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A B S T R A C T

Satellite-based passive microwave remote sensing typically involves a scanning antenna that makes measure-
ments at irregularly spaced locations. These locations can change on a day to day basis. Soil moisture products
derived from satellite-based passive microwave remote sensing are usually resampled to a fixed Earth grid that
facilitates their use in applications. In many cases the grid size is finer than the actual spatial resolution of the
observation, and often this difference is not well understood by the user. Here, this issue was examined for the
Soil Moisture Active Passive (SMAP) enhanced version of the passive-based soil moisture product, which has a
grid size of 9-km and a nominal spatial resolution of 33-km. In situ observations from core validation sites were
used to compute comparison metrics. For sites that satisfied the established reliability and scaling criteria, the
impact of validating the 9-km grid product with in situ data collected over a 9-km versus a 33-km domain was
very small for the sites studied (0.039m3/m3 unbiased root mean square difference for the 9-km case versus
0.037m3/m3 for the 33-km case). This result does not mean that the resolution of the product is 9-km but that
for the conditions studied here the soil moisture estimated from in situ observations over 9-km is a close ap-
proximation of the soil moisture estimated from in situ observations over the 33-km resolution. The implication is
that using the enhanced SMAP product at its grid resolution of 9-km should not introduce large errors in most
applications.

1. Introduction

Most surface soil moisture remote sensing products based on passive

microwave radiometry involve observations that have spatial resolu-
tions (defined as the 3 dB beamwidth, which is also referred to as the
footprint) of 30 km or greater. In the process of providing users with
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standardized products that facilitate applications, data assimilation and
modeling, the observations are usually resampled to a fixed Earth grid.
In the context of this paper, the spatial resolution is defined as the
spatial domain that contributes to the 3 dB footprint of the sensor and
grid size is the spatial interval used in the sampling of the sensor
measurements. The above is true for the Soil Moisture Active Passive
(SMAP) (Chan et al., 2018), Soil Moisture Ocean Salinity (SMOS)
(SMOS L3 Product at Centre Aval de Traitement des Données SMOS
(CATDS), 2016), and Advanced Microwave Scanning Radiometer 2
(AMSR2) missions (Descriptions of GCOM-W1 AMSR2 Level 1R and
Level 2 Algorithms, 2013). In the case of SMAP, which is the focus of
this paper, the standard radiometer-based product (L2SMP) has a grid
size of 36-km, which is close to the nominal spatial resolution of the
sensor (Chan et al., 2016a). In such cases, the terms spatial resolution
and grid size have been used interchangeably.

All of the missions noted above now provide products that have
been resampled to grid sizes (9 to 25 km) that are significantly finer
than the nominal spatial resolutions of the sensor. The actual spatial
domain that these grid products represent may not be clear to the user.

For SMAP, there is considerable overlap of footprints across a scan.
This is exploited through an interpolation approach to create an en-
hanced SMAP brightness temperature (TB) product with a grid size of 9-
km that is the basis for the 9-km enhanced soil moisture product
(L2SMP_E) with a grid size of 9-km (Chan et al., 2018). Although it is
stated in supporting documents that the actual contributing domain is
larger than 9-km, the reality is that many users will utilize the data as if
its spatial resolution was the same as the grid size. When interpreted in
this manner, the user implicitly assumes that the actual soil moisture for
the 9-km grid cell domain is not much different than the retrieval value,
which is based on a TB and ancillary data for the nominal spatial re-
solution (the nominal spatial resolution specified for the L2SMP_E is 33-
km; a full description of this will be provided in a following section). It
is reasonable to think that soil moisture at 9-km and 33-km would be
correlated; however, it should be recognized that meteorological
variability and geophysical heterogeneity over the domains may in-
fluence this relationship.

In this investigation we examine the magnitude of the difference
between soil moisture estimates made using in situ observations over 9
and 33-km domains and also compare these to L2SMP_E retrievals to
assess the likely impact of assuming that grid size equals spatial re-
solution. Analyses presented in this study are based on satellite and in
situ soil moisture data collected over the SMAP core validation sites
(CVS) (Colliander et al., 2017). While there have been no systematic
studies that have directly addressed this issue for remotely sensed soil
moisture, Dumedah et al. (2014) assessed the SMOS brightness tem-
perature products that were resampled from a 42 km spatial resolution
to a 15 km grid size using high resolution aircraft measurements and
found that the differences could be< 4 K in some cases, which corre-
sponds to only about 0.01m3/m3 soil moisture over bare surfaces at
horizontal polarization (e.g., Njoku and Entekhabi, 1996).

2. Data

2.1. The SMAP level 2 soil moisture passive enhanced (L2SMP_E) product

The L2SMP_E is made possible by an enhanced interpolation of the
SMAP Level 1B Brightness Temperature Product (L1BTB) (Chaubell
et al., 2016; Peng et al., 2017). The approach is based on the Backus-
Gilbert (BG) optimal interpolation technique (Poe, 1990) applied to the
original standard TB data, where the objective of the BG interpolation,
as implemented by SMAP, is to achieve optimal data estimates at un-
sampled locations as if observations were actually made with the ori-
ginal sensor at those same locations. This interpolation provides an
improvement over the standard SMAP Level 1C Gridded Brightness
Temperature Product (L1CTB) (Chan et al., 2016b; Piepmeier et al.,
2017; Peng et al., 2017), in that it makes explicit use of antenna pattern

information and finer grid size to more fully capture the information of
the oversampled radiometer measurements in the along-scan direction.
It is important to note that this recovery of high frequency sampling
information as implemented in the BG approach comes primarily from
interpolation rather than resolution enhancement. Thus, the native
resolution of the interpolated data remains similar to the spatial extent
covered by the 3 dB beamwidth of the radiometer (~40 km). The re-
sulting interpolated data, known as the SMAP Enhanced Level 1
Gridded Brightness Temperature Product (L1CTB_E), are provided on
the 9-km EASE Grid 2.0 projection. The product is used as the primary
input to subsequent geophysical inversion to produce the SMAP
L2SMP_E. The soil moisture algorithm, the Single Channel Algorithm-V
Polarization (SCA-V), is the same as that used in the standard product
(O'Neill et al., 2016); several alternative algorithms were included in
the assessments in previous reports (Chan et al., 2016a, 2018). Since
these comparisons have consistently shown that the SCA-V has the best
performance metrics, this study only examines the SCA-V.

Because after BG interpolation the native resolution of the L1CTB_E
remains approximately the same as the 3 dB spatial resolution of the
SMAP radiometer, as noted above, it is important in the subsequent soil
moisture inversion process that a proper contributing domain is chosen
to accurately reflect the actual spatial extent observed by the radio-
meter. The relationship between grid size and contributing domain is
illustrated in Fig. 1 using a typical core validation site. As described in
Chan et al. (2018), in order to facilitate processing (considering the
resolution of ancillary data and the structure of the EASE grid) a con-
tributing domain of 33-km was chosen to approximate the spatial extent
covered by the radiometer (spatial resolution). Chan et al. (2018) noted
that a change in contributing domain from 36-km to 33-km had almost
no impact on the validation metrics.

2.2. Core validation sites

The primary validation for the L2SMP_E soil moisture product is
based on a comparison of SMAP retrievals with ground-based ob-
servations that have been verified as being capable of providing an
estimate of the soil moisture over the same spatial domain (33-km) and
depth (5 cm). The locations that provide these validation observations
are called CVS (Colliander et al., 2017). The validation comparisons
provide error estimates and a basis for modifying algorithms and/or

Fig. 1. Example of the SMAP L2SMP_E grid over a core validation site (Walnut Gulch).
The solid black lines indicate the borders of the 9-km grid cells. The circles are the lo-
cations of in situ stations. The CVS 9-km grid cell is chosen (the heavier black line grid cell
“B”) so that its actual contributing domain of 33-km (the dashed black line centered on
grid cell “B”) best captures the data from the local network of stations.
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parameters. Table 1 summarizes those CVS used in the current study
and Fig. 2 shows their respective geographic locations. One of the cri-
teria used for selecting a local set of stations (network) as a CVS in the
L2SMP_E validation (Chan et al., 2018) was that it included at least 9
stations distributed over the contributing domain (33-km). This deci-
sion was based upon published studies of soil moisture variability at
different scales (Famiglietti et al., 2008). A similar analysis indicated
that if the domain was 9-km, 5 stations would be required to meet the
same criteria (Colliander et al., 2017). Furthermore, Table 2 shows the
land cover fractions for the 33-km and 9-km pixels at the sites. If a site
included more than one pixel at a scale the range of land cover fractions
is given. The values show that the pixels at the two different scales
share similar land cover decomposition which means the land cover
decompositions of the sites are generally homogeneous across the
scales.

Table 1
Core validation site names, location, climate regime, and the dominant International Geosphere-Biosphere Programme (IGBP) land cover type for SMAP. The number of grids at a size of
33 and 9-km within each site are also listed.

Site name Number of grids cells Area Climate regime Dominant land cover

L2SMP_E 33-kma L2SMP_E 9-km L2SMP_E Matched

1 Walnut Gulch 1 4 4 USA (Arizona) Arid Shrub open
2 Reynolds Creek 1 1 USA (Idaho) Arid Grasslands
3 Fort Cobb 1 1 1 USA (Oklahoma) Temperate Grasslands
4 Little Washita 1 1 USA (Oklahoma) Temperate Grasslands
5 South Fork 1 1 1 USA (Iowa) Cold Croplands
6 Little River 1 1 USA (Georgia) Temperate Crop/natural mosaic
7 TxSON 1 2 2 USA (Texas) Temperate Grasslands
8 Kenaston 1 3 1 Canada Cold Croplands
9 Carman 1 1 Canada Cold Croplands
10 Monte Buey 1 1 Argentina Temperate Croplands
11 REMEDHUS 1 1 Spain Temperate Croplands
12 Valencia 1 Spain Arid Woody Savannas
13 Twente 1 Netherlands Temperate Crop/natural mosaic
14 HOBE 1 1 1 Denmark Temperate Croplands
15 Mongolia 1 Mongolia Cold Grasslands
16 Yanco 1 2 2 Australia Arid Croplands

a Included in the Chan et al. (2018) analysis.

Fig. 2. Locations of the core validation sites (CVS) used in the study.

Table 2
Land cover fractions for the 33-km and 9-km pixels based on the IGBP classification. The columns include the range of land cover fractions when multiple pixels within the site are used.

Site name Land cover fractions for 33-km pixels Land cover fractions for 9-km pixels

Gr.a Cr.b Cr/M.c Sh/O.d Sa/W.e Gr.a Cr.b Cr/M.c Sh/O.d Sa/W.e

1 Walnut Gulch 33–38% 62–67% 32–68% 32–68%
2 Reynolds Creekf 95% 1% 85%
3 Fort Cobb 91–94% 5–8% 100%
4 Little Washita 98% 1% 1% 98% 1% 1%
5 South Fork 100% 100%
6 Little Riverg 20% 57% 15% 4% 62% 20%
7 TxSONh 83–92% 0–1% 2–7% 65–98% 0–8%
8 Kenaston 1% 99% 0–1% 99–100%
9 Carman 100% 100%
10 Monte Buey 100% 100%
11 REMEDHUS 83% 17% 86% 14%
12 Valencia – – – – – 46% 6% 48%
13 Twenteg 2% 9% 67% – – – – –
14 HOBEg 1% 65% 16% 1% 49% 11%
15 Mongolia 100% – – – – –
16 Yanco 43–63% 27–39% 9–16% 1–9% 56–83% 5–35% 10–12%

a Grasslands.
b Croplands.
c Croplands/natural mosaic.
d Shrub open.
e Savannas woody.
f Part of Reynolds Creek is covered by the Forest Evergreen Needle Leaf class.
g Part of Little River, Twente and HOBE is covered by the Forest Mixed class.
h Part of TxSON is covered by the Savanna class.
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Three sets of data from the CVS sites will be utilized here. The first is
that described above that consists of the single most representative 9-
km grid cell location (defined as that with the best density (minimum of
9) and distribution of stations within the 33-km contributing domain
centered on that grid cell). These sites are indicated in Column 3 of
Table 1. In the example shown in Fig. 1, this would be the grid cell
marked “B”. The important characteristic of this data set is that they
were selected to satisfy the validation criteria for a 33-km domain.

The second data set that will be utilized consists of all 9-km grid
cells within the CVS that had at least 5 ground stations. The number at
each CVS is listed in Table 1 Column 4. Referring to the example in
Fig. 1, A, B, C, and D all would meet the criteria.

Finally, the third data set consists of all 9-km grid cells that satisfy
the criteria of both the 33 and 9-km validation described above; at least
9 stations over the 33-km domain and at least 5 over the 9-km domain.
This will be referred to as the matched data set. For the Fig. 1 example,
the criteria are met at both scales for the four grid cells (A, B, C, and D).
Column 5 of Table 1 gives the number of grid cells at the CVS location
that satisfy the criteria for both scales.

3. Methods

All available in situ and SMAP retrievals between April 1, 2015 and
April 1, 2017 were used in the analyses presented here. Coverage is
typically every 2–3 days. As noted above, only the SCA-V results are
presented because this is the algorithm found to work best with SMAP.
In addition, the discussion will focus on the descending (am) retrievals
because the metrics of the ascending (pm) retrievals have been found to
be similar to those of the descending retrievals (Chan et al., 2018).

Considering the data that are available, one way to assess the impact
of the grid size versus product resolution is to compare soil moisture
estimates over the collocated 9-km and 33-km domains derived from in
situ observations (identified in Column 5 of Table 1). There are at least
three limitations in conducting such an analysis. First, a robust analysis
requires long periods of record for many meteorological and geophy-
sical conditions, here we are restricted to the CVS available and the
period of record of SMAP. Second, the quality of the soil moisture es-
timates based on the in situ observations will be dependent on the
quality of the measurements and the sample size (number of stations
used to compute the average). Therefore, even if in situ-based soil
moisture estimates exist for collocated 9-km and 33-km grids, there will
be uncertainty associated with each estimate of the average. Finally,
data points used to compute the 9-km averages are also used in the 33-
km averages. The last column in Table 3 shows the fraction of 33-km
stations that are used to compute the 9-km average. In some instances,
the percentage is high (TxSON, Yanco), but in these cases there is a
cluster of stations within the 9-km grid cell, so the percentage does not
represent spatial overlap of stations. Furthermore, the average soil
moistures are estimated through an up-scaling function which in most
cases for 33-km involves spatial weighting, which prevents the clusters
from over-representing in the estimated average.

Another approach to assessing the impact of the grid size/spatial
resolution issue is to consider how it affects the validation metrics of
SMAP. This is achieved through a comparison of SMAP retrievals to in
situ. This approach increases the number of CVS that can be used, thus
making the analysis more robust. In this analysis, the metrics obtained
with the original 33-km scale validation approach are compared with
the metrics obtained with the 9-km in situ grids. All available 9-km grid
cells as well as the matched data set are used as described in Section
2.2.

In the comparative analysis presented below four metrics were
computed: root mean square difference (RMSD), unbiased RMSD
(ubRMSD), Pearson correlation (R) and bias. The ubRMSD is defined as
follows:
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where N is the number of samples in datasets x and y (the equation of
ubRMSD is equivalent to standard deviation of the difference of x and
y). Note that in the text below, the terms RMSE (root mean square
error) and ubRMSE are used also. They are computed similarly as RMSD
and ubRMSD but are used when referring to in situ vs. SMAP product
comparisons (rather than in situ vs. in situ comparisons) in order to
differentiate the nature of these comparisons.

4. Results

Table 3 summarizes the results of the matched in situ data set in-
tercomparisons described in Section 3. As shown in Table 1 Column 5
there is a total of 12 grid locations that satisfy both criteria. In order to
not bias the results to a particular locale, the metrics for CVS with
multiple grid cells were averaged, resulting in 7 values that were then
averaged to compute the overall results. For instance, the four in-
dividual 9-km grid cells in Walnut Gulch shown in italics in Table 3
were averaged to compute the Walnut Gulch average metrics indicated
in bold. The results exhibit some variability in bias between sites but
have an overall bias near zero. The ubRMSD was more consistent
among the individual grid cells with a value<0.02m3/m3. The R was
very high (0.95). Based upon this limited but diverse set of sites, if a
user of the L2SMP_E product was to assume that the soil moisture
averages over 9-km and 33-km domains are similar, it is not likely to
introduce significant error into an application.

The L2SMP_E CVS summary results based upon using the CVS that
meet the criteria (at least 9 stations over a 33-km domain) are presented
at the bottom of Table 4 as the row labeled L2SMP_E 33-km All Sites.
This is the same as the analyses presented in Chan et al. (2018) except it
is updated through April 1, 2017. Various aspects of the performance of
the algorithm at the sites were presented in Chan et al. (2018); the most
relevant being that the product meets the SMAP mission performance
criteria (ubRMSE < 0.04m3/m3) with low bias (it is noted that this is

Table 3
Differences in average in situ soil moisture for matched 9- and 33-km grids for the time
period between April 1, 2015 and April 1, 2017 (33-km minus 9-km). Metrics shown are
the unbiased root mean square difference (ubRMSD), bias, the root mean square differ-
ence (RMSD), and the Pearson correlation coefficient (R) between the two scales. The
number of samples (N) evaluated and the size of the 9-km station subset as the percentage
of the 33-km stations are also given.

Site name ubRMSD
(m3/m3)

Bias (m3/
m3)

RMSD
(m3/m3)

R N % of 9-km
stations

Walnut
Gulch

0.014 0.002 0.019 0.917

Walnut
Gulch-A

0.010 0.005 0.012 0.923 20,003 28%

Walnut
Gulch-B

0.017 −0.012 0.021 0.896 15,176 20%

Walnut
Gulch-C

0.016 0.022 0.027 0.889 17,155 19%

Walnut
Gulch-D

0.011 −0.008 0.014 0.958 23,049 18%

TxSON 0.014 0.012 0.018 0.980
TxSON-A 0.012 0.009 0.015 0.986 15,497 71%
TxSON-B 0.015 0.014 0.020 0.974 14,255 56%

Fort Cobb 0.015 0.010 0.018 0.968 29,019 31%
South Fork 0.018 −0.017 0.025 0.960 10,641 21%
Kenaston 0.022 −0.039 0.045 0.896 6290 17%
HOBE 0.012 0.000 0.012 0.976 4614 40%
Yanco 0.031 −0.029 0.042 0.955
Yanco-A 0.019 −0.021 0.028 0.983 34,525 60%
Yanco-B 0.042 −0.036 0.055 0.927 38,005 31%

Overall
results

0.018 −0.009 0.025 0.950
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the average result; 0.04 m3/m3 criterion is not met with every site). This
establishes the accuracy expected when using the SMAP L2SMP_E
product at a 33-km spatial resolution.

Next, the validation metrics (retrieval vs. in situ) were computed
using all 9-km CVS grids with at least five in situ sites (Column 3 in
Table 1). These results are reported in Table 4. In some cases, there
were multiple 9-km CVS at a location and in others, no 9-km box was
viable (i.e., Twente and Mongolia). As noted above, in order not to bias
the results to a particular network, the values for each location with
multiple grid cells (i.e. Walnut Gulch) were first averaged. These
averages were then combined with the sites having only a single 9-km
CVS to determine the overall averages for the metrics. At the bottom of

Table 4, the summary for the 33-km analyses can be compared to the 9-
km validation results (L2SMP_E 9-km All Sites). The mean ubRMSE and
bias are identical with a small decrease in correlation, which is ex-
pected because when comparing to the 9-km we are ignoring the
variability that may occur outside this domain. Fig. 3 shows the dis-
tribution of the difference between metrics obtained with 33-km grid
cells and 9-km grid cells at each CVS. Only the CVS with both 33-km
and 9-km pixels were included. The resulting distributions do not
clearly follow a normal distribution although they are not contrary to it
either (the small sample size does not allow a robust use of statistical
methods for making this determination), and the median differences
and the distribution of the values do not reveal any skew in the results

Table 4
Performance metrics (unbiased root mean square error, ubRMSE; bias, and root mean square error, RMSE) of the L2SMP_E product (SCA-V algorithm) for the AM overpasses over 9-km
reference pixels for the time period between April 1, 2015 and April 1, 2017. The correlation coefficient (R) and the number of samples (N) are also shown.

Site name ubRMSE (m3/m3) Bias (m3/m3) RMSE (m3/m3) R N Latitude (degrees) Longitude (degrees)

Reynolds Creek 0.039 −0.047 0.061 0.733 46 43.0916 −116.748

Walnut Gulch* 0.025 0.004 0.027 0.782

Walnut Gulch-A 0.024 0.009 0.026 0.816 157 31.7488 −110.026

Walnut Gulch-B 0.030 −0.009 0.031 0.676 188 31.7488 −110.119

Walnut Gulch-C 0.024 0.012 0.027 0.808 127 31.6661 −110.026

Walnut Gulch-D 0.022 0.004 0.022 0.827 175 31.7488 −109.933

TxSON* 0.028 0.001 0.028 0.940

TxSON-A 0.025 0.003 0.025 0.932 306 30.4342 −98.8226

TxSON-B 0.031 −0.002 0.031 0.947 237 30.2711 −98.7293

Fort Cobb* 0.024 −0.042 0.048 0.911 288 35.3783 −98.5425

Little Washita 0.027 0.004 0.027 0.858 224 34.9483 −98.0757

South Fork* 0.053 −0.074 0.091 0.631 203 42.4225 −93.4077

Little River 0.030 0.107 0.111 0.845 141 31.7488 −83.6981

Kenaston 0.030 −0.052 0.061 0.786

Kenaston-A 0.031 −0.035 0.047 0.749 167 51.3569 −106.478

Kenaston-B* 0.028 −0.078 0.083 0.833 157 51.4691 −106.478

Kenaston-C 0.031 −0.043 0.053 0.775 148 51.3569 −106.385

Carman 0.066 −0.073 0.098 0.446 141 49.7038 −97.9824

Monte Buey 0.062 −0.029 0.068 0.883 128 −32.9981 −62.5052

REMEDHUS 0.039 −0.001 0.039 0.864 312 41.2916 −5.555

Valencia 0.032 −0.005 0.033 0.576 94 39.5394 −1.2604

HOBE* 0.034 −0.008 0.035 0.686 64 55.9652 9.1027

Yanco* 0.050 0.000 0.051 0.918

Yanco-A 0.054 −0.011 0.056 0.881 252 −34.6914 146.0633

Yanco-B 0.045 0.011 0.046 0.955 250 −34.9483 146.3434

L2SMP_E 9-km All Sites 0.038 −0.013 0.055 0.779

L2SMP_E 33-km All Sites 0.038 −0.013 0.053 0.805

*L2SMP_E Matched 33-km 0.035 −0.028 0.052 0.814

*L2SMP_E Matched 9-km 0.035 −0.019 0.049 0.836

Italics: one of the multiple pixels at the site. Bold: site result (average if multiple pixels at the site). Bold Italics: Mean value.
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either. These results support the conclusion that, for the range of con-
ditions examined here for generally homogeneous sites, very little error
was introduced by assuming that the spatial resolution equals the 9-km
grid size.

A final assessment was conducted using only the sites at which
collocated 33-km and 9-km CVS could be identified. These results are
presented on the last two rows of Table 4 and support the conclusion
reached previously.

5. Conclusion

Recognizing that it is common practice for users to apply passive
microwave-based soil moisture products provided at a particular grid
size (here 9-km for SMAP) as an estimate of the soil moisture for that
grid rather than the nominal contributing domain (here 33-km) it re-
presents, the impact of this assumption was assessed for SMAP L2SMP_E
products. For the sites that satisfied the established CVS criteria, the
difference in the average soil moisture over collocated 9-km and 33-km

was very small. In addition, the impact of this assumption on validation
metrics was also very small. These results do not mean that the re-
solution of the product is 9-km but, rather, that for the conditions
studied that include generally homogeneous sites, the soil moisture
interpolated at the 9-km grid size is a good approximation of the soil
moisture measured over satellite's 33-km resolution. Naturally there are
situations where the soil moisture for a 9-km area can be significantly
different from the surrounding larger domain, and in applications fo-
cusing on a single pixel or very localized conditions the impact of the
small-scale heterogeneity must be determined separately. Also, in case
of spatial downscaling the 33-km domain is the appropriate scale to
start from because this is the scale the product actually represents.
However, for applications operating on larger domains (not dominated
by single pixels) the result implies that using the SMAP enhanced
product at its interpolated 9-km grid size would not introduce large
errors.
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