remote sensing

Article

The Validation of Soil Moisture from Various Sources and Its
Influence Factors in the Tibetan Plateau

Na Li !, Changyan Zhou %*

check for
updates

Citation: Li, N.; Zhou, C.; Zhao, P.
The Validation of Soil Moisture from
Various Sources and Its Influence
Factors in the Tibetan Plateau. Remote
Sens. 2022, 14, 4109. https://
doi.org/10.3390/rs14164109

Academic Editor: John J. Qu

Received: 7 July 2022
Accepted: 18 August 2022
Published: 22 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ping Zhao 3

Plateau Atmosphere and Environment Key Laboratory of Sichuan Province, College of Atmospheric Science,
Chengdu University of Information Technology, Chengdu 610225, China

Heavy Rain and Drought-Flood Disasters in Plateau and Basin Key Laboratory of Sichuan Province,
Institute of Plateau Meteorology, China Meteorological Administration, Chengdu 610072, China

State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences, Beijing 100081, China
*  Correspondence: zcy001124@163.com; Tel.: +86-139-8219-2373

Abstract: The tempo-spatial continuous soil moisture (SM) datasets of satellite remote sensing, land
surface models, and reanalysis products are very important for correlational research in the Tibetan
Plateau (TP) meteorology. Based on the in situ observed SM, AMSR2, SMAP, GLDAS-Noah, and
ERAS5 SM are assessed at regional and site scales in the TP during the non-frozen period from 2015
to 2016. The results indicate that SMAP and ERA5 SM (AMSR2 and GLDAS-Noah SM) present an
overestimation (underestimation) of the TP regional average. Specifically, SMAP (ERA5) SM performs
best in Maqu and south-central TP (Naqu, Pali, and southeast TP), with a Spearman’s rank correlation
(0) greater than 0.57 and an unbiased root mean square error (ubRMSE) less than 0.05 m3/m3. In
Shiquanhe, GLDAS-Noah SM performs best among the four SM products. At the site scale, SMAP
SM has relatively high p and low ubRMSE values at the most sites, except the sites at the Karakoram
Mountains and Himalayan Mountains. The four SM products show underestimation in different
degrees at Shiquanhe. The p values between AMSR2 SM and rainfall are the highest in most study
subregions, especially in Naqu and Pali. For the other SM products, they have the highest positive
correlations with a normalized difference vegetation index (NDVI). Besides, land surface temperature
(LST) has significant negative (positive) correlations with SM products in the summer (other seasons).
Through the multiple linear stepwise regression analysis, NDVI has negative (positive) impacts on
SM products in the spring (other seasons), while LST shows the opposite conditions. NDVI (rainfall)
is identified as the main influencing factor on the in situ observed, SMAP, GLDAS-Noah, and ERA5
(AMSR2) SM in this study. Compared to previous studies, these results comprehensively present the
applicability of SM products in the TP and further reveal their main influencing factors.

Keywords: Tibetan Plateau; soil moisture; remote sensing; reanalysis dataset; multiple linear step-

wise regression

1. Introduction

The Tibetan Plateau (IP) is the highest plateau with the most complex terrain in the
world. The thermal and dynamic effects of the TP have an impact on the regional and global
weather and climate [1-3]. Soil moisture (SM) is a key parameter in the land-atmosphere
interactions in the TP, which plays an essential role in the process of land—atmosphere
energy and water exchange [4-8].

Currently, there are four main approaches to obtaining SM, including in situ measure-
ments, reanalysis datasets, land data assimilation systems, and satellite products [7,9,10].
The in situ SM measurements could provide single-point accurate observation information.
However, measuring SM in situ for a large area is difficult in the TP, which leads to the distri-
bution of SM measurement stations being relatively sparse. This restricts the understanding
of SM variation characteristics in the entire TP. As a supplement to the in situ observation,

Remote Sens. 2022, 14, 4109. https:/ /doi.org/10.3390/1s14164109

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14164109
https://doi.org/10.3390/rs14164109
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/0000-0003-2873-9109
https://doi.org/10.3390/rs14164109
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14164109?type=check_update&version=1

Remote Sens. 2022, 14, 4109

20f18

the reanalysis datasets, modeling products, and satellite products could provide the tempo-
spatial continuous SM data over a wide area. In present, the feasibility studies of remote
sensing SM products have been receiving a lot of attention [11-15]. Microwave remote sens-
ing can measure SM through the emitted and reflected microwave radiation from the land
surface to remote sensors (both passive and active). The Soil Moisture and Ocean Salinity
(SMOS) satellite and the Soil Moisture Active Passive (SMAP) satellite use L-band passive
spaceborne sensors. The Advanced Microwave Scanning Radiometer /Radiometer-2 for the
Earth observing system (AMSR-E/AMSR?2), with passive microwave sensors operating at
X-band and C-band, is also used for SM measurement. Currently, the operational passive
satellite SM products from SMAP, SMOS, and AMSR-E/AMSR?2 have been widely used in
the world. In addition, the land surface models (LSMs) and reanalysis products, such as the
Global Land Data Assimilation System (GLDAS) and the global dataset for the fifth genera-
tion of European Reanalysis (ERA5), also could provide SM estimates at various depths
and time scales [11,16]. Nevertheless, the SM datasets from satellites, LSMs, and reanalysis
are associated with uncertainties due to the retrieval algorithms, model parameterizations,
meteorological forcing data, etc. Thus, these products need to be comprehensively evalu-
ated against the in situ SM observations, especially in the TP which has a sensitive climate
and complex topography.

To validate the accuracy of SM products, SM measurements have been constructed in the
TP during the last decade, including the SM observing networks and the Third Tibetan Plateau
Atmospheric Scientific Experiment (TIPEX-III) SM measurements. In previous studies,
the SM observations from observing networks have been used to evaluate the accuracy of
SM products (e.g., SMAP, SMOS, AMSR-E, AMSR2, LSMs in GLDAS-1, and GLDAS-2) in
the TP [9,17-22]. The above results have provided the information for further algorithm
improvements in the LSMs and the retrieval algorithms. However, the limited observations
from measurement networks restrict the understanding of the applicability of SM data in
other TP regions [18,19,23]. Besides, there are a few evaluations that have been conducted
based on the SM measurements built by TIPEX-IIL in the TP [3]. The spatial distributions of the
SM uncertainties from various data sources in the TP are still unclear. The latest SM products
also need to be evaluated using the relatively comprehensive in situ SM observations in the
TP. For example, although many evaluations of SMAP SM products have been conducted,
there are few studies on the assessments of SMAP L4 products in the TP [24].

Based on the above issues, the evaluation of SM from various data sources using
the SM from measurement networks and TIPEX-III measurements in the TP has great
significance. Thus, the objective of this study is to comprehensively evaluate the SM from
AMSR2, SMAP, GLDAS-Noah, and ERA5 based on the above in situ observed SM in
different seasons during the non-frozen period from 2015 to 2016 at the regional and site
scales. Furthermore, three factors (rainfall, land surface temperature (LST), and normalized
difference vegetation index (NDVI)) are considered to assess the main influencing factors
on various SM datasets at regional and site scales in the TP.

2. Materials and Methods

The study area is situated on the TP with an altitude greater than 2500 m and a
geographical domain of 25-42°N and 70-105°E, which is mainly covered with alpine
meadow and bare soil (Figure 1) [25-27].

2.1. Data Sources

There are four different types of datasets used in this study: in situ measurements,
reanalysis datasets, GLDAS, and satellite products. Since SM observation instruments can
only measure the content of liquid water (unfrozen SM), the non-frozen period is selected
as the study period in this research. The non-frozen period is defined as the duration from
the beginning to the end of the non-frozen date. The daily 0-centimeter LST exceeding 0 °C
(below 0 °C) for 5 consecutive days is defined as the date when the soil’s non-frozen period
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Latitude

began (ended). Through the analysis of the in situ LST observations, the non-frozen period
is during April-October in the TP (Figure not shown).
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Figure 1. Distribution of the in situ SM observation stations. Red triangles refer to the SM measure-
ment networks. The black dots are the TIPEX-III SM measurement stations. The green triangles
are the weather stations that overlap with the TIPEX-III SM measurement stations. The black boxes
represent the stations in the south-central TP (region A) and southeast TP (region B).

2.1.1. In situ Datasets

Detailed information on the in situ SM measurements during the non-frozen period
from 2015 to 2016 is listed in Table 1 [23,28-31]. Note that the station-averaged SM is used
to represent the SM reference data at each observing network. In addition to the in situ
SM observations, the daily in situ rainfall and LST observations from Automatic Weather
Stations (AWS) in the TP during the non-frozen period from 2015 to 2016 are also used in
this study (Table 1).

Table 1. Data sampling information of the in situ observations.

Cover Period Variable Temporal Reso Sites Number Depth
TIPEX-III 2015-2016 SM daily 32 0-10 cm
Pali 2015-2016 SM 1h 16 0-5cm
Shiquanhe 2015-2016 SM 15 min 6 0-5cm
Naqu 2015-2016 SM 15 min 4 0-5cm
Maqu 2015-2016 SM 15 min 8 0-5cm
AWS 2015-2016 LST, Rainfall daily 21 -

2.1.2. Satellite Datasets

SMAP is the latest L-band satellite dedicated to providing a global-scale SM and
freeze/thaw state. SMAP was launched on 31 January 2015 and carried two L-band
microwave sensors, a radiometer, and a radar to sense soil conditions through moderate
vegetation cover [18,24]. SMAP has been producing model-derived value-added Level 4
data to fill this gap with the root zone SM estimates, which are informed by and consistent
with SMAP surface observations [32-34]. SMAP L4 observations are interpolated and
extrapolated in time and space, producing 3-hour SM estimates at a 9 km resolution.
SMAP L4 SM product provides a comprehensive and consistent picture of land surface
hydrological conditions based on SMAP observations and complementary information
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from a variety of sources [33]. In this study, the surface SM of SMAP L4 Global 3-hourly 9
km EASE-Grid Surface and Root Zone Soil Moisture Analysis Update, Version 5 product
(hereinafter referred to as SMAP) is adopted (Table 2).

Table 2. Overview of the satellite, GLDAS, and reanalysis datasets used in this study.

Variables Cover Period = Temporal Reso  Spatial Reso Depth

AMSR2 SM 20152016 daily 10 km 1-2 cm
SMAP SM 20152016 15-min 9 km 3-5cm
GLDAS- SM 2015-2016 15-min 0.25° 0-10 cm
Noah
ERA5 SM 20152016 hourly 0.25° 0-7 cm
MODIS NDVI 2015-2016 16-day 250 m -

AMSR? as the successor of AMSR-E was on board the Global Change Observation
Mission 1-Water (GCOM-W1) and launched on 18 May 2012 by the Japan Aerospace
Exploration Agency (JAXA). AMSR2 has an antenna diameter of 2.0 m, an additional
C-band (i.e., 7.3 GHz C2-band) channel to mitigate RFI, and an improvement in calibration
accuracy through a modified thermal design [35]. AMSR2 observations are available
twice daily, consisting of descending (01:30 local time) and ascending (13:30 local time)
overpasses [36]. The daily GCOM-W1/AMSR2 SMC L3 standard product at 10 km x 10 km
is evaluated in this study (Table 2). AMSR2 SM is combined from the ascending and
descending observations in this study.

NDVI of the Moderate Resolution Imaging Spectroradiometer/Terra Vegetation In-
dices 16-Day L3 Global 250 m SIN Grid V006 (MOD13Q1) product is selected in this
study [37] (Table 2).

2.1.3. GLDAS Product

The Global Land Data Assimilation System (GLDAS) is jointly developed by the
National Aeronautics and Space Administration’s (NASA’s) Goddard Space Flight Center
(GSEC) and the NCEP of the United States National Oceanic and Atmospheric Administra-
tion (NOAA). GLDAS products are produced by combining a huge quantity of observation-
based data using advanced land surface modeling and data assimilation techniques. The
four LSMs in the GLDAS system (i.e., NOAH, Community Land Model, Variable Infil-
tration Capacity, and MOSAIC) have simulated SM products with different spatial and
temporal resolutions [16,38]. The surface layer SM (0-10 cm) from the GLDAS Noah Land
Surface Model L4 3-hourly 0.25 x 0.25 degree V2.1 (hereinafter referred to as GLDAS-Noah)
is used in our analysis (Table 2).

2.1.4. Reanalysis Product

ERADS is the fifth and latest global climate reanalysis dataset produced by ECMWE,
which provides hourly estimates of large numbers for atmospheric, land, and oceanic
climate variables [39]. ERAS is produced using 4D-Var data assimilation and model
forecasts in CY41R2 of the ECMWEF Integrated Forecast System (IFS), which improves
with many modifications, representing a decade of research and development in modeling
and data assimilation. The upper layer ERA5 SM (0-7 cm) is used in this study [10,16,40]
(Table 2).

2.2. Methodology
2.2.1. Statistical Indices
Taking the in situ observed SM as the reference data, the statistical indices, including

the nonparametric Spearman’s rank correlation (p), root mean square error (RMSE), bias
(bias), and unbiased RMSE (ubRMSE) of SM products, are calculated to describe their
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performances in different seasons during the non-frozen period from 2015 to 2016 at
regional and site scales in the TP.

6y N (M;—0;)?
p=1- SEGUEOr M

RMSE = | & % (M; — 0;)? )
i=1

bias = % ‘§1(Mi — Oi) (3)

ubRMSE = v/ RMSE? — bias? 4)

where M; and O; are SM products and in situ observed SM, respectively. p is a nonpara-
metric measure of rank correlation measuring the strength and direction of association
between SM products and in situ observed SM. The RMSE depicts the degree of deviation
from different SM products. The bias represents the differences between the SM products
and in situ SM observations. Note that RMSE (Equation (2)) could be compromised if there
are biases associated with the amplitude fluctuations within SM products or in situ obser-
vations. Hence, ubRMSE is also adopted to evaluate the temporal dynamic variabilities of
SM products in this study. The statistical metrics are calculated when the minimum sample
size is equal to 30 in this study.

The spatial scale mismatch between the in situ observation point data and grid data
is an issue. Since an interpolation method may produce a large error, the SM of various
data sources is extracted from the original grids corresponding to each measurement
station separately using the nearest neighboring grid approach (based on its latitude and
longitude) [10,40,41]. To further reduce the error caused by the spatial scale mismatch,
the extracted original grid data are averaged to produce the time series of the four SM
products in each study region [15,17,21]. Besides, ubRMSE is used to avoid the effects of
biases caused by the spatial scale mismatch between SM products and in situ observations
in this study [18,40].

2.2.2. Multiple Linear Stepwise Regression

Multiple linear regression is one of the linear regression analyses that is used to an-
alyze the relationship between a single response variable (dependent variable) and two
or more controlled variables (independent variables) [42]. Compared with multiple linear
regression analysis, stepwise regression has a more reasonable independent variable screen-
ing mechanism, which could avoid the influence of insignificant independent variables
on the regression equation through forward selection and backward elimination [43]. The
stepwise multiple regression method is able to find a meaningful subset of independent
variables and explains the dependent variable efficiently. Therefore, the stepwise multiple
regression analysis enables us to clearly comprehend the relationships between SM and the
possible influencing factors [44]. The stepwisefit function of MATLAB is used to carry out
the stepwise multiple regression analysis in this study (Equation (5)).

YV =bo+ 01 X1+ b2Xo+ ...+ bpX, (5)
td(X; .
B = ;d((?))’ (i=1,23,...,p) ®)

where Y is the dependent variable. X; through Xp are p independent variables. by is
the value of ¥ when all of the independent variables (X; through Xp) are equal to zero.
by through b, are the estimated regression coefficients. However, as the units of the
independent variables are inconsistent, this makes the different regression coefficients
incomparable. The standardized regression coefficient (8) (Equation (6)) could eliminate
the influence of dimensional units of the independent variables. Then, the  values of
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different independent variables are comparable. Thus, B could directly reflect the influence
degree of the independent variables, and further assess the effect, predictive power, or
explanative power of an independent variable. In this study, 8 is adopted to analyze the
associations between SM products and influencing factors (rainfall, NDVI, and LST).

3. Results
3.1. Tempo-Spatial Variations of the SM Observations

The time series and boxplots of the daily in situ observed SM in April-October during
2015-2016 in the TP are shown in Figures 2 and 3. Here, the TIPEX-III SM measurement
stations are mainly divided into two regions (TIPEX-III A: the south-central TP; TIPEX-III
B: the southeast TP) (Figure 1). The averaged SM and rainfall observations in each region
are calculated through the measured data at their overlapping stations in Figure 1.
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Figure 2. The time series for SM of in situ observations, AMSR2, SMAP, GLDAS-Noah, ERA5, and
the in situ observed rainfall in April-October from 2015 to 2016 in different TP regions.

The alpine humid climate in Maqu leads to its SM being larger than that in other
observing networks. Its rainfall concentrates in May—September. The maximum SM is
0.41 m3/m? (0.44 m?®/m?) in September 2015 (August 2016) with the averaged value of
0.29 m3/m? (0.31 m3/m3) during the non-frozen period in 2015 (2016). Naqu and Pali have
a semi-arid monsoon climate, with averaged SM values above 0.12 m3/m? during the study
period. Their rainfall mainly concentrates in May-September. In Naqu, the maximum SM
is 0.23 m3/m3 (0.20 m®/m?3) on 25 June 2015 (13 July 2016). Note that its maximum rainfall
(28.6 mm) occurs on 16 September 2016, but the maximum SM occurs in July. This may be
caused by the rainfall intensity on 13 July 2016 being higher than that on 16 September 2016.
In Pali, its maximum SM is 0.26 (0.31) m3/m3 on 8 August 2015 (25 July 2016). Shiquanhe is
located in an arid climate zone and is covered by sparse grassland and bare soil. Its rainfall
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concentrates in June-August. The averaged SM value is 0.093 (0.089) m3/m3 during the
non-frozen period in 2015 (2016). The maximum SM value is 0.18 m3/m3 on 11 July 2015
(Figure 3d). There are no obvious fluctuations in the in situ observed SM in April-May and
September—October due to the low amount of rainfall (Figure 2d).
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Figure 3. The boxplots for in situ observed, AMSR2, SMAP, GLDAS-Noah, ERA5 SV, and the in situ
rainfall observation in April-October in 2015 and 2016 in different TP regions. The red dots represent
the averaged values. For clarity, the outliers are omitted in the boxplots.

In addition to the in situ observed SM from the four observing networks above, the
TIPEX-III SM observations are also analyzed in this study. The south-central TP has a
plateau valley topography with a climate drier than central TP. Its rainfall concentration
period (May-September) is the same as that in Naqu and Pali. However, the amount of
rainfall is less than those in the above two regions (Figure not shown). The averaged
SM is 0.12 m3/m3, which is comparable with that of Naqu and obviously less than that
of Pali (Figure 3). The maximum SM (0.23 m3/m?) occurs on 28 July 2016 caused by its
high rainfall intensity. Note that the averaged SM observation in 2015 is greater than
that of Naqu and less than that of Pali, while the rainfall is the opposite (Figure 2). This
indicates that the rainfall is not the only factor affected by SM in the south-central TP.
Affected by the temperate-humid climate and topography in the southeast TP, rainfall
occurs throughout the whole non-frozen period and is relatively larger than those in other
TP regions. The averaged SM is 0.14 (0.17) m3/m3 in 2015 (2016) (Figure 3). The maximum
value is 0.24 m3/m? on 26 July 2016. Same as that in Maqu, the SM in southeast TP
fluctuates obviously, which may be caused by the high frequency of rainfall.

The spatial distributions of the in situ observed SM in different seasons are shown in
Figure 4. The in situ observed SM increases from northwest to southeast in the TP. The SM
values are lower in April-May and September—October than those in June—August. Note
that the averaged SM value at Shiquanhe is 0.09 m®/m? during the study period. However,
at the Shiquanhe network, the averaged SM value (0.19 m®/m3) at the SQ04 station is larger
than those in other sites, which may be due to its underlying surface type being wetland
(Figure 4(al-d1)). Similarly, at the Maqu network, the SM at the NSTO5 station is greater
than those in other stations, which may be also caused by its different local underlying

surface type.
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Figure 4. The spatial distributions of in situ observed, AMSR2, SMAP, GLDAS-Noah, and ERA5 SM
in April-October during 2015-2016 in the TP. The size of the circles represents the SM absolute value
at each observation site.

3.2. Comparison among Different SM Products
3.2.1. Tempo-Spatial Variations of SM Products

Similar to the in situ observed SM, there are obvious seasonal variations for AMSR?2,
SMAP, GLDAS-Noah, and ERA5 SM during the study period, especially in the summer
(Figure 2). SMAP SM captures the seasonal variations of the in situ observed SM well
at all regions, with the correlations greater than 0.55, ubRMSEs lower than 0.042 m3/m?
(Figures 2 and 5). In Maqu, SMAP SM slightly underestimates the observations with the
p of 0.74 and ubRMSE of 0.037 m?®/m3 (Figures 2 and 5). The performance of ERA5 SM
is slightly second to that of SMAP SM. In Naqu, the ubRMSEs of SMAP and ERA5 SM
are around 0.041 m3/m3. The correlation between ERA5 SM and in situ observation is
highest (0.77). In Pali, for SMAP and ERA5 SM, the correlations between them and the
in situ observed SM are comparable, with the p values around 0.55. ERA5 SM has the
lowest ubRMSE of 0.029 m3/m? (Figures 2 and 5). In Shiquanhe, SMAP and GLDAS-
Noah SM have the highest p values of 0.66. The GLDAS-Noah SM slightly underestimates
the observations with the lowest ubRMSE of 0.020 m3/m? (Figure 5). For AMSR2 SM, it
seriously overestimates (underestimates) the in situ observed SM during the periods with
large (less) quantities of rainfall in Maqu and Naqu (Figures 2b and 3b). The ubRMSEs
of AMSR2 SM in the above two regions are greater than 0.08 m*/m?. GLDAS-Noah SM
present serious underestimation with the bias value of —0.16 m®/m3 and a small p value in
Magqu (Figure 5). Except for Maqu, GLDAS-Noah SM values are closer to in situ observed
SM values than those of other SM products with the small ubRMSEs and biases. However,
its p values are relatively low in Naqu and Pali observing networks (Figures 2, 3 and 5).

In terms of the TIPEX-III observations, the variations of the four SM products agree
well with those of in situ SM observations in south-central TP, with correlations greater
than 0.59 (Figures 2, 3 and 5). SMAP SM has a maximum p of 0.92 and the smallest ubRMSE
of 0.028 m?/m? among the four SM products. AMSR2 and GLDAS-Noah SM also capture
the in situ observed SM values with the ubRMSEs of 0.030 and 0.033 m?/m3, respectively.
In southeast TP, the seasonal variations of AMSR2 SM are relatively flat (Figures 2f and 3f).
ERAS5 SM has the highest p (0.76) and smallest ubRMSE (0.022 m3 /m?) among the four
SM products. The p value of SMAP SM is 0.60, behind that of ERA5 SM. For AMSR2
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and GLDAS-Noah SV, their consistencies with the in situ SM observations are poor, with
correlations around 0.51.
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Figure 5. The (a) p, (b) RMSE, (c) ubRMSE, and (d) bias values of AMSR2, SMAP, GLDAS-Noah, and
ERA5 SM for Maqu network, Naqu network, Pali network, Shiquanhe network, south-central TP,
and southeast TP in April-October during 2015-2016.

Figure 6 shows the scatterplots between the four SM products and in situ observed
SM in the TP in different seasons during the non-frozen period from 2015 to 2016. The p
values of the four SM products are lowest in April-May, and highest in September—October.
SMAP and ERA5 SM have bias values greater than 0.043 and 0.12 m3/m? in all the seasons,
respectively (Figure 6). The results indicate that ERA5 SM seriously overestimates the in
situ observations, especially during the summer. This may be due to ERA5 LST showing
an underestimation with a bias about —9.5 K during the study period in the TP (Figure not
shown). The seasonal variations of the in situ observed SM are well captured by those of
SMAP and ERA5 SM with the p values greater than 0.81 during the entire study period
(Figure 6). Meanwhile, AMSR2 and GLDAS-Noah SM underestimate the in situ observed
SM with bias values less than —0.010 m®/m3. Although GLDAS-Noah SM values are
closer to in situ observed SM values than those of other SM products, the correlations
between them and in situ observations are relatively low in all study periods. Note that
although SMAP and ERA5 (AMSR2) SM are sometimes lower (higher) than the in situ
observations in different study regions (Figure 2), they overestimate (underestimate) the in
situ observations for the average across all measurement sites in the TP during the study
period (Figure 6).

The spatial distributions of the four SM products are also given in Figure 3. The lowest
(largest) values of SMAP, GLDAS-Noah, and ERA5 SM are found in western TP and the
Qaidam Basin in northern TP (south and eastern TP). In contrast with the three SM products
above, AMSR2 SM has the lowest values in northwest TP and southeast TP. ERA5 SM
obviously overestimates the in situ observations in eastern TP. AMSR2 and GLDAS-Noah
SM obviously underestimate the in situ observations in the whole TP (Figure 3). In general,
the spatial distributions of SMAP and ERA5 SM are well consistent with those of in situ
observations at the site scale in the TP during the study periods.

3.2.2. Spatial Distributions of Statistical Indices for SM Products

The spatial distributions of the statistical indices (p, ubRMSE, and bias) for AMSR?2,
SMAP, GLDAS-Noah, and ERA5 SM at 66 TP observation stations in different seasons
during the study period are shown in Figures 7-9.
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Figure 6. The comparison of the average for the extracted grids from AMSR2, SMAP, GLDAS-Noah,
and ERA5 SM against the station-averaged in situ observed SM in the TP in different seasons during
non-frozen period from 2015 to 2016.
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Figure 7. Spatial distributions of p for daily AMSR2, SMAP, GLDAS-Noah, and ERA5 SM in different
seasons during the non-frozen period from 2015 to 2016 in the TP. The black triangles represent
statistically significant at 95% confidence level. The size of the circles represents the absolute value of
o at each measurement station.
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Figure 8. Spatial distributions of ubRMSE for daily AMSR2, SMAP, GLDAS-Noah, and ERA5 SM in

different seasons during the non-frozen period from 2015 to 2016 in the TP. The size of the circles
represents the absolute value of ubRMSE at each observation site.

April

June-August

September-October

April-October

33°N
30°N
27°N

42°N
39°N
36°N
33°N
30°N
27°N

42°N
39°N
36°N
33°N
30°N
27°N

42°N
39°N
36°N
33°N
30°N
27°N

(al) AMSR2 5 (a2) SMAP N (a3) GLDAS-Noah 5o (ad) ERAS
39°N 39°N 39°N
36°N 36°N 36°N
g 30°N 30°N 30°N
- 27°N 27°N - 27°N
72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E
(b1) AMSR2 5o (b2) SMAP N (b3) GLDAS-Noah o (b4) ERA5
39°N 39°N 39°N
36°N 36°N 36°N
‘ 33°N ) €) 33N () €) N () ; )
30°N 30°N 30°N N
. 27°N 27°N 27°N
72°E 80°E 88°E 96°E 104°E 72°E 80°E S88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E
(c1) AMSR2 N (c2) SMAP - (c3) GLDAS-Noah - (c4) ERAS
39°N 39°N 39°N
36°N 36°N 36°N
30°N 30°N ® 30°N <
. 27°N 27°N 27°N
72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E S0°E 88°E 96°E 104°E
(d1) AMSR2 - (d2) SMAP o (d3) GLDAS-Noah N (d4) ERA5
39°N 39°N 39°N
, 36°N 36°N 36°N
33°N ) € 33°N ® (9 330N@
30°N 2 30°N 30°N N
. 27°N 27°N 27°N
72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E 72°E 80°E 88°E 96°E 104°E
; ;
0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4
bias (m3 m'3)
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At the site scale, the significant positive correlations between the four SM products
and in situ measured SM are between 0.19 and 0.88 in April-May and between 0.15 and
0.89 in June-August. In April-May, the p value between AMSR2/GLDAS-Noah/ERA5 SM
and in situ observed SM is relatively low, which may be due to the number of stations with
significant correlations being less than 46% (Table 3). Meanwhile, the p value of GLDAS-
Noah (AMSR?2) SM with in situ observation is lowest among the four SM products in
April-May (June-August) in terms of TP regional mean. In general, SMAP (GLDAS-Noah)
SM has better correlations with in situ observations than other SM products at most stations
in April-May (June—-August) (Table 3). In September—October, the number of sites with
positive correlations of GLDAS-Noah/SMAP/ERA5 SM between in situ observations are
greater than those for AMSR2 SM. The regional mean p values of AMSR2, SMAP, GLDAS-
Noah, and ERA5 SM are 0.50, 0.95, 0.56, and 0.93, respectively. Obviously, SMAP and
ERAS5 SM correlate well with in situ observations in east-central TP (Figure 7). During the
whole study period, the number of stations with significant correlations for SMAP/GLDAS-
Noah/ERA5 SM between in situ observations are comparable, which is greater than that
for AMSR?2 (Table 3). The regional mean p values of AMSR2, SMAP, GLDAS-Noah, and
ERAS5 SM are 0.56, 0.85, 0.57, and 0.81, respectively. Meanwhile, the p values of the four SM
products in the Karakoram Mountains and Himalayan Mountains are lower than those in
other TP regions (Figure 7).

Table 3. The number of sites with positive correlation (statistically significant at 95% confidence level)
between the four SM products (AMSR2, SMAP, GLDAS-Noah, and ERA5 SM) and in situ observed
SM in different seasons during the non-frozen period from 2015 to 2016.

Periods AMSR?2 SMAP GLDAS-Noah ERA5
April-May 24 40 29 32
June-August 58 59 61 55
September-October 52 56 59 56
April-October 57 62 62 63

As shown in Figure 8, the spatial distributions of the ubRMSE values in different
seasons for each SM dataset are generally consistent. For AMSR2, SMAP, and GLDAS-
Noah SM, the small ubRMSE (<0.05 m3/m?) regions are located in most central, western,
and southeastern TP. In Maqu, the above three SM products present large ubRMSE values,
which mainly reflects in the negative bias values of them (Figure 9). This may be caused by
the in situ observed SM being relatively large at the NSTO5 station in the Maqu network
(Figure 4(al-d1)), which is barely captured by the above three SM products. The AMSR2
SM also has large ubRMSEs in Naqu. This is possible because of the large AMSR2 SM
values during the rainfall period (Figures 2 and 8). For SMAP SM, there are obviously
positive bias values in the Himalayas region and negative bias values in Shiquanhe and
Maqu. For ERA5 SM, the ubRMSE values are obviously larger than those of the other
three SM products at the most stations in the TP, especially in central and south-central
TP. Meanwhile, there are positive bias values for ERA5 SM in central and south-central
TP, with a maximum value of 0.38 m3/m?3 in summer (Figure 9). ERA5 SM also shows
an underestimation in Shiquanhe. Generally, except for the Karakoram Mountains and
Himalayan Mountains, SMAP SM has a relatively high p and low ubRMSE values at the
most stations in the TP (Figure 8). Meanwhile, compared with the RMSE values of SMAP
L3, those of SMAP L4 in this study are relatively small [18,24].

Note that the discrepancies in the depth of the soil layer represented by the satellite,
LSMs and reanalysis datasets may affect the accuracy of the SM products in this study.
For example, AMSR2 SM is more sensitive to rainfall than other SM products in Naqu
and Shiquanhe, which may be caused by the penetration depth of the X-band and C-band
radiometers for AMSR?2 being shallow (1-2 cm). The penetration depth of ERA5 SM is
0-7 cm, which may be another reason for its serious overestimation at the observing
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networks. For GLDAS-Noah and SMAP SV, the influence of SM penetration depth is not
as significant as the other two SM products.

4. Discussion

The above results indicate that the four SM products have deviations in different
degrees during the non-frozen period from 2015 to 2016 in the TP. Previous studies show
that the rainfall, land surface types, and temperatures are the main error sources in SM
from satellite and reanalysis datasets [11,45]. In order to investigate the main influencing
factors for the four SM products in this study, the rainfall, NDVI, and LST are selected. To
ensure the accuracy of the correlation analysis and the multiple linear stepwise regression
analysis, the following study is conducted at the stations with in situ SM, rainfall, and
LST observations.

The rainfall, NDVI, and LST gradually increase from northeast to southwest in all
seasons in the TP, which is spatially consistent with the distributions of in situ observed
SM. The maximum (minimum) values of rainfall, NDVI, and LST occur in June-August
(April-May) (Figure 10). The high values of rainfall and NDVI are located in eastern TP.
For LST, the high values are mainly located in eastern and northern TP in the summer and
in eastern TP in other seasons.
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Figure 10. Spatial distributions of daily rainfall, NDVI, and LST in different seasons during the
non-frozen period from 2015 to 2016 in the TP. The size of the circles represents the absolute values of
rainfall (a1-d1), NDVI (a2-d2), and LST (a3-d3) at each observation site.
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4.1. The Correlations between SM and the Influencing Factors

The correlations between in situ observed SM and the three factors are given in Table 4.
For the whole study period, the p value (0.52) between in situ observed SM and NDVI
is best. In April-May and September—October, NDVI and rainfall, respectively, have the
highest correlations with in situ observed SM, with the p values of 0.31 and 0.55, respectively.
For LST, there is a significant negative correlation (o = —0.56) in June-August and positive
correlations in other seasons. The negative p values in the summer may be due to the
frequent rainfall, which results in the saturation of SM. The summer LST is relatively higher
than that in other seasons, which facilitates surface evaporation and reduces local SM. In
April-May (September-October), the increase (decrease) in LST and rainfall leads to the
increased (decreased) SM (Table 4).

Table 4. The p between SM (in situ observation, AMSR2, SMAP, GLDAS-Noah, and ERA5) and
influencing factors (rainfall, NDVI, and LST) in different seasons from 2015 to 2016 in the TP. *, **,
and *** represent the statistically significant at 95%, 99%, and 99.9% confidence levels, respectively.

Periods Variables Observations AMSR2 SMAP GLDAS-Noah ERA5
Rainfall 0.31 *** 0.26 ** 0.27 ** 0.02 0.10
April-May NDVI 0.31 *** 0.56 *** 0.23 * 0.16 0.56 ***
LST 0.16 0.48 *** 0.21* 0.28 ** 0.54 ***
Rainfall 0.45 *** 0.68 *** 0.55 *** 0.46 *** 0.61 ***
June-August NDVI 0.15* —0.047 0.30 *** 0.36 *** 0.12
LST —0.56 *** —0.59 *** —0.56 *** —0.38 *** —0.64 ***
Rainfall 0.55 *** 0.76 *** 0.73 *** 0.74 *** 0.69 ***
September-October NDVI 0.41 *** 0.75 *** 0.58 *** 0.91 *** 0.45 ***
LST 0.22* 0.64 *** 0.40 *** 0.81 *** 0.45 ***
Rainfall 0.46 *** 0.64 *** 0.48 *** 0.48 *** 0.58 ***
April-October NDVI 0.52 *** 0.68 *** 0.65 *** 0.71 *** 0.64 ***
LST 0.18 *** 0.52 *** 0.23 *** 0.42 *** 0.39 ***

Table 4 further shows the correlations between the four SM products and the three
influencing factors. There are significant positive correlations between the four SM products
and the three influencing factors during the whole study period, especially with NDVI
(Table 4). In April-May, AMSR2 and ERA5 SM have the highest positive correlations
with NDVI, the next being with LST. There is a significant positive relationship between
SMAP SM and rainfall. Meanwhile, GLDAS-Noah SM has a significant positive correlation
with LST. In the summer, similar to in situ observed SM, SMAP and ERA5 SM have the
highest negative correlations with LST. AMSR2 and GLDAS-Noah SM have the highest
positive correlations with rainfall, which implies that they are highly sensitive to the rainfall
(Figure 2b). In September—October, the relationships between AMSR2/SMAP/ERA5 SM
and rainfall have the highest p. GLDAS-Noah SM has the best correlations with NDVL

4.2. The Main Factors Influencing SM

To explore the main influencing factors of SM datasets in this study, the multiple linear
stepwise regression is used. Table 5 gives the regional mean B between SM datasets and
the three factors (rainfall, NDVI, and LST) in different seasons during the study period.

In April-May, rainfall and LST are the main influencing factors to SM of in situ
observation, AMSR2, SMAP, and GLDAS-Noah, with § greater than 0.33. ERA5 SM is
mainly affected by NDVI (8 = 0.55). In contrast with the correlations, the B results indicate
that neglecting the influence of rainfall and NDVI makes LST the main influencing factor
on most SM datasets in the spring. In the summer, for in situ observed, SMAP, and ERA5
SM, LST is the dominant negative influencing factor, which is consistent with the results of
the correlation reanalysis. For AMSR2 and GLDAS-Noah SM, the main influencing factors
are rainfall (8 = 0.43) and NDVI (§ = 0.50), respectively. In September-October, LST has a
significant negative effect on in situ observed SM. NDVI is the main influencing factor for
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in situ observed and ERA5 SM. AMSR2 and SMAP (GLDAS-Noah) SM are mainly affected
by rainfall (LST) with § values around 0.57 (0.54). This further illustrates the sensitivity
of AMSR2 SM to rainfall. During the whole study period, rainfall, NDVI, and LST had
different effects on the five SM datasets in different seasons. On the whole, the rainfall and
NDVTI have the most significant positive effects on SM in this study.

Table 5. The B from multiple stepwise regression analysis between SM (in situ observed, AMSR2,
SMAP, GLDAS-Noah, and ERAS5) and influencing factors (rainfall, NDVI, and LST) in different
seasons from 2015 to 2016 in the TP. *, **, and *** represent the statistically significant at 95%, 99%,
and 99.9% confidence levels, respectively.

Period Variables Observations AMSR2 SMAP GLDAS-Noah ERAS5
Rainfall 0.33 *** 0.44 *** 0.51 *** 0.37 *** 0.07

April-May NDVI —0.09 —0.02 —-0.33* —0.45 ** 0.55 ***
LST 0.39 *** 0.57 *** 0.59 *** 0.76 *** 0.23

Rainfall 0.05 0.43 *** 0.22 ** 0.29 *** 0.24 **

June-August NDVI 0.22 *** 0.01 0.36 *** 0.57 *** 0.19 ***

LST —0.56 *** —0.30 *** —0.45 *** —-0.16 * —0.50 ***

Rainfall 0.45 *** 0.58 *** 0.56 *** 0.40 *** 0.37 ***

September-October NDVI 0.60 *** 0.10 0.47 *** 0.20 *** 0.53 ***

LST —0.37 *** 0.40 *** —0.12 0.54 *** —0.04

Rainfall 0.25 *** 0.55 *** 0.32 *** 0.29 *** 0.39 ***

April-October NDVI 0.67 *** 0.24 *** 0.71 *** 0.58 *** 0.53 ***
LST —0.37 *** 0.18 *** —0.31 *** —0.03 0.01

5. Conclusions

The results in this study show that the temporal variation characteristics of in situ
observed SM are various for different climate regions in the TP. The averaged SM values
in different study regions from high to low in order is: Maqu, Pali, southeast TP, Naqu,
south-central TP, and Shiquanhe, with obvious fluctuations in the summer. The maximum
values of in situ observed SM occur in August-September, June-July, July—August, and
July in Maqu, Naqu, Pali, and Shiquanhe, respectively. For TIPEX-III observations, the
maximum SM values in south-central and southeast TP both occur in July. Meanwhile, the
peak SM values occur later than the peak rainfall values in all study regions.

Compared with in situ observed SM, SMAP and ERA5 SM present an overestimation
with the bias values of 0.057 and 0.14 m?/m3, respectively. AMSR2 and GLDAS-Noah SM
show an underestimation with the bias values of —0.069 and —0.010 m3/m? during the
whole study period. Besides, the performances of different SM products vary in different
TP regions. For the alpine humid Maqu region, SMAP and ERA5 SM perform well and
are comparable. In south-central TP, SMAP SM agrees well with the in situ observed SM.
In Naqu, Pali, and southeast TP, ERA5 SM has a relatively high p and the lowest ubRMSE
values. In Shiquanhe, GLDAS-Noah SM is closest to the in situ observations. It is worth
noting that the p values of SMAP and ERA5 SM are relatively high, which may imply that
there are obvious systematic deviations in them.

Generally, rainfall and NDVI present significant positive correlations with the five
SM datasets during the study period in this study. LST has significant negative (positive)
correlations with SM datasets in the summer (other seasons). The p values between
rainfall/NDVI and SM datasets are relatively larger than those between LST and SM
datasets. AMSR2 SM is mainly influenced by rainfall, followed by NDVI. Except for
AMSR?, the other SM datasets are mainly affected by NDVI (8 > 0.53) in the TP. Meanwhile,
in situ observed and SMAP SM are also affected by LST with negative  values. This
indicates that neglecting the influence of NDVI and rainfall, LST has a negative effect on
the two SM datasets above. Among the three influencing factors, rainfall and NDVI are
identified as the two main influencing factors on the five SM datasets in this study, which
is generally consistent with the correlation analysis.
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