follows. Section 2 introduces the basic

properties of the TP, including location, terrain, climate, and

land cover. The ERA5 soil moisture and ancillary climate

variable datasets utilized in this study are also briefly

introduced. In addition, the employed spatiotemporal trend

analysis and causality investigation approaches are presented.

Section 3 describes the investigation results for

temporal–spatial soil moisture and soil temperature

variation trends across the TP, which reflect the

evolutionary characteristics of the synthetic climate regime

in the past 70 years. Moreover, the potential causal links

between soil moisture and climatic parameters are

investigated. In the final section, apart from the

abovementioned climate variables, we discuss the other

possible inherent mechanisms that may induce the

fluctuations in soil moisture and explore the uncertain

factors that may influence the results. Finally, conclusions

are drawn from this study to summarize the findings and

demonstrate future research directions.

2 Study region, data resources, and
methodology

2.1 Study region

As shown in Figure 1A, the TP is the highest plateau in the

world and is situated in Inner Asia (Gasse et al., 1991;Wang et al.,

2021). Specifically, the TP, with a gross area of approximately

2.5 × 106 km2, is located between 26°00′–39°47′ N (spanning

300–1,500 km from north to south) and 73°19′–104°47′ E

(spanning 2,800 km from east to west). The steep and

complex terrain fluctuates greatly, ranging from 84 to

8,848 m. Generally, the terrain is relatively high in the west

and low in the east. As presented in Figure 2B, the southeast

margin is dominated by a tropical humid/semi-humid climate,

and the remaining vast region contains semi-humid, semi-arid,

and arid zones. Correspondingly, the southeastern margin is

mainly covered by forests and humid soils. In comparison, alpine

meadows, alpine scrubs, and desert meadows dominate the

plateau climate region, along with relatively moderate soil

moisture content. Moreover, there is a vast area of desert in

the north of the TP, which is an important sensitive heat source

in the Earth system, accompanied by high albedo, small soil heat

capacity, and low water content.

2.2 Dataset

ERA5, the successor of ERA-Interim, provides a host of

atmospheric, land, and oceanic climate variables (Hersbach

et al., 2020). As a vital member of ERA5, ERA5-Land is

focused on the consistent evolution of land variables from

1950 onwards (Muñoz-Sabater et al., 2021). It continually

provides a description of past global climate features with

high precision and favorable spatiotemporal integrity by

utilizing the law of physics. These variables were designed and

generated to depict the characteristics of hydrology and energy

circulation quantifiably at the land surface from a long-term

perspective.

In this study, we used ERA5-Land monthly averaged data to

investigate the trend of soil moisture at the TP. As shown in

Table 1, both soil moisture and ancillary climatic variable

datasets were accessed from the Copernicus Climate Change

Service Climate Data Store (https://cds.climate.copernicus.eu/)

to systematically analyze the variation trends and possible

driving forces. In addition to gravity, the land surface

thermodynamic process originating from solar radiation can

be the most crucial driver for the soil water cycle (Li et al.,

2020); therefore, soil temperature estimation at a corresponding

depth is selected as an essential supplement to understand soil

moisture fluctuation tendencies. Precipitation is recognized as

the dominant replenishment source of soil water at the TP, where

there is barely any artificial interference, such as irrigation. Apart

from the widely acknowledged promotion of precipitation to soil

moisture content, non-negligible soil moisture–precipitation

feedback has been observed. Soil moisture can promote or

suppress precipitation based on different underlying surface

properties (Hohenegger et al., 2009; Tuttle and Salvucci, 2016;

Yang et al., 2018). Additionally, in the frozen season,

precipitation in the form of snow hardly nourishes the soil.

However, as the temperature rises, snowmelt is expected to

significantly boost the soil water content. Therefore, it is

assumed that using precipitation and snowmelt data together

would be more beneficial for exploring soil moisture variation

mechanisms than using only one of them. Evaporation records

the accumulated amount of water evaporated from the Earth’s

surface, which is tightly linked to soil water deficits (Martens et al.

, 2017). Specifically, for the ERA5 evaporation product, negative

values indicate evaporation, and positive values indicate

condensation.

2.3 Methodology

2.3.1 Anomaly calculation
With the consideration that this study is mainly dedicated to

investigating the long-term variation trend of soil moisture,

anomalies in the employed datasets were calculated to

simultaneously remove strong seasonality and explicitly

magnify fluctuation regularity. Thus, the anomaly of each

variable was calculated by deducting the multi-year average of

a corresponding month, as in Xie et al. (2019). The specific

equation is as follows:

Anomaly(i, j) � X(i, j) − 1
/n∑

n

i�1X(i, j) (1)
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where X(i, j) is the value of parameter X in month of i and the

year of j, and n is the total number of years.

2.3.2 Rolling mean calculation
Several abnormal peak and valley values occasionally

appeared in the anomaly results, which may be induced by

unexpected extreme weather events during certain monthly

scale periods. Because this study was focused on trend

analysis over several decades rather than short-period extreme

weather events, the rolling means of the soil moisture and the

other variables were calculated to allow clear observation of

temporal evolutionary tendencies. The rolling mean was

obtained by subtracting the moving average of the anterior

months (Zivot and Wang, 2003) as follows:

Rollingmean(t) � X(t − 11: t) (2)

where X(t − 11: t) is the moving average value of the variables

utilized in the period from a time of t − 121 to t. In this case, time

was calculated on a monthly basis.

2.3.3 Granger causality exploration
According to previous findings (Hohenegger et al., 2009;

Martens et al., 2017; Li et al., 2020), soil moisture has tight

bidirectional links to soil temperature, precipitation, snowmelt,

and evaporation. Thus, in addition to exploring the soil

moisture evolution law, it is crucial to demonstrate the

causality between the soil moisture and these closely related

variables, which could be beneficial for understanding the

inherent driving mechanism of the evolution phenomenon.

Moreover, it could be conducive to preliminarily determine

the feedback of the soil moisture to these variables across the

TP. The Granger causality, proposed by Nobel Economics

Laureate Clive W. J. Granger in 1969, is a simple but

effective statistical hypothesis test for determining whether

the time series of a certain variable is useful in forecasting

another one (Granger, 1969). Since its inception, Granger

causality analysis has been predominantly used in the field

of economics (Hiemstra and Jones, 1994; Dutta, 2001; Kónya,

2006). Recently, Granger causality analysis has become

increasingly popular in investigating the interactions of

Earth system processes, resulting in stable and reliable

findings (Jiang et al., 2015; Papagiannopoulou et al., 2017;

Runge et al., 2019). The equations for the Granger causality

test are as follows:

Xt � ∑
n

i�1aiXt−i +∑
n

i�1biYt−i + εt (3)
Yt � ∑

n

i�1ciYt−i +∑
n

i�1diXt−i + ηt (4)

where Xt and Yt are time series of two variables; n is the sample

capacity; ai, bi, ci, and di are regression coefficients; and εt and
ηt are white noise. Both the time-series interrelationship and

autocorrelation of the two target variables were tested by using

Granger causality analysis. In addition, an F-test was used to

check whether the Granger causality hypothesis was tenable

(usually set F ≤ 0.05 or 0.1). If the estimation of Yt can be

remarkably improved by taking Xt into consideration rather

than merely using past Yt values, it means that past values ofXt

have a significant effect on the current value of Yt, and vice

versa.

2.3.4 Spatial–temporal perspective analysis
Soil moisture dynamics results from the combined non-

linear effects of climate, soil properties, terrain, and

vegetation. In addition, changing climate and artificial

interference further exacerbate its uncertainty, randomness,

and unpredictability. Consequently, soil moisture patterns

exhibit a high degree of complexity. Therefore, it is

necessary to comprehensively and systematically investigate

the dynamics of soil moisture from the perspectives of time,

depth, latitude, and longitude. It is thought that

spatial–temporal perspective analysis could be helpful in

gaining a clear and synthetic outlook of soil moisture

TABLE 1 Basic properties of the employed soil moisture and ancillary climatic variable datasets.

Variable Unit Depth Temporal resolution Spatial resolution Time range

Soil moisture m3/m3 0–7 cm (layer 1) Monthly 0.1° × 0.1° 1950.01–2020.12

7–28 cm (layer 2)

Soil temperature °C 28–100 cm (layer 3)

100–289 cm (layer 4)

Precipitation mm —

Snowmelt mm —

Evaporation mm —
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dynamic patterns across the TP (Zhang et al., 2015). The

arithmetic mean of each pixel per month was calculated to

express the average spatial/temporal distribution pattern of

soil moisture. Similarly, the spatial/temporal variation trends

were presented by calculating the pixel/month-scale

rolling mean.

Additionally, a significance test with a 95% confidence level

was used throughout the study to ensure the reliability and

stability of our findings.

3 Results

3.1 Spatial–temporal perspective dynamic
pattern analysis

As shown in Figure 2, the dry region is mainly distributed

to the north and west of the TP. The northern drought area is

located in the Qaidam Basin and is predominantly occupied

by deserts. The western region is characterized by a severely

FIGURE 3
Spatial (A–D) and temporal (E–H) distribution pattern of average soil temperature at the TP during 1950–2020.
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cold continental alpine climate and sparse precipitation. The

soil moisture deficit was gradually alleviated when the depth

increased. Comparatively, the southern and eastern parts of

the TP remain relatively humid owing to the monsoon

climate. In terms of the temporal sequence, as shown in

the boxplot series (Mirzargar et al., 2014), soil moisture

displays a mild seasonal rhythm cycle. Moreover, it is

noteworthy that as the depth increases, the month for the

maximum value emergence is delayed from June to August

because it is not susceptible to surface atmospheric

conditions. Similarly, the soil temperature also exhibited a

delay. The corresponding soil temperature displayed evident

evolution characteristics of a time series and favorably

matched the climate cycle (Figures 3E–H). The spatial

distribution of soil temperature was in accordance with

climatic features. In general, temperature is a critical

indicator for characterizing the hydrothermal exchange

intensity of the underlying surface. Nevertheless, it is

difficult for temperature to play a decisive role in soil

water content. For example, the average soil temperature

in the north could reach 10–15°C and in the western area

could reach as low as −15 to −20°C, whereas the soil moisture

showed similar drought levels despite the large temperature

difference. In comparison, the soil maintains moderate

humidity on the southern side of the TP, where the annual

average temperature remains stable at 10–20°C.

FIGURE 4
(A–D) Spatial distribution of the soil moisture variation trend in different layers. The unit is m3/m3 per decade. A significance test is applied here
as a mask to filter out regions that do not attain 95% confidence level. (E–H) Corresponding value percent of (A–D). Pixel values greater than
0.005 m3/m3 per decade are considered as an increase (rendered in blue), whereas those less than −0.005 m3/m3 per decade are considered as a
decrease (rendered in orange); other values are regarded as stability (rendered in green).
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Figure 4 displays the spatial pattern of the soil moisture

evolution trend at increasing depths from January 1950 to

December 2020. Correspondingly, the evolution trend of the

soil temperature was also examined (Figure 5) for attribution

analysis. More than 80% of the TP shows stable soil moisture

conditions, which are mainly distributed in the central and

eastern regions. The proportion with a stable tendency was

observed to rise slowly as depth increased, implying the

insusceptibility of the deep soil layer. In addition, the

fluctuation degree of the soil moisture series becomes notably

mild from layers 1 to 4 (Figure 6), further illustrating the stability

of the deep soil layer. The wetting area, accounting for 5.33%–

12.93% as the soil depth decreases, is situated on the northwest

border, which belongs to the west side of the Kunlun Mountains,

with an average altitude of above 5,500 m. This region, with

glacier coverage exceeding 3,000 km2, is one of the largest glacier

areas in China (Yang et al., 1996). Glacial melt water is the source

of several major rivers, including the Yangtze, Yellow, and

Mekong Rivers. The drying region is sparsely distributed in

the southwest, and the degree of drying is alleviated from

layers 1 to 3. Overall, the soil moisture across the TP revealed

a slight wetting trend from 0 to 100 cm depth during the past

70 years. However, the 100–289 cm depth soil showed an

inapparent drying trend.

Under the background of global warming, the soil

temperature generally rises throughout the TP at different

FIGURE 5
(A–D) Spatial distribution of the soil temperature variation trend in different layers. The unit is °C per decade. A significance test is applied here as
a mask to filter out regions that do not attain 95% confidence level. (E–H) Corresponding value percent of (A–D). Pixel values greater than 0.1°C per
decade are considered significant as an increase (rendered in orange), whereas those less than 0°C per decade are considered as a decrease
(rendered in blue); other values are regarded as a slight increase (rendered in green).
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depths. The warming trend appears in more than 95% of the

whole region, among which nearly half displays a significant

increase of greater than 0.1°C per decade. The degree of

fluctuation displayed a similar weakening trend with

increasing soil depth (Figure 7). In particular, it is observed

that the northwest border of the TP, namely the Karakoram,

experiences a steady cooling process, which is probably induced

by the declining average temperature in summer (Cogley, 2011;

Gardelle et al., 2012; Azam et al., 2018). This unexpected

phenomenon reflects the low sensitivity of the Karakoram to

climate change. Because the overall soil moisture shows a stable

or even wetting trend under warming conditions, there must be

considerable water replenishment to effectively nourish soil

layers. Therefore, it is meaningful that we go a step further

and learn the evolution characteristics of the soil-moisture-

related climate parameters in the significantly drying and

wetting regions, respectively.

3.2 Time-series analysis at wetting and
drying regions

The features of temporal dynamics in regions with evident

soil moisture increasing/decreasing tendencies were investigated

to further advance our understanding of the variation

mechanism. Water stress resulting from a soil moisture deficit

directly affects vegetation growth and crop yield. However,

excessive soil water can cause hypoxia, which can trigger root

FIGURE 6
The temporal anomaly trend of soil moisture at increasing depth as presented by different layers (A–D) during 1950–2020 across the TP.
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rot or even death. The wetting (pixel trend greater than 0.005 m3/

m3 per decade) and drying (pixel trend less than −0.005 m3/m3

per decade) regions were extracted and are plotted in Figures 8, 9,

respectively, for analysis.

Similar to the overall pattern in the vertical dimension, both

wetting and drying regions expressed gradually attenuated

variation levels as the depth increased. However, in terms of

soil temperature, the weakened variation trend in the vertical

dimension was relatively imperceptible. It can be easily

observed that the surface layer soil moisture (Figures 8A,

9A) and precipitation (Figures 8C, 9C) express homologous

temporal dynamics, suggesting that the predominant driving

force of precipitation is the variation in soil moisture. In

comparison, snowmelt, although originating from frozen

precipitation, does not reveal dynamics analogous to

precipitation.

It can be observed in Figure 8 that, accompanied by rising

precipitation and snowmelt, the vertical soil moisture presents a

decreasing wetting trend (from 0.0092 m3/m3 per decade to

0.004 m3/m3 per decade) as the depth increases. The

decreasing wetting trend could provide indirect evidence to

suggest that the supplied water is from the atmosphere and

falls on the Earth’s surface. It then migrates down through the

soil pores layer by layer to recharge the water content of each soil

layer under the combined effects of the soil molecular forces,

gravity, and capillary forces with some conduction loss (Sokol

et al., 2009). In terms of the drying region, as shown in Figure 9,

there appears to be a significant heating up trend of

FIGURE 7
The temporal anomaly trend of soil temperature at increasing depth as presented by different layers (A–D) during 1950–2020 across the TP.
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approximately 0.12°C per decade. Furthermore, precipitation and

snowmelt displayed an almost identical declining trend

of −0.017 mm per decade. Therefore, the soil becomes dry

because of the deficiency in water nourishment and rising

temperatures.

3.3 Causality investigation

Given the seemingly related temporal evolution series among

soil moisture and climatic parameters across the TP, it is

imperative to further explore the potential causality links,

which would be of great significance in advancing our

understanding of soil moisture variation mechanisms. First,

density scatterplots were drawn to express the distribution

correlation features across the TP in the past decades in a

convenient way. As shown in Figure 10, regardless of

increasing depth, the different layers of soil moisture

responded consistently to climatic variables. Surprisingly, it

appears that there is little correlation between temperature

and soil moisture, implying that temperature could hardly be

the immediate driving force in triggering soil moisture change. In

terms of water supplementation, both precipitation and

snowmelt contributed remarkably to the promotion of soil

moisture. Furthermore, according to the density distribution,

there appears to be a threshold of approximately 0.35–0.40 m3/

m3, and the steadily increasing precipitation or snowmelt barely

enriches the content of soil water when it attains this threshold.

Moreover, although there is an obvious positive correlation

between evaporation and soil moisture, the fluctuation in

evaporation hardly has a material impact on soil moisture

when the threshold is met. This threshold is called the

saturated water content, which refers to the water content

when both capillary and non-capillary pores are filled with

water, and it represents the maximum water holding capacity

of the soil (Vauclin et al., 1979; Schmugge et al., 1980).

Additionally, the saturated moisture presents a visible vertical

distribution characteristic of increasing trend from 0.35 to

0.40 m3/m3 as the soil depth increases from 0 to 289 cm.

Apart from intuitive scatter correlation analysis, Granger

analysis was employed to detect potential causality links between

the soil moisture and climatic variables. As indicated in Figures

11A–D, there is an inconspicuous interaction between the soil

moisture and temperature, as demonstrated by the extensively

FIGURE 8
Time series of the evolutionary anomaly trends of soil moisture (A,D,G,J), soil temperature (B,E,H,K), precipitation (C), snowmelt (F), and
evaporation (I) at the wetting region with confidence ranges and regression lines.
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distributed regions across the TP lacking a significant causal

relationship. In addition, areas that are thought to have a causal

link change unreasonably among different layers. However, it

should be noted that the proportion of soil temperature

recognized as the unidirectional cause of soil moisture

experiences a noticeable increase from 15.68% to 44.80% as

the depth gradually increases. This phenomenon signifies a

more pronounced influence of temperature on the variation in

soil moisture than on the relative surface moisture. Previous

research has discovered the effectiveness of increasing the soil

moisture in shrinking the soil temperature gap between daytime

and nighttime, along with increasing heat storage capacity (Al-

Kayssi et al., 1990). Nevertheless, it seems that the soil moisture

had very limited effect on the soil temperature on a monthly

scale, regardless of depth.

In terms of precipitation, as shown in Figures 11E–H,

unidirectional causality relationships prevalently exist at the

TP among all layers, proving the significant promotion effect

of precipitation on soil moisture. Additionally, mutual

correlations were observed across different layers despite a

certain degree of fluctuation, providing substantial evidence

for the feedback of soil moisture to precipitation on a

monthly scale. This feedback is mainly expressed by the

0–100 cm depth soil moisture and becomes weak for the

fourth layer at 100–289 cm depth. Owing to the temperature

features of the dominant plateau climate across the TP, there

could be a lengthy freezing season throughout the year.

Precipitation in the form of snow barely nourished the soil

when the temperature remained below freezing point

throughout the day. However, snow is a non-ignorable water

supplement that has great potential for nourishing the soil. Few

studies have systematically explored its positive effect on soil

moisture; thus, preliminarily causality analysis is necessary for

disclosing the probable correlation. Snowmelt, derived from the

combined action of accumulated snow and the temperature

climbing above freezing point, is thought to be effective in

elevating soil moisture. Figures 11I–L explicitly show that

snowmelt plays an increasingly vital role in nourishing the

soil as the depth increases. Snowmelt is recognized to have a

statistically significant effect on the current value of soil moisture

and is thought to be the Granger cause of soil moisture.

Accordingly, the significant proportion, including both the

yellow and red regions, consistently increased from 70.02% to

84.80% as the soil depth increased. Evaporation, which is a

FIGURE 9
Time series of the anomaly evolutionary trends of soil moisture (A,D,G,J), soil temperature (B,I,H,K), precipitation (C), snowmelt (F), and
evaporation (I) at the drying region with confidence ranges and regression lines.
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crucial method of soil water loss, is found to have bidirectional

causality relationships with soil moisture across different layers,

indicating tight mutual interaction, which is in accordance with

previous studies (Krakauer et al., 2010; Vargas Zeppetello et al.,

2019). The bidirectional causality gradually turns to

unidirectional causality as the depth increases, signifying that

evaporation is capable of affecting soil moisture regardless of

depth, whereas the influence of soil moisture on evaporation

decreases with the deepening of the soil layer from 0 to 289 cm.

4 Discussion

Soil moisture, as a fundamental surface hydrological variable,

is both an active participant and sensitive responder in various

hydrological processes (Dobriyal et al., 2012; Peng et al., 2017;

Deng et al., 2020a). The distribution and dynamics of soil

moisture can be an effective indicator of regional climate

evolution characteristics (Seneviratne et al., 2010; Zhang et al.,

2019; Deng et al., 2020b). The TP plays a crucial role in climate

change in the Northern Hemisphere. Exploring the variability

features of soil moisture across the TP is important to advancing

our understanding of climate change. Thus, this study

systematically and comprehensively investigated the variation

trend of the soil moisture across the TP from a four-dimensional

perspective (time, longitude, latitude, and depth) on a monthly

scale during 1950–2020. The soil moisture and related climate

variable information was retrieved from the ERA5-Land

products, which have been widely evaluated and applied since

inception (Hersbach et al., 2020; Muñoz-Sabater et al., 2021; Wu

et al., 2021; Xu et al., 2022).

4.1 Driving mechanism of soil moisture
variability

Our investigation revealed that the spatial–temporal series of the

soil moisture remained roughly stable in the context of a prevalent

FIGURE 10
Scatter density map between soil temperature, precipitation, snowmelt, evaporation, and soil moisture in layer 1 (A,E,I,M), layer 2 (B,F,J,N), layer
3 (C,G,K,O), and layer 4 (D,H,L,P).
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warming trend, implying sufficient water supplementation to

consistently nourish the soil. Previous findings show a positive

correlation between the trends of soil moisture and precipitation

across the TP, which means that the wetting of the soil is mainly

caused by increasing precipitation. Deng et al. (2020b) investigated

the responses of soil moisture to regional climate change over three

river source regions at the TP. They discovered a significant positive

correlation between the soil moisture and precipitation inmost case-

study regions. Liu et al. (2013) analyzed the spatial distribution and

dynamic variation of remotely sensed surface soil moisture across

the TP and found a favorable correlation between the

spatial–temporal evolution pattern of the soil moisture and

precipitation. In addition, the fluctuation patterns of both

moisture and temperature obviously declined as the soil depth

increased, demonstrating the insensitivity of deep-layer soil to

momentary atmospheric dynamics. Increased soil depth resulted

in lower variability, which is in accordance with the findings of

previous studies on the characteristics of surface and root-zone soil.

Through a case study in France, Albergel et al. (2008) disclosed that

the soil water indices derived from the surface layer agreed well with

those from the root-zone layer. Paris Anguela et al. (2008)

investigated the dynamics of surface and root-zone soil moisture

in France and shed light on the high variability of surface soil

moisture resulting from atmospheric conditions and the stability of

root-zone moisture. Meng et al. (2022) also discovered decreasing

interannual fluctuations in deep-layer soil moisture by assessing the

spatiotemporal variability of soil moisture across the Mongolian

Plateau from 1982 to 2019.

Through spatial statistical distribution, it was observed that the

significantly wetted regionwasmainly concentrated at the northwest

border, whereas the drying regionwas sparsely distributed across the

TP. It was observed that the wetting region was accompanied by a

notable increase in precipitation, snowmelt, temperature, and

evaporation. The drying region is characterized by evident

warming, as well as slightly reduced precipitation, snowmelt, and

evaporation. Moreover, we noticed that the wetting region belongs

to the Karakoram, where the glacier experiences a slight mass gain

and the temperature is steadily cooling (Cogley, 2011; Gardelle et al.,

2012; Azam et al., 2018). According to Pascolini-Campbell et al.

(2021), global land evapotranspiration increased by 10% during

2003–2019, mainly driven by increasing temperatures, and

precipitation was increasingly partitioned into evapotranspiration

rather than runoff. Jung et al. (2010) suggested that soil moisture

limitation is the primary driver that restricts the rate of land

FIGURE 11
Spatial distribution of Granger causality between soil temperature, precipitation, snowmelt, evaporation, and soil moisture in layer 1 (A,E,I,M),
layer 2 (B,F,J,N), layer 3 (C,G,K,O), and layer 4 (D,H,L,P). The red areas indicate bidirectional causality relationships between the soil moisture and
related climate parameters; yellow indicates that the related climate parameters are the unidirectional cause of the soil moisture; green indicates that
the soil moisture is the unidirectional cause of the related climate parameters. Areas without significant causal links are shown in blue.
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evapotranspiration. Deng et al. (2020a) analyzed the variation trend

of global surface soil moisture from 1979 to 2017. Temperature and

precipitation are the two predominant factors that lead to variation

in the soil moisture across the TP. Additionally, a reasonably good

agreement between the surface soil moisture and precipitation has

been observed in tropical and temperate climate zones (Wagner

et al., 2003). However, Dorigo et al. (2012) revealed that even though

precipitation is the main driver of variations in soil moisture, its

impact could be quite different owing to the combined influences of

evaporation, soil type, irradiation, vegetation, and topography. In

addition to land climate parameters, the sea can also transmit a far-

reaching influence on soil moisture. Sheffield and Wood (2008)

demonstrated that the leading modes of soil moisture variability are

closely associated with sea surface temperatures.

The causality between multi-layer soil moisture and

climate variables was investigated through correlation and

Granger analysis. Instead of soil temperature, precipitation

and snowmelt have been proven to be the main drivers in the

variation trend of soil moisture, and the soil moisture also

provides notable feedback to these supplements. Under the

global warming scenario, precipitation across the TP

continuously increases and is driven by the South Asian

monsoon (Wang et al., 2021). A previous study illustrated

the predominant positive feedback of the surface soil moisture

to precipitation and the non-negligible negative feedback in

wet and dry regions across the globe (Yang et al., 2018).

According to an investigation of soil moisture–precipitation

feedback across the United States, positive feedback generally

appears in arid regions, whereas relatively humid regions tend

to display negative feedback (Tuttle and Salvucci, 2016). In

addition to the significant differences resulting from different

case-study areas, feedback also varies in terms of different

resolutions. The 25-km grid Consortium for Small-Scale

Modeling Model in Climate Mode (CCLM) simulations

basically maintain strong positive soil

moisture–precipitation feedback, whereas the 2.2-km

resolution expresses dominantly negative feedback over the

alpine regions (Hohenegger et al., 2009). In general, the

specific feedback of soil moisture to precipitation varies

unpredictably based on hydrothermal conditions, regions,

and scales. Additionally, through Granger analysis, we

found that, although the feedback of soil moisture to

evaporation gradually decreased, the impact of evaporation

on soil moisture continuously increased as the depth

increased. The soil moisture interacts with the atmosphere

primarily through dynamic surface water and energy balances

(Delworth and Manabe, 1988). It is widely acknowledged that

evaporation is limited by the available soil moisture in dry

regions and the temperature in humid regions (Vargas

Zeppetello et al., 2019). The mutual feedback mechanism

between evaporation and multi-layer soil moisture has been

used to estimate global land evaporation and root-zone soil

moisture (Martens et al., 2017).

4.2 Uncertainty factors

Apart from the abovementioned factors, surface hydrological

evolution phenomena such as glacier melt, permafrost thaw, and

lake expansion, induced by a warming climate, could all boost the

increase in soil water content. Many other factors (i.e., soil

texture, groundwater depth, and vegetation) could also affect

the spatial and temporal distribution patterns of the soil

moisture. This study is expected to advance the understanding

of the effect of climate change across the TP during

1950–2020 from the perspective of soil moisture. Although we

obtained some significant discoveries through the investigation,

it is necessary to discuss the possible existence of uncertainty in

order to maintain rigor.

Notably, human activities could play a non-negligible role in

triggering variations in soil moisture. The ever-increasing human

water withdrawal significantly causes stress on the sustainable

water resource supply, which potentially affects the pattern of soil

moisture. The population density of the TP is quite low because

the plateau climate is not suitable for human living. However, it is

still critical to quantitatively explore the influence of human

water consumption on the soil moisture variability across the TP

in future studies.

The analysis results were mainly derived by using ERA5-

Land products, which could inevitably have both spatially and

temporally varied biases in terms of the complex land surface

properties. Numerous studies have evaluated the accuracy of

ERA5-Land products and demonstrated their good performance

in fitting the dynamics of ground observations (Li et al., 2020;

Muñoz-Sabater et al., 2021; Xu et al., 2022). However, errors

occasionally occur in plateau mountain climate zones.

Additionally, because the multi-depth soil moisture and

climatic parameters used in this study are all from ERA5-

Land products, inherent uniformity inevitably exists among

these datasets. Future work with diverse data sources that are

independent of each other is needed to investigate the correlation

between soil moisture and climatic factors with more objectivity.

As a classical measurement method, the Granger causality

test has been widely accepted and used in Earth system science

studies. However, this method may not be sufficiently rigorous to

define a temporally related phenomenon as a causality.

Therefore, this study merely conducted a causality analysis to

attempt to explain the reason for the variations in soil moisture.

5 Conclusion

In summary, this study systematically and comprehensively

investigated the evolutionary characteristics of soil moisture from a

four-dimensional (time, longitude, latitude, and depth) perspective

across the TP during 1950–2020. It was found that, based on the

interaction of climate warming and increasing precipitation, soil

moisture across the TP had a slight wetting trend at a depth of
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0–100 cmover the past 70 years.Moreover, there is sufficient water

supply from precipitation and a mild soil temperature increase in

the wetting region (variation trend greater than 0.005 m3/m3 per

decade). In comparison, the drying region (variation trend of less

than −0.005 m3/m3 per decade) is accompanied by a noteworthy

warming tendency and falling precipitation. In terms of vertical

variation features, the temporal dynamic fluctuation of the soil

moisture evidently decreases as the depth increases, suggesting

high sensitivity of near-surface-layer soil moisture to atmospheric

conditions. Through correlation and Granger causality analysis,

precipitation and snowmelt were preliminarily proved to be the

dominant drivers causing the spatial and temporal variations in the

soil moisture. Bidirectional causality relationships were

found between soil moisture and these two parameters.

Evaporation changes then occurred owing to the joint efforts of

rising temperature and water supplementation. This study

explored the spatial–temporal fluctuation of the evolutionary

characteristics of soil moisture, which is expected to boost

our understanding of soil moisture dynamics under the

conditions of climate change across the TP. With consideration

of the intrinsic inhomogeneity of soil moisture, more work is

needed to further clarify the mechanism underlying soil moisture

variations.
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