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16  Abstract. The Tibetan Plateau observatory of plateau scale soil moisture and soil temperature (Tibet-Obs)
17 was established ten years ago, which has been widely used to calibrate/validate satellite- and model-based
18  soil moisture (SM) products for their applications to the Tibetan Plateau (TP). This paper reports on the status
19  of the Tibet-Obs and presents a 10-year (2009-2019) surface SM dataset produced based on in situ
20  measurements taken at a depth of 5 cm collected from the Tibet-Obs that consists of three regional-scale SM
21 monitoring networks, i.e. the Maqu, Naqu, and Ngari (including Ali and Shiquanhe) networks. This surface
22 SM dataset includes the original 15-min in situ measurements collected by multiple SM monitoring sites of
23 the three networks, and the spatially upscaled SM records produced for the Maqu and Shiquanhe networks.
24 Comparisons between four spatial upscaling methods, i.e. arithmetic averaging, VVoronoi diagram, time
25 stability and apparent thermal inertia, show that the arithmetic average of the monitoring sites with long-term
26 (i.e.>six years) continuous measurements are found to be most suitable to produce the upscaled SM records.
27 Trend analysis of the 10-year upsclaed SM records using the Mann-Kendall method shows that the Maqu
28  network area in the eastern part of the TP is drying while the Shiquanhe network area in the west is getting
29  wet that generally follow the change of precipitation. To further demonstrate the uniqueness of the upscaled
30  SM records in validating existing SM products for long term period (~10 years), comparisons are conducted
31  toevaluate the reliability of three reanalysis datasets for the Maqu and Shiquanhe network areas. It is found
32 that current model-based SM products still show deficiencies in representing the trend and variation of
33 measured SM dynamics in the Tibetan grassland (i.e. Maqu) and desert ecosystems (i.e. Shiquanhe) that
34 dominate the landscape of the TP. The dataset would be also valuable for calibrating/validating long-term
35  satellite-based SM products, evaluation of SM upscaling methods, development of data fusion methods, and
36  quantifying the coupling strength between precipitation and SM at 10-year scale. The dataset is available in
37 the 4TU.ResearchData repository at https://doi.org/10.4121/uuid:21220b23-ff36-4ca9-a08f-ccd53782e834
38  (Zhangetal., 2020).
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39 1 Introduction

40 The Tibetan Plateau observatory (Tibet-Obs) of plateau scale soil moisture and soil temperature (SMST) was
41 setup in 2006 and became fully operational in 2010 to calibrate/validate satellite- and model-based soil
42 moisture (SM) products at regional scale (Su et al., 2011). The Tibet-Obs mainly consists of three regional-
43 scale SMST monitoring networks, i.e. Maqu, Naqu, and Ngari, which cover different climate and land surface
44 conditions across the Tibetan Plateau (TP) and include multiple in situ SMST monitoring sites in each
45 network. The SM data collected from the Tibet-Obs have been widely used in past decade to calibrate/validate
46 satellite- and model-based SM products (e.g. Su et al., 2013; Zheng et al., 2015a; Colliander et al., 2017),
47 and to evaluate and develop SM upscaling methods (e.g. Qin et al., 2013; 2015), SM retrieval algorithms for
48  microwave remote sensing (e.g. van der Velde et al., 2012; Zheng et al., 2018a; 2018b; 2019) and fusion
49 methods to merge in situ SM and satellite- or model-based products (e.g. Yang et al., 2020; Zeng et al., 2016).
50 Key information and outcomes of the main scientific applications using the Tibet-Obs SM data are
51 summarized in Table 1. As shown in Table 1, the state-of-the-art satellite- and model-based products are
52 useful but still show deficiencies of different degrees in different hydrometeorological conditions on the TP,
53 and further evaluation and improvement of the latest versions of these products remain imperative. In general,
54 previous studies mainly focused on the evaluation of SM products using the Tibet-Obs data for short term
55 period (i.e. less than five years), while up to now the Tibet-Obs have collected in situ measurements more
56 than 10 years. Development of an approximate 10-year in situ SM dataset collected from the Tibet-Obs would
57 further enhance the calibration/validation of long-term satellite- and model-based products, and should be
58  valuable for better understanding the hydrometeorological response to climate changes. However, the SM is
59 highly variable in both space and time, and data gaps in the availability of measurements taken from
60 individual monitoring site hinder scientific studies of longer periods, e.g. more than five years. Therefore, it
61 is still challenging to obtain accurate long-term regional-scale SM due to the sparse nature of monitoring
62 networks and highly variable soil conditions.

63 Spatial upscaling is usually necessary to obtain the regional-scale SM of an in situ network from multiple
64 monitoring sites to match the scale of satellite- or model-based products. A frequently used approach for
65 upscaling point-scale SM measurements to a spatial domain is the arithmetic average, mostly because of its
66 simplicity (Su et al. 2011; 2013). Studies have also reported on application of a weighted averaging whereby
67 the weights are chosen to account for spatial heterogeneity covered by the multiple monitoring sites within
68 an in situ network. For instance, Colliander et al. (2017) employed Voronoi diagrams for the worldwide
69 validation of the Soil Moisture Active/Passive (SMAP) SM products to determine the weights of individual
70 monitoring sites within core regional-scale networks based on the geographic location; Dente et al. (2012a)
71 determined the weights based on the topography and soil texture for the Maqu SM monitoring network of
72 the Tibet-Obs; Qin et al. (2013) derived the weights by minimizing a cost function between in situ SM of
73 individual monitoring site and a representative SM of the network that is estimated by the apparent-thermal-
74 inertia-based (ATI) method. In addition, several particular or alternative methods, e.g. time stability (Zhao et

75 al., 2013) and ridge regression (Kang et al., 2017) were also adopted in some investigations. The reliability
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76 of different spatial upscaling methods has been scarcely assessed for producing long-term consistent upscaled
77 SM dataset for the in situ networks within which the number of individual monitoring sites changes over
78 time due to damage of existing SM sensors, such as the Tibet-Obs.

79 This paper reports on the status of the Tibet-Obs and presents a long-term in situ SM and spatially upscaled
80 SM dataset for the period between 2009 and 2019. The 10-year SM dataset includes the original 15-min in
81 situ measurements taken at a depth of 5 cm collected from the three regional-scale networks (i.e. Maqu, Naqu,
82 and Ngari) of the Tibet-Obs, and the consistent regional-scale SM produced by an appropriately selected
83 spatial upscaling method. To achieve this aim, the performance of four spatial upscaling methods is
84 investigated, including the arithmetic averaging (AA), Voronoi diagram (VD), time stability (TS) and
85 apparent thermal inertia (ATI) methods. In addition, the Mann-Kendall (M-K) analysis is adopted to analyse
86 the trend of both regional-scale SM and precipitation time series. Moreover, the regional-scale SM are used
87 to validate the performance of three model-based SM products, e.g. ERA5-land (Albergel et al., 2018),
88 MERRAZ2 (Modern-Era Retrospective Analysis for Research and Applications, version 2) (Gelaro et al.,
89 2017), and GLDAS Noah (Global Land Data Assimilation System with Noah Land Surface Model) (Rodell
90 et al., 2004), to demonstrate the uniqueness of this dataset for validating existing reanalysis datasets for long
91 term period (~10 years).

92 This paper is organized as follows. Section 2 describes the status of the Tibet-Obs and in situ SM
93 measurements, as well as the precipitation data and the three model-based SM products. Section 3 introduces
94 the four SM spatial upscaling methods and the Mann-Kendall trend analysis method. Section 4 presents the
95 inter-comparison of the four SM spatial upscaling methods, the production and analysis of regional-scale SM
96 dataset for a 10-year period, and its application to validate the three model-based SM products. Section 5
97  provides the discussion and suggestion on maintaining the Tibet-Obs. Section 6 documents the information

98 of data availability. Finally, conclusions are drawn in Section 7.

99 2 Data
100 2.1 Status of the Tibet-Obs

101  The Tibet-Obs consist of the Maqu, Naqu, and Ngari (including Shiquanhe and Ali) regional-scale SMST
102 monitoring networks (Fig. 1) that cover different climate, vegetation, and soil conditions on the TP (Table
103 2). Brief descriptions of each network and corresponding surface SM measurements taken at a depth of 5
104  cmare given below, and the readers are referred to existing literature (Su et al., 2011; Dente et al. 2012a) for
105  additional information.

106  2.1.1 Maqu network

107 The Maqu network is located in the north-eastern edge of the TP (33°30°-34°15°N, 101°38°-102°45’E) at the
108 first major bend of the Yellow River. The landscape is dominated by the grassland at elevations varying from
109 3400 to 3800 m. The climate type is characterized as cold-humid with cold dry winters and rainy summers.
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110 The mean annual air temperature is about 1.2 °C, with -10 °C for the coldest month (January) and 11.7 °C
111 for the warmest month (July) (Zheng et al., 2015a). The soil texture is mainly silt loam at the surface layer
112 with different amounts of organic matter content.

113 The Maqu network covers an area of approximately 40 by 80 km? and consists originally of 20 SMST
114 monitoring sites installed in 2008 (Dente et al. 2012a). During the period between 2014 and 2016, eight new
115 sites were installed due to the damage of several old sites by local people or animals. The SMST data are
116 measured at different depths (5, 10, 20, 40, and 80 cm) for each site with 15/30 min intervals using the
117 Decagon 5TM probes. Table 3 provides the specific periods of data missing during each year and the total
118 data lengths of surface SM for each site. Among these sites, the CST05, NSTO01, and NST03 have collected
119 more than nine years of SMST measurements, while the data records for the NST21, NST22, and NST31 are
120 less than one year. In May 2019, there are still 12 sites that provided SMST data.

121 2.1.2 Ngari network

122 The Ngari network is located in the western part of the TP at the headwater of the Indus River. It consists of
123 two SMST networks established around the cities of Ali and Shiquanhe, respectively (Fig. 1). The landscape
124 is dominated by a desert ecosystem at elevations varying from 4200 to 4700 m. The climate type is
125  characterized as cold-arid with a mean annual air temperature of 7.0 °C. The annual precipitation is less than
126 100 mm that falls mainly in the monsoon season (July-August) (van der Velde et al., 2014). The soil texture
127 is characterized as fine sand with gravel at upper soil layers. Similar to the Maqu network, the SMST data of
128  the Ali and Shiquanhe networks are also measured at nominal depths of 5, 10, 20, 40, and 80 cm with the
129 Decagon 5TM probes at 15 min intervals.

130 The Shiquanhe network consists originally of 16 SMST monitoring sites installed in 2010 (Su et al. 2011),
131 and five new sites were installed in 2016. Table 4 provides the specific periods of data missing during each
132 year and the total data lengths of surface SM for each site. Among these sites, the SQ02, SQ03, SQ06, and
133 SQ14 have collected more than eight years of SMST measurements, while the data records for the SQ13,
134 SQ15, and SQ18 are less than two years. On August 2019, there are still 12 sites that provided SMST data.
135 The Ali network comprise four SMST monitoring sites (Table 4), which will thus not be used for the further
136  analysis in this study due to limited number of sites and data records.

137 2.1.3 Naqu network

138  The Naqu network is located in the Naqu river basin with an average elevation of 4500 m. The landscape is
139  dominated by the grassland, and the climate type is characterized as cold-semiarid with cold dry winters and
140 rainy summers. Over three-quarters of total annual precipitation (400 mm) falls between June and August
141 (Su et al., 2011). The soil texture is loamy sand with gravel and organic matter content in the root zone.

142 The network consists originally of five SMST monitoring sites installed in 2006 (Su et al. 2011), and six new
143  sites were installed between 2010 and 2016. The SMST data are also measured at different depths (5/2.5,
144 10/7.5, 15, 30, and 60 cm) for each site with 15 min intervals using the Decagon 5TM probes. Table 5
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145 provides the specific periods of data missing during each year and the total data lengths of surface SM for
146 each site. Among these sites, only the Naqu and MS have collected more than six years of SMST
147 measurements, while the data records for the others are less than four years. Similar to the Ali network, the
148 Naqu network will also not be used for the further analysis in this study due to limited number of sites and
149  data records.

150 2.2 Precipitation data

151 The daily precipitation data from two weather stations (Fig. 1), i.e. Maqu (34°00°N, 102°05’E) and Shiquanhe
152 (32°30°N, 80°50’E), operated by the China Meteorological Administration (CMA) are also collected. The
153 CMA observational datasets are available from the China Meteorological Data Service Center (CMDC,
154 http://data.cma.cn/en) that provides the near-surface meteorological data of about 700 weather stations in
155 China.

156 2.3 Model-based soil moisture products
157  2.3.1 ERA5-land soil moisture product

158 The ERAGS is the latest generation of atmospheric reanalysis dataset produced by ECMWEF (Albergel et al.,
159  2018). The ERA5-land is based on running the land component of the model that is driven by the atmospheric
160 analysis of ERA5 (Mufioz-Sabater et al., 2018). It uses the Tiled ECMWF Scheme for Surface Exchanges
161 over Land incorporating land surface hydrology (H-TESSEL, CY45R1). The product provides SM data
162 currently available from 1981 to 2-3 months before the present at hourly time interval with a finer spatial
163 resolution (~9 km) that is freely accessed at https://www.ecmwf.int/en/era5-land. In this study, the data of

164  volumetric total soil water content for the top soil layer (0-7 cm) is used for the analysis.

165 2.3.2 MERRAZ2 soil moisture product

166 The MERRAZ is a widely used atmospheric reanalysis dataset produced by NASA using advanced GEOS-5
167 model (Goddard Earth Observing System Model version5) and GSI (Gridpoint Statistical Interpolation)
168 assimilation system (Gelaro et al., 2017). It is driven by observation-based precipitation data instead of
169 model-generated precipitation in comparison to the MERRA products (1979-2016). The product provides
170 SM data currently available from 1980 to the present with a spatial resolution of 0.5° lat by 0.625° lon at
171  daily scale that is freely accessed at https.//gmao.gsfc.nasa.gov/reanalysiss MERRA-2. In this study, the data

172 of volumetric liquid soil water content for the surface layer (0-5 cm) is used.

173 2.3.3 GLDAS Noabh soil moisture product

174  The GLDAS dataset is produced by the LDAS (Land Data Assimilation System,
175 https://ldas.gsfc.nasa.gov/gldas ) that aims at providing spatial fields of land surface states (e.g. SMST) and

176  fluxes (e.g. evapotranspiration and runoff) by integrating remote sensing and in situ observations based on
177  advanced LSMs and data assimilation techniques (Rodell et al., 2004). Version 3.3 of Noah LSM is used to
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178 produce the GLDAS Noah product that is currently available from 2000 to the present at 3-hourly time
179 interval with a spatial resolution of 0.25°. In this study, the data of soil water content for the top soil layer (0-
180 10 cm) is used.

181 3 Methods
182 3.1 Spatial upscaling of soil moisture measurements

183 The principle of spatial upscaling method is to determine the weight for each SM monitoring site with the
184  aid of extra information. The method generally follows the linear functional form, which can be
185  mathematically defined as:

186 6,7 = 0B (1a)
187 @955 = [9955,025, ..., 051" (1b)
188 where 8;7°[m* m=®] represents the upscaled SM, 8225[m® m-] represents the vector of SM measurements, N
189 represents the total number of SM monitoring sites, t represents the time (e.g. the t" day), and g [-] represents
190 the weight vector.

191 In this study, only the surface SM measurements taken from the Maqu and Shiquanhe networks are upscaled
192 to obtain the regional-scale SM for a long-term period due to the availability of much longer data records in
193 comparison to the Naqu and Ali networks (see Section 2.1). Four upscaling methods are investigated and
194 inter-compared with each other to find the most suitable method for the application to the Tibet-Obs. Brief
195  descriptions of the selected upscaling methods are given in Appendix A. The arithmetic averaging method
196  (hereafter “AA”) assigns an equal weight coefficient to each SM monitoring site (see Appendix A.1), while
197 the Voronoi diagram method (hereafter “VD”) determines the weight based on the geographic distribution
198 of all the SM monitoring sites (see Appendix A.2). On the other hand, the time stability method (hereafter
199  “TS”) regards the most stable site as the representative site of the SM monitoring network (see Appendix
200  A.3), while the apparent thermal inertia (ATI) method is based on the close relationship between apparent
201 thermal inertia (7) and SM (see Appendix A.4).

202 3.2 Trend analysis

203 Asanonparametric trend test, the Mann-Kendall (M-K) analysis (Mann, 1945) is widely used in hydrologic
204 time series because it is not affected by the sample values and distribution types (Albergel et al., 2013; Burn
205 & Hag Elnur, 2002). In this study, the M-K method is adopted to analyze the trend of upscaled SM time
206  series (Section 3.1) and the model-based products (Section 2.2).

207 The tendency and significance of the trend are identified based on the calculation of the statistic UF,, [-] that
208 is defined as:

_ Sk—E(Sk) _
209 UF, = J—T(Sk) k=1,2,..,n (2a)
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210  where n represents the length of the average SM data, k represents the data order, S, [-] is determined by the

211 values of annual average SM (6;[m® m3]) compared with its subsequent data (6; [m*® m™]) as given below:

212 Sy =Yk, Y0,  k=23,.,n (2b)

213

1 6,>6 o
= 1< j<i (2c)

0 6,<6
214 wherei and j represent the data order. E (S, ) and Var(S,) are the expectation and variance of S, as given
215 below:

E(SY) = k(k+1)/4
Var(Sy) = k(k — 1)(2k +5)/72

217 If the value of UF,, is positive, it indicates that the trend of the SM time series is upward, while the negative

216 { 2d)

218 UF, value implies a downtrend. The significance of the detected trend is obvious if the UF;, value is beyond
219 the critical value that defined by a significant level (e.g. 0.05), otherwise, the tendency is considered to be
220  not obvious. The mutation of the trend is identified by the intersection of UF, and UBy, [-]. The statistic
221 UB,, is calculated in the same way as the UF, but in reverse chronological order as:

UBk, = —UFk

222 {k’=n+1—k

(2e)

223 3.3 Metrics used for statistical comparison

224  The metrics used to evaluate the accuracy of the upscaled SM are the bias (Bias [m® m~¥]), root-mean-square
225  error (RMSE [m® m®]), and unbiased RMSE (UbRMSE [m® m]) as:

TLi(0f™- 8,7

226  Bias = " (3a)
M tru_ gupPsy2
297  RMSE = (2= =0 )* (3b)
M
228 ubRMSE = VRMSE? — BIAS? (30)

229  where 8™ represents the reference SM that is considered as the ground truth, and 8,7 represents the

230 upscaled SM. The closer the metric is to zero, the more accurate the estimation is.
231 The metrics used for the correlation analysis are the Nash-Sutcliffe efficiency coefficient (NSE [-]) as:

IR -B?
Z;L:l(ettru_ ggru)z

232 NSE=1 4

233 The value of the NSE ranges from -co to 1, and the closer the metric is to 1, the better the match of the
234 estimated SM with the reference (6™).

235 3.4 Preprocessing of model-based soil moisture products

236  The performance of the ERA5-land, MERRA2, and GLDAS Noah SM products are assessed using the
237 upscaled SM data of the Maqu and Shiquanhe networks for a 10-year period. The corresponding regional-
238  scale SM for each product can be obtained by averaging the grid data falling in the network areas. The
239  numbers of grids covering the Maqu and Shiquanhe networks are 70 and 20 for the ERA5-land product, 12
240 and 4 for the GLDAS Noah product, and only one for the MERRAZ2 product. Moreover, the ERA5-land and
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241 MERRAZ2 products with the temporal resolution of hourly and 3-hourly are averaged to daily-scale, and the
242 unit of GLDAS Noah SM is converted from kg m™ to m® m=. The uppermost layer of the ERA5-land (0-7
243 c¢m), MERRAZ2 (0-5 cm), and GLDAS Noah SM products (0-10 cm) are considered to match the in situ
244 observations at depth of 5 cm.

245 4 Results
246 4.1 Inter-comparison of soil moisture upscaling methods

247 In this section, four upscaling methods (see Section 3.1) are inter-compared first with the input of all the
248  available SM monitoring sites for a single year in the Maqu and Shiquanhe networks to find the most suitable
249  upscaled SM that can best represent the areal conditions. Later on, the performance of the four upscaling
250  methods is further investigated with the input of different numbers of SM monitoring sites to find the most
251 suitable method for producing long-term (~10 year) upscaled SM for the Maqu and Shiquanhe networks.
252 Fig. 2 shows the time series of daily average SM for the Maqu and Shiquanhe networks produced by the four
253 upscaling methods based on the maximum number of available SM monitoring sites (hereafter “SMaa-max”,
254 “SMvp-max”, “SMrs.max”’, and “SMarti-max’). Two different periods are selected for the two networks due to the
255 fact that the number of available sites reaches the maximum in different periods for the two network, e.g. 17
256 sites for Maqu between November 2009 and October 2010 and 12 sites for Shiquanhe between August 2018
257  and July 2019, respectively (see Tables Al and A2 in the Appendix A). For the Maqu network, the SMaa-
258 max, SMvp-max, and SMrs.max are comparable to each other, while the SMari-max Shows distinct deviations
259 during the winter (between December and February) and summer periods (between June and August). On
260  the other hand, the SMari.max for the Shiquanhe network is comparable to SMaa-max and SMyp-max, While
261  deviation is observed for the SMrs.max. It seems that the AT method performs better in the Shiquanhe network
262 due to the existence of a strong relationship between z and @ in the desert ecosystem.

263 Table 6 lists the values of mean relative difference (MRD), standard deviation of the relative difference
264  (o(RD)), and comprehensive evaluation criterion (CEC) calculated for the upscaled SM produced by the
265 four upscaling methods. The CEC (see Eq.(A6) in the Appendix A) is used here to determine the most suitable
266 upscaled SM that can best represent the areal conditions for the two networks, and the MRD (Eq.(A4))
267 and o(RD) (Eq.(A3)) can be used to represent the bias and accuracy of the upscaled SM. It can be found that
268 the SMaa-max Yields the lowest CEC values for both networks, indicating that the SMaa-max can be used to
269 represent actual areal conditions, which will thus be regarded as the ground truth for following analyses
270  (hereafter “SMyun”).

271 Asshown in Tables Al and A2 (see Appendix A), the number of available SM monitoring sites decreases
272 with increasing time span of in situ measurements. There are only three (i.e. CST05, NST01, and NST03)
273 and four (i.e. SQ02, SQ03, SQO6, and SQ14) sites that provided more than nine years of in situ SM
274 measurement data for the Maqu and Shiquanhe networks, respectively (see Tables 3 and 4). This indicates

275  that the minimum number of available sites can be used to produce the long-term (~10 year) consistent
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276 upscaled SM are three and four for the Maqu and Shiquanhe networks, respectively. Fig. 3 shows the daily
277 average SM time series produced by the four upscaling methods based on the minimum available monitoring
278 sites (hereafter “AA-min”, “TS-min”, “VD-min”, and “ATI-min”). The SMyuyn obtained by the AA-max is
279 also shown for comparison purpose. For the Maqu network, the upscaled SM produced by the AA-min, VD-
280 min, and TS-min generally capture well the SMyu Variations, while the upscaled SM of the ATI-min shows
281 dramatic deviations. Similarly, the upscaled SM produced by the AA-min and VVD-min are consistent with
282 the SMyun for the Shiquanhe network with slight overestimations, while significant deviations are noted for
283 the upscaled SM of the TS-min and ATI-min. Table 7 lists the error statistics (e.g. Bias, RMSE, ubRMSE,
284  and NSE) computed between the upscaled SM produced by these four upscaling methods with the input of
285 minimum available sites and the SMyuh. The upscaled SM produced by the AA-min shows better
286 performance for both networks as indicated by the lower RMSE and higher NSE values in comparison to the
287 other three upscaling methods.

288 Apart from the maximum and minimum numbers of available SM monitoring sites mentioned above, there
289 are about 14, 10, 8, and 6 available sites during different time spans for the Maqu network, and for the
290 Shiquanhe network are about 11, 10, 6 and 5 available sites (see Tables Al and A2 in the Appendix A). Fig.
291 4 shows the bar chart of error statistics (i.e. RMSE and NSE) computed between the SMyun and the upscaled
292 SM produced by the four upscaling methods based on the input of different number of available sites. For
293 the Maqu network, the performances of the AA and VD methods are better than the TS and ATI methods as
294 indicated by smaller RMSEs and higher NSEs for all the estimations. A similar conclusion can be obtained
295 for the Shiquanhe network, while the performance of the ATI method is largely improved when the number
296 of available sites is not less than 10. It is interesting to note that the upscaled SM produced by the AA-min
297  are comparable to those produced with more available sites (e.g. 10 sites) as indicated by comparable RMSE
298 and NSE values for both networks. It indicates that the AA-min is suitable to produce long-term (~10 years)
299 upscaled SM for both networks, which yield RMSEs of 0.022 and 0.011 m® m= for the Maqu and Shiquanhe
300 networks in comparison to the SMyun produced by the AA-max based on the maximum available sites.

301 4.2 Long-term analysis of upscaled soil moisture measurements

302 In this section, the AA-min is first adopted to produce the consecutive upscaled SM time series (hereafter
303  “SMaamin”) for an approximately 10-year period for the Maqu and Shiquanhe networks, respectively. In
304  addition, the other time series of upscaled SM are produced by the AA method with input of all available SM
305  monitoring sites regardless of the continuity (hereafter “SMaa-vaiia””), which is widely used to validate the
306  various SM products (Dente et al. 2012a; Chen et al. 2013; Zheng et al. 2018b) for a short term period (e.g.
307 <2 years). This method may, however, leads to inconsistent SM time series for a long-term period due to the
308 fact that the number of available sites is different in distinct periods (see Tables Al and A2 in the Appendix
309 A).

310 Fig. 5a shows the time series of SMaa.minand SMaa-vaiid along with the daily precipitation data for the Maqu
311 network during the period between May 2009 and May 2019. Both two time series of the SM show similar
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312 seasonality with low values in winter due to frozen of soil and high values in summer due to rainfall.
313 Deviations can be observed between the SMaa-min and SMaa-vaiia €specially for the period between 2014 and
314 2019, whereby the SMaa-vaiid tends to produce smaller SM values in the warm season. Figs. 5b-5d show
315 further the trends of the SMaa-min, SMaa-vaiid, and precipitation for a 10-year period produced by the M-K
316 analysis method, respectively. As described in Section 3.2, the statistics UF and associated critical values,
317 e.g. UFgos = £1.96, can be used to indicate the tendency and significance of the detected trend, and the
318 intersection of the UF and UB determines the mutation node. It can be found that both SMaa-minand SMaa-
319  vaid demonstrate a drying trend (UF < 0) that generally follows the trend of precipitation change for the entire
320  period. Difference can be observed between the trends of SMaa-min and SMaa-vaiis, Whereby a significant
321 drying trend is found for the SMaa-vaiia Since 2014 due to the change of available SM monitoring sites (see
322 Table Al). Specifically, several sites (e.g. NST11- NST15) located in the wetter area were damaged since
323 2013, and four new sites (i.e. NST21- NST25) were installed in the drier area in 2015 (see Table 3) that affect
324 the trend of the SMaa-valid.

325 Fig. 6a shows the time series of the SMaa-min and SMaa-vaiia along with the daily precipitation data for the
326 Shiquanhe network during the period between August 2010 and August 2019. Both time series of the SM
327 show similar seasonal variations as the Maqu network. However, obvious deviation can be noted for the
328 inter-annual variations, and the SMaa-vaiia tends to produce lager values before 2014 but smaller values since
329 then. Figs. 6b-6d show further the trends of the SMaa.min, SMaa-vaiia, and precipitation, respectively. The
330 SMaa-min demonstrates a wetting trend (UF > 0) that generally follows the trend of precipitation change,
331 while an opposite tendency is found for the SM aa-vaiid due to the change of available SM monitoring sites in
332 distinct year (see Table A2). Specifically, several sites (e.g. SQ11 and SQ12) located in the wetter area were
333  damaged around 2014, and five new sites (i.e. SQ17-21) were installed in the drier area in 2016.

334 In summary, the trends of the SMaa-min generally follow the trends of precipitation for both networks, while
335  an opposite tendency is found for the SMaa-vaiid in the Shiquanhe network. The SMaa-vaiia are likely affected
336 by the change of available SM monitoring sites over time that leads to inconsistent time series of SM. This
337 indicates that the SMaa.min is superior to the SMaa-vaiia for the production of the long-term consistent upscaled
338 SM time series. A drying trend is noted for the Maqu network due to weakening of monsoon that reduces the
339 precipitation in the eastern part of TP, while a wetting trend is found for the Shiquanhe network due to the
340  warming and moistening of atmosphere that leads to increasing convective rainfall in the western part of the
341 TP (Yangetal., 2014).

342 4.3 Application of the long-term upscaled soil moisture to validate the model-based products

343 In this subsection, the long-term upscaled SM time series (i.e. SMaa-min) produced for the two networks are
344  applied to validate the reliability of three model-based SM products, i.e. ERA5-land, MERRAZ2, and GLDAS
345 Noah. Since the ERA5-land only provides the data of volumetric total soil water content, the period when
346 the soil is subject to freezing and thawing transition (i.e. November-April) is excluded for this evaluation.
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347 Fig. 7a shows the time series of SMaa-minand daily average SM data derived from the three products for the
348 Maqu network during the period between May 2009 and May 2019. The error statistics, i.e. bias and RMSE,
349 computed between the three products and the SMaa-min for both warm (May-October) and cold seasons
350 (November-April) are given in Table 8. Although the three products generally capture the seasonal variations
351 of the SMaa-min, the magnitude of the temporal SM variability is underestimated. Both GLDAS Noah and
352 MERRAZ2 products underestimate the SM measurements during the warm season leading to bias of about -
353 0.112 and -0.113 m® m3, respectively. This may be due to the fact that the LSMs adopted for producing these
354 products do not consider the impact of vertical soil heterogeneity caused by organic matter contents widely
355 existed in the surface layer of the Tibetan soil (Chen et al., 2013; Zheng et al., 2015a). In addition, the
356 MERRAZ2 product overestimates the SM measurements during the cold season with bias of about 0.006 m®
357 m=. The ERA5-land product is able to capture the magnitude of SMaa-min dynamics in the warm season but
358  with more fluctuation that yields a RMSE of about 0.067 m® m. The trends of the SM derived from the
359 SMaa-min @nd the three products for the warm and cold seasons are shown in Fig. Al (see Appendix A). Both
360 the GLDAS Noah and MERRA2 products cannot reproduce the tendency and mutation node of the SMaa-min
361 for both warm and cold seasons, and an opposite trend is noted for the GLDAS Noah product in cold season.
362 The ERA5-land product is able to capture the trend of the SMaa-min but with higher significance of drying
363  trend in the warm season.

364 Fig. 7b shows the time series of SMaa-minand daily SM data derived from the three products for the Shiquanhe
365 network during the period between August 2010 and August 2018, and the corresponding error statistics are
366 given in Table 8 as well. Although the three products generally capture the seasonal variations of the SMaa-
367  min, both GLDAS Noah and MERRAZ2 products overestimate the SMaa-min for the entire study period leading
368  to positive bias values, and overestimation is also noted for the ERA5-land product in the warm season with
369 bias of about 0.002 m® m3.The trends of the SM derived from the SMaa.min and the three products for the
370  warm and cold seasons are shown in Fig. A2 (see Appendix A). For the warm season, it is observed that both
371 MERRAZ2 and ERA5-land products are able to reproduce the wetting trend of the SMaa-min, While an opposite
372 drying trend is noted for the GLDAS Noah product since 2015. For the cold season, the MERRA2 product
373 also shows a comparable tendency with the SMaa-min, While the GLDAS Noah product shows an opposite
374 trend.

375 In summary, the currently model-based SM products still show deficiencies in representing the trend and
376  variation of measured SM dynamics for a long-term period (~10 years) in the Tibetan grassland and desert

377  ecosystems that dominate the landscape of the TP.

378 5 Discussion

379 As shown in previous sections, the number of available SM monitoring sites in the Tibet-Obs generally
380 change with time, and there are not more than four sites providing more than 9 years of SM measurements
381  for each network. The arithmetic average of all the available sites in each year leads to inconsistent time

382 series of SM (i.e. SMaa-aig, Section 4.2), while only utilizing the sites with long-term continuous
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383 measurements also shows biases, i.e. with RMSEs of 0.022 and 0.011 m? m= for the Maqu and Shiquanhe
384 networks (Section 4.1). Therefore, it is necessary to find an appropriate strategy to maintain the Tibet-Obs
385 for providing high-quality and long-term continuous SM measurements for the future. This section discusses
386 the possible strategies for the Maqu and Shiquanhe networks as examples.

387 The impact of the number of available SM monitoring sites on the estimation of regional average SM is first
388 quantified. A sensitivity analysis is conducted by changing the number of combined sites from 1 to
389 maximum-1 using the random sampling method, and the time series of SM measurements described in
390 Section 4.1 are adopted for the analysis (hereafter “control period”). The uncertainty of each combination is
391  quantified by calculating the RMSE between the estimation of regional average SM and the SMruth, which
392 can be used to determine the number of monitoring sites required to achieve a specified uncertainty
393  (Famiglietti et al., 2008; Zhao et al., 2013). Nine levels of RMSE standard are defined ranging from 0.004 to
394  0.02 m®*m? at first, then the percentage of each combination’s RMSE falling into different RMSE levels is
395 computed as shown in Table 9. In general, the percentage increases with increasing number of available sites
396 at any defined RMSE levels, which decreases when increasing the level of defined RMSE standard from 0.02
397  t00.004 m® m?3, If the RMSE standard is set as 0.004 m® m, it is suggested to keep 16 and 11 sites for the
398 Maqu and Shiquanhe networks to get a chance of more than 50 % to achieve the defined standard. The
399 required number of sites decreases when lowering the RMSE standard to 0.01 m® m-3, whereby 13 and 6 sites
400 are recommended to get a chance of about 60 % for satisfying the defined standard. For the RMSE standard
401 of 0.02 m® m?3, it is suggested to keep 7 and 3 sites to get a chance of more than 50 % to achieve the defined
402 standard. In summary, the number of available sites required to maintain current networks depends on the
403  defined RMSE standard.

404 As shown in Section 4.1, the usage of a minimum number of sites with about 10-year continuous
405  measurements yields RMSEs of 0.022 and 0.011 m® m for the Maqu and Shiquanhe networks. In other
406  words, it is suggested to maintain well the three (i.e. CST05, NSTO01, and NST03) and four (i.e. SQ02, SQ03,
407 SQO06, and SQ14) monitoring sites for the Maqu and Shiquanhe networks if the RMSE standard are set as
408 0.022 and 0.011 m® m3, respectively. Since there are still 12 sites providing SM measurements for both
409  networks until 2019 (see Tables 3 and 4), it is possible to decrease the RMSE values if the sites selected for
410 maintaining are appropriately determined. For the Shiquanhe network, the optimal strategy is to keep the
411 current 12 sites, which is exactly the combination used in Section 4.1. For the Maqu network, as shown in
412 Table 9, the best level of RMSE can reach to 0.006 m® m3with the chance of 3.52 % for the combination of
413 12 sites. In order to find the optimal combination of the 12 sites for the Maqu network, all the possible
414 combinations (i.e. C}? = 6188) are ranked through RMSE values from the smallest to largest. Table 10 lists
415 the ranking 1-5 and 96-100 combinations, and it can be found that the 100" combination includes the
416  maximum number of currently available sites (i.e. 7 sites including CST03, CST05, NST01, NST03, NST05,
417 NSTO06, and NST10) with a RMSE of less than 0.006 m® m™. Therefore, the 100" combination of monitoring

418 sites is suggested for the Maqu network.
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419 In summary, it is suggested to maintain well current 12 sites for the Shiquanhe network, while for the Maqu
420 network it is suggested to restore five old sites, i.e. CST02, NST11, NST13, NST14, and NST15.

421 6 Data availability

422 The 10-year (2009-2019) surface SM dataset is freely available from the 4TU.ResearchData repository at
423 https://doi.org/10.4121/uuid:21220b23-ff36-4ca9-a08f-ccd53782e834 (Zhang et al., 2020). The original in
424 situ and upscaled SM data is stored in .xlsx files. A user information file is given to introduce the content of

425 these files and provide the download linkage of existing data and script used in this paper.

426 7 Conclusions

427 In this paper, we report on the status of the Tibet-Obs and present the long-term in situ SM and spatially
428  upscaled SM dataset for the period 2009-2019. In general, the number of available SM monitoring sites
429 decreased over time due to damage of sensors. Until 2019, there are only three and four sites that provide an
430  approximately 10-year consistent SM measurements for the Maqu and Shiquanhe networks, respectively.
431  Comparisons between four upscaling methods, i.e. arithmetic averaging (AA), Voronoi diagram (VD), time
432 stability (TS) and apparent thermal inertia (ATI), show that the AA method with input of maximum number
433 of available SM monitoring sites (AA-max) can be used to represent the actual areal SM conditions (SMiuth).
434 The arithmetic average of the three and four sites with long-term continuous measurements (AA-min) are
435  found to be most suitable to produce the upscaled SM dataset for the period 2009-2019, which may yield
436 RMSEs of 0.022 and 0.011 m® m for the Magu and Shiguanhe networks in comparison to the SMirytn.

437 Trend analysis of the approximately 10-year upsclaed SM datasets produced by the AA-min (SMaa-min)
438  shows that the Maqu area in the eastern part of TP is drying while the Shiquanhe area in the west is getting
439  wet that generally follow the change of precipitation. The usage of all the available sites in each year leads
440 to inconsistent time series of SM that cannot capture well the trend of precipitation changes. Comparisons
441 between the SMaa-min and the model-based SM derived from the GLDAS Noah, MERRA2, and ERA5-land
442  products further demonstrate that current model-based SM products still show deficiencies in representing
443 the trend and variation of measured SM dynamics on the TP. Moreover, strategies for maintaining the Tibet-
444 Obs are provided, and it is suggested to maintain well current 12 sites for the Shiquanhe network, while for
445 the Maqu network it is suggested to restore five old sites.

446  The 10-year (2009-2019) surface SM dataset presented in this paper includes the 15-min in situ measurements
447  taken at a depth of 5 cm collected from three regional-scale networks (i.e. Maqu, Naqu, and Ngari including
448  Ali and Shiquanhe) of the Tibet-Obs, and the spatially upscaled SM datasets produced by the AA-min for
449 the Maqu and Shiquanhe networks. This dataset is valuable for calibrating/validating long-term satellite- and
450  model-based SM products, evaluation of SM upscaling methods, development of data fusion methods, and
451 quantifying the coupling strength between precipitation and SM at 10-year scale.
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619 Fig. 2. Comparisons of daily average SM for the (a) Maqu and (b) Shiquanhe networks produced by the four
620 upscaling methods with input of maximum number of available SM monitoring sites.
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642 Table 1. Summary of the main Tibet-Obs applications and corresponding findings.

Earth System
Science

Data

Literature

In situ data

Satellite- and/or model-based products

Key findings

Dente et al.
(2012a)

Dente et al.
(2012b)

Zeng et al.
(2015)

Zheng et al.

(2015a)

Bi & Ma
(2015)

Lietal.
(2018)

Zhao et al.
(2017)

Juetal.
(2019)

Zheng et al.

(2018b)

Zhang et al.

(2018)

Maqu network,
period between
2008 and 2009

Maqu network,
period of 2010

Maqu network,
period between
2008 and 2010

Maqu network,
period between
2009 and 2010

Maqu network,
period between
2008 and 2011

Maqu network,
period between
2015 and 2016

Maqu network,
period between
2008 and 2010

Maqu network,
period of 2012

Ngari network,
period between
2015 and 2016

Maqu and Ngari
networks, period
between 2010
and 2013

LPRM AMSR-E SM product, ASCAT SM
product

Soil Moisture and Ocean Salinity (SMOS)
Level 2 SM product

SMOS Level 3 SM product (version 2.45),

Advanced Microwave Scanning Radiometer

for Earth Observation System SM products
(AMSR-E) SM products developed by
National Aeronautics and Space
Administration (NASA version 6), Land
Parameter Retrieval Model (LPRM version
2), and Japan Aerospace Exploration
Agency (JAXA version 700), AMSR2
Level 3 SM product (version 1.11),
Advanced Scatterometer SM product
(ASCAT version TU-Wien-WARP 5.5),

ERA-Interim SM product (version 2.0), and

Essential Climate Variable SM product
(ECV version 02.0)

Noah LSM (land surface model)
simulations

GLDAS SM products produced by Noah,
Mosaic CLM and Variable Infiltration
Capacity (VIC) models

Soil Moisture Active Passive (SMAP)
Level 3 standard (36km) and enhanced
(9km) passive SM products (version 3),
Community Land Model (CLM4.5)
simulations

Downscaled SM from five typical triangle-
based empirical SM relationship models

VIC LSM simulations

SMAP Level 2 radiometer SM product

ERA-Interim SM product, MERRA SM
product, GLDAS_Noah SM product
(version2.0 and version2.1)

i) The weighted average of SM depended on
the percentage spatial coverage strata can be
regarded as the ground reference.

i) The AMSR-E and ASCAT products are
able to provide reasonable area SM during
monsoon seasons.

The SMOS product exhibits a systematic dry
bias (0.13 m® m™®) at the Maqu network.

i) The ECV and ERA products give the best
performance, and all products are able to
capture the SM dynamic except for the NASA
product.

i) The JAXA AMSR-E/AMSR?2 products
underestimate SM, while the ASCAT product
overestimates it.

iii) The SMOS product exhibits big noise and
bias, and the LPRM AMSR-E product shows a
significantly larger seasonal amplitude.

The modified hydraulic parameterization is
able to resolve the SM underestimation in the
upper soil layer under wet conditions, and it
also leads to better capture for SM profile
dynamics combined with the modified root
distribution.

The SM simulated by the four LSMs can give
reasonable SM dynamics but still show
negative biases probably resulted from the
high soil organic carbon content.

i) The standard and enhanced SMAP products
have similar performance for SM spatial
distributions.

ii) The SM of enhanced SMAP product
exhibits good agreement with the CLM4.5 SM
simulation.

The model treating the surface SM as a
second-order polynomial with LST, vegetation
indices, and surface albedo outperforms other
models.

The IEPFM (immune evolution particle filter
with Markov chain Monte Carlo simulation) is
able to mitigate particle impoverishment and
provide better assimilation results.

Modifying surface roughness and employing
soil temperature and texture information can
improve the SMAP SM retrievals for the
desert ecosystem of the TP.

All these products exhibit overestimation at
the Ngari network while underestimation at the
Magqu network except for the ERA-Interim
product.
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Data

Zheng et al.

(2018a)

Wei et al.

(2019)

Liu et al.
(2019)

Yang et al.
(2020)

Suetal.
(2013)

Zeng et al.
(2016)

Cheng et al.

(2019)

Maqu and Ngari
networks, period
between 2015
and 2016

Maqu and Ngari
networks, period
between 2015
and 2016

Maqu and Ngari
networks, period
between 2012
and 2016

Maqu and Ngari
network, period
between 2008
and 2011

Maqu and Naqu
networks, period
between 2008
and 2009.

Maqu, Naqu and
Ngari networks,
period between
2010 and 2011
Maqu, Naqu and
Ngari networks,
period of 2010

SMAP Level 1C radiometer brightness
temperature products (version 3)

SMAP Level 3 SM passive product

SMAP Level 3 SM products (version 4.00),
SMOS-IC SM products (version 105),
Fengyun-3B Microwave Radiation

Image SM product (FY3B MWRI), JAXA
AMSR?2 Level 3 SM product, LPRM
AMSR?2 Level 3 SM product (version 3.00)

AMSR-E brightness temperature product

AMSR-E SM product, ASCAT Level 2 SM
product, ECMWF SM analyses i.e.
optimum interpolation and extended
Kalman filter products

LPRM AMSR-E SM product, ERA-Interim
SM product

European Space Agency Climate Change
Initiative Soil Moisture SM product (ESA
CCISM version 4.4), ERA5 SM product

i) The SMAP algorithm underestimates the
significance of surface roughness while
overestimates the impact of vegetation.
i) The modified brightness temperature
simulation can result in better SM retrievals.

The downscaled SM still can keep accuracy
compared to the SM of original SMAP
product.

i) The JAXA AMSR2 product underestimates
area SM while the LPRM AMSR2 product
overestimates it.

i) The SMOS-IC product exhibits some noise
of SM temporal variation.

iii) The SMAP product has the highest
accuracy among the five products while FY3B
shows relatively lower accuracy.

The assimilated SM products exhibit higher
accuracy than the AMSR-E product and LSM
simulations for wet areas, whereas their
accuracy is similar for dry areas.

i) The Naqu area SM is overestimated by the
ECMWEF products in monsoon seasons, while
the Maqu area SM produced by the ECMWF
is comparable to previous studies.

ii) The SM estimate cannot be considerably
improved by assimilating ASCAT data due to
the CDF matching approach and the data
quality.

The blended SM is able to capture temporal
variations across different climatic zones over
the TP.

i) The seasonal variation and spatial
distribution of SM can be captured by all four
products i.e., ESA CCl_active, ESA

CClI_passive, ESA CCl_combined, and ERAS5.

ii) The ESA CCI_active and ESA
CCI_combined products exhibit narrower
magnitude than the ESA CCI passive and
ERADS products.

iii) The SM uptrend across the TP can be
found from the ERAS5 product.
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X . X Dominated Dominated
Networks Sites Elevation (m) Climate .
land cover soil texture
Maqu 28 3400-3800 Cold humid Grassland Silt loam
. Shiquanhe 21 4200-4700 . X
Ngari . Cold arid Desert Fine sand
Ali 4 4250-4300
Naqu 11 4500 Cold semiarid Grassland Loamy sand

645

Table 3. Data records of all the SMST monitoring sites performed for the Maqu network. Green shaded cells
represent that there is not data missing, blue and pink shaded cells represent that the lengths of data missing are
less than and more than one month for each year, respectively. Blank cells represent that there is not measurement

performed. The number represents the month(s) when the data is missing.

Data length
2000 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Pgreends
CSTO1 10~12 | 18 36
10-12
csT02 512 | 110 | 6 | 7-12 46
CsTo3 6-12 | 1-10 | 7-12 19 | 5-12 68
13 | 12
csTo4 | 1-5 2 |5 2 s | 2 1-6 | 7~12 73
CsT05 6 5-7 12 | 6-12 119
NSTOL | 1-5 6 57 6-12 116
7-8
NSTO2 | 1-3 1032 40
NSTO3 5-10 6 57 6-12 115
NSTO4 10-12 33
NSTO5 | 3-5 612 | 17 57 | 712 | 17 | 6-12 92
1~3
NST06 | 13 6 67 | 812 | 17 | 6-12 104
12 | 12 | 18
NSTO7 3 612 | 1 2 | 2T e 101
24 | . } } } )
NSTO8 o | 15 6-10 | 1-10 67 6-12 9
1-4 12 =3 | 12
NsTog | 1,12 | oF | 1-3 e |70 |2 | Y 6-12 99
NST10 12 | 20| 16 | 612 1-7 | 6-12 4
NST11 78 | 6 | 7-12 63
NST12 | 1012 | 1-9 6-12 | 1-10 | 7-12 49
NST13 6 7~12 77
NST14 | 6-9 6 | 10-12 64
NST15 10-12 | 1-5 | 6-12 33
NST21 1~7 | 7~12 11
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NST22 1~7 7~12 11
NST24 1~7 2~12 1~7 6~12 40
NST25 1~7 2-12 | 1-8 6~12 39
NST31 1-8 7~12 10
NST32 1-5 6~12 12

650
Table 4. Same as the Table 3 but for the Ngari network.
‘ 2010 ‘ 2011 ‘ 2012 ‘ 2013 ‘ 2014 ‘ 2015 ‘ 2016 ‘ 2017 ’ 2018 ‘ 2019 ‘Datalength (months)
Shiquanhe network

SQO01 1~7 9~12 1~9 52
SQ02 1~7 5~9 9~12 104
SQ03 1~7 8~9 9~12 107
SQ04 1~7 9~12 25
SQ05 1~7 Er=A12 45
SQ06 1~7 9~12 1 2~9 9~12 96
SQo07 1~7 9~12 1-8 7-8 7~-8 9~12 93
SQ08 1~7 | 8~12 1-8 8~9 9~12 82
SQ09 1~7 9~12 1~8 | 9-12 37
SQ10 1-8 7~12 1~9 7~12 1-8 9~12 67
SQ11 1~7 9~12 1-8 9~12 49
SQ12 1~7 9~12 25
SQ13 1~7 | 8~12 12
so14 | 17 3?9 9-12 106
SQ16 1~7 7~8 3-8 9~12 53
SQ17 1-8 9~12 36
SQ18 1~8 1 9~12 23
SQ19 1~8 9~12 36
SQ20 1~8 9~12 36
SQ21 1~8 9~12 36

Ali network

Ail 1~7 9~12 1-8 1~8 | 8~12 40
Aliol 1~7 8~12 1~8 8 8~12 82
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) 1~7
Alio2 | 3 0o | 18 8 8~12 85
Ali03 1~7 3-12 | 1-8 8~12 78
Table 5. Same as the Table 3 but for the Naqu network.
2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Data length (months)
Naqu 1~7 8~9 6~8 6~9 9~12 1~8 9~12 88
East 1~8 9~12 24
West 1~7 1~8 1~9 7~12 1~7 8~12 42
1-8 1~3

North 11~12 . 9~12 1-8 | 9~12 | 1-8 | 9~12 42
South 1~8 9~12 12
Kema 1~9 3~9 8~12 26

Ms 1~7 10-12 | 1-9 89 1~5 9-12 | 1-8 | 9~12 76

11~12

NQO1 1~8 | 9~12 12
NQO02 1~8 | 9~12 12
NQO3 1-8 9~12 1~8 9~12 24
NQO04 1~8 | 9~12 12

655 Table 6. Evaluated metrics computed for the upscaled SM produced by the four upscaling methods with input of

the maximum available monitoring sites.

Maqu Shiquanhe
Methods
MRD o(RD) CEC MRD o(RD) CEC
AA-max 0.009 0.054 0.055 0.012 0.046 0.047
TS-max 0.022 0.089 0.092 0.011 0.114 0.114
VD-max -0.026 0.064 0.069 -0.042 0.033 0.053
ATI-max -0.005 0.145 0.145 0.016 0.068 0.070

Table 7. Error statistics computed between the SM obtained by the four upscaling methods with input of minimum
available sites and the SMiruth produced by the AA-max for the Maqu and Shiquanhe networks.

Bias (m*m?) RMSE(m® m®) UbRMSE(m*m™®) NSE
Maqu
AA-min 0.005 0.022 0.021 0.954
TS-min 0.025 0.050 0.044 0.747
VD-min -0.007 0.022 0.020 0.954
ATI-min -0.052 0.099 0.084 0.030
Shiquanhe
AA-min 0.010 0.011 0.005 0.816
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TS-min

VD-min
ATI-min

-0.001
0.019
-0.001

0.013
0.020
0.021

0.013
0.006
0.021

0.768
0.400
0.393

660

Table 8. Error statistics computed between the SMaa-min and the three model-based SM products for the Maqu

and Shiquanhe networks.

Bias (m*m) RMSE (m®*m®) Bias (m*m=) RMSE (m®*m®)
Warm season Cold season
Maqu

ERAS5-land 0.050 0.067 - -
GLDAS Noah -0.112 0.125 -0.049 0.088

MERRA2 -0.113 0.124 0.006 0.097

Shiquanhe

ERAS5-land 0.002 0.079 - -
GLDAS Noah 0.010 0.116 0.052 0.058

MERRA2 0.054 0.069 0.049 0.053

Table 9. Percentages of each combination’s RMSE fall into different levels of defined RMSE standard.

RMSE 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
Maqu network

n=1 (%)

n=2 (%) 0.74 3.68
n=3 (%) 0.44 1.32 3.97 7.79
n=4 (%) 0.21 1.05 3.74 9.16 16.93
n=5 (%) 0.03 0.58 3.10 9.31 18.23 28.18
n=6 (%) 0.09 1.87 8.27 19.18 31.22 42.36
n=7 (%) 0.69 6.21 18.11 3191 43.98 54.32
n=8 (%) 0.08 3.29 14.97 30.32 43.97 55.36 64.79
n=9 (%) 0.84 9.58 26.27 42.42 55.47 65.94 74.16
n=10 (%) 0.01 391 19.74 38.94 54.41 66.13 75.21 82.23
n=11 (%) 0.53 11.10 32.92 51.7 65.66 75.9 83.32 88.87
n=12 (%) 3.52 23.95 47.3 64.03 75.87 84.45 90.14 94.30
n=13 (%) 0.29 13.82 39.87 61.81 75.67 85.38 91.55 95.38 97.77
n=14 (%) 3.68 32.35 57.79 74.85 86.47 92.79 96.91 98.82 99.41
n=15 (%) 21.32 56.62 75.00 88.97 95.59 98.53 99.26 100.00 100.00
n=16 (%) 52.94 82.35 94.12 94.12 100.00 100.00 100.00 100.00 100.00

Shiquanhe network

n=1 (%) 8.33 16.67 25.00
n=2 (%) 152 152 455 13.64 30.30 37.88 4242 48.48
n=3 (%) 6.82 21.36 25.45 33.18 42.73 53.18 59.55 65.00
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n=4 (%) 1.62 1131 29.7 41.41 51.11 57.37 63.23 70.51 77.58
n=5 (%) 3.66 23.11 36.87 49.12 60.23 68.18 76.14 82.32 88.26
n=6 (%) 11.36 30.95 44.37 59.85 70.24 79.11 85.28 90.15 93.29
n=7 (%) 20.20 39.77 56.06 68.31 77.90 86.87 93.43 96.84 98.48
n=8 (%) 29.29 50.51 62.63 77.58 89.09 96.57 97.98 98.99 99.60
n=9 (%) 33.64 59.55 82.73 91.36 96.36 98.18 99.55 99.55 100.00
n=10 (%) 48.48 78.79 92.42 96.97 96.97 100.00 100.00 100.00 100.00
n=11 (%) 83.33 91.67 100.00 100.00 100.00 100.00 100.00 100.00 100.00

665

Table 10. The combinations of sites ranked by RMSE values of SM at the Maqu network.

Rank Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site8 Site9 Site10 Sitell Site12 RMSE

1 CSTO1  CST02  NST02 NSTO3  NST04 NSTO5 NSTO6 NSTO7 NST10 NST13  NST14  NST15  0.00402
2 CSTO1  CST02 CSTO4 NSTO1 NSTO2 NSTO3 NSTO4 NSTO5S NSTO6 NSTO7 NST13  NST15  0.00417
3 CST02  NSTO1  NSTO2 NSTO3 NST04 NSTO5 NSTO6 NSTO7 NSTI0 NST13  NST14 NST15  0.00450
4 CSTO1  CST02  NSTO1  NST02 NSTO3  NST04 NSTO5 NSTO6 NSTO7 NST13  NST14  NST15  0.00450
5 CSTO1  CST02 CSTO3  NSTO2 NSTO3 NST04 NSTO5 NSTO6 NSTO7 NST10 NST14 NST15  0.00451
96 CSTO1  CST02 CSTO3  CST04 CSTO5 NSTO3  NSTO6 NST10 NST11  NST13 NST14 NST15  0.00555
97 CSTO1  CST02 CSTO3  NSTO1  NSTO2 NST04 NSTO5 NSTO6 NST11  NST13  NST14 NST15  0.00555
98 CSTO01  CST02 CSTO3  CST04 CSTO5 NSTO1 NSTO2 NSTO5 NST06 NST10 NST11  NST15  0.00556
99 CSTO3  NST02 NSTO3 NST04 NSTO5 NST06 NSTO7 NST10 NST11  NST13 NST14 NST15  0.00557

100 CST02 CST03 CSTO05 NSTOL NSTO3 NSTO5 NST06 NST10 NST11 NST13 NST14 NST15  0.00557

Appendix A
A.1 Arithmetic averaging

670 The arithmetic averaging method assigns an equal weight coefficient to each SM monitoring site of the

network, which can be formulated as:

— 1
gy = 13N oots (A1)

where i represents the i SM monitoring site.

A.2 Voronoi diagram

675 The Voronoi diagram method divides the network area into several parts according to the distances between
each SM monitoring site. This approach determines the weight of each site (w; [-]) based on the geographic
distribution of all the SM monitoring sites within the network area, which can be formulated as:

gurs _ SlLowogt” 2

N
t Yi=1 Wi
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A.3 Time stability

680 The time stability method is based on the assumption that the spatial SM pattern over time tends to be
consistent (Vachaud et al., 1985), and the most stable site can be regarded as the representative site of the
network. For each SM monitoring site i within the time window (M days in total), the mean relative

difference MRD; [-] and standard deviation of the relative difference o(RD;) [-] are estimated as:

1
o(RD;)) = |——=XM,(RD,; — MRD;)? (A3)
I
685 MRD; = - ¥il, o (A4)
obs_pobs
RD,, = 2% (A5)

obs
gt

where 6275 [m® m~] represents the SM measured on the t" day at the i"" monitoring site, @ [m® m3]
represents the mean SM measured at all available monitoring sites on the t day. MRD; quantifies the bias of
each SM monitoring site to identify a particular location is wetter or drier than regional mean, and o(RD;)
690 characterizes the precision of the SM measurement. Jacobs et al., (2004) combined above two statistical

metrics as a comprehensive evaluation criterion (CEC; [-]):

CEC; = \/(MRD;)? + o(RD;)? (A6)
On the basis of the rank - ordered CEC; of all monitoring sites, the most stable site is identified by the lowest

CEC; value.

695 A.4 Apparent thermal inertia

The apparent thermal inertia method is based on the close relationship between apparent thermal inertia (7
[K™1]) and SM(8 [m® m™]) (Van doninck et al., 2011; Veroustraete et al., 2012). If the true areal SM (8f™
(m?® m?)) is available, then the weight vector 8 can be derived by the ordinary least-squares (OLS) method
that minimizes the cost function J as:

700 ] =3¥M,(0 — pTOP)? (A7)
However, the 87 [m® m] is usually not available in practice, and the representative SM (8; P [m® m]) is
thus introduced that contains random noise but with no bias. Since the OLS method may results in overfitting
with usage of the 8;“?, a regularization term is introduced and Eq. (A7) can be re-formulated as (Tarantola,
2005):

705 ] = XM, (6 — BTO)a 20, - FTO) + apTp (A8)
where o [m® m] represents the standard deviation of 8;°?, « [-] is the regularization parameter.

The core issue of the ATI approach is to obtain the 8;°” and minimize the cost function of Eq. (A8). The
6;°F can be retrieved from the apparent thermal inertia T by the empirical regression, and 7 has strong

connection with the surface status, e.g. land surface temperature and albedo, which is defined as:

70 T=C=° (A9)
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where C [-] represents the solar correction factor, a [-] represents the surface albedo, and A [K] represents

the amplitude of the diurnal temperature cycle. The detailed description of the ATI approach is referred to

Qin et al. (2013).
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Fig. Al. M-K trend analysis of the (a) upscaled SM (SMaa-min), and model-based SM derived from (b) GLDAS
Noah (c) MERRAZ2, and (d) ERA5-land products for both warm and cold seasons at the Maqu network in a 10-

year period.
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Table Al. Soil moisture with temporal persistence for the Maqu network. Green shaded cells represent that there

is not data missing, yellow shaded cells represent there is data missing with little influence.

Time

2009.11~
2010.11

2010.11.~
2011.11

2011.11~
2012.11

2012.11~
2013.11

2013.11~
2014.11

2014.11~
2015.11

2015.11~
2016.11

2016.11~
2017.11

2017.11~
2018.11

CSTO05

NSTO1

NST03

NSTO06

NSTO7

NST13
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NSTO1

NST14

CSTO03

NSTO05

CST01

CST04

NST02

NST04

CST02

NST10

NST15

Valid
stations

17

14

10

Table A2. Same as Table Al but for the Shiquanhe network.

Time

2010.8~
2011.8

2011.8~
2012.8

2012.8~
2013.8

2013.8~
2014.8

2014.8~
2015.8

2015.8~
2016.8

2016.8~
2017.8

2017.8~
2018.8

2018.8~
2019.8

SQ02

SQ03

SQ06

SQ14

SQ08

SQo7

SQ17

SQ19

$Q20

SQ21

SQ10

SQ11

Valid
stations

10

11

12
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