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Abstract: The Indian Summer Monsoon (ISM) can profoundly influence the summer precipitation
patterns of the Tibetan Plateau (TP) and indirectly affect the TP’s soil humidity. This study investigates
the responses of TP’s precipitation and soil moisture to the ISM in the monsoon season (June to
September, JJAS) from 1979 to 2019. Precipitation in the TP and the ISM intensity generally exhibit
a positive correlation in the west and a negative correlation in the east. The response of TP soil
moisture to the ISM generally aligns with precipitation patterns, albeit with noted inconsistencies
in certain TP regions. A region exhibiting these inconsistencies (30◦–32◦N, 80◦–90◦E) is selected as
the study area, hereafter referred to as IRR. In periods of strong ISM, precipitation in IRR increases,
yet soil moisture decreases. Conversely, in years with a weak ISM, the pattern is reversed. During
strong ISM years, the rainfall increase in IRR is modest, and the soil remains drier compared to other
TP regions. Under the combined effects of a marginal increase in precipitation and relatively rapid
evaporation, soil moisture in the IRR decreased during years of strong ISM. During weak ISM years,
the surface temperature in the IRR is higher compared to strong ISM years, potentially accelerating
the melting of surface permafrost and snow in this region. Additionally, glacier meltwater, resulting
from warmer temperatures in the northwest edge of the TP, may also result in the humidification of
the soil in the IRR.

Keywords: the Tibetan Plateau; Indian summer monsoon; precipitation; soil moisture

1. Introduction

The Tibetan Plateau (TP) along with its adjacent areas, commonly considered as the
‘Asian Water Tower’, function as a significant water distribution system [1,2]. Given that
the TP spans roughly 2.4 × 106 km2 and boasts a mean altitude surpassing 4000 m, the
summer ‘heat pump’ effect generated by the TP’s heat source induces the convergence of
water vapor from tropical marine areas over the TP [3,4]. Substantial quantities of water
are stored on the TP in diverse forms. It contains over 3.6 × 104 glaciers [5,6] and the extent
of permafrost on the TP reached approximately 0.8 × 106 km2 [7]. Furthermore, the TP
contains over 1200 lakes, with a total lake area exceeding 4.6 × 104 km2 [8]. Meanwhile, the
TP ceaselessly delivers water to almost 2 billion people in downstream areas [9,10]. Over
ten great rivers have their sources in the TP [11]. Precipitation serves as a crucial link in
the TP’s hydrological cycle, while soil moisture functions as a key parameter in both water
circulation and the balance of energy [12,13].

The TP experiences inconsistent summertime precipitation distribution, with a declin-
ing tendency from southeast to northwest [14–17]. This trend aligns with the prevalence of

Remote Sens. 2024, 16, 1014. https://doi.org/10.3390/rs16061014 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs16061014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-8256-005X
https://doi.org/10.3390/rs16061014
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16061014?type=check_update&version=1


Remote Sens. 2024, 16, 1014 2 of 15

atmospheric moisture in the southeastern region of the TP and a lower concentration in the
northwestern areas [18]. Aside from local water vapor recycling [19], external atmospheric
moisture transport, influenced by large-scale circulation, is the most important source of
water vapor for rainfall over the TP [16,20,21]. Numerous prior researches have attested
that the fluctuation in water vapor over the southern region of the TP is governed by the
Indian Summer Monsoon (ISM) system [14,22–27]. Feng and Zhou (2012) noted that during
summertime, precipitation over southeastern TP is predominantly driven by water vapor
that conveyance is influenced by the ISM [14]. Zhang et al. [26] quantified the contribution
of ISM water vapor transport through applying the improved Water Accounting Model.
The research indicated that regions in the southeast of the TP, dominated by the ISM,
contribute over 50 percent of the precipitation moisture for the southern TP. A study by
Guo et al. [22] further explored the association between ISM activities and precipitation
anomalies in the southeastern TP. The findings suggest that the southeastern TP precip-
itation from July to August shows a positive correction with the ISM persistence and its
intensity. The ISM affects the distribution of summer precipitation on the TP through
the transport of water vapor, and the strength and duration of the ISM will influence the
amount of the TP summer precipitation.

The spatial pattern of soil moisture in summer is primarily influenced by precipitation,
characterized by higher soil water content in the southwest and lower soil water content in
the northeast [28–30]. However, in addition to precipitation, soil moisture on the plateau is
also determined by temperature [29], evaporation [30,31], and snow melt [32–34], among
other factors. The study by Bai et al. [29] pointed out that temperature regulates the
soil humidity in most parts of the TP and dominates in parts of the southeastern TP.
Deng et al. [30] conducted a detailed examination of how soil moisture is affected by
regional climatic shifts in the hinterland of the TP and found that soil moisture in the
northwest of the hinterland correlates negatively with precipitation. The soil humidity in
the northwest part of the TP hinterland might be impacted by the interaction of changing
amounts of rain and increased evapotranspiration. Barnett et al. [35] and Yasunari et al. [36]
have pinpointed a significant impact of the snow cover, noting that melting snow can
increase the land surface humidity. In general, TP soil moisture is affected by the combined
influence of various factors such as precipitation, surface temperature, and vegetation
cover, with precipitation being the dominant factor.

Previous studies have pointed out that the spring soil moisture in the TP will have a
time-lagged effect on the Asian Summer Monsoon (ASM) [37–39]. The study by
Chow et al. [37] illustrated that the increase in spring soil moisture over the TP may
also weaken the Tibetan High in June and so the strength of the ASM. The result of the
study by Ullah et al. [39] showed that the TP spring soil moisture negatively correlated
with the ASM onset indices. Conversely, the ISM, as a subsystem of ASM, can indirectly
also influence TP summer soil moisture through precipitation which needs to be further
investigated. The present work attempts to explore how the precipitation and soil moisture
over the TP respond to the ISM and to investigate the mechanism responsible for the
inconsistencies in precipitation and soil moisture responses to the ISM from June through
September, spanning 1979 to 2019.

2. Materials and Methods

This study utilizes ERA5-Land and ERA5 monthly reanalysis data, covering the period
from 1979 to 2019 and specifically during the monsoon period (June to September), as de-
veloped by the ECMWF. The ERA5 reanalysis dataset is employed for the analysis of water
vapor transportation to the TP. This dataset, featuring a spatial scale of 0.25◦, encompasses
37 vertical layers [40]. The ERA5-Land reanalysis dataset utilizing a horizontal precision of
0.1◦ × 0.1◦ grid is used to analyze the impact of the ISM over the thermodynamic processes
of TP [41].

This study applies the 0.03◦ Third Pole high-resolution precipitation dataset (TPHiPr)
with a temporal resolution of 1 h provided by Jiang et al. [42,43]. Firstly, the WRF sim-
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ulation with high resolution is applied to downscaling the ERA5 reanalysis data from a
horizontal resolution of 0.25◦ to 0.03◦. Then they merged it with gauge data corrected by a
machine learning method to generate the final TPHiPr dataset. Compared to other widely-
used precipitation datasets, the TPHiPr, with its superior spatial and temporal resolution,
yields more accurate descriptions of precipitation events over the TP region (25.7◦–41.3◦N,
61.0◦–105.6◦E) [44].

The monthly 0.25◦ volumetric soil moisture (VSM) data (m3 m−3) used in this study for
the duration from 1979 to 2019 can be downloaded from the Copernicus Data Store (CDS)
website [45]. This dataset estimates surface soil moisture globally through an extensive
array of satellite sensors. The latest Version v202212 of the combined product was used
in this study since the combined product outshone the other products in the series [28].
Compared to the previous version, version V202212 includes FengYun-3C, FengYun-3D,
and ASCAT-C data for the first time, equivalent to CCI version 7. It is able to depict the
latest leading edge of the soil moisture dataset derived from the satellites.

This study utilized the TP evaporation dataset on a monthly basis from 1979 to 2018 in
Version 2.0, with a spatial scale of 0.1◦, provided by Wang et al. [46,47]. The dataset primar-
ily uses ERA5 net radiation data and the China Meteorological Forcing Dataset (CMFD)
as inputs and is calculated using the modified sigmoid generalized complementary (SGC)
evaporation. This dataset has demonstrated high efficiency and accuracy in estimating
evaporation across the TP.

In order to capture the interannual fluctuations of the ISM [48], the ISM Index (IMI)
was devised. The IMI, as defined by Wang et al. [49,50], has been adopted in this research.
The IMI was defined on the disparity in 850 h Pa latitudinal winds within two specific
regions. One is an Arabian Sea region (5◦–15◦N, 40◦–80◦E), and the other is an area
that encompasses part of the eastern part of the TP (20◦–30◦N, 70◦–90◦E). Compared to
the All-India Summer Rainfall Index, traditionally used as an indicator for the ISM, the
IMI presents a more comprehensive view. Specifically, it not only indicates large-scale
circulation anomalies but also incorporates regional rainfall anomalies, encompassing areas
including the Bay of Bengal, India, and the eastern Arabian Sea.

The 41 years of IMI data from June to September (JJAS) for the duration of 1979–2019
were retrieved from the Monsoon Monitoring Page. During the computation process, the
IMI have been standardized using Z-score normalization. The top 20% of the IMI indicates
strong ISM years, while the bottom 20% signifies weak ISM years. Thus, eight strong ISM
years are selected as 1980, 1983, 1988, 1994, 1996, 1998, 2005, and 2006 and eight weak
ISM years are 1979, 1987, 1997, 2009, 2012, 2014, 2015, and 2018 (Table 1). The remaining
41 years are normal ISM years, except for the selected strong and weak ISM years.

Table 1. Classification based on the IMI. The top 20% of the IMI from 1979 to 2019 indicates strong
ISM years, while the bottom 20% signifies weak ISM years.

Strong ISM Years Weak ISM Years

1980 1979
1983 1987
1988 1997
1994 2009
1996 2012
1998 2014
2005 2015
2006 2018

The integrated water transport (IVT) metric is employed to represent an integral of
the total amount of water vapor in a whole layer [51,52]. The IVT can be calculated as in
Equation (1).

IVT
(

kg m−1 s−1
)
= − 1

g

∫ Ptop

Ps f c

q
→
Vdp (1)
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where g is the gravitational acceleration (m s−2), Ps f c is the pressure of the surface (hPa),

Ptop is the top of the atmosphere, setting at 100 hPa;
→
V is the wind velocity (m s−1), and q is

the specific humidity (kg kg−1).
The location and topography of the study region, the TP, are shown in Figure 1.
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Figure 1. The location and topography of the Tibetan Plateau (TP) region.

3. Results
3.1. Characteristics of Precipitation and Soil Moisture over the TP during Normal ISM Years

Precipitation across the TP exhibits an uneven distribution, both temporally and spa-
tially. Regarding temporal distribution, precipitation on the TP predominantly occurs in
summer, contributing to over 60% of the annual total [53]. Spatially, the rainfall frequency
and amount are greater in the southeastern than in the northwestern TP [54]. As shown in
Figure 2, precipitation over the TP declines from southeast to northwest during JJAS in nor-
mal ISM years. Large-scale circulation-driven external water vapor transport significantly
contributes to the spatial heterogeneity of TP summer precipitation. The monthly averaged
spatial distribution of IVT over the TP and its adjacent regions in JJAS of normal ISM years
is demonstrated in Figure 3. A cyclonic circulation pattern is present in the northern part
of the Indian Peninsula. The southwest airflow originating from the Arabian Sea, after
passing through the northern Bay of Bengal (BOB), carries a substantial amount of moisture
northward. Part of it turns westward by the cyclonic system, transporting warm and moist
airflow into the southwestern TP. Another portion of the airflow moves directly northward,
entering the southeastern region of the TP via the Yarlung Tsangpo Grand Canyon, serving
as a natural moisture channel. Additionally, the mid-latitude westerlies serve as a vapor
transfer channel, driving moisture to the southwestern part of the TP.

Figure 4 presents the distribution of correlation coefficients between the ISM and
precipitation over the TP and its adjacent areas in JJAS from 1979 to 2019. As per Figure 4,
the ISM has a significant influence on the precipitation over most of the TP in summer.
Specifically, the distribution of the positive correlation coefficient is in the western part of
the TP. The rainfall of the eastern region of the TP correlates negatively with the ISM. In
parts of the southwestern, southeastern, and northeastern TP, the correlation coefficient
passed the 95% significance test. The present study further performed correlation analyses
of the IMI with precipitation over the TP and its adjacent areas in the early (JJ), middle
(JA), and late (AS) monsoon periods from 1979 to 2019. The ISM showed a more significant
positive correlation with precipitation in the southwestern part of the TP and a more
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significant negative correlation with precipitation in the northwestern part of the TP during
the early (JJ) monsoon period compared with the whole (JJAS) monsoon period. Figure 5
illustrates that, during strong ISM years, in the southwestern region of the TP, close to the
southern slopes, there was an approximate 40 mm rise in precipitation, but there was a
notable decrease in rainfall in the southeastern section of the TP compared to weak ISM
years. Figure 6 demonstrates the distribution pattern of correlation coefficients between the
ISM and IVT over the TP and its adjacent areas. In conjunction with Figure 3, it indicates
that the ISM positively affects the southwestward and southward moisture transport
from the BOB and has a negative impact on the southeastward water vapor transport
from the Arabian Sea. During active ISM phases, water vapor transport from the BOB
would be promoted by the south-easterly jet, reaching the southwestern TP and potentially
contributing moisture to the increased precipitation in the western TP. When the ISM is
inactive, water vapor transportation originating from the Arabian Sea intensifies, conveying
more moisture to the TP eastern section. This is consistent with the findings of previous
research [55,56].

Remote Sens. 2024, 16, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 2. The spatial patterns of precipitation (units: mm) over the TP and its adjacent areas in JJAS 
of normal ISM years. The bold black lines denote the elevation of 3000 m. 

 
Figure 3. The spatial patterns of IVT (units: kg m−1 s−1) over the TP and its adjacent areas in JJAS of 
normal ISM years. The bold black lines denote the elevation of 3000 m. The IVT of more than 300 kg 
m−1 s−1 is shown by the red arrow and the IVT of less than 300 kg m−1 s−1 is shown by the black arrow. 

Figure 4 presents the distribution of correlation coefficients between the ISM and pre-
cipitation over the TP and its adjacent areas in JJAS from 1979 to 2019. As per Figure 4, the 
ISM has a significant influence on the precipitation over most of the TP in summer. Spe-
cifically, the distribution of the positive correlation coefficient is in the western part of the 
TP. The rainfall of the eastern region of the TP correlates negatively with the ISM. In parts 
of the southwestern, southeastern, and northeastern TP, the correlation coefficient passed 
the 95% significance test. The present study further performed correlation analyses of the 
IMI with precipitation over the TP and its adjacent areas in the early (JJ), middle (JA), and 
late (AS) monsoon periods from 1979 to 2019. The ISM showed a more significant positive 
correlation with precipitation in the southwestern part of the TP and a more significant 
negative correlation with precipitation in the northwestern part of the TP during the early 
(JJ) monsoon period compared with the whole (JJAS) monsoon period. Figure 5 illustrates 
that, during strong ISM years, in the southwestern region of the TP, close to the southern 

Figure 2. The spatial patterns of precipitation (units: mm) over the TP and its adjacent areas in JJAS
of normal ISM years. The bold black lines denote the elevation of 3000 m.

Remote Sens. 2024, 16, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 2. The spatial patterns of precipitation (units: mm) over the TP and its adjacent areas in JJAS 
of normal ISM years. The bold black lines denote the elevation of 3000 m. 

 
Figure 3. The spatial patterns of IVT (units: kg m−1 s−1) over the TP and its adjacent areas in JJAS of 
normal ISM years. The bold black lines denote the elevation of 3000 m. The IVT of more than 300 kg 
m−1 s−1 is shown by the red arrow and the IVT of less than 300 kg m−1 s−1 is shown by the black arrow. 

Figure 4 presents the distribution of correlation coefficients between the ISM and pre-
cipitation over the TP and its adjacent areas in JJAS from 1979 to 2019. As per Figure 4, the 
ISM has a significant influence on the precipitation over most of the TP in summer. Spe-
cifically, the distribution of the positive correlation coefficient is in the western part of the 
TP. The rainfall of the eastern region of the TP correlates negatively with the ISM. In parts 
of the southwestern, southeastern, and northeastern TP, the correlation coefficient passed 
the 95% significance test. The present study further performed correlation analyses of the 
IMI with precipitation over the TP and its adjacent areas in the early (JJ), middle (JA), and 
late (AS) monsoon periods from 1979 to 2019. The ISM showed a more significant positive 
correlation with precipitation in the southwestern part of the TP and a more significant 
negative correlation with precipitation in the northwestern part of the TP during the early 
(JJ) monsoon period compared with the whole (JJAS) monsoon period. Figure 5 illustrates 
that, during strong ISM years, in the southwestern region of the TP, close to the southern 

Figure 3. The spatial patterns of IVT (units: kg m−1 s−1) over the TP and its adjacent areas in JJAS
of normal ISM years. The bold black lines denote the elevation of 3000 m. The IVT of more than
300 kg m−1 s−1 is shown by the red arrow and the IVT of less than 300 kg m−1 s−1 is shown by
the black arrow.



Remote Sens. 2024, 16, 1014 6 of 15

Remote Sens. 2024, 16, x FOR PEER REVIEW 6 of 16 
 

 

slopes, there was an approximate 40 mm rise in precipitation, but there was a notable 
decrease in rainfall in the southeastern section of the TP compared to weak ISM years. 
Figure 6 demonstrates the distribution pattern of correlation coefficients between the ISM 
and IVT over the TP and its adjacent areas. In conjunction with Figure 3, it indicates that 
the ISM positively affects the southwestward and southward moisture transport from the 
BOB and has a negative impact on the southeastward water vapor transport from the Ara-
bian Sea. During active ISM phases, water vapor transport from the BOB would be pro-
moted by the south-easterly jet, reaching the southwestern TP and potentially contrib-
uting moisture to the increased precipitation in the western TP. When the ISM is inactive, 
water vapor transportation originating from the Arabian Sea intensifies, conveying more 
moisture to the TP eastern section. This is consistent with the findings of previous research 
[55,56]. 

 
Figure 4. The distribution of correlation coefficients between the ISM and precipitation over the TP 
and its adjacent areas in JJAS from 1979 to 2019. Dotted areas indicate significant trends at the 95% 
confidence level based on the Pearson Test. The bold black lines denote the elevation of 3000 m. The 
box in red solid lines represents the position of the IRR (30°–32°N, 80°–90°E). 

 
Figure 5. The spatial patterns of precipitation anomalies over the TP and its adjacent areas in JJAS 
(strong ISM years values minus weak ISM years values, units: mm). The bold black lines denote the 
elevation of 3000 m. The box in red solid lines represents the position of the IRR (30°–32°N, 80°–
90°E). 

Figure 4. The distribution of correlation coefficients between the ISM and precipitation over the
TP and its adjacent areas in JJAS from 1979 to 2019. Dotted areas indicate significant trends at the
95% confidence level based on the Pearson Test. The bold black lines denote the elevation of 3000 m.
The box in red solid lines represents the position of the IRR (30◦–32◦N, 80◦–90◦E).

Remote Sens. 2024, 16, x FOR PEER REVIEW 6 of 16 
 

 

slopes, there was an approximate 40 mm rise in precipitation, but there was a notable 
decrease in rainfall in the southeastern section of the TP compared to weak ISM years. 
Figure 6 demonstrates the distribution pattern of correlation coefficients between the ISM 
and IVT over the TP and its adjacent areas. In conjunction with Figure 3, it indicates that 
the ISM positively affects the southwestward and southward moisture transport from the 
BOB and has a negative impact on the southeastward water vapor transport from the Ara-
bian Sea. During active ISM phases, water vapor transport from the BOB would be pro-
moted by the south-easterly jet, reaching the southwestern TP and potentially contrib-
uting moisture to the increased precipitation in the western TP. When the ISM is inactive, 
water vapor transportation originating from the Arabian Sea intensifies, conveying more 
moisture to the TP eastern section. This is consistent with the findings of previous research 
[55,56]. 

 
Figure 4. The distribution of correlation coefficients between the ISM and precipitation over the TP 
and its adjacent areas in JJAS from 1979 to 2019. Dotted areas indicate significant trends at the 95% 
confidence level based on the Pearson Test. The bold black lines denote the elevation of 3000 m. The 
box in red solid lines represents the position of the IRR (30°–32°N, 80°–90°E). 

 
Figure 5. The spatial patterns of precipitation anomalies over the TP and its adjacent areas in JJAS 
(strong ISM years values minus weak ISM years values, units: mm). The bold black lines denote the 
elevation of 3000 m. The box in red solid lines represents the position of the IRR (30°–32°N, 80°–
90°E). 
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(strong ISM years values minus weak ISM years values, units: mm). The bold black lines denote
the elevation of 3000 m. The box in red solid lines represents the position of the IRR (30◦–32◦N,
80◦–90◦E).

The monthly averaged spatial distribution of soil moisture on the TP, as depicted in
Figure 7, shows a declining trend from east to west. The Himalayas intercept a significant
amount of water vapor, leading to precipitation [18]. Consequently, a belt of high soil
moisture forms along the front of the TP southern slope. Figure 8 demonstrates the
distribution of correlation coefficients between the ISM and volumetric soil moisture over
the TP and its adjacent areas in JJAS from 1979 to 2019. Comparing Figures 4 and 8, the
response of TP soil moisture to the ISM is generally consistent with that of precipitation.
In the majority of areas in the eastern TP, the correlation coefficient exhibits negative
values. The positive correlation coefficient is mainly located 30◦N south of the TP and
northwestern part of the TP. Nevertheless, in parts of the southwestern part of the TP,
the precipitation shows a positive correlation to the ISM, and the soil moisture shows a
negative correlation. A region exhibiting inconsistent responses of precipitation and soil
moisture to the ISM, defined as (30◦–32◦N, 80◦–90◦E) is selected as the study area, referred
to as IRR. Essentially, during periods of strong ISM, precipitation in the IRR increases, while
soil moisture decreases. The situation is reversed in weak ISM years.
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3.2. Response of Soil Moisture to the Precipitation in IRR during Strong ISM Years

As illustrated by Figure 9, when the ISM is strong, soil moisture in the IRR decreases.
Figure 10 demonstrates that more evaporation occurs in the IRR during strong ISM years
compared to weak ISM years. Soil evaporation consumes a large amount of latent heat, so
latent heat flux in the IRR is smaller in strong ISM years than in weak years (Figure 11).
The relatively small IVT anomalies between strong and weak ISM years in IRR (Figure 12)
denote that the impact of external moisture transportation on the IRR is comparatively
minimal. Local evaporation contributes more to precipitation in the IRR. The majority of
evaporation is recycled within the IRR, and the rest may be transported outside [57]. Even
though precipitation increased in the IRR during strong ISM years (Figure 5), the rainfall
amount in the southwestern part of the TP is relatively lighter and the soil moisture content
is lower than that in other areas of the TP. Notably, an increase in precipitation does not
invariably result in heightened soil moisture. Under the combined effects of insignificant
precipitation increase and relatively rapid evaporation, soil moisture in IRR decreased in
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strong ISM years. This aligns with Meng et al.’s (2017) [31] findings, which suggest that
minor reductions in soil moisture in the TP’s western and northern parts could stem from
rapid evaporation and modest rainfall alterations. Deng et al. (2020) [30] also reached a
similar conclusion in their study on the response of soil moisture to climate change over
the Three River Region (TRSR) on the TP. The soil moisture in the northwest TRSR is
not consistent with the precipitation, due to relatively small changes in precipitation and
increased evapotranspiration.
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3.3. Response of Soil Moisture to the Precipitation in IRR during Weak ISM Years

Surface temperatures in IRR are higher during weak ISM years compared to strong
ISM years, as is exhibited in Figure 13. Since IRR is located in the west-central part of the TP,
the snowmelt period in this region is later and lasts longer compared to other regions [58].
The results of previous studies indicate that permafrost thawing in the area where IRR is
located begins around June to July [59,60]. Elevated surface temperatures can lead to the
melting of snow and surface frozen soil, the infiltration of snowmelt water subsequently
causing an enhancement in IRR soil humidity [61–63]. Furthermore, surface temperatures
in the northwest of the plateau have also increased during weak ISM years. Considering the
presence of numerous temperate glaciers in the northwestern corner of the TP, including
the Baltoro and Kondus Glaciers [64,65], the increase in surface temperature in that region
may accelerate glacier melting. Present studies have suggested that glacial meltwater
is one of the factors that increase soil moisture content in downstream regions [66,67].
The flow of glacier meltwater into the IRR, located in the downstream region, would also
lead to an increase in soil moisture in the IRR. In conclusion, the rising soil moisture of the
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IRR during weak ISM years is likely related to the melting of snow or surface permafrost,
coupled with the significant rise in IRR surface temperature. Additionally, glacial meltwater
resulting from rising surface temperatures in the northwestern corner of the TP is also a
likely contributing factor.
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4. Discussion
4.1. Relationship between TP Soil Moisture, Precipitation, Temperature, and Other Factors

The result of this study demonstrated that the response of TP soil moisture to the ISM
generally aligns with precipitation patterns, albeit with noted inconsistencies in IRR. Even
though previous studies have illustrated that precipitation is the dominant factor affecting
soil moisture in much of the TP regions [68,69], it is not the only factor that increases soil
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moisture. Temperature can influence TP soil moisture in two ways [29]. The increased
temperatures will result in increased evaporation and reduce the humidity of the soil. On
another hand, the increased temperatures can also promote the process of snowmelt and
increase soil moisture. Due to the complex topography of the TP, snow-cover situations in
TP are also complicated. Snow cover datasets over the TP have overestimations because of
cloud coverage [70,71]. In view of the TP, water cycle processes are complex. It is difficult
to quantify the contribution of the melting of snow and glaciers to the variability of soil
moisture based on the present data. In future work, some issues still deserve further
analysis. For example, quantifying the contribution of the melting of snow and glaciers to
the variability of soil moisture to better understand the mechanism of soil moisture and
precipitation under the influence of the ISM.

This study primarily concentrates on the effects of evaporation and surface temperature
on the inconsistent responses of IRR precipitation and soil humidity to the ISM. Additional
factors also influence soil moisture. For instance, prior research indicates that soil moisture
irregularities arising in the spring on the TP might be retained in the deep layers, maintaining
their presence for as long as a month into the summer [72]. Therefore, the summer soil
moisture over the TP will also be affected by the spring precipitation pattern. The cause of
enhanced evaporation in the IRR region during strong ISM years remains a matter of interest.
Soil moisture may also be affected by other factors like wind speed. Under a certain threshold,
as the wind speed increases, the evaporation rate increases [73]. Future studies could further
examine the increased evaporation in the IRR during strong ISM years, especially if datasets
featuring maximum or extreme wind speeds with high spatiotemporal resolution become
available, considering that the current ERA5 wind speed data are average values.

In addition, this study chose IRR as the study region since the precipitation and soil
moisture in IRR showed different responses to the ISM which is relatively less significant in
other regions of the TP. However, other areas of the TP are also worthy of investigation which
will be focused on in further studies. This study also performed correlation analyses of the
IMI with precipitation over the TP and its adjacent areas in the early (JJ), middle (JA), and late
(AS) monsoon periods from 1979 to 2019. The results show that the correlation between the
ISM and TP precipitation is relatively significant during the early (JJ) monsoon season and the
correlation decreases during the late (AS) monsoon period. More attention could be paid to
the early (JJ) monsoon period in future studies of the ISM and TP precipitation.

4.2. Data Uncertainties

Moreover, the accuracy of the data utilized can significantly impact the results.
The satellite-based soil moisture dataset provided by Copernicus Climate Data Store has
many versions in the past, such as Version 201912 [74] and Version 202012 [75]. Different
versions of the dataset may lead to differences in the results. The latest Version 202212,
which updates data from FengYun-3C, FengYun-3D, and ASCAT-C for the first time, depicts
the latest leading edge of the soil moisture dataset derived from the satellites. Consequently,
the version of the satellite-based soil moisture dataset employed in this study is Version
202212. Considering the special and complex topography of the TP, there will certainly
be uncertainties in the data. Factors such as soil type, soil composition, and types of
vegetation cover all affect the accuracy of satellite-derived soil moisture products [76,77].
The study by Wang et al. [78] illustrated that Fengyun satellite soil moisture products tend
to overestimate the in-situ measurements, particularly following precipitation events and
during periods of vegetation growth when comparing Fengyun satellite soil data with
actual measurements from the Naqu region of the TP. However, it aligns with the general
trend of the observation data. This could potentially be attributed to the fact that the
X-band, employed by the Fengyun Satellite for detection purposes, possesses a limited
penetration depth, with its findings being considerably impacted by surface vegetation [79].
If datasets with higher temporal or spatial resolution or longer time series are available in
the future, the result of this study can be verified.
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5. Conclusions

This work examined the responses of TP precipitation and soil moisture to the ISM in
the monsoon season (June to September) between 1979 and 2019. The analysis is grounded
in soil moisture gridded data obtained from satellite remote sensing [49], the TPHiPr
dataset, and ERA5 reanalysis data. TP precipitation generally exhibits a positive correlation
with the ISM intensity in the west and a negative correlation in the east. Considering
that precipitation is the dominant factor affecting soil moisture in much of the TP regions,
the ISM can indirectly influence soil moisture through precipitation. The response of
soil moisture of the TP to the ISM is roughly consistent with that of precipitation. In the
majority of areas of the eastern TP, soil moisture shows a negative correlation with the ISM.
A positive correlation coefficient between soil moisture and the ISM is primarily observed
south of 30◦N on the TP and in its northwestern part. However, there is a region with
inconsistent responses of precipitation and soil moisture to the ISM (30◦–32◦N, 80◦–90◦E),
referred to as IRR.

During periods of active ISM influence, an increase in precipitation within the IRR is
accompanied by increased evaporation. However, the rainfall in the southwestern TP is
comparatively lower, and the soil moisture content is lower than in other regions of the
TP. TP soil moisture was influenced by both precipitation and evaporation. The balance
between these two factors is critical in determining the overall impact on soil moisture.
Under the combined effects of insignificant precipitation increase and relatively rapid
evaporation, soil moisture in IRR decreased in strong ISM years. What is more, this study
found that the impact of external moisture transportation dominated by the ISM on the IRR
is comparatively minimal. Local evaporation contributes more to precipitation in the IRR.
The majority of evaporation is recycled within the IRR, and the rest may be transported
outside. This mechanism may consume some of the water vapor in the IRR region. In weak
ISM years, the surface temperature in IRR is higher than in strong ISM years, potentially
accelerating the melting of surface permafrost and snow in this area. Additionally, in the
northwest corner of the TP, a region with a majority of temperate glaciers, the surface
temperature rose during weak ISM years. The melting glaciers may also contribute to
increased soil moisture in the IRR during weak ISM years. Consequently, soil moisture in
the IRR rises even during weak ISM years when precipitation decreases.
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