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Abstract: The Soil Moisture Active Passive (SMAP) mission was designed to provide global mapping
of soil moisture (SM) on nested 3, 9, and 36 km earth grids measured by L-band passive and active
microwave sensors. The validation of SMAP SM products is crucial for the application of the products
and improvement of the retrieval algorithm. Since the SMAP SM products were released, much effort
has been invested in the evaluation of the SMAP radiometer SM product (SMAP_P). However, there
has been little validation of SMAP radar (SMAP_A) and active/passive combined (SMAP_AP) SM
products. This paper presents an evaluation of SMAP_P, SMAP_A and SMAP_AP SM products by
using distributed ground observations networks in different landscapes in the Heihe River Basin of
northwestern China. The standard error metrics of SMAP products and relative error are applied to
measure the products’ performances. The results show that the SMAP SM products exhibit consistent
spatial-temporal variation with the ground measurements and typical precipitation events. Three
products show various types of performance capability (e.g., active, passive and combined), surface
coverage (e.g., bare, vegetated) and climatic region (e.g., cold, arid). Relatively, the SMAP_P shows
the best performance, while the SMAP_A performs the worst. The best performances are observed
over bare soils but with overestimation and the largest relative error, and unsatisfactory accuracies
are observed over cold regions and woody vegetated surfaces with underestimation. The vegetation
effect and the freezing-thawing cycle may be major factors that led to an unsatisfactory performance.
Efforts on resolving the influence of these factors are expected to improve the accuracy and to
promote the application of SMAP SM products over these regions. Overall, this evaluation provides
an understanding of SMAP SM products over cold and arid regions, and suggestions for the further
refinement of the SMAP SM retrieval algorithms.
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1. Introduction

The significance of soil moisture (SM) as a terrestrial hydrology state variable has been
well-recognized [1–3]. Therefore, estimating SM with high accuracy is crucial to meet the needs
of various applications. The Soil Moisture Active Passive (SMAP) [4] satellite, launched in January
2015, is the first of the earth observation satellites being developed by the National Aeronautics and
Space Administration (NASA) to provide high resolution global mapping of SM and freeze/thaw
state every 2–3 days on nested 3, 9, and 36-km earth grids measured by a host of passive and active
microwave sensors.
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The SMAP satellite incorporates an L-band (1.26 GHz) radar and an L-band radiometer (1.41 GHz)
to provide 3-km spatial resolution backscattering observation, and 36-km resolution brightness
temperature observation, respectively. Due to the strong penetration capability, the L-band microwave
observations have been recognized as the most promising band for SM estimation [5], especially under
vegetation canopies. The SMAP radar sensor stopped working on 7 July 2015 due to a mechanical
failure, but it could provide nearly 3 months (from 13 April to 7 July 2015) of radar observations and
SM products at 3-km resolution, as well as the 9-km resolution SM products by combining active and
passive observations. Although the SMAP active and combined SM products were only available
during a very short period, they provided the first high spatial resolution SM products at a global
scale. The retrieval algorithms of these two products need to be further refined. In addition, these
multi-scale SM products would be very important in scale-related research into SM estimation; thus,
the evaluation of SMAP SM products (especially the active and combined products) would provide
feedback for the algorithm’s refinement and useful information for research related to scale effect and
scale transformation issues.

Related calibration and validation activities for SMAP have been ongoing, such as the conduction
of SMAPEx [6] and SMAPVEX12 [7] experiments. The validation of the SMAP SM products is of
crucial significance, not only in view of possible applications of these data, but also to provide useful
feedback for the further refinement of the retrieval algorithm. After the release of SMAP products,
several authors [1,8,9] conducted validations of SMAP radiometer and active/passive combined SM
products. However, there is very little literature [10] reporting the evaluation of all three SMAP SM
products. Thus, one of the major objectives of this paper is to validate all three kinds of SM products.

Furthermore, the traditional validation strategies of remote sensing products usually utilize a
single site-based point observation to validate the footprint scale remote sensing products. There is no
doubt that mismatch in the scale introduces large uncertainty in the evaluation [11–14]. Several recent
validation research papers [1,11,12] demonstrate that the average of the multi-point observations can
effectively relieve the uncertainty caused by the scales. Thus, this evaluation utilizes the average of the
distributed ground observation network data to evaluate the SMAP SM products.

The main objective of the present study is to contribute to the evaluation of the available SMAP SM
products, including the active products (SMAP_A), passive products (SMAP_P) and active/passive
combined (SMAP_AP) products, over the cold and arid regions in northwestern China. In this
evaluation, we address two key points. One point is the scale-related issue. At the horizontal
spatial scale, three different resolution SMAP SM products are evaluated using multi-point averaged
ground observations from several nested observation networks [15], distributed in various landscapes,
respectively. At the vertical spatial scale, the averaged value of two depth ground SM measurements
(~2 cm and ~4 cm, or~5 cm and ~10 cm) are used to represent ground reference value. At the temporal
scale, the average value of multiple observations obtained within 1 h of the SMAP transit are used to
represent the ground reference. Another point is the special study area. The evaluation is conducted
in three networks with different climatic regions and land surface types, namely: (1) cold region
covered by alpine meadow; (2) irrigated region covered by man-made oasis farmland; and (3) natural
oasis of arid Gobi desert covered by sparsely distributed vegetation (Populus euphratica, tamarisk, and
others). In addition to the standard error metrics [16] of SMAP SM products, the relative error (RE) is
introduced as an extra evaluation index.

2. Materials and Methods

2.1. Study Area

The Heihe River Basin (HRB) (37.5◦N–43◦N, 97◦E–102◦E) located in northwestern China
(Figure 1a) is used as the study area in this paper. The basin is the second largest inland river
basin in China, which covers various landscapes. The upstream area of the basin is located in the
mountain cyrospheric region of the northeastern Tibet Plateau. Both the permafrost and seasonal
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frozen soil coexist in the region, and the region is mainly covered by alpine meadow, evergreen forest
and snow. The annual precipitation, which mostly occurs from May to September, is higher than those
at the mid- and down-stream areas; thus, the SM is relatively high. The midstream area is located in
the center of the Hexi corridor which is characterized by an arid climate. The terrain is relatively flat
and is mainly covered by the Gobi desert, man-made oasis, wetland, and so on. The main vegetation
includes crop, grass and salinized meadow. The annual precipitation is small and the SM at the oasis
is mainly supplied by irrigation. The downstream area is located in Ejina in Inner Mongolia where the
climate is rather arid with an annual precipitation of less than 50 mm. Most parts of the region are
covered by the Gobi desert. Populus euphratica and tamarisk are sparsely distributed near the river
bank, forming a natural oasis.

2.2. Ground Observation Networks and Datasets

Three SM observation networks [15,17] are respectively established in the up-, middle- and
down-stream areas during HiWATER experiments [18]. In particular, the up-stream network consists
of multi-scale observations, including automatic weather stations (AWSs) and wireless sensor networks
(WSN). The observation networks [15] provide a very rich dataset for the SMAP SM products validation.
Thus, the utilization of data over HRB in this evaluation can provide more comprehensive evaluation
results over multiple climatic regions and land surface types.

Remote Sens. 2017, 9, 327  3 of 14 

 

cyrospheric region of the northeastern Tibet Plateau. Both the permafrost and seasonal frozen soil 
coexist in the region, and the region is mainly covered by alpine meadow, evergreen forest and snow. 
The annual precipitation, which mostly occurs from May to September, is higher than those at the 
mid- and down-stream areas; thus, the SM is relatively high. The midstream area is located in the 
center of the Hexi corridor which is characterized by an arid climate. The terrain is relatively flat and 
is mainly covered by the Gobi desert, man-made oasis, wetland, and so on. The main vegetation 
includes crop, grass and salinized meadow. The annual precipitation is small and the SM at the oasis 
is mainly supplied by irrigation. The downstream area is located in Ejina in Inner Mongolia where 
the climate is rather arid with an annual precipitation of less than 50 mm. Most parts of the region 
are covered by the Gobi desert. Populus euphratica and tamarisk are sparsely distributed near the river 
bank, forming a natural oasis. 

 
Figure 1. Location and land use map [19] of the study area (a), and the ground soil moisture (SM) 
observation networks at upstream (b), midstream (c) and downstream (d), respectively.  

2.2. Ground Observation Networks and Datasets 

Three SM observation networks [15,17] are respectively established in the up-, middle- and 
down-stream areas during HiWATER experiments [18]. In particular, the up-stream network consists 
of multi-scale observations, including automatic weather stations (AWSs) and wireless sensor 
networks (WSN). The observation networks [15] provide a very rich dataset for the SMAP SM 
products validation. Thus, the utilization of data over HRB in this evaluation can provide more 
comprehensive evaluation results over multiple climatic regions and land surface types. 

The upstream network (Figure 1b) has been set up in the Babaohe sub-basin of the upstream 
area since 2013. The network is a nested multi-scale network consisting of a hydro-meteorological 

Figure 1. Location and land use map [19] of the study area (a), and the ground soil moisture (SM)
observation networks at upstream (b), midstream (c) and downstream (d), respectively.



Remote Sens. 2017, 9, 327 4 of 14

The upstream network (Figure 1b) has been set up in the Babaohe sub-basin of the upstream
area since 2013. The network is a nested multi-scale network consisting of a hydro-meteorological
network (HMN) and a wireless sensor network (WSN), covering an area of around 4500 km2, which
covers about 4 SMAP_P pixels. The HMN encompasses five automatic weather stations (AWSs) which
can provide multi-layer (2 cm, 4 cm, 10 cm, 20 cm, . . . , 320 cm) SM measurements, as well as other
meteorological elements, e.g., precipitation. The WSN encompasses about 40 measuring nodes that
provide profile SM measurements. In this paper, we mainly use the surface SM measurements (2 cm
and 4 cm) of WSN and precipitation observations of AWSs to validate the SMAP SM products.

The midstream network was setup inside and around the artificial oasis area in the midstream
area. Three AWSs were instrumented in the network which can provide data for two SMAP_P pixel
product validation (Figure 1c). The Mid_DM_SS_AWS and Mid_HRB_RSS_AWS were located inside
the oasis, which were covered by maize vegetation, and the Mid_HZZ_AWS was located outside the
oasis, which was covered by the desert. All the AWSs provide SM at the depth of 5, 10, 20 cm, etc.
In addition, precipitation observations of the AWSs are applied in this paper to assist the analysis of
SM variations. The ~5 cm and ~10 cm SM measurements are used to validate the SMAP SM products.

The downstream observation network (Figure 1d) is deployed to measure water consumption of
the natural oasis ecosystem. The observation network is composed of six AWSs distributed in several
landscape types, including bare soils (2), forest (3) and desert (1). All these stations provide time serial
SM measurements at ~5 cm and ~10 cm for the validation the SMAP SM products at one passive
pixel scale.

2.3. SMAP SM Products

The SMAP satellite carries an L-band radar and an L-band radiometer to monitor the Earth’s
surface at sun-synchronous times: 06:00 (descending) and 18:00 (ascending) [20]. The radiometer
and radar began to provide SM products on the 31 March and 13 April 2015, respectively. Because
of the mechanical failure of the radar, the SMAP stopped providing active microwave products on
7 July 2015. All the SMAP products can be freely downloaded from the website of NSIDC (https:
//nsidc.org/data/smap/smap-data.html). Three L3 level SM products, including radar SM product
(L3_SM_A), radiometer SM product (L3_SM_P) and active/passive combined SM product (L3_SM_AP),
are chosen for the evaluation in this research. The spatial resolutions of the three products are 3 km,
36 km and 9 km, respectively. The L3_SM_A and L3_SM_AP products cover 13 April–7 July and
the L3_SM_P covers 2 April–31 December 2015. All the L3 products are the daily composite of the
level 2 granules.

The baseline retrieval algorithm of L3_SM_A product inverts a forward scattering model using
a time series data-cube approach [21,22]. The Numerical Maxwell Model in 3 Dimensions [23,24]
is adopted as the benchmark model for the bare surface. A “discrete scattering” approximation
approach [25,26] is utilized for the non-woody vegetated surface, and a layered scattering geometry and
vegetation model [27] are applied for the woody vegetated surface. Three channels radar backscattering
coefficients, HH, HV and VV, as well as auxiliary data (including DEM, land cover class and crop type,
etc.), are applied to simultaneously estimate soil permittivity (equivalent to SM), surface roughness and
vegetation water content (VWC). Furthermore, the SMAP adopts several other optional algorithms,
including change detection [28,29], snapshot algorithm [30], etc. In this paper, only the baseline SM
product is evaluated.

The L3_SM_P product is a daily global composite of the L2_SM_P SM product that is produced
by a single channel algorithm [31,32]. The algorithm utilizes the horizontally-polarized brightness
temperature (TB) observations to estimate SM based on a zero-order radiative transfer model known
as the τ-ω model [33]. The SM retrieval process includes five basic steps, including normalizing
TB to emissivity, removing the vegetation effects, accounting for the soil surface roughness effects,
converting emissivity to soil permittivity, and converting soil permittivity to SM. The retrieval process
can be seen in detail in the algorithm document of the SMAP SM product [31] and related references.

https://nsidc.org/data/smap/smap-data.html
https://nsidc.org/data/smap/smap-data.html
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The L3_SM_AP is a daily global composite of L2_SM_AP product which is based on the merger of
the SMAP radiometer and radar instruments product at two discrete grid resolutions, 36 km and 3 km,
respectively [34–36]. The L2_SM_AP baseline algorithm is essentially focused on the disaggregation of
the radiometer TB, based on the radar backscattering spatial patterns within the radiometer footprint
that are inferred from the radar measurements [35]. Once the TB is disaggregated to 9 km, the L2_SM_P
inversion algorithm is applied with ancillary data to produce the L2_SM_AP product.

2.4. Data Processing and Evaluation Method

The SMAP SM products possess three different spatial resolutions and the three resolution grids
are well-nested, as shown in Figure 2. The spatial averaging has been recognized to be able to reduce
the noise of site observations [11,12], as well as to enhance the representativeness of the ground
observations; thus, the site-average values at different scales and conditions are applied to evaluate
the SMAP SM products.

Remote Sens. 2017, 9, 327  5 of 14 

 

disaggregation of the radiometer TB, based on the radar backscattering spatial patterns within the 
radiometer footprint that are inferred from the radar measurements [35]. Once the TB is 
disaggregated to 9 km, the L2_SM_P inversion algorithm is applied with ancillary data to produce 
the L2_SM_AP product.  

2.4. Data Processing and Evaluation Method 

The SMAP SM products possess three different spatial resolutions and the three resolution grids 
are well-nested, as shown in Figure 2. The spatial averaging has been recognized to be able to reduce 
the noise of site observations [11,12], as well as to enhance the representativeness of the ground 
observations; thus, the site-average values at different scales and conditions are applied to evaluate 
the SMAP SM products.  

More specifically, for the upstream area of HRB, because of the same land surface coverage 
(alpine meadow), the evaluation of the SMAP_P product is conducted on the whole network scale 
and pixel scale, respectively, and the evaluations of SMAP_A and SMAP_AP products are conducted 
on the whole network scale because the ground sites are rather sparsely distributed (relative to the 
high resolution of the SMAP_A and SMAP_AP products) and because of the very limited products 
that are available. An evaluation of the whole network involves comparing the average value of all 
measurements of the whole network with the average value of the corresponding SMAP SM 
products, and that on the pixel scale means comparing the average value of measurements that are 
within a certain SMAP pixel. Taking Figure 2 as an example, the average value of a and b sites is used 
to validate a certain SMAP_A, and that of a, b, ..., f is used to validate a certain SMAP_P SM product. 

For the mid- and down-stream areas of HRB, the ground surfaces are covered by several kinds 
of landscapes, including: the Gobi desert, non-vegetated cropland, cropland and woodland. The 
downstream network can provide evaluation data for one SMA_P pixel and several SMAP_A and 
SMAP_AP pixels. In particular, there may be only one site within a certain SMAP_A pixel over mid-
stream area network. Thus, the evaluations are conducted on the whole network scale of mid- and 
down-steam areas, respectively, without considering the differences in surface types. Moreover, the 
sites that fall into different surface types are used to represent the corresponding ground 
observations. For example, a site that falls into the Gobi desert, e.g., Mid_HZZ_AWS in Figure 1c, is 
considered as a bare soil observation in mid-stream.  

 
Figure 2. Schematic diagram of multi-scale nested Soil Moisture Active Passive (SMAP) SM products. 

To quantitatively evaluate the SMAP SM products, several validation indices, including RMSE, 
the mean bias, the unbiased RMSE (ubRMSE), and correlation coefficient (R), are used. The 
definitions of the validation indices are as follows [16]: 

Figure 2. Schematic diagram of multi-scale nested Soil Moisture Active Passive (SMAP) SM products.

More specifically, for the upstream area of HRB, because of the same land surface coverage
(alpine meadow), the evaluation of the SMAP_P product is conducted on the whole network scale
and pixel scale, respectively, and the evaluations of SMAP_A and SMAP_AP products are conducted
on the whole network scale because the ground sites are rather sparsely distributed (relative to the
high resolution of the SMAP_A and SMAP_AP products) and because of the very limited products
that are available. An evaluation of the whole network involves comparing the average value of all
measurements of the whole network with the average value of the corresponding SMAP SM products,
and that on the pixel scale means comparing the average value of measurements that are within a
certain SMAP pixel. Taking Figure 2 as an example, the average value of a and b sites is used to validate
a certain SMAP_A, and that of a, b, ..., f is used to validate a certain SMAP_P SM product.

For the mid- and down-stream areas of HRB, the ground surfaces are covered by several kinds
of landscapes, including: the Gobi desert, non-vegetated cropland, cropland and woodland. The
downstream network can provide evaluation data for one SMA_P pixel and several SMAP_A and
SMAP_AP pixels. In particular, there may be only one site within a certain SMAP_A pixel over
mid-stream area network. Thus, the evaluations are conducted on the whole network scale of mid- and
down-steam areas, respectively, without considering the differences in surface types. Moreover, the
sites that fall into different surface types are used to represent the corresponding ground observations.
For example, a site that falls into the Gobi desert, e.g., Mid_HZZ_AWS in Figure 1c, is considered as a
bare soil observation in mid-stream.
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To quantitatively evaluate the SMAP SM products, several validation indices, including RMSE,
the mean bias, the unbiased RMSE (ubRMSE), and correlation coefficient (R), are used. The definitions
of the validation indices are as follows [16]:

RMSE =

√
E[
(

θest − θre f

)2
] (1)

bias = E[θest]− E
[
θre f

]
(2)

ubRMSE =

√
E[((θest − E[θest])−

(
θre f − E

[
θre f

])
)2] (3)

R = E[(θest − E[θest])
(

θre f − E
[
θre f

])
]/
(

σest·σre f

)
(4)

Moreover, another commonly used index, relative error (RE), is added to assist the SMAP SM
products’ evaluation:

RE = E

[
abs(θest − θre f )

θre f

]
∗ 100% (5)

In the above equations: θest and θre f represent the SMAP and ground observed SM values,
respectively; E[·] and abs are the expectation and absolute value operators, respectively; σest and σre f
are the standard deviations of the SMAP and ground observed SM, respectively.

3. Results

3.1. Passive SM Product

Figures 3–5 show the evaluation results of SMAP_P SM product at the up-, mid- and down-stream
areas of HRB, respectively. In the upstream area of the HRB, a total of around 45 ground sites
(AWSs + WSNs) are respectively located in four SMAP radiometer pixels. Due to the entire region
being covered by the same land surface type (alpine meadows), two evaluation strategies are used,
as described in Section 2.4. As can be seen from Figure 3a, the temporal evolutions of ground
measurement and SMAP_P SM product show significant variation. Referring to the precipitation data,
both ground measurements and SMAP_P SM product are able to capture the precipitation events and
the SM variation trends. However, ground measurements at different footprints show rather large
differences, but SMAP_P SM product shows relatively small differences. Additionally, the SMAP_P
SM product shows underestimation against the ground measurements (Figure 3a,b).

Figure 4 shows the evaluation results of SMAP_P SM product over the midstream area of HRB.
Two comparisons are conducted: (1) the measurements from the two sites located within the oasis
are averaged (Ground_Oasis) to compare to the oasis SMAP_P SM product (SMAP_P_Oasis), and the
measurements from site located Gobi desert (Ground_Bare) are compared to the bare surface SMAP_P
SM product (SMAP_P_Bare); (2) the average values of all the ground measurements (Ground_All)
in the whole network region are compared to the average SMAP_P SM product (SMAP_All). Both
SMAP_P SM product and ground measurements show consistent variation trends to the precipitation.
SMAP underestimates the SM over the oasis and overestimates those over the bare soil. However, the
averaged SMAP_P SM product over the network performs a better estimation of SM.

Figure 5 shows the evaluation results of the downstream network where the land surface is
covered by bare soils and woody vegetation. One SMAP radiometer footprint covers the entire
downstream network. Large differences between the ground measurements and SMAP_P SM product
are observed. However, the SMAP_P SM product is more closed to the SM measurements over bare
soil. Both the SMAP and ground measurements possess similar temporal evolution.
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Figure 3. The evaluation results of SMAP_P SM product over the upstream area network of Heihe
River Basin (HRB) with (a) the temporal evolution and (b) the scatterplot of ground and SMAP product.
Ground_i, SMAP_P_i (i = 1, 2, 3, 4) represent ground reference and SMAP SM product over a certain
radiometer footprint. Ground_All and SMAP_P_All represent the average value of ground reference
and SMAP_P of the whole network, respectively.

Figure 4. The evaluation results of SMAP_P SM product over the midstream area network of HRB
with (a) the temporal evolution and (b) the scatterplot of ground and SMAP product. The Ground_All
and SMAP_P_All represent the average values of ground reference and SMAP_P of the whole network,
respectively. Ground_Bare, SMAP_P_Bare, Ground_Oasis and SMAP_P_Oasis represent ground and
SMAP values over bare and oasis soils, respectively.

Table 1 lists the error metrics of the SMAP_P SM product over the entire HRB network. It shows
various performance associated to climate region or land surface types. Throughout the whole river
basin, SMAP_P SM product underestimates the SM over vegetated (woody and non-woody) surface,
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especially over the woody land surface with the bias being larger than 0.14 m3/m3, and overestimates
the SM over bare soil. Due to the presence of the biases, the SMAP_P SM product shows a relatively
large RMSE over most climatic regions and land surface types. However, it can achieve a favorable
accuracy after removing the bias with the ubRMSE smaller than 0.04 m3/m3 (the SMAP mission target
accuracy) over most areas of the HRB, except for that over the upstream area. The unsatisfactory
performance over the upstream area of HRB may be caused by the impact of soil freezing and thawing
process over the cold climate region [1]. Although it shows relatively small RMSE and ubRMSE values
over the midstream and downstream areas, the RE are rather large, especially over bare soils. This is
because the SM values are rather small over the bare soils. Overall, from the error matrices defined
in [16], the SMAP_P SM product possesses a relatively favorable performance over most parts of HRB,
but from the RE index, one should pay sufficient attention to when these products are used.Remote Sens. 2017, 9, 327  8 of 14 
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Figure 5. The evaluation results of SMAP_P SM product over the downstream area network of HRB
with (a) The temporal evolution and (b) the scatterplot of ground and SMAP product. The Ground_All
and SMAP_P_All represent the average values of ground reference and SMAP_P of the whole network,
respectively. Ground_Bare and Ground_Woody represent ground values over bare and woodland soils,
respectively, SMAP_P represents the values of SMAP product of only-one pixel.

Table 1. Performance metrics of SMAP_P SM product over HRB, in which N is the sample number.
At the surface fields, All_Ave represents all the ground measurement and SMAP_P SM product are
averaged and compared. Pixel, Oasis, Bare and Woody mean the ground measurements within a
certain pixel with a specific surface type that are applied to validate the SMAP_P product at pixel scale.

Networks Surface Bias (m3/m3) RMSE (m3/m3) ubRMSE (m3/m3) RE (%) R (−) N

Upstream All 0.087 0.092 0.032 31.28 0.552 93
Pixel −0.087 0.098 0.045 29.17 0.498 279

Middle
stream

All −0.007 0.028 0.027 3.56 0.783 110
Oasis −0.045 0.062 0.043 26.83 0.603 110
Bare 0.055 0.06 0.023 275.6 0.84 110

Down
stream

All −0.073 0.08 0.032 50.06 0.576 110
Woody −0.142 0.147 0.039 66.05 0.391 110

Bare 0.036 0.043 0.024 168.6 0.789 110
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3.2. Active SM Product

Due to the short duration of SMAP radar sensor and the lack of SMAP coverage over HRB,
the amount of SMAP_A SM product over HRB is very small, especially at the upstream of the
basin. Overall, the active SM product shows an unsatisfactory estimation of SM. Figure 6 shows the
comparison of SMAP_A SM product and the ground measurements. The SMs over the upstream of
HRB are significantly underestimated, and those over bare soils over mid- and down-stream areas
are overestimated. These results are similar to those of the SMAP_P SM product. From Table 2, all
performance metrics show that the active SM product over most climatic and surface types in HRB
presents an unsatisfactory accuracy. This observation implies that the present version of SMAP_A SM
product is hardly directly applied in this region.Remote Sens. 2017, 9, 327  9 of 14 
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Table 2. Performance metrics of SMAP_A SM product over HRB. With which N is the sample number.
At the surface fields, All_Ave represents all the ground measurement and the SMAP_A SM products
are averaged and compared; Oasis, Bare and Woody mean the ground measurements within a certain
SMAP_A pixel with a specific surface type are applied to validate the SMAP_A products at pixel scale.

Networks Surface Bias (m3/m3) RMSE (m3/m3) ubRMSE (m3/m3) RE (%) R (−) N

Upstream All_Ave −0.116 0.17 0.124 30.7 0.214 10

Middle
stream

All_Ave 0.093 0.111 0.061 90.55 0.783 27
Oasis 0.01 0.095 0.095 9.86 0.636 31
Bare 0.081 0.105 0.067 222.9 0.682 27

Down
stream

All_Ave −0.021 0.033 0.025 17.82 0.28 28
Woody −0.071 0.086 0.048 37.28 0.345 33

Bare 0.028 0.033 0.017 84.86 0.755 28

3.3. Active/Passive Combined SM Product

The evaluation results of SMAP_AP SM product are presented in Figure 7 and Table 3. The overall
performance of SMAP_AP SM product is better than that of the active one, and worse than that of
the passive one. Except for the bare surface at the downstream, the SMAP_AP SM product shows
smaller RE than the active and passive product. As is the case with the active and passive products,
the SMAP_AP SM product significantly underestimates the SM at the upstream area. Overestimation
of SM can be found over bare soil at the mid- and downstream areas. In contrast, it is found that the
SMA_AP SM product shows a slight overestimation over the woody surface at the downstream area.
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Table 3. Performance metrics of SMAP_AP SM product over HRB, in which N is the sample number.
At the surface fields, All_Ave represents that all the ground measurement and SMAP_AP SM product
are averaged and compared; Oasis, Bare and Woody mean the ground measurements within a
certain SMAP_AP pixel with a specific surface type are applied to validate the SMAP_AP products at
pixel scale.

Networks Surface Bias (m3/m3) RMSE (m3/m3) ubRMSE (m3/m3) RE (%) R (−) N

Upstream All_Ave −0.203 0.213 0.067 47.6 0.385 18

Middle
stream

All_Ave 0.029 0.043 0.05 28 0.806 37
Oasis 0.017 0.057 0.054 8.6 0.833 37
Bare 0.03 0.038 0.023 34.2 0.905 67

Down
stream

All_Ave 0.029 0.808 0.075 43.83 0.408 38
Woody 0.034 0.075 0.067 38.86 0.396 38

Bare 0.027 0.095 0.091 97.72 0.402 38

4. Discussion

In this paper, three different scale SMAP SM products are evaluated using the ground observation
networks distributed in HRB, and the corresponding results are shown in Section 3. In this section, an
extended discussion is conducted to give remarks on the overall performance of SMAP SM products,
as well as to provide suggestions for the algorithm’s improvement.

Regarding the evaluating metrics, the performance metrics defined by [16] and RE are applied
to assess the performances of SMAP products in this research. As shown in Tables 1–3, several error
indices, e.g., RMSE, ubRMSE, show very satisfactory accuracies, especially over the bare soil surface,
even better than the SMAP mission target accuracy of 0.04 m3/m3. Nevertheless, the RE shows rather
large values because, over bare soil at arid regions of HRB, SM values are rather small, and the SMAP
estimated SM values are relatively small. However, they are not small enough compared to the ground
reference values. Under this condition, the RMSE and ubRMSE present very small values, but the
RE presents large values. Thus, only the performance metrics cannot fully describe the performance
of SMAP SM products. From this point, not only the standard performance metrics, but also the RE
should be carefully considered for the comprehensive evaluation of SMAP SM products. This point
should also be addressed in evaluation issues of many other remote sensing products.

For the consideration of various climatic regions and land surface types, this research
systematically evaluates the SMAP SM products over several landscapes distributed in cold and
arid regions of HRB because the numbers and densities of the ground observation sites in each
network varies. Even within a certain network, the land surface presents several different landscapes.
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Additionally, the SMAP provides three different spatial scale SM products. Meanwhile, the mixed
pixel issue objectively exists in the remote sensing data. This issue also influences the application of
SM products in various disciplines. Thus, the choice of evaluation strategy is very important. The
authors of [1] utilized the averaged SM values of the whole ground network, without considering the
difference in surface covers, to represent the ground truth, and used the averaged values of all SMAP
SM products covering the whole network to represent the SMAP estimated values. The two sets of
averaged values are compared to evaluate the performance of the SMAP_P SM product. However, the
evaluation presented in this paper utilizes several strategies to compare the estimated and ground
reference values. The results of this evaluation show significant performance differences in SMAP
SM products over various land surfaces, e.g., the performances of SMAP SM products over bare soil
are better than those over vegetated soil, and much better than those over the woodland surface.
The averaging of all ground measurements without considering surface difference may make the
result worse under some conditions, but it also makes the result a little better under other conditions.
However, the discrimination of land surface may provide more useful information about the SMAP
SM products performance, and extend their application.

The radio frequency interference (RFI) on L-band microwave signature has been recognized as
the main challenging issue in East Asia, which may be an important error source of SMAP products
over northwest China. However, this issue has been optimally controlled and mitigated [37,38]. Here,
we mainly discuss possible error sources in the SM retrieval algorithm related to climatic region and
land surface characteristics. The overall performance of SMAP SM products over HRB possess the
following characteristics:

• The SMAP SM products over most parts of HRB present relatively satisfactory spatial-temporal
variation, especially because they can capture the typical precipitation events. However, they
present relatively large RE.

• The performance of the passive SM product is the best. The active SM product is worse than the
passive and combined products, which is consistent with the findings of [10].

• All SMAP SM products were found to perform a slightly better over the middle area than those
over the up- and down areas of HRB.

• Better performance of all SMAP SM products can be observed over bare soils compared with
vegetated soils.

As described in Section 3, all of the three SMAP SM products show overestimation over bare
soils and underestimation over vegetated and frozen soils. These observations may be attributed to
the climate and land surface characteristics. The surface of the study area is characterized by cold
and arid regions. Over the cold region, the liquid and solid water coexist in the soil and possess
different permittivity characters, but the present algorithm is insufficient in the frozen soil permittivity
modeling, resulting in the underestimation of SM. Over the arid region, the soil is so dry that the
microwave signal at the L-band penetrates larger soil depth and senses the volume scattering of the
soil. This leads to the overestimation of SM. The underestimation of SM over the vegetated surface is
caused by the effects of vegetation canopy on the microwave signal. This point is the key factor that
makes the estimation of SMAP weak over the downstream area.

Additionally, the weak forward modeling and inversion strategies may be another important
factor for the unsatisfied performance of the present SMAP SM products. For the passive SM product,
this evaluation’s results are close to the finding of [1], but SMAP_P SM results in a larger RMSE and
ubRMSE over HRB. Although the algorithm is relatively mature and has been validated previously,
there may be the possibility of improvement via adding vertically polarized TB in the future SMAP SM
products generation. For the active SM products, errors may have originated because the sensitivity
of backscattering to SM is less than to surface roughness [39], as well as from the uncertainty in the
time series algorithm. Parameterization and estimation soil surface roughness from radar observation
before SM estimation may be a promising approach to improve SMAP_A SM inversion [40]. The error
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in SMAP_AP SM products may be caused by: (1) the uncertainties in active and passive observations,
respectively; and (2) the uncertainties caused by the scale issue when merging the radar and radiometer
observations [35,36,41,42]. Development and improvement of the more robust merging algorithm,
considering the scale effects, may improve the accuracy of SMAP_AP SM products.

5. Conclusions

The validation of SMAP SM products is crucial for the application of the products and refinement
of the retrieval algorithm. This study presents an evaluation of the SMAP SM products by using the
ground network data over the HRB in cold and arid regions of northwestern China, which offers an
insight into the SMAP SM products’ application in the region, and also provides suggestions for the
refinement of the retrieval algorithm. SMAP_A and SMAP_AP products are available at a very limited
period, but they can be used in scale-related research, and the present evaluation can help to provide
feedback for the improvement of the current retrieval algorithm.

The results show that the SMAP SM products over most parts of HRB present
relatively satisfactory spatial-temporal variation, especially because they can capture the typical
precipitation events.

Relatively, the performance of the passive SM products is the best, and the active SM products
were worse than the two others.

All SMAP SM products present a little better over the midstream area than those over the cold
(upstream) and extreme arid (downstream) areas of HRB. Better performance of all SMAP SM products
can be observed over bare soils than vegetated soils. The vegetation effects on SM inversion have been
fully recognized. The unsatisfactory performance of SMAP SM products over the cold region may be
caused by the freezing and thawing cycle. This indicates that the future SMAP SM retrieval algorithm
should focus on the vegetation effects of the freezing and thawing cycle.

Acknowledgments: This work was jointly supported by the National Natural Science Foundation of China under
Grant 91425303 & 41671373 and Key Research Program of Frontier Sciences, Chinese Academy of Sciences, under
Grant QYZDY-SSW-DQC011.

Author Contributions: Chunfeng Ma, Xin Li designed the work, realized the idea, analyzed the results and
reviewed and corrected the manuscript. Chunfeng Ma collected and processed the data, conducted the validation
experiments and wrote the manuscript. Long Wei assisted to process ground observation network data.
Weizhen Wang reviewed the manuscript and provided suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zeng, J.Y.; Chen, K.S.; Bi, H.Y.; Chen, Q. A Preliminary Evaluation of the Smap Radiometer Soil Moisture
Product over United States and Europe Using Ground-Based Measurements. IEEE Trans. Geosci. Remote Sens.
2016, 54, 4929–4940. [CrossRef]

2. Molero, B.; Merlin, O.; Malbeteau, Y.; Al Bitar, A.; Cabot, F.; Stefan, V.; Kerr, Y.; Bacon, S.; Cosh, M.H.;
Bindlish, R.; et al. Smos Disaggregated Soil Moisture Product at 1 Km Resolution: Processor Overview and
First Validation Results. Remote Sens. Environ. 2016, 180, 361–376. [CrossRef]

3. Martens, B.; Lievens, H.; Colliander, A.; Jackson, T.J.; Verhoest, N.E.C. Estimating Effective Roughness
Parameters of the L-Meb Model for Soil Moisture Retrieval Using Passive Microwave Observations from
Smapvex12. IEEE Trans. Geosci. Remote Sens. 2015, 53, 4091–4103. [CrossRef]

4. Entekhabi, D.; Njoku, E.G.; O’Neill, P.E.; Kellogg, K.H.; Crow, W.T.; Edelstein, W.N.; Entin, J.K.;
Goodman, S.D.; Jackson, T.J.; Johnson, J.; et al. The Soil Moisture Active Passive (Smap) Mission. Proc. IEEE
2010, 98, 704–716. [CrossRef]

5. Kerr, Y.H.; Waldteufel, P.; Wigneron, J.P.; Martinuzzi, J.; Font, J.; Berger, M. Soil Moisture Retrieval from
Space: The Soil Moisture and Ocean Salinity (Smos) Mission. IEEE Trans. Geosci. Remote Sens. 2001, 39,
1729–1735. [CrossRef]

http://dx.doi.org/10.1109/TGRS.2016.2553085
http://dx.doi.org/10.1016/j.rse.2016.02.045
http://dx.doi.org/10.1109/TGRS.2015.2390259
http://dx.doi.org/10.1109/JPROC.2010.2043918
http://dx.doi.org/10.1109/36.942551


Remote Sens. 2017, 9, 327 13 of 14

6. Panciera, R.; Walker, J.P.; Jackson, T.J.; Gray, D.A.; Tanase, M.A.; Ryu, D.; Monerris, A.; Yardley, H.; Rudiger, C.;
Wu, X.L.; et al. The Soil Moisture Active Passive Experiments (Smapex): Toward Soil Moisture Retrieval
from the Smap Mission. IEEE Trans. Geosci. Remote Sens. 2014, 52, 490–507. [CrossRef]

7. McNairn, H.; Jackson, T.J.; Wiseman, G.; Belair, S.; Berg, A.; Bullock, P.; Colliander, A.; Cosh, M.H.; Kim, S.B.;
Magagi, R.; et al. The Soil Moisture Active Passive Validation Experiment 2012 (Smapvex12): Prelaunch
Calibration and Validation of the Smap Soil Moisture Algorithms. IEEE Trans. Geosci. Remote Sens. 2015, 53,
2784–2801. [CrossRef]

8. Brown, M.E.; Escobar, V.M. Assessment of Soil Moisture Data Requirements by the Potential Smap Data
User Community: Review of Smap Mission User Community. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens.
2014, 7, 277–283. [CrossRef]

9. Wang, H.; Magagi, R.; Goita, K. Assessment of the Smap L3/Ap Soil Moisture Product Using International
Ground Observation Network. In Proceedings of the 2016 IEEE International Geoscience and Remote
Sensing Symposium, Beijing, China, 10–15 July 2016; pp. 3082–3085.

10. Pan, M.; Cai, X.; Chaney, N.W.; Entekhabi, D.; Wood, E.F. An Initial Assessment of Smap Soil Moisture
Retrievals Using High-Resolution Model Simulations and in Situ Observations. Geophys. Res. Lett. 2016, 43,
9662–9668. [CrossRef]

11. Jackson, T.J.; Bindlish, R.; Cosh, M.H.; Zhao, T.J.; Starks, P.J.; Bosch, D.D.; Seyfried, M.; Moran, M.S.;
Goodrich, D.C.; Kerr, Y.H.; et al. Validation of Soil Moisture and Ocean Salinity (Smos) Soil Moisture over
Watershed Networks in the U.S. IEEE Trans. Geosci. Remote Sens. 2012, 50, 1530–1543. [CrossRef]

12. Jackson, T.J.; Cosh, M.H.; Bindlish, R.; Starks, P.J.; Bosch, D.D.; Seyfried, M.; Goodrich, D.C.; Moran, M.S.;
Du, J.Y. Validation of Advanced Microwave Scanning Radiometer Soil Moisture Products. IEEE Trans. Geosci.
Remote Sens. 2010, 48, 4256–4272. [CrossRef]

13. Dente, L.; Su, Z.B.; Wen, J. Validation of Smos Soil Moisture Products over the Maqu and Twente Regions.
Sensors 2012, 12, 9965–9986. [CrossRef] [PubMed]

14. Wang, S.; Li, X.; Ge, Y.; Jin, R.; Ma, M.; Liu, Q.; Wen, J.; Liu, S. Validation of Regional-Scale Remote Sensing
Products in China: From Site to Network. Remote Sens. 2016, 8, 980. [CrossRef]

15. Jin, R.; Li, X.; Yan, B.; Li, X.; Luo, W.; Ma, M.; Guo, J.; Kang, J.; Zhu, Z.; Zhao, S. A Nested Ecohydrological
Wireless Sensor Network for Capturing the Surface Heterogeneity in the Midstream Areas of the Heihe
River Basin, China. IEEE Geosci. Remote Sens. Lett. 2014, 11, 2015–2019. [CrossRef]

16. Entekhabi, D.; Reichle, R.H.; Koster, R.D.; Crow, W.T. Performance Metrics for Soil Moisture Retrievals and
Application Requirements. J. Hydrometeorol. 2010, 11, 832–840. [CrossRef]

17. Ma, M.; Che, T.; Li, X.; Xiao, Q.; Zhao, K.; Xin, X. A Prototype Network for Remote Sensing Validation in
China. Remote Sens. 2015, 7, 5187. [CrossRef]

18. Li, X.; Cheng, G.; Liu, S.; Xiao, Q.; Ma, M.; Jin, R.; Che, T.; Liu, Q.; Wang, W.; Qi, Y.; et al. Heihe Watershed
Allied Telemetry Experimental Research (Hiwater): Scientific Objectives and Experimental Design. Bull. Am.
Meteorol. Soc. 2013, 9, 1145–1160. [CrossRef]

19. Hu, X.L.; Lu, L.; Li, X.; Wang, J.H.; Lu, X.G. Ejin Oasis Land Use and Vegetation Change between 2000 and
2011: The Role of the Ecological Water Diversion Project. Energies 2015, 8, 7040–7057. [CrossRef]

20. Entekhabi, D.; Yueh, S.; O’Neill, P.E.; Kellogg, K.H. Smap Handbook Soil Moisture Active Passive Mapping
Soil Moisture and Freeze/Thaw from Space; National Aeronautics and Space Administration: Pasadena, CA,
USA, 2013.

21. Kim, S.B.; Tsang, L.; Johnson, J.T.; Huang, S.; van Zyl, J.J.; Njoku, E.G. Soil Moisture Retrieval Using
Time-Series Radar Observations over Bare Surfaces. IEEE Trans. Geosci. Remote Sens. 2012, 50, 1853–1863.
[CrossRef]

22. Kim, S.B.; Moghaddam, M.; Tsang, L.; Burgin, M.; Xu, X.; Njoku, E.G. Models of L-Band Radar Backscattering
Coefficients over Global Terrain for Soil Moisture Retrieval. IEEE Trans. Geosci. Remote Sens. 2014, 52,
1381–1396. [CrossRef]

23. Tsang, L.; Kong, J.A. Advanced Topics. In Scattering of Electromagnetic Waves; John Wiley & Sons: Hoboken,
NJ, USA, 2001; Volume 3.

24. Tsang, L.; Chan, C.H.; Pak, K. Backscattering Enhancement of a Two-Dimensional Random Rough Surface
(Three-Dimensional Scattering) Based on Monte Carlo Simulations. J. Opt. Soc. Am. A 1994, 11, 711–715.
[CrossRef]

http://dx.doi.org/10.1109/TGRS.2013.2241774
http://dx.doi.org/10.1109/TGRS.2014.2364913
http://dx.doi.org/10.1109/JSTARS.2013.2261473
http://dx.doi.org/10.1002/2016GL069964
http://dx.doi.org/10.1109/TGRS.2011.2168533
http://dx.doi.org/10.1109/TGRS.2010.2051035
http://dx.doi.org/10.3390/s120809965
http://www.ncbi.nlm.nih.gov/pubmed/23112582
http://dx.doi.org/10.3390/rs8120980
http://dx.doi.org/10.1109/LGRS.2014.2319085
http://dx.doi.org/10.1175/2010JHM1223.1
http://dx.doi.org/10.3390/rs70505187
http://dx.doi.org/10.1175/BAMS-D-12-00154.1
http://dx.doi.org/10.3390/en8077040
http://dx.doi.org/10.1109/TGRS.2011.2169454
http://dx.doi.org/10.1109/TGRS.2013.2250980
http://dx.doi.org/10.1364/JOSAA.11.000711


Remote Sens. 2017, 9, 327 14 of 14

25. Lang, R.H.; Sighu, J.S. Electromagnetic Backscattering from a Layer of Vegetation: A Discrete Approach.
IEEE Trans. Geosci. Remote Sens. 1983, GE-21, 62–71. [CrossRef]

26. Tsang, L.; Ding, K.H.; Huang, S.W.; Xu, X.L. Electromagnetic Computation in Scattering of Electromagnetic
Waves by Random Rough Surface and Dense Media in Microwave Remote Sensing of Land Surfaces.
Proc. IEEE. 2013, 101, 255–279. [CrossRef]

27. Kim, S.B.; Zyl, J.V.; Dunbar, S.; Njoku, E.; Johnson, J.; Moghaddam, M. Algorithm Theoretical Basis Document
Smap L2 & L3 Radar Soil Moisture (Active) Data Products; Jet Propulsion Laboratory, California Institute of
Technology: Pasadena, CA, USA, 2014.

28. Kim, Y.; van Zyl, J. On the Relationship between Polarimetric Parameters. In Proceedings of the IEEE 2000
International Geoscience and Remote Sensing Symposium, Honolulu, HI, USA, 24–28 July 2000; Volume 1293,
pp. 1298–1300.

29. Wagner, W.; Lemoine, G.; Rott, H. A Method for Estimating Soil Moisture from Ers Scatterometer and Soil
Data. Remote Sens. Environ. 1999, 70, 191–207. [CrossRef]

30. Sun, R.J.; Shi, J.C.; Jackson, T.; Chen, K.S.; Oh, Y. Improvement of Bare Surface Soil Moisture Estimation
with L-Band Dual-Polarization Radar. In Proceedings of the 2009 IEEE International Geoscience and Remote
Sensing Symposium, Cape Town, South Africa, 12–17 July 2009.

31. O'Neill, P.; Chan, S.; Njoku, E.; Jackson, T.; Bindlish, R. Algorithm Theoretical Basis Document Level 2 & 3 Soil
Moisture (Passive) Data Products; Jet Propulsion Laboratory, California Institute of Technology: Pasadena, CA,
USA, 2014.

32. Jackson, T.J. Measuring Surface Soil Moisture Using Passive Microwave Remote Sensing. Hydrol. Process.
1993, 7, 139–152. [CrossRef]

33. Mo, T.; Choudhury, B.J.; Schmugge, T.J.; Wang, J.R.; Jackson, T.J. A Model for Microwave Emission from
Vegetation-Covered Fields. J. Geophys. Res. 1982, 87, 11229–11237. [CrossRef]

34. Entekhabi, D.; Das, N.; Njoku, E.; Yueh, S.; Johnson, J.; Shi, J. Algorithm Theoretical Basis Document L2 & L3
Radar/Radiometer Soil Moisture (Active/Passive) Data Products; Jet Propulsion Laboratory, California Institute of
Technology: Pasadena, CA, USA, 2014.

35. Das, N.N.; Dara, E.; Njoku, E.G. An Algorithm for Merging Smap Radiometer and Radar Data for
High-Resolution Soil-Moisture Retrieval. IEEE Trans. Geosci. Remote Sens. 2011, 49, 1504–1512. [CrossRef]

36. Das, N.N.; Entekhabi, D.; Njoku, E.G.; Shi, J.C.J.C.; Johnson, J.T.; Colliander, A. Tests of the Smap Combined
Radar and Radiometer Algorithm Using Airborne Field Campaign Observations and Simulated Data.
IEEE Trans. Geosci. Remote Sens. 2014, 52, 2018–2028. [CrossRef]

37. Johnson, J.T.; Mohammed, P.N.; Piepmeier, J.R.; Bringer, A.; Aksoy, M. Soil Moisture Active Passive (Smap)
Microwave Radiometer Radio-Frequency Interference (Rfi) Mitigation: Algorithm Updates and Performance
Assessment. In Proceedings of the 2016 IEEE International Geoscience and Remote Sensing Symposium
(IGARSS), Beijing, China, 10–15 July 2016; pp. 123–124.

38. Piepmeier, J.R.; Focardi, P.; Horgan, K.A.; Knuble, J.; Ehsan, N.; Lucey, J.; Brambora, C.; Brown, P.R.;
Hoffman, P.J.; French, R.T.; et al. Smap L-Band Microwave Radiometer: Instrument Design and First Year on
Orbit. IEEE Trans. Geosci. Remote Sens. 2017, 55, 1954–1966. [CrossRef]

39. Ma, C.; Li, X.; Wang, S. A Global Sensitivity Analysis of Soil Parameters Associated with Backscattering
Using the Advanced Integral Equation Model. IEEE Trans. Geosci. Remote Sens. 2015, 53, 5613–5623.

40. Lievens, H.; Verhoest, N.E.C.; de Keyser, E.; Vernieuwe, H.; Matgen, P.; Alvarez-Mozos, J.; de Baets, B.
Effective Roughness Modelling as a Tool for Soil Moisture Retrieval from C-and L-Band Sar. Hydrol. Earth
Syst. Sci. 2011, 15, 151–162. [CrossRef]

41. Das, N.N.; Entekhabi, D.; Dunbar, R.S.; Njoku, E.G.; Yueh, S.H. Uncertainty Estimates in the Smap Combined
Active-Passive Downscaled Brightness Temperature. IEEE Trans. Geosci. Remote Sens. 2016, 54, 640–650.
[CrossRef]

42. Liu, P.W.; Judge, J.; De Roo, R.D.; England, A.W.; Bongiovanni, T. Uncertainty in Soil Moisture Retrievals
Using the Smap Combined Active-Passive Algorithm for Growing Sweet Corn. IEEE J. Sel. Top. Appl. Earth
Obs. Remote Sens. 2016, 9, 3326–3339. [CrossRef]

© 2017 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TGRS.1983.350531
http://dx.doi.org/10.1109/JPROC.2012.2214011
http://dx.doi.org/10.1016/S0034-4257(99)00036-X
http://dx.doi.org/10.1002/hyp.3360070205
http://dx.doi.org/10.1029/JC087iC13p11229
http://dx.doi.org/10.1109/TGRS.2010.2089526
http://dx.doi.org/10.1109/TGRS.2013.2257605
http://dx.doi.org/10.1109/TGRS.2016.2631978
http://dx.doi.org/10.5194/hess-15-151-2011
http://dx.doi.org/10.1109/TGRS.2015.2450694
http://dx.doi.org/10.1109/JSTARS.2016.2562660
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Ground Observation Networks and Datasets 
	SMAP SM Products 
	Data Processing and Evaluation Method 

	Results 
	Passive SM Product 
	Active SM Product 
	Active/Passive Combined SM Product 

	Discussion 
	Conclusions 

