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Abstract: Improving the spatial resolution of microwave satellite soil moisture (SM) products is
important for various applications. Most of the downscaling methods that fuse optical/thermal and
microwave data rely on remotely sensed land surface temperature (LST) or LST-derived SM indexes
(SMIs). However, these methods suffer from the problems of “cloud contamination”, “decomposing
uncertainty”, and “decoupling effect”. This study presents a new downscaling method, referred to
as DSCALE_mod16, without using LST and LST-derived SMIs. This model combines MODIS ET
products and a gridded meteorological data set to obtain Land surface Evaporative Efficiency (LEE) as
the main downscaling factor. A cosine-square form of downscaling function was adopted to represent
the quantitative relationship between LEE and SM. Taking the central part of the United States as
the case study area, we downscaled SMAP (Soil Moisture Active and Passive) SM products with an
original resolution of 36km to a resolution of 500m. The study period spans more than three years from
2015 to 2018. In situ SM measurements from three sparse networks and three core validation sites (CVS)
were used to evaluate the downscaling model. The evaluation results indicate that the downscaled
SM values maintain the spatial dynamic range of original SM data while providing more spatial
details. Moreover, the moisture mass is conserved during the downscaling process. The downscaled
SM values have a good agreement with in situ SM measurements. The unbiased root-mean-square
errors (ubRMSEs) of downscaled SM values is 0.035 m3/m?3 at Fort Cobb, 0.026 m3/m? at Little Washita,
and 0.055 m3/m? at South Fork, which are comparable to ubRMSEs of original SM estimates at these
three CVS.

Keywords: downscaling; soil moisture; DSCALE_mod16; Land surface Evaporative Efficiency (LEE);
Soil Moisture Active and Passive (SMAP)

1. Introduction

Soil moisture (SM) is usually defined as the water contained in the unsaturated soil zone. It can
be expressed in a relative quantity (i.e., g/m3, m3/m3, and %) or an absolute quantity (i.e., mm for
water depth and kg for mass). The SM in rn3’/m3 is known as volumetric soil moisture, which is
defined as the volume of water in the soil divided by the volume of soil containing the water. SM is
the main water resource for crop and natural vegetation growth, which in turn influences on food
security and ecological environment. It also plays a significant role in land surface water and energy
cycle through partitioning available energy into sensible heat flux and latent heat flux as well as
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partitioning precipitation into penetration and runoff. On a larger scale, it influences various processes
and feedback loops within the Earth system [1]. Consequently, SM is a key parameter in a wide
range of applications such as agricultural production [2], drought monitoring and prediction [3-5],
water resource management [6], weather prediction [7], and climate change [8]. The Global Climate
Observing System (GCOS) also recognize the SM as one of the Essential Climate Variables [9,10].

To obtain SM measurements, various techniques have been developed. These include ground
measurements, remote sensing measurements, atmospheric-terrestrial water-balance (ATWB) estimates,
and land surface model (LSM) based estimates [1]. SM are affected by soil texture, structure, topographic
features, land cover patterns, and meteorological forcing conditions at various scales, exhibiting a high
spatial heterogeneity [11]. ATWB estimates are difficult to used for trend detection and their spatial
resolution is very coarse (300-1000 km). LSM-based estimates are dependent on the quality of forcing
data, such as precipitation and radiation. The ground measurements may come from gravimetric
methods, time domain reflectometry, and cosmic-ray neutron probes [12]. The point measurements
from these ground-based methods are often spatially very sparse and are unable to capture the
complete spatial distribution. Satellite remote sensing has become a useful way for obtaining spatially
distributed SM measurements from regional to global scales at a regular time interval, although it only
retrieves surface soil moisture up to a few centimeters deep at most [10].

The remote sensing measurements of SM can be derived by various retrieving methods that
almost utilize the whole spectrum range from visible to microwave bands [10]. The retrieval methods
based on visible, near infrared, and thermal infrared bands have a longer history and possess the
advantages of high spatiotemporal resolution and abundant data sources. Nevertheless, they suffer
from the common drawbacks of optical remote sensing, such as, unavailability under cloudy weather
conditions and shallow penetration in soil [10,12-15]. Owing to the longer wavelength and more
direct correlation with SM, microwave bands, especially the L-band, are recognized as the optimal
selection for obtaining SM estimates [10,12-15]. SMOS (Soil Moisture and Ocean Salinity) [16] and
SMAP (Soil Moisture Active Passive) [17] are two operational L-band microwave satellite missions for
remote sensing of soil moisture. The SMOS, launched on 2 November 2009, provides multi-angular
(0°-65°) and full-polarimetric observations with a spatial resolution of about 35-50 km [18]. The SMAP,
launched on 31 January 2015, carries two payloads: a real aperture radiometer and a Synthetic Aperture
Radar (SAR), providing a single angle (40°) and full-polarimetric observations at spatial resolutions
of about 36 km and 3 km, respectively. SMAP mission is designed to provide soil moisture products
at low (about 40 km), high (about 3 km) and intermediate (about 10 km) spatial resolutions using
observations from the radiometer, SAR, and a combination of the two, respectively. Unfortunately,
the SAR sensor experienced a fatal anomaly and no longer transmitted data since 7 July 2015 [19].
In this context, spatial downscaling of microwave soil moisture to higher resolutions, such as one
kilometer or even hundreds of meters, is becoming more challenging. It entails the development of
new SM downscaling methods in order to support hydrological and agricultural application on a
regional or local scale [10,12].

In recognition of the pressing need for downscaling microwave remotely sensed SM data,
various methods have been proposed. As summarized in a comprehensive review in [12],
the proposed downscaling methods include satellite-based methods, geoinformation-based methods,
and model-based methods. Geoinformation-based and model-based methods are either too complicated
to implement, dependent upon too many ancillary data, or/and catchment-specific, which clearly
limits their applicability. Satellite-based methods have gained popularity among researchers since
the abundant and accessible high-resolution remote sensing data have been available. Satellite-based
methods can be further divided into active and passive microwave data fusion methods and
optical/thermal and microwave fusion methods. The former fusion methods are limited by the
availability of matched active and passive microwave data. For example, after the SMAP’s active
radar sensor stopped working, some researchers sought to incorporate C-band active microwave data
from Sentinel-1 satellite to downscale the SMAP L-band passive microwave data [14,20]. However,
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this approach faces some technical challenges due to data latency, spatial coverage, revisit frequency,
penetration depth, and retrieval performance [21]. Owing to the abundant data source, relative mature
observation technology, and well-defined physics, optical/thermal and microwave fusion methods
represent the most promising approach to the SM downscaling problem.

Currently, there are three types of optical/thermal and microwave fusion methods: statistical
regression, relative ratio, and physical model for simplification. The statistical regression method either
uses empirical polynomial fitting [22] or machine learning algorithms [23] to construct a statistical
relationship between soil moisture and various land surface parameters, such as, Land Surface
Temperature (LST), Normalized Difference Vegetation Index (NDVI), Albedo [22], or microwave
brightness temperature [24]. The relative ratio methods assume that high-resolution soil moisture is
proportional to the ratio of coarse-resolution soil moisture to a high-resolution soil wetness index [25].
The soil wetness index is actually calculated from the feature space of LST and Fractional Vegetation
Coverage or vegetation index (LST/FVC space) [26,27]. Vegetation Temperature Condition Index
(VTCI) or Temperature Vegetation Dryness Index (TVDI) have been incorporated to further improve the
performance of the relative ratio methods [28,29]. Disaggregation based on Physical and Theoretical
scale Change (DISPATCH) is representative of the physical models [30,31]. Its physical basis is the
linear, exponential, or cosine expressions of the relationship between SM and soil evaporative efficiency
(SEE). SEE is defined as the ratio of actual soil evaporation to the potential one over soil surface. In the
DISPATCH model, SEE is calculated as the relative distance of soil temperature to its extreme values at
the conditions of maximum water stress and saturated water supply [31]. The soil temperature and its
extreme values were determined from the LST/FVC space. The determination of SEE in DISPATCH
is very similar to the calculation of VICI or TVDI, which are all derived from the LST/FVC space.
We refer to these variables as the LST-derived soil moisture indices (SMIs). Apparently, the LST and
LST-derived SMIs are vital to the optical/thermal and microwave fusion methods for disaggregating
microwave satellite SM.

Nevertheless, most downscaling methods based on LST and LST-derived SMIs need to tackle
“cloud contamination”, “decomposing uncertainty”, and “decoupling effect” problems. Firstly, LST
cannot be retrieved from thermal remote sensing data in cloudy weather condition. The downscaling
methods that are based on LST and LST-derived SMIs are not able to operate under all-weather
conditions. Secondly, there are greater uncertainties in decomposing remotely sensed LST into soil
and vegetation temperature components to calculate the LST-derived SMIs. It is very difficult to
accurately determine the dry and wet boundaries of the LST/FVC space [32]. For instance, the
DISPATCH algorithm obtains the soil and vegetation temperature end-members from remote sensing
image itself [19]. However, it is not always the case that there exist pixels under very dry and wet
conditions and can be used as end-members in a study area. For the areas without such extreme pixels,
the temperature end-members selected are not true end-members, which brings great uncertainties
in downscaling SM. Furthermore, there are diverse models to interpret the LST/FVC space, which
complicate the process of decomposing remotely sensed LST. At least three models exist for the
interpretation of LST/FVC space in the literature, namely, the triangle model [33,34], the conventional
trapezoid model [35], and the two-stage trapezoid model [26]. Thirdly, there exists decoupling effect
among SM, LST, and LST-derived SMlIs both in very wet and in very dry condition [36]. Such decoupling
effect can degrade the performance of LST as a downscaling factor [36]. The above problems have
severely hampered the development and extensive application of the downscaling methods that rely
on LST and LST-derived SMIs. [12,20].

To address the above “cloud contamination”, “decomposing uncertainty”, and “decoupling effect”
problems, this study presents a novel downscaling method for disaggregating microwave satellite SM.
Instead of using LST or LST-derived SMIs, our method utilizes Land surface Evaporative Efficiency
(LEE) as the main downscaling factor. LEE is defined as the ratio of actual evapotranspiration (ET) to
potential ET (PET). MODIS (Moderate Resolution Imaging Spectroradiometer) ET production (MOD16)
and gridded meteorological data are the main data sources for determining the LEE. We refer to
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this new method as DSCALE_mod16 for the presentation convenience. Since the DSCALE_mod16
model does not depend on LST or LST-derived SMIs, the “cloud contamination”, “decomposing
uncertainty”, and “decoupling effect” problems can then be circumvented. The DSCALE_mod16
algorithm will be illustrated in detail in Section 2. Section 3 describes the data sets that we used
in this study. The evaluation of the DSCALE_mod16 model performance is presented in Section 4.
Then, we discuss the DSCALE_mod16 algorithm and relevant application issues in Section 5 and draw
some conclusions in Section 6.

2. DSCALE_mod16 Model

2.1. Overview of the Model Components and Structure

Figure 1 shows the structure and data flow of the DSCALE_mod16 model. MODIS ET
products (MOD16), original microwave remotely sensed coarser-resolution SM (SMcg), and gridded
meteorological data are three input data sources for the DSCALE_mod16 model. The MOD16 products
were processed with the vegetated module in order to calculate LEE for vegetated areas. As the MOD16
products did not calculate ET for non-vegetated areas, the gridded meteorological data were employed
to approximate LEE over barren or sparsely vegetated areas with the barren module. Subsequently,
we integrate the LEE estimates from vegetated module and barren module to obtain a spatially
continuous higher-resolution LEE (LEEyR). Finally, higher-resolution SM (SMpyRr) measurements are
derived through coupling the LEEyR and a downscaling module. Specific details of the three modules,
i.e., Barren module, Vegetated module, and Downscaling module are introduced as follows.

Meteorological f MODIS Evapotranspiration j Microwave
reanalysis / Product remote sensing
1 A, |
| |
I 1
Air Latent heat I Evapotranspir |
temperature flux (LE) |l ation (ET) : SMer
I 1
I |
I 1
[ |
I |
I [
Alr relative { !
humidity Potential LE | Potential ET :
(PLE) I (PET) h
! 1
I 1
- I o I 5
[ [ = Downscaling
" function
— LEE
Samgimgy Vegetated areas
vegetated areas
LEEjr ——Aggregation—» LEE(g —
|
¥
SMyg

Input Barren Vegetated Downscaling
I:l materials |:| module l:' module I:l module
Figure 1. Component modules and data flow of the DSCALE_mod16 model for disaggregating

coarse-resolution soil moisture data. LEE: Land surface evaporative efficiency, SM: soil moisture.
The subscripts HR and CR represent high-resolution and coarse-resolution, respectively.
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2.2. Vegetated Module

LEE can be expressed as
LE

PLE @
where LE is actual land surface latent heat flux (W/m?) and PLE is potential LE (W/m?). Since the
denominator PLE is defined as the latent heat flux with sufficient water supply and the numerator LE
corresponds to actual water supply, their ratio LEE is therefore a powerful indicator of SM variation.

LEE =

As matter of fact, this indicator has been widely used in constructing drought a severity index.
For instance, the Evaporative Drought Index (EDI) is expressed as EDI=1-LEE [37]. The Evaporative
Stress Index (ESI) is defined as the standardized anomalies in the LEE [38]. The Drought Severity Index
(DSI) is defined as the sum of the normalized LEE and the normalized NDVI [39]. Previous studies
have suggested that LEE is a valid indicator for characterizing SM anomalies and drought [3,40].

In this study, MODIS ET products (MOD16A2) were used to calculate the LEE. The MODIS ET
product is based on the logic of the Penman-Monteith equation that uses remotely sensed vegetation
property dynamics derived from MODIS without using remotely sensed LST and LST-derived SMIs [29].
MOD16A2 has a temporal resolution of 8-day which is the highest temporal resolution in current
MODIS ET products. We assume that the calculated LEE is relatively stationary during the 8-day
interval. It should be noted that the MODIS ET products do not have full spatial coverage owing to the
variation in land cover types. Table 1 shows the land cover types where the MOD16A2 derived ET
estimates are not available. Alternative approaches are necessary for estimating the LEE over the land
cover types where the MODIS derived ET are not available (Table 1). In this study, the LEE over urban
built-up, impervious surface, and permanent snow and ice-covered areas was assigned a value of zero,
since there is no available water for ET. The LEE over water bodies and permanent wetland was given
a value of 1.0, because there is sufficient water for ET. The LEE over barren or sparsely vegetated and
unclassified areas was determined using the Barren module, which will be described below. In some
rare situation where the soil moisture is nearly saturated, the calculated LE may be greater than PLE.
In this case, we simply set the LEE value to 1.0 in order to constrain the LEE to the range of [0, 1.0].

Table 1. The land cover types where the ET is not produced in MOD16A2 dataset.

Land Cover Types Fill Values in MOD16A2 Alternative Values in LEE
Urban or Built-up 32762 0
Permanent snow and ice 32764
Permanent wetland 32763
Water body 32766 1
Barren or sparsely vegetated 32765

Unclassified 32761 Estimated from barren module

2.3. Barren Module

The barren module estimates the LEE based on a complementary hypothesis that surface soil
moisture dynamic can be indicated by surface meteorological variables at mid-day conditions [20].
LEE is estimated in Barren module by the following equation:

LEE = fyet + (1= fer) X RHYPD/P 2)

where fiet represents the wet surface fraction used to divide soil surface into saturated surface and the
moist surface [29,41]. RH is the relative humidity; VPD is the saturation vapor pressure deficit; and 8
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is a parameter defined as the relative sensitivity to VPD. 8 is set as 1.0 kPa as according to Fisher et al.
(2008) [41]. Wet surface fraction can be determined by the following way [29]:

®)

[0 RH < 70%
foet =\ RE* 70% < RH < 100%

It should be noted that the optimized condition for the complementary relationship hypothesis is
in midday when convective conditions induce strong vertical mixing and significant influence of land
surface on the atmosphere [41]. Consequently, the RH and VPD should be calculated using midday
conditions rather than daily averages for the calculation of LEE:

RH = RHy,

VPD = e(Tma) X (1 - RHr.__ ) @)

where Thax is daily maximum air temperature, RHr, . is the RH at the time of Tnax appearing,
and e(Tmax) represents vapor pressure function with a variable of Trax (in °C).

2.4. Downscaling Module

Through the above vegetated module and barren module, spatial full coverage of LEEzRr can be
created. The LEEpr was then aggregated into a coarser-resolution LEE (i.e., LEEcR) using arithmetic
average, the same spatial resolution as the SMcg. Subsequently, many pairs of LEEcg and SMcr were
utilized to determine the parameter for the following downscaling function [31,42]:

2
1 0
LEE = =|1 —cos| 5
4[ ( Gcm)] ©)

where 0 is volumetric SM (m3/m3); Ocrir represents a given critical SM value that plays the threshold
role for separating between energy-limited and soil moisture-limited ET regimes [1]. Note that the
parameter O is critical to derive the higher-resolution SM. It has been recognized that the parameter
Ocgpr 18 an effective parameter rather than a pure physical parameter when the above equation was
applied with remote sensing data over larger spatiotemporal domain [20]. The parameter 9 can be

CRIT
determined from given coarser-resolution SM (OcRr) and aggregated coarser-resolution LEE (LEEcR) data

pairs. First, we calculated the critical SM value at coarser-resolution (GSEIT) from the following equations:

R _ Ocr ©)

CRIT arccos(l -2 \/LEECR)/ T
Subsequently, we determine the critical SM value at higher-resolution (QE%T) through spatially
interpolating the estimated coarse-resolution GSEIT with the bilinear interpolation method. It utilizes
four coarse resolution pixels to determine the output value, in consistent with the interpolation of
meteorological data in the MOD16 evapotranspiration product [29]. Finally, the SM at higher spatial

resolution (OyRr) can be obtained by the following equation:
Our = QEII%T X arccos(l -2 LEEHR)/ T (7)

where HR denotes the high spatial resolution. LEEgR is estimated by the above vegetated module and
barren module.
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3. Study Area and Data Sets

3.1. Study Area

Figure 2 shows our study area in the cylindrical equal area map projection. It locates in the central
United States, covering parts of the states of Oklahoma, Arkansas, Kansas, Missouri, and Iowa. As a
part of the Great Plains, the landform of the study area is characterized by a broad expanse of flat land.
It has semi-arid continental climate, cold in the winter and hot in the summer. The dominant land
covers include prairie, steppe, and grassland. There are also croplands in this study area.

96°0"0"W 90°0"0"W
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T T e Sl :Z
s | —T | B Minne: 7 g
- | . s \ =g . 1
‘ Ly o o M SeuthiDakota - 7
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Figure 2. Spatial distribution of the study area, core validation station (CVS), and three sparse networks
(COSMOS, SCAN, USCRN) in situ stations of measuring soil moisture at ground.

3.2. MODIS ET Products

MODIS global ET dataset (MOD16A2) within five tiles of h09v05, h10v04, h10v05, h11v04, and
h11v05 during 2015 to 2018 were used in this study. The MOD16A2 has a spatial resolution of 500 m
and a temporal resolution of 8 days. There are four main data sets in the MOD16A2 product i.e.,
ET, PET, LE, and PLE. It should be noted that the ET and PET are the summation of 8-day total ET
(kg/m?/8day), whereas the LE and PLE are the average total energy over a unit area for a unit day
during the composite 8-day period (J/m?/day). Therefore, two LEEs can be calculated from MOD16A2,
respectively, by ET/PET and LE/PLE.

3.3. SMAP Soil Moisture Products

SMAP SM products by L-band passive radiometer were used in this study. Specifically, the level
3 daily composite SM product, SMAP L3 Radiometer Global Daily 36 km EASE-Grid Soil Moisture
(SPL3SMP) is the primary variable to be downscaled. Since September 2015, many versions of the
SPL3SMP products have been produced. For this study, we used the latest version, Version 6 with
Composite Release ID of R16510.

There are SM at A.M. and P.M in each SPL3SMP product. In this study, the SM at A.M. was
selected. For the SM at A.M data, a level 2 data point acquired closest to 6:00 A.M. local solar time
for a given grid cell will make its way to the final level 3 product; other “late-coming” data points
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are ignored [15]. All the collected SPL3SMP products were converted to daily SM data at the spatial
resolution of 36 km in the WGS_1984_EASE_Grid_Global projection.

3.4. Gridded Meteorological Data

A gridded meteorological dataset GRIDMET [43] was selected because it contains the climate
variables RH and Tax that were required by our barren module. GRIDMET contains daily moderate
spatial resolution (nominal ~4 km, 1/24th degree) surface meteorological data, covering the contiguous
US since 1979. The GRIDMET has been validated against an extensive network of weather stations.
Median correlations for T, is estimated to be 0.94-0.95, with a median mean absolute error (MAE) of
1.7-2.3 °C. Humidity has a median correlation value of 0.81 and median MAE of 6-12% [43].

3.5. In Situ Soil Moisture Observation

In situ SM observations based on three sparse networks and three core validation sites (CVS)
were used as ground truth to evaluate the downscaling method. Figure 2 shows the locations of all in
situ SM measurement sites in our study area. The three sparse networks are Cosmic-ray Soil Moisture
Observing System (COSMOS), U.S. Department of Agriculture Soil Climate Analysis Network (SCAN),
and U.S. Climate Reference Network (USCRN). There are 59 stations in the sparse networks in total,
12 from the COSMOS, 33 from the SCAN, and 14 from the USCRN. The three CVSs are South Fork
in Jowa, Fort Cobb and Little Washita in Oklahoma. All of the in situ SM in sparse networks were
obtained from the International Soil Moisture Network (ISMN). All SM data obtained from ISMN are in
common volumetric soil moisture unit with quality-control procedures to flag outliers and implausible
values [44]. COSMOS measured SM at the depth from top surface to about ten or twenty centimeters.
In contrast, SCAN and USCRN networks provide SM at various depths of measurements. The SM
observations of SCAN and USCRN at a depth of 0.05m were retained for analysis. The in situ SM
observations are hourly data recorded in Coordinated Universal Time (UTC) time. In order to match
the remotely sensed SM, the in situ SM observations within the local solar time range from 5:00 A.M.
to 7:00 A.M. were averaged to match the SMAP SM at 6:00 A.M. The in situ SM at CVSs were from
SMAP/In Situ Core Validation Site Land Surface Parameters Match-Up Data, Version 1 [45]. In this
dataset, in situ SM from CVSs have been processed through arithmetic average or weighted average
to match SMAP L2 SM products. These in situ SM at CVSs that matched with the SMAP Enhanced
L2 Radiometer Half-Orbit 9 km EASE-Grid Soil Moisture (SPL2SMP_E) were adopted in our study.
The dataset covers the period from 1 April 2015 to 31 October 2016.

4. Results

4.1. Dynamic Range and Mass Conservation Analysis

In order to evaluate the downscaling method, we firstly compare the downscaled results with
their original SM data from the perspective of spatial dynamic range. Figure 3 shows the comparisons
over the entire study area, where Figure 3a—c are original SM on July 10, August 11 and October 9 in
2017 and Figure 3d—f are the corresponding downscaled results. The comparisons indicate that the
downscaling method can maintain the spatial dynamic range of original SM data. The downscaled SM
maps are consistent with their original SM maps in terms of general spatial patterns of SM variation
over the whole study area.

Apparently, the downscaled results provide more spatial details of SM variation. Figure 4 shows
more detailed comparisons between original SM and downscaled SM on August 11, 2017, where
the land cover types were identified by MODIS Land Cover Type Yearly L3 Global 500 m product
(MCD12Q1). The first column shows the land cover types and the second column is original SM.
The third column illustrates the downscaled SM. It can be observed from the downscaled maps that SM
is greater near water or river areas and it decreases with the distance from water areas. The downscaled
SM maps provide much more detailed description of SM spatial variation than original SM maps.
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In addition, we evaluated the downscaled results in terms of mass conservation property. For this
evaluation purpose, we aggregated the downscaled SM to the same spatial resolution as their original
SM and subtracted the aggregated SM from the original SM data. The difference between the original
and aggregated SM data is the indicator of energy conservation. Figure 5a—c shows such differences on
the same days as in Figure 3. We can see that the differences are very close to 0 for most of the area.
Figure 5d—f are the statistical histograms of the above differences, where L is the mean and o is standard
deviation of the differences. The mean p of the differences is —0.04x1072 m3/m3, —0.10x1072 m3/m?,
and —0.19x1072 m3/m3 for these three days, which are very close to zero. The standard deviation ¢
of the differences is 1.47x1072 m3/m3, 1.44x10~2 m3/m?, and 1.27x102 m®/m3, which are also very
small. We further analyzed the differences over the entire study period from 2015 to 2018 and results
are shown in Figure 6. The mean of the differences varies between -0.004 m3/m3 and 0.004 m3/m3,
and the standard deviation of the differences varies between 0 and 0.020 m3/m3. The near-zero mean
and tiny standard deviation of the differences indicate that the moisture mass is conserved during the
downscaling process. Namely, our downscaling model neither systematically increases nor decreases
the moisture mass measured by the original SMAP passive radiometer.
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Figure 3. Comparisons between original and downscaled SM on July 10 (a,d), August 11 (b,e) and
October 9 (c,f) in 2017.
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Figure 4. Comparisons of spatial details between original SM (b,e,g) and downscaled SM (c,f,i) on
August 11, 2017 where (a,d,g) are the land cover types.
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Figure 5. Comparisons between original and downscaled SM on July 10 (a,d), August 11 (b,e) and
October 9 (c,f) in 2017.



Remote Sens. 2020, 12, 980 11 of 20

0.4 T T T 06

(@) oy

<
[N

Frequency
[=
[
h
Frequency

e
2
L

0.0+
-0.004  -0.002 0,000 0.002 0.004 0.000 0005 0.010 0015 0.020 0.025 0.030
p(m’/m’) o(m’/ m?)

Figure 6. Statistical histograms of the difference between original and aggregated SM data over the
whole study period (2015-2018). (a) Histogram of the mean of the differences p and (b) histogram of
the standard deviation o of the differences.

4.2. Comparison against in situ SM at CVS

In this section, we evaluated the downscaled SM data against the in situ SM at three CVS stations
in Little Washita, Fort Cobb, and South Fork. Figure 7 shows temporal comparisons among the
downscaled, original, and in situ SM data. In general, both the downscaled and original SM data are in a
good agreement with the in situ SM data. The agreement of both the original and downscaled SM data
with in situ SM data is better in Little Washita and Fort Cobb than in South Fork. Land cover type may be
one of the main causes for the performance difference [20,46]. The sites of Little Washita and Fort Cobb
are dominated by the land cover of grassland, while the South Fork site is mainly covered by cropland.
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Figure 7. Comparisons between the original and downscaled SM data against in situ SM measurements
at three CVS stations (a) Fort Cobb, (b) Little Washita, and (c) South Fork.
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Table 2 shows four evaluation metrics: unbiased root-mean-square error (ubRMSE),
root-mean-square error (RMSE), bias (defined as remotely sensed minus in situ data), and correlation
coefficient (R) whose calculation equation can be found in [47]. During the evaluation period,
the ubRMSE of original SM is 0.028, 0.026, and 0.06 m3/m? at Fort Cobb, Little Washita and South Fork.
The downscaled SM data have very similar ubRMSE values, 0.035, 0.026, and 0.055 m3/m3 at these
three sites. The values of R, RMSE, and bias for downscaled SM data in comparison with in situ SM
data are also comparable with those of the original SM data. The comparison results suggest that
the downscaled SM and original SM data agree very well with in situ SM at the three CVS stations.
In other words, our downscaling method preserves the quality of original SM data.

Table 2. Statistical metrics for the comparison between in situ SM from CVS with concurrent original
SM and downscaled SM. FC: Fort Cobb, LW: Little Washita, SF: South Fork. N is the number of
comparison samples.

cvs N Original SM Downscaled SM

R ubRMSE RMSE bias R ubRMSE RMSE bias
FC 276 0.87 0.028 0.038 —-0.026 0.82 0.035 0.045 —-0.028
LW 279 0.90 0.026 0.027 -0.008 0.91 0.026 0.027 —0.008
SF 238 0.54 0.060 0.066 -0.027 051 0.055 0.061 -0.027

4.3. Comparison against in situ SM at Sparse Stations

The spatial representativeness of in situ SM at network stations may be questionable for validating
the remotely sensed SM data. However, these stations cover multiple types of land cover and a larger
spatial extent and hence, may provide important supplementary information for evaluating SM data.
It should be pointed out that the in situ SM of some network stations are not correlated with original
SMAP SM measurements, likely due to the different measurement depth of network stations or too
thick vegetation cover. In order to avoid the influence of anomalous SMAP measurements on the
downscaling evaluation, we exclude the network stations where the correlation coefficient R of their in
situ SM measurements with original SMAP SM is below 0.3.

Figure 8 shows scatter plots of the original/downscaled SM against the in situ SM
measurements at the station of SMAP_OK from COSMOS network, MtVernon from SCAN network,
and Chillicothe-22-ENE from USCRN network. At the SMAP_OK station, the ubRMSE, RMSE, R
and bias are 0.065, 0.032, 0.828, and 0.057 for original SMAP SM data. These metrics are 0.068, 0.032,
0.826, and 0.059 for downscaled SM data, which are very close to those metrics of original SMAP SM
data. In addition, we made box plots of original and downscaled SM in comparison with in situ SM
measurements at these network stations (Figure 9). The central rectangle box in the box plots spans
from the first quartile (Q1) to the third quartile (Q3), and the line segment in the rectangle box indicates
the median and the small square symbol in the rectangle box represents the mean. These metrics
and box plots show that the performance of the downscale model at the SCAN and USCRN network
stations appears similar, but quite different from that at the COSMOS network stations. This may be
attributed to the fact that the COSMOS stations measure SM at a depth of about 10-20 cm, whereas the
stations of SCAN and USCRN networks measure SM at a depth of 5 cm. In spite of the difference,
we found that the downscaled SM and original SMAP SM data have an overall good agreement with
in situ SM measurements from the network stations.
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Figure 8. Scatter plots between the in situ SM measurements against original/downscaled SMAP SM at
the network stations (a) COSMOS SMAP_OK, (b) SCAN MtVernon, and (¢) USCRN Chillicothe-22-ENE.
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Figure 9. Box plots of (a) RMSE, (b) ubRMSE, (c) R, and (d) bias between the in situ SM measurements
against original/downscaled SMAP SM at all network stations.

5. Discussion

5.1. Influences of Different Downscaling Functions on the DSCALE_mod16 Model

As shown in Equation (5), a cosine-square form [42] was adopted as downscaling function in
the proposed DSCALE_mod16 model. In addition to the cosine-square form, two other downscaling
functions were frequently used: exponential function [48] and cosine function [49]. In order to estimate
the impact of different downscaling functions, we compared the exponential function and cosine
function with cosine-square function using the in situ SM measurements at CVS and network stations.

The exponential function and cosine function are given in Equations (8) and (9):

LEE=1- exp(—91 /QCRITl) 8)

o))
OcriT2 )] ©)

LEE = %[1 - Cos(n
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where 07 and 0, represent the volumetric SM. Ocgrt1 and Ocgyr; are the critical SM parameters. Similarly,
the critical SM parameter values at coarser resolution can be firstly determined by coarse-resolution
SM and coarse-resolution LEE as follows:

0
OR [ =~ 10
CRITL " In(1 - LEEcR) 10)

Ocr
o 11
CRIT2 ™ arccos(1 —2LEEcR) /7 o

where CR denotes the coarse resolution. Then, the critical SM parameters at higher resolution (65

CRIT1
and GEIEID) can be obtained using the bilinear interpolation method. Finally, the high spatial resolution

SM can be obtained by the following equations:
QHRl = _QEIII{{ITl X 11’1(1 - LEEHR> (12)

OuR2 = GEII{{ITZ x arccos(1 — 2LEEyR) /7 (13)

where HR denotes the high resolution. For the exponential form, mathematic error will occur for
the pixels where LEE is 1.0. In this study, no-data is set to these pixels in the downscaling SM with
exponential function.

Table 3 and Figure 10 show the performances of these three different downscaling functions.
As shown in Table 3, the correlation coefficient R of downscaled SM with cosine-square function at all
three CVS stations (Fort Cobb, Little Washita, and South Fork) is significantly greater than that with
exponential function and cosine function. In addition, RMSE, ubRMSE and bias of the downscaled SM
estimates with cosine-square function are lower than with exponential function and cosine function.
Therefore, the cosine-square function has the best performance among three candidate downscaling
functions for the DSCALE_mod16 model.

Similar evaluation results are found at network stations. As shown in Figure 10, RMSE, ubRMSE
and bias values resulted from the use of cosine-square function are apparently lower than those from
the exponential and cosine functions. The R values of the downscaled SM from the cosine-square
function are the highest among three candidate downscaling functions. In terms of the mean and
median of the four statistical metrics at three network stations, the performance of the cosine-square
function is still the best. In summary, our evaluation results suggest that the cosine-square downscaling
function is the best choice for the DSCALE_mod16 model.

Table 3. Statistical metrics for the comparison between in situ SM from CVS against downscaled SM
with three different downscaling functions. The three CVSs are FC: Fort Cobb, LW: Little Washita, and
SF: South Fork.

cvs FC W SF

R 0.62 0.80 0.37

Exoonential form ubRMSE 0.064 0.048 0.075
P RMSE 0.071 0.051 0.08
bias ~0.032 ~0.019 ~0.024

R 0.76 0.89 0.49

Cosine form ubRMSE 0.042 0.03 0.058
osine 1o RMSE 0.052 0.032 0.064
bias ~0.031 ~0.012 ~0.027

R 0.82 091 0.51

Cosine-Sauare form ubRMSE 0.035 0.026 0.055
4 RMSE 0.045 0.027 0.061

bias -0.028 -0.008 -0.027
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Figure 10. Box plots of (a) RMSE, (b) ubRMSE, (c) R, and (d) bias between the measured SM against
the downscaled SM with three downscaling functions EXP: exponential form, COS: cosine form,
and COS"2: cosine-square form based on the statistics over all sparse stations and grouped by their
observing networks.

5.2. Influences of Different LEE Calculation Ways on the DSCALE_mod16 Model

LEE can be defined either as the ratio of latent heat flux (LE) to potential latent heat flux (PLE),
or as the ratio of evapotranspiration (ET) to potential ET (PET):

LEE = % or LEE = PET (14)

Do the different calculation methods of LEE have a significant impact on the performance of the
DSCALE_mod16 model? In order to understand this question, we conducted a comparison between
downscaled SM with LEE using the above different calculation ways and in situ measured SM at CVS
and sparse networks.

The scatter plots in Figure 11 show the comparisons between the in situ SM measurements at the
CVS stations against original and downscaled SMAP SM estimates with two different LEE definitions.
The scatter plots clearly show that the downscaled SM estimates using two different LEE definitions are
almost identical. The very similar statistical metric values shown in Figure 11 indicate that the impact of
two different LEE definitions on the performance of the DSCALE_mod16 model is negligible. Figure 12
shows the comparisons between two different LEE definitions at network stations. The mean, median
and histogram distribution of the downscaled SW estimates based on two different LEE definitions are
almost the same. Therefore, the use of either the ratio of latent heat flux (LE) to potential latent heat
flux (PLE) or the ratio of the evapotranspiration (ET) to potential ET (PET) to define and calculate LEE
does not influence the performance of the DSCALE_mod16 model.
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Figure 12. Comparison between the in situ measured SM against the downscaled SM with two LEE
calculation ways using box plots of (a) RMSE, (b) ubRMSE, (c) R, and (d) bias based on the statistics
over all sparse stations and grouped by their observing networks.

5.3. Advantages and Uncertainties of the DSCALE_mod16 Model

Most of the optical/thermal and microwave fusion models presented in the previous studies are
heavily dependent on the remote sensed LST or LST-derived SMIs. Although LST and LST-derived
SMIs are relatively good indicators of the soil moisture status, three major problems hinder their use as
the primary downscaling factor. They are the cloud contamination problem in obtaining LST with
thermal remote sensing observation, the uncertainty problem in decomposing remotely sensed LST
into vegetation and soil components, and the decoupling problem between LST and SM in very dry or
very wet condition. Since the completely downscaling process in the DSCALE_mod16 model does not
rely on LST or LST-derived SMIs, our DSCALE_mod16 model circumvents the above three problems
associated with the optical/thermal & microwave fusion models.

The other advantage is that optical source data used in our model generally have a higher spatial
resolution than the thermal infrared data used as the main input in the optical/thermal and microwave
fusion models. The MODIS evapotranspiration product MOD16 has a spatial resolution of about
500 m, while the MODIS LST product has a coarser spatial resolution of 1000 m. Compared with the
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downscaling models that are based on the MODIS LST product, the DSCALE_mod16 model is able to
produce higher spatial resolution downscaling estimates.

The SMAP and MOD16 data have different effective temporal resolutions. In order to assimilate
them, we assume that spatial distribution of the LEE is invariant during an 8-day interval of MOD16,
which may introduce a certain level of uncertainty. Improving the temporal resolution of MODIS
ET products (MOD16) is an effective way to reduce this uncertainty. In our current implementation
of DSCALE_mod16 model, a barren module with meteorological data was used to fill data gaps of
the vegetation module and to obtain full spatial coverage of LEE estimates. The future work could
consider other possible gap-filling methods for MODIS ET product.

6. Conclusions

In this study, we presented a spatial downscaling model for disaggregating microwave satellite
SM measurements. Our model combines MODIS ET products (MOD16) and a gridded meteorological
data to obtain higher spatial resolution LEE as the main downscaling factor to disaggregate microwave
remotely sensed SM measurements. The cosine-square downscaling function was the best among
three candidate functions to express the quantitative relationship between LEE and SM. The original
coarse-resolution SMAP SM and aggregated coarse-resolution LEE were utilized to derive the unknown
parameter in the downscaling function. The downscaling function with the determined parameter was
then applied to high-resolution LEE to produce high-resolution SM estimates. The LEE can be calculated
as the ratio of latent heat flux (LE) to potential latent heat flux (PLE) or the ratio of the evapotranspiration
(ET) to potential ET (PET), and either choice does not influence the downscaling results.

In this study, the SMAP L-band passive microwave SM products with a resolution of 36 km
were downscaled into SM measurements with a spatial resolution of 500 m using MOD16A2 and
GRIDMET data as input. The study area is located in the central United States. The study period spans
more than three years from 2015 to 2018. In situ SM measures from three network stations and three
CVS stations were used as ground truth to evaluate the downscaling model. Our analysis suggests
that the downscaled SM maintains the spatial dynamic range of original SM data while providing
more spatial details of SM variation. Moreover, the moisture mass measured from original SMAP
observations is conserved during the downscaling process. Using the in situ SM measurements at CVS
and network stations, we demonstrated that the downscaled SM and original SMAP SM estimates
agree very well with in situ SM measurements. The ubRMSEs of downscaled SM estimates at Fort
Cobb, Little Washita and South Fork are comparable to those of original SMAP SM observations.
Our downscaling method preserves the quality of original SMAP SM observations, while adding much
more spatial variation details.

The major advantage of our DSCALE_mod16 lies in its wide applicability and operational feasibility
since it circumvents the “cloud contamination”, “decomposing uncertainty”, and “decoupling effect”
problems suffered by most previous downscaling methods. Due to the use of optical remote sensing
data as the primary input, our method can generate higher spatial resolution of downscaled SM
estimates than the optical/thermal and microwave fusion models that use thermal infrared remote
sensing data. Other alternative spatial and temporal gap-filling techniques for MODIS ET products
need to be further explored to further improve the performance of the DSCALE_mod16 model.
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