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Abstract: Soil moisture (SM) applications in terrestrial hydrology require higher spatial resolution
soil moisture products than those provided by passive microwave remote sensing instruments (grid
resolution of 9 km or larger). In this investigation, an innovative algorithm that uses visible/infrared
remote sensing observations to downscale Advanced Microwave Scanning Radiometer 2 (AMSR2)
coarse spatial resolution SM products was developed and implemented for use with data provided
by the Advanced Microwave Scanning Radiometer 2 (AMSR2). The method is based on using
the Normalized Difference Vegetation Index (NDVI) modulated relationships between day/night
SM and temperature change at corresponding times. Land surface model output variables from
the North America Land Data Assimilation System (NLDAS), remote sensing data from the
Moderate-Resolution Imaging Spectroradiometer (MODIS), and Advanced Very High Resolution
Radiometer (AVHRR) were used in this methodology. The functional relationships developed
using NLDAS data at a grid resolution of 12.5 km were applied to downscale AMSR2 JAXA (Japan
Aerospace Exploration Agency) SM product (25 km) using MODIS land surface temperature (LST)
and NDVI observations (1 km) to produce the 1 km SM estimates. The downscaled SM estimates
were validated by comparing them with ISMN (International Soil Moisture Network) in situ SM in
the Black Bear–Red Rock watershed, central Oklahoma between 2015–2017. The overall statistical
variables of the downscaled AMSR2 SM validation R2, slope, RMSE and bias, demonstrate good
accuracy. The downscaled SM better characterized the spatial and temporal variability of SM at
watershed scales than the original SM product.
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1. Introduction

Satellite technology is a practical approach to monitoring Earth surface hydrological characteristics
especially in regions with limited ground measurements [1–8]. Studies have shown that passive
microwave satellite sensors can provide reliable estimates of surface SM [9–12]. Current low frequency
(L-band to X-band) passive radiometers in space provide SM with intrinsic spatial resolutions of
~25–40 km. Data are often interpolated or resampled to grids with higher resolutions (9 km for the
Soil Moisture Active Passive (SMAP) mission). These products are valuable for some applications
but cannot satisfy all hydrological, agricultural, and weather applications. In contrast, satellite-based
radars have much higher spatial resolutions but have limited spatial coverage and infrequent temporal
revisit. In addition, SM retrievals from radars are more complex than from radiometers. The spatial

Remote Sens. 2018, 10, 1575; doi:10.3390/rs10101575 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
http://dx.doi.org/10.3390/rs10101575
http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com/2072-4292/10/10/1575?type=check_update&version=1


Remote Sens. 2018, 10, 1575 2 of 20

variability and sensitivity of active and passive microwave remote sensing SM at different resolutions
has been reported in [13–16].

Passive SM products are available from several sources and satellites that include the AMSR-E
(Advanced Microwave Scanning Radiometer for the Earth Observing System) and its successor
AMSR2, as well as SMOS (Soil Moisture and Ocean Salinity), Aquarius, and SMAP (Soil Moisture
Active Passive). Here we focus on SM retrieved from the AMSR2 instrument. The AMSR2 instrument
on board GCOM-W [17–19] was launched on 18 May 2012 by JAXA. It has six different frequency
microwave bands ranging from 6.925 to 89 GHz (C, X, Ku, and Ka bands), recording the emitted
microwave energy from the Earth surface at an altitude of 700 km every 1–2 days [20]. Several
research groups produce AMSR2 SM products using different algorithms [21], including the JAXA soil
moisture algorithm [22], Single Channel Algorithm (SCA) [23], and Land Parameter Retrieval Model
(LPRM) [24].

SM downscaling algorithms attempt to produce higher spatial resolution SM data by integrating
coarse-resolution passive microwave SM (or brightness temperature) with high-resolution data from
other sources. Several different types of methods have been proposed and evaluated. One type
of method utilized high spatial resolution radar backscatter data to downscale coarse resolution
radiometer observations [25–28]. The downscaling algorithm of [29,30] used a functional relationship
between brightness temperature and backscatter for each pixel based on a time series of observations.
In addition to the type of methods mentioned above, other techniques, including data assimilation
and machine learning, have been used to develop SM downscaling algorithms [31–36].

Besides the above two types of methods, a number of SM downscaling approaches using high
spatial resolution visible/infrared band remotely sensed products have been explored in previous
studies. In these approaches, the relationship between SM and soil evaporation efficiency was used to
downscale SMOS SM [37–39] using two SM indices: Evaporative Fraction (EF) and Actual Evaporative
Fraction (AEF) [40]. Fang et al. [41] developed a variant of this approach and downscaled AMSR-E
SM using NLDAS model outputs. Other methods proposed include a downscaling algorithm derived
from MODIS NDVI, LST, and brightness temperature, which has been applied to SMOS SM [42],
a downscaling model based on vegetation temperature index [43], synergistic approaches using MODIS
NDVI and LST to downscale AMSR-E and SMOS SM [44,45], and, using the thermal inertia relationship
between daily average SM, temperature variation and NDVI to downscale passive microwave SM
from AMSR-E and SMOS in Oklahoma [46–48].

The downscaling algorithm applied in the current investigation has been described in [46] and is
based on the assumption/stipulation that SM is related to land surface temperature, vegetation cover,
and evapotranspiration (ET) and only requires data that are routinely available. After establishing
the necessary relationships between these variables through modeling, downscaling algorithms
can be developed to obtain SM at higher spatial resolutions. In this study, we implemented the
SM downscaling algorithm from [46] to AMSR2 radiometer-based SM products retrieved from
JAXA Version 3 SM [49,50] over the Continental United States (CONUS) region and examined the
performance of this algorithm over regions with different SM conditions. This SM downscaling
algorithm is based on the relationships between SM, temperature change derived from MODIS
Aqua/Terra data, and vegetation index. The vegetation modulated relationships between temperature
variation and the SM of AMSR2 ascending/descending overpasses were modeled based on thermal
inertia. This method follows prior research from several well-established groups, including the authors
of [51,52].

The AMSR2 and other passive microwave satellite instruments can estimate surface SM using
the physical relationship between soil dielectric constant and water content [49,50]. As opposed to
this, the NLDAS SM is the model output derived from land surface models by different data sources
including rain gauge observations, remotely sensed shortwave radiation, and surface meteorology
reanalyses. The spatial and temporal data availability of the ground measurements as well as
the inconsistency between different data sources may contribute to the uncertainties of NLDAS
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variables [53–56]. Therefore, it is necessary to develop downscaling algorithms to enhance the
spatial resolution of passive microwave SM products instead of using NLDAS SM outputs for
various applications.

2. Data and Methodology

2.1. Data Sets

The NLDAS provides near real-time land surface model data at a 1/8◦ (12.5 km) resolution
(http://ldas.gsfc.nasa.gov/nldas/) from available remote sensing observations and land surface
model outputs [53,54] covering North America since 1979. In this study, the NLDAS Phase-2 model
variables for building the downscaling model include surface skin temperature (K) and SM in the
0–10 cm soil layer, which are coincident to the overpass times of AMSR2. We selected the NLDAS
variables derived from the NOAA (National Oceanic and Atmospheric Administration) Noah Land
Surface Model Level 4, which was developed for the NCEP (National Centers for Environmental
Prediction) meso-scale Eta model [54]. Previous studies have evaluated the NLDAS output data
accuracy and uncertainties [55,56].

The NASA LTDR (Long Term Data Record) project produces and publishes global land surface
climate data record from the 1980s to the present. The LTDR Version 5 NDVI data comprise a merged
collection from AVHRR instruments on NOAA satellites N07~N19 (AVH13C1, 1981–present). In this
paper, the 0.05◦ (5 km) spatial resolution LTDR NDVI daily data produced on the Climate Modeling
Grid (CMG) was downloaded from the LTDR website (https://ltdr.nascom.nasa.gov/) and upscaled
to be consistent with the NLDAS 12.5 km pixel size 1 using a bilinear interpolation method.

The MODIS sensors are mounted on the NASA satellites Terra/Aqua, which were launched in
1999 and 2002, respectively, providing Earth surface measurements that include temperature and
vegetation indices on a daily and global basis [57,58]. The sensors have a total of 36 visible/infrared
bands ranging from 0.4 to 14.4 µm at different spatial resolutions 250 m, 500 m and 1 km. The 1 km
daily Aqua and Terra MODIS LST (MYD11A1, MOD11A1) and 1 km biweekly Aqua MODIS NDVI
(MYD13A2) were downloaded from the online data pool Land Processes Distributed Active Archive
Center (LP DAAC) at https://lpdaac.usgs.gov/ as inputs to the downscaling model. The Quality
Control layers (QC) were used for removing the cloud contaminated and low quality Day/Night LST
estimate pixels. The MODIS products were mosaicked and reprojected using MODIS Reprojection
Tool for calculating 1 km LST Day/Night difference and NDVI at the CONUS region.

The AMSR2 instrument is onboard the Global Change Observation Mission–Water 1 (GCOM-W1)
mission that was launched by JAXA in 2012. It provides near real-time passive microwave observations
for monitoring land, ocean, and atmosphere processes and interactions at global scale from about
700 km altitude above the Earth surface with equatorial overpass times of 1:30 a.m./p.m. [17].
The AMSR2 surface SM products are retrieved using C- and X-band brightness temperature (Tb).
As noted above, we used the JAXA Level-3 product which was retrieved using JAXA algorithm and
gridded at 25 km spatial resolution. The AMSR2 data were downloaded from JAXA's G-COM website
http://suzaku.eorc.jaxa.jp/. The SM used in this study covers various land types including cold and
arid areas and excluded vegetated areas over 2 kg/m2 vegetation water content [50].

The validation of downscaled SM products can be challenging. The most robust evaluation would
utilize reliable in situ data over the entire downscaled passive SM product. In this investigation,
we utilized unique SM observation data sets available from ISMN for validating the downscaled
SM results. The ISMN is a repository collecting in situ SM data at different layers from 0.01 to
1 m which are contributed by 19 international SM networks including more than 500 stations
for evaluating and improving SM measurements from satellite and land surface models since
1952 [59–63]. In this study, the in situ SM measurements at a 0–0.05 m soil layer were downloaded from
https://ismn.geo.tuwien.ac.at/, from 5 SM monitoring network stations, which have complete daily
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SM measurements between 2015 and 2017 located in two watersheds: the Black Bear–Red Rock
watershed and the Lower Cimarron Watershed, as shown in Figure 1.
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a polygonal shape when the vegetation is under water stress [63–69], which indicates that the 
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Figure 1. The CONUS region and the sites for mapping and validating the SM downscaling algorithm:
Black Bear–Red Watershed/Lower Cimarron Watershed, Oklahoma, and San Pedro River Watershed,
Arizona. The ISMN SM monitoring ground stations are denoted in red.

2.2. Soil Moisture Downscaling Algorithm

The JAXA SM algorithm uses X-band observations due to the presence of RFI in C-band
observations. The algorithm [22] considers the effects of vegetation cover on SM retrieval and
introduces the vegetation fractional parameter into the algorithm. Therefore, the SM downscaling
algorithm uses a vegetation-based lookup table to relate microwave polarization index to SM estimates.

Thermal inertia theory as utilized here refers to the time-dependent response of an object to the
variation of temperature. The volumetric heat capacity of soil increases when the soil layer becomes
wetter, and the greater water content should correspond to a smaller temperature variation. In this
study, we assumed that the SM at a particular time (e.g., morning) is inversely proportional to the
temperature change 12 h prior to, correspondingly, either the AMSR2 morning or afternoon overpass
time. Additionally, it is expected that the SM–temperature change relationship will be modulated
by the presence of vegetation. The triangular shape of the SM and temperature relationship changes
into a polygonal shape when the vegetation is under water stress [63–69], which indicates that the
influence of vegetation on the SM–temperature change relationship is another important factor that
must be considered.

Based upon previous studies, the daily average SM is negatively related to the daily temperature
difference under various vegetation conditions [46,47]. This is also the research background that
models the triangular relationship to downscale the passive microwave SM by using NLDAS derived
variables [46–48]. NLDAS provides operational long-term land surface variable outputs at hourly
temporal frequency and is able to characterize the soil hydrological properties represented by the
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θ − ∆Ts relationship. Therefore, for a single month, the relationship between SM and temperature
difference for a given NDVI class can be expressed by the following linear regression model:

θ(i, j) = a0 + a1∆Ts(i, j) (1)

where θ(i, j) is the NLDAS gridded SM for the AMSR2 morning/afternoon overpasses, and ∆Ts(i, j)
is the NLDAS gridded 12-h temperature difference closest to and before the AMSR2 overpasses.
This relationship was built at the scale of the NLDAS pixel using the NLDAS SM and surface skin
temperature from all single months between 1981 and 2016. The daily NDVI derived from AVHRR,
MODIS data were aggregated and matched-up to the NLDAS pixels by using the nearest neighbor
method. The NDVI were binned into different classes from 0 and 1 with an increment of 0.1 (the classes
containing fewer than 8 points were not used), which results in the regression lines for the θ − ∆Ts

scatterplots. The regression equations at the specific NLDAS spatial resolution were applied on a daily
basis to the 1 km MODIS pixels within that NLDAS pixel. The 1 km SM was then calculated from the
1 km MODIS LST difference ∆Ts and corresponding NDVI interval.

The AMSR2 SM observations are retrieved from the microwave radiometer, which senses SM
at a few centimeters depth and is different from the optical imaging sensor MODIS observations for
calculating SM sensed at a few millimeters [70,71]. In order to solve this discrepancy, the 1 km SM θ

calculated from the MODIS LST products should be corrected by removing the difference between
AMSR2 SM and MODIS LST derived SM using the following relationship:

θc(i, j) = θ(i, j) + [Θ − 1
n ∑ θn] (2)

where θc(i, j) stands for a corrected 1 km AMSR2 SM using θ calculated from Equation (1), and n is the
number of 1 km SM pixels that fall in each AMSR2 pixel. Θ is the 25 km resolution AMSR2 SM.

The θc has the following characteristics: (a) the SM at 1 km can be characterized by the relationship
between SM and daily temperature variation, (b) the bias between AMSR2 and MODIS-derived SM
can be eliminated at the low resolution, and (c) the θ − ∆Ts relationship varies in response to different
vegetation conditions.

The SM downscaling algorithm modified the original algorithm from [46] as follows: (1) the new
algorithm adopted more NDVI classes from 0 to 1 and with an increment of 0.1 for modeling NDVI
corresponding θ − ∆Ts relationships at regions of different vegetation cover conditions in CONUS;
(2) the new algorithm used the IDW (Inverse Distance Weighted) interpolation method for upscaling
LTDR NDVI data to coarser spatial resolution; (3) the new algorithm used an averaging method to
calculate 1 km SM grids that are overlapped by multiple 12.5 km NLDAS grids; (4) the new algorithm
performed a downscaling algorithm on descending/ascending overpasses AMSR2 SM retrievals by
building the two models separately, while the original algorithm only downscaled the daily averaged
AMSR-E SM retrievals.

Due to a lack of long-term monitoring of very high spatial resolution of land surface variables,
the NLDAS outputs as well as AVHRR and MODIS products were normalized to 12.5 km for
downscaling the microwave SM to 1 km. The spatial heterogeneity at 1 km within each 12.5 km
pixel during the model implementation was also ignored.

3. Evaluation of the Downscaling Algorithm

For examining performance of the downscaling algorithm at different regions and seasons, the R2

and RMSE (root mean squared error) between θ and corresponding ∆Ts of descending overpass times
using the NLDAS data between 1981 and 2016 by each month between April and September are
mapped in Figures 2 and 3. The other months from October to March were excluded for building
the downscaling model, as the NLDAS SM had poor correlations with in situ observations in the
northern CONUS region during cold months and was suggested not to be used, due to the biases
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caused by frozen soil water content [72]. In these maps, the R2 and RMSE are averaged from all the
NDVI classes for each NLDAS grid. It is found that the western part of CONUS generally has higher
R2 (basically > 0.2 in warm months) than the eastern CONUS. Some possible factors may have an
impact on the accuracy of NLDAS variables SM and temperature estimations, such as vegetation type,
vegetation structure, and soil texture. This can be referred to the related research on validating NLDAS
SM using ground observations over the CONUS region, which found better validation statistical
variables in the western region at shallow depth soil layer [72,73]. Low R2 values are also noted in
the Rocky Mountain Region, where is usually covered by snow until mid-summer. The R2 shows
an increasing trend from April to July for both the western/eastern regions and it reaches the peak
in July. The southwestern states have overall strong R2 (0.6–0.8) associated with sparse vegetation
coverage and low amounts of precipitation through the entire year. The R2 slowly decreases from July
to September. The western part has greater changes of R2 than the eastern part through all six months.
The above facts may also be determined by the data quality of NLDAS SM estimates: the research [72]
found the seasonal variability of validation statistical variables for the NLDAS SM, of which the hottest
months (July and August) tend to be more accurate than the other months. These could be explained
by the influence of frozen water content in the soil layer or the slow response of the increase in SM in
wet seasons (spring and fall).
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NLDAS grid spatial resolution 12.5 km. The R2 for each grid is computed from averaged R2 values
between NLDAS SM and surface skin temperature corresponding to AMSR2 descending overpass
times of all NDVI 0–1 classes.
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Figure 3. RMSE of SM estimation from the downscaling algorithm (m3/m3) maps in the CONUS
region of AMSR2 descending overpasses from April to September at NLDAS grid spatial resolution
12.5 km. The RMSE for each grid is computed from averaged RMSE values between NLDAS SM and
surface skin temperature corresponding to AMSR2 descending overpass times of all NDVI 0–1 classes.

The RMSE maps for SM prediction do not show clear regional distribution patterns, the only
exception being a high RMSE in the north of U.S. and Rocky Mountain region in April–May,
where could be covered by snow. Similarly, we do not observe clear seasonal trends of RMSE’s
variation from cool to warm months. The RMSE values are mostly <0.03 m3/m3 throughout the entire
CONUS region, except the aforementioned northern and mountainous regions with high RMSEs in
cool months.

Figure 4 and Table 1 show four NLDAS grids of modeled θ − ∆Ts relationships of different NDVI
classes in July between 1981 and 2016. These represent regions of different vegetation coverage and SM
conditions. The locations include (1) Walnut Gulch, Arizona, (2) Stillwater, Oklahoma, (3) Reynolds
Creek, Idaho, and (4) Ames, Iowa, all of which have permanent long-term SM monitoring stations.
Overall, it can be summarized that θ and ∆Ts are negatively correlated, and the fit lines for all NDVI
classes have similar slope values. In general, θ − ∆Ts correlations have higher R2 for descending
overpasses than ascending overpasses. This fact is also reflected on θ − ∆Ts scatterplots, where the
descending overpass scatterplots are more concentrated. The R2 of descending θ − ∆Ts relationships
range from 0.493 to 0.784 in Walnut Gulch—clearly higher than the other three locations. This is
probably attributed to the Walnut Gulch having the overall narrowest NDVI range (0–0.4), so the
θ − ∆Ts relationship is less complicated by vegetation. In contrast, Ames has the worst overall R2

(0.092–0.275) and has the widest NDVI range between 0–0.8. On another hand, R2 values do not show
clear decreasing trends as NDVI class increases for all four locations for either descending/ascending
overpasses. The outliers are noted for all NDVI classes from the scatterplots in Figure 4, indicating the
impact of vegetation on θ − ∆Ts relationships. However, such impact does not strengthen when NDVI
increases either. In addition, according to the sample numbers shown in Table 1, the NDVI classes with
few points may contain more uncertainties with respect to the regression analysis, and the R2 may be
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relatively higher or lower than the other classes, such as NDVI class 0.3–0.4 for Walnut Gulch, 0–0.1 for
Stillwater, and 0.4–0.5 for Reynolds Creek.
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Figure 4. Scatterplots showing the relationships between NLDAS SM and surface skin temperature
corresponding to different NDVI classes of descending/ascending overpasses from four selected
NLDAS grids, which represents the regions of different vegetation coverage and SM condition:
(1) Walnut Gulch, Arizona; (2) Stillwater, Oklahoma; (3) Reynolds Creek, Idaho; (4) Ames, Iowa.
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Table 1. R2 and sample numbers between NLDAS surface skin temperature and SM of
descending/ascending overpasses in July from four selected NLDAS grids representing different
vegetation and SM conditions in the CONUS region, including Walnut Gulch, Arizona; Stillwater,
Oklahoma; Reynolds Creek, Idaho; Ames, Iowa.

Descending Overpasses

NDVI Walnut Gulch Stillwater Reynolds Creek Ames

0–0.1 0.605 0.341 0.349 0.227
0.1–0.2 0.691 0.445 0.32 0.195
0.2–0.3 0.784 0.448 0.404 0.154
0.3–0.4 0.493 0.376 0.367 0.172
0.4–0.5 - 0.493 0.436 0.142
0.5–0.6 - 0.374 - 0.093
0.6–0.7 - 0.338 - 0.275

Ascending Overpasses

0–0.1 0.575 0.271 0.232 0.07
0.1–0.2 0.665 0.224 0.189 0.09
0.2–0.3 0.779 0.075 0.323 0.342
0.3–0.4 0.295 0.483 0.247 0.148
0.4–0.5 - 0.493 0.111 0.237
0.5–0.6 - 0.378 - 0.16
0.6–0.7 - 0.428 - 0.357

Sample Numbers

0–0.1 269 80 120 118
0.1–0.2 594 87 221 101
0.2–0.3 218 100 422 94
0.3–0.4 13 166 291 106
0.4–0.5 - 255 43 131
0.5–0.6 - 348 - 160
0.6–0.7 - 45 - 227

4. Downscaled AMSR2 Soil Moisture Results

4.1. Interpretation of Soil Moisture Maps

In Figure 5, the 1 km downscaled AMSR2 SM are mapped to compare with the original 25 km
AMSR2 SM at the CONUS region scale as well as the watershed scale. The 1 km AMSR2 SM from June
of morning overpasses (descending overpasses) have very similar spatial distribution patterns as the
25 km SM. However, they show spatial variabilities at a finer spatial scale, especially in the regions
with heterogeneous SM conditions, such as the mid-west region in the Mississippi river basin.
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CONUS region from three days in June 2015–2017.

When one focuses on the watershed scale, as Figure 6 shown the 1 km/25 km AMSR2 SM of
morning overpasses in the Black Bear–Red Rock watershed, central Oklahoma from 4–5 September
2014, we can observe the different SM spatial distribution patterns in the west/east side of Arkansas
River (The river path is shown in Figure 1) in 1 km SM maps, which are not observed in 25 km
maps. The SM dry-down trends are also better captured in 1 km SM maps. The western bank of the
Arkansas River demonstrates greater heterogeneity than the eastern bank. This is probably due to the
land cover type: the eastern part of the watershed is dominated by grassland, while the agricultural
land composes the western part. In addition, wetter regions in the center of the watershed can be
noted, which are not captured in the 25 km SM maps. These regions are close to the Sooner Lake and
a big bend of Arkansas River. Similarly, another good example in Western U.S. of Figure 7 shows
contrast between 1 and 25 km SM of ascending overpasses in the San Pedro River watershed, Arizona,
from 3–10 May 2016. The 25 km SM maps show nearly no spatial or temporal variation throughout the
entire watershed during this period. In contrast to this, the downscaled 1 km SM clearly demonstrates
several wetter regions along the west and east sides of the watershed boundaries, which are parts of
the Coronado national forest. Besides this, we can also observe a wetter region across the middle of
the watershed which corresponds to the river and alluvial plain. This feature agrees to the topography
shown in Figure 1. Another issue about the performance of the downscaling algorithm is worth
noticing: the downscaled 1 km SM maps show sharp edges in both Figures 6 and 7.
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overpasses (afternoon) showing spatial and temporal variabilities at San Pedro river watershed,
southeastern Arizona from 4 days of early May 2016.
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Particularly, in Figure 6, the sharp-edge issue is more clearly observed once great difference
between adjacent 25 km grids. And, the sharp edges exactly correspond to the spatial pattern of 25 km
SM maps. In Figure 7, the shape edges are also found at the center of the watershed of the 1 km
SM maps, while there is little spatial variability in the 25 km SM maps. The sharp-edge issue can be
concluded for two reasons: Firstly, the downscaling algorithm corrects the 25 km resolution AMSR2
SM by using the 1 km SM estimates derived from MODIS LST within the 25 km grid boundaries.
However, there is no smoothing step performed on adjacent 25 km grids. The second reason is the
discontinuity of the spatial pattern in the 1 km estimated SM grids, which is mainly caused by adjacent
12.5 km NLDAS grids. The downscaling algorithm was built at the 12.5 km NLDAS scale, and adjacent
NLDAS grids may have quite different θ − ∆Ts relationships.

4.2. Validation

The 1 km downscaled and 25 km AMSR2 SM were validated using ISMN in situ SM measurements
in the Black Bear-Red Rock watershed, Oklahoma, between 2015 and 2017, as Figures 8 and 9 shown.
In this validation, the ISMN in situ measurements within each 1 km/25 km AMSR2 SM grid were
averaged for validating. Please note that there are fewer data points for the 1 km than for the 25 km
SM validations for all the stations, as the 1 km downscaled SM results usually have less coverage
than 25 km due to the cloud contamination and satellite swath gap issues. From Figure 8, it can be
seen that the slopes of 1 km SM validation results of descending overpasses are closer to 1 than the
25 km validation plots. The validation metrics improve from the original 25 km to the 1 km SM for
descending overpasses, as shown in Table 2. The R2 of 1 km SM validations ranges from 0.284 to
0.608, which is much better than the overall range of 0.094–0.449 for 25 km SM. Improvement is also
noted in the unbiased RMSE (ubRMSE), which ranges from 0.036 to 0.079 m3/m3 for the 1 km SM in
comparison to the range of 0.036–0.052 m3/m3 for the 25 km SM. Considering the data accuracy of the
JAXA algorithm retrieved AMSR2 SM, which has the overall ubRMSE of 0.059 m3/m3 validated by
core validation sites [64], the performance of the downscaling algorithm in CONUS is fairly good and
the overall bias is also improved. For the ascending overpasses, it can be seen that the R2 and ubRMSE
are improved from 25 to 1 km, but degradation for bias is also noted. In addition to this, an overall
underestimation trend is observed for the downscaled 1 km SM for both descending/ascending
overpasses. From Figure 8 and the bias values of Table 2, it appears that the 1 km SM for the ascending
overpasses are underestimated by a larger amount than for the descending overpasses. Additionally,
for the 25 km SM validation, descending overpasses generally have better R2 and ubRMSE than
ascending overpasses, but worse bias. By studying Figure 8, the reasons could be that the 25 km SM
validation results for ascending are better correlated and the scatter points are more concentrated,
but also show stronger dry-biased tendency. By studying the validation results between stations,
we found that the COSMOS stations: COSMOS-ARM (Atmospheric Radiation Measurement) and
COSMOS-SMAP-OK have improved overall R2 but worse overall ubRMSE compared with other
stations. On the contrary, the stations of USCRN-Stillwater and PBO-H2O-OK have lower overall
ubRMSE and the points on the scatterplots are closer to the 1-1 line, but worse R2. Referring to
the previous research on validating in situ SM measurements, the COSMOS SM measurements are
recorded by cosmic-ray probes from the wireless sensor network (SoilNET) and the overall accuracy is
within 0.04 m3/m3 at heterogeneous farmland. Research also found that the vegetation water content,
biomass, air pressure, and other factors may have an impact on the accuracy of COSMOS SM [74–76].
On the other hand, USCRN is with an average random error of ~0.012 m3/m3 by triple collocation
validation method in the CONUS region, and the largest error was noted at shallower depths [77–79].
The USCRN provides more reliable SM measurements than COSMOS, so the downscaled results
validated by USCRN show better agreements and smaller overall ubRMSE.
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Figure 9 shows time series plots of daily averaged 1 km/25 km AMSR2 SM estimates along
with ISMN in situ SM measurements, as well as the corresponding GPM daily precipitation at
the COSMOS-SMAP-Oklahoma station between 2015 and 2017. It can be observed that both the
1 km/25 km AMSR SM estimates for the descending/ascending overpasses have similar dry-down and
wetting trends when compared to the in situ measurements. In addition to this, the underestimation
tendencies are observed for both 1 km and 25 km AMSR2 SM estimates, which correspond to the
Figure 8 scatterplots. All three SM data sets show less discrepancy for the descending overpasses than
ascending overpasses. Possible reasons for this behavior could be: (1) a remote sensing SM estimate
represents the average SM value within the grid domain, while in situ measurements represent point
locations, and (2) AMSR2 SM estimates of descending overpasses have better overall accuracy in the
validation sites, due to the uniform surface temperature and soil profiles during night time [5,20].
In addition, the precipitation may have an impact on the accuracy of the estimated 1 km/25 km AMSR2
SM. The impact includes contamination on microwave signals, as well as the slow response of soil
moisture retrievals to precipitation events [80]. In Figure 9, there are large discrepancies between
the AMSR2 SM estimates and the in situ SM for ascending overpasses during rainy seasons, such as
mid-April to mid-June of 2015 and mid-April to late-May of 2016.
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Table 2. Statistical variables of 1 km downscaled and 25 km AMSR2 SM of descending/ascending overpasses between 2015 and 2017, validated using ISMN in situ
measurements which are located in the Black Bear–Red Rock watershed, Oklahoma.

Station
1 km AMSR2 (Dsc.) 1 km AMSR2 (Asc.)

R2 ubRMSE Bias Number R2 ubRMSE Bias Number
COSMOS-ARM 0.608 0.048 0.048 92 0.754 0.056 0.056 45

COSMOS-SMAP-OK 0.484 0.079 0.078 53 0.643 0.062 0.062 16
USCRN-Stillwater #1 0.331 0.036 0.033 143 0.377 0.047 0.046 92
USCRN-Stillwater #2 0.284 0.041 0.037 123 0.239 0.048 0.046 74

PBO-H2O-OK #2 0.382 0.037 0.037 32 0.271 0.039 0.033 24
25 km AMSR2 (Dsc.) 25 km AMSR2 (Asc.)

COSMOS-ARM 0.449 0.042 0.074 428 0.490 0.077 0.041 430
COSMOS-SMAP-OK 0.287 0.052 0.083 427 0.229 0.091 0.045 413
USCRN/PBO-H2O 0.094 0.036 0.031 97 0.008 0.053 0.018 91
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Figure 9. Time-series of daily averaged 1 km/25 km AMSR2 SM estimates of descending/ascending
overpasses between 2015 and 2017 along with in situ measurements of corresponding times from the
COSMOS station in Oklahoma for SMAP validation. The black bars are daily precipitation derived
from a 10 km resolution GPM-IMERG L3 precipitation data.

5. Summary

A SM downscaling algorithm for use with passive microwave satellite estimates was modified,
applied as well as validated using in situ ground measurements from an in situ SM database
ISMN. The algorithm is based on vegetation modulated relationships between the surface layer
SM for descending/ascending overpasses and the corresponding surface temperature difference.
The modified algorithm was developed based on only three variables land surface temperature, SM,
and NDVI. The use of other related land surface variables, such as precipitation and soil properties,
was avoided in the current approach. The algorithm was evaluated in the CONUS region for the
months between April and September, and was found generally performed better over the western US
than eastern US. The algorithm also demonstrated seasonal variability of performance and the hottest
months, July and August, have stronger θ − ∆Ts correlations than the other months. The modeled
relationships were applied to 1 km MODIS Aqua LST data to downscale coarse resolution 25 km
AMSR2 microwave radiometer SM retrieved using the JAXA algorithm. The AMSR2 SM data for
the CONUS region between 2013 and 2017 were implemented for producing the 1 km downscaled
SM products. SM spatial variability as well as dry-down and wetting trends for selected watersheds
in Arizona and Oklahoma were found to be better characterized by the downscaled SM than the
coarse SM product. The downscaled SM product was validated using ISMN in situ SM observations
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in Oklahoma and the assessment results show better overall consistency for the downscaled SM
product as compared to the coarser resolution 25 km AMSE2 SM estimates (R2 increased by 0.141 for
descending overpass and increased by 0.215 for ascending overpass). For the downscaled AMSR2
SM, the overall R2 shows a good correlation with the in situ SM. The precipitation events had an
impact on the performance of SM downscaling algorithm due to the reduction in the sensing depth of
the microwave signals [11]. The underestimation is noted for both the 1 km downscaled and 25 km
AMSR2 SM estimates when compared with in situ data.

In interpreting the validation reported here, there are several issues concerning remotely sensed
SM and in situ observations that should be considered [81,82]. First, the passive microwave remotely
sensed data originate from an ellipsoidal region at a scale of tens of kilometers, as opposed to the
ground observations that record the SM at the point scale. Second, there are potential mismatches
in the sensing depths among all the SM data sets. The brightness temperatures sensed by passive
microwave sensors (AMSR2) and MODIS, SM outputs from NLDAS, and the in situ SM measured by
ground stations are all at different depths. A previous study found that satellite-based SM is noisier
than land surface model data [83]. Furthermore, the passive microwave sensors can penetrate a few
centimeters, while the MODIS penetrates only a few millimeters, which are compared with the NLDAS
SM outputs at a 0–10 cm depth and the ground measurements at a 5 cm depth.
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