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Abstract—Soil moisture (SM) is an important driver for forest
ecosystems, creating a need for globally extensive SM informa-
tion that can only be achieved with satellite-based sensors and/or
process-based model. However, the reliability of remotely sensed
or modeled SM data in forests is poorly understood due to a lack
of suitable validation sites and interference with remote sensing
caused by vegetation water content. Here, we examine three mul-
tivear SM products: remotely sensed smrface (0-5 em) SM from
combined soil moisture active passive (SMAP) and Sentinel-1 ob-
servations (SMAP/Sentinel); the SMAP Level-4 surface (0-5 cm)
and root-zone (-1 m) SM data assimilation product (SMAP-L4);
and simulated surface (0-10 ¢m) and root-zone (0=1 m) SM from the
North American land data assimilation system (NLDAS). These es-
timates were compared with in situ measurements from 39 National
Ecological Observatory Network sites throughout the US, At 21
unforested sites, the performance of the three products was similar
for surface SM, and all three were able to track temporal changes in
surface SM. The performance of the three products declined at 18
forested sites: however, while the performance declined modestly
for SMAP-L4 and NLDAS, SMAP/Sentinel performance declined
so much that it was largely unable to track changes in surface
SM. The SMAP-L4 and NLDAS products also reliably captured
temporal changes in root-zone SM at both forested and unforested
sites. Our findings indicate that both SMAP-L4 and NLDAS can be
used to track surface and root-zone SM changes in forests (unbiased
root-mean-square deviation: 0.03-0,06 m* m—*).

Index Terms—Faorests, in situ validation, National Ecological
Observatory network (NEON), North American land data
assimilation system (NLDAS), soil moisture (SM), soil moisture
active passive (SMAP).
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[. INTRODUCTION

ORESTS cover 209%-30% of the global land surface, in-
F cluding 3.3 million km? in the U.S. [1], and soil moisture
influences several important forest processes and disturbances,
including tree growth, the occurrence and extent of fires, and
insect and pathogen impacts [2], [3], [4]. Satellite-based sensors
and process-based models driven with remotely sensed observa-
tions are the only feasible way to generate regular, globally ex-
lensive soil moisture estimates encompassing forested regions;
however, the reliability of soil moisture data in forests is not well
understood due to a lack of suitable validation sites, especially
relative to unforested ecosystems, and due (o uncertainties in
remolely sensed measurements caused by high vegetation water
content.

Until recently, remotely sensed and modeled soil moisture
data were only available at relatively coarse spatial resolutions,
typically of tens of kilometers. For example, the -3 dB footprint
of the L-band (1.4 GHz) radiometer on the NASA soil moisture
active passive (SMAP) satellite covers an area of ~40° km’
[5]. [6]. While such data are undeniably useful for assessing
large-scale patterns, they are generally too coarse to be directly
actionable for most land managers. Moreover, few soil mois-
ture monitoring networks have a similar scale to validate such
data.

Over time, remotely sensed and modeled soil moisture data
have achieved finer resolutions on the order of 1-10 km.
Simulated soil moisture is available from the North America
land data assimilation system (NLDAS) at ~12 km resolution
[7]. The SMAP Level-4 (SMAP-L4) soil moisture product as-
similates the coarse-resolution SMAP radiomeler observations
into a higher resolution land-surface model, thereby producing
soil moisture estimates at ~9 km resolution [8], [9]. Another
example is the SMAP/Sentinel soil moisture product, which
uses C-band (5.4 GHz) radar backscatter observations from the
European Space Agency’s Sentinel-1 satellite to downscale the
coarse-resolution SMAP radiometer observations to a resolution
of ~3 km [ 10]. thereby approaching scales appropriate for land-
management applications. However, these higher resolution data
have only been validated for a very small number of forested
sites. The ultrafine (200 m) spatial resolution soil moisture data
that will be generated by the upcoming NASA-ISRO synthetic
aperture radar (NISAR) [11] satellite will be compatible with
the scale of many land-management decisions, and in situ soil
moisture monitoring networks will be needed to assess the
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reliability of the NISAR products across a wide range of ecosys-
tems, including forests.

To date, forested sites have been extremely under-represented
in soil moisture validation studies due to the relative paucity
of forested soil moisture monitoring stations compared with
grassland and agricultural sites. For example, none of the densely
instrumented core validation sites used for the validation of
SMAP soil moisture products were forested (although 3-5 “can-
didate™ validation sites were forested) [12], [13], and only 1%
of the sparse validation sites were forested [14]. In addition,
SMAPs original objective was lo measure Soil moisture in
ecosystems with vegetation water content <5 kg-m *, which
excludes all forests, Given the importance of soil moisture
information in forested ecosystems, however, there is a need to
validate performance in forests. New in situ sensor installations
are beginning to address this, with three densely instrumented
forested core validation sites recently established [15], [16], but
the level of effort required to establish and maintain such siles
means that they will always be rare and unable to capture the
diversity of forested systems. Sparsely instrumented forested
validation sites, consisting of one or a small number of nearby in
situ measurement locations, complement densely instrumented
validation sites by expanding the range of ecosystems, soil types,
and management practices that are included in validation net-
works, albeit by accepting a lower level of spatial representative-
ness. Such sites are increasingly used to validate soil moisture
measurements in forested systems [17], [18] but have yet to be
used to validate soil moisture data products with intermediate
spatial resolutions (i.e., ~10 km or less) across a wide range ol
forest types.

In part, the under-representation of forested sites in soil mois-
ture validation studies is due to the design of continental-scale
soil moisture networks that have historically focused on un-
forested locations and contain few forested sites, such as the
agriculturally focused soil climate analysis network (SCAN)
[19] and the climatologically focused U.S. climate reference net-
work [20], although the snow telemetry network in the western
U.S. does include several forested siles where soil moisture is
measured. In contrast, the U.S. National Ecological Observatory
Network (NEON) was designed to monitor ecological processes
in patural and managed ecosystems throughout the U.S. and
encompasses a wide diversity of both unforested and forested
sites. At each of the terrestrial NEON sites, soil moisture is
measured at a range of depths down to 2 m in five soil plots
separated by tens of meters. This design supports surface and
root-zone soil moisture measurements that can capture some
of the local-scale spatial variability in soil moisture, albeit at
a scale that is much smaller than currently available remotely
sensed or modeled soil moisture data products. In addition to
soil moisture, NEON provides over 170 other data products that
can be leveraged to better understand how the performance of
remotely sensed and modeled soil moisture data products varies
in relation to ecosystem properties. This is particularly useful for
interpreting the performance of remotely sensed soil moisture
due o its known sensilivity o vegelation water content.

Here, we validate the performance of multiyear remotely
sensed (SMAP/Sentinel), remotely sensed data assimilation
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modeled (SMAP-L4), and modeled (NLDAS) surface and “root-
zone” (0-1 m) soil moisture datasets with data from in situ
sensors al 39 NEON sites throughout the contiguous U.S.
(CONUS). Due to differences in spatial resolution, NEON soil
moisture (~0.2 km measurement zone) correlations were ex-
pected to be stronger with the SMAP/Sentinel product (3 km
resolution) than with coarser resolution SMAP-L4 (9 km res-
olution) or NLDAS products (~12 km resolution). Given the
sensitivity of satellite measurements to vegetation water content,
we expected to observe a deterioration in the correlations based
on remoltely sensed measurements (SMAP/Sentinel and, to a
lesser extent, SMAP-L4) as indicators of vegetation water con-
tent increase. In contrast, the model-based data (NLDAS) was
expected to be largely insensitive to differences in vegetation. In
addition, we investigated seasonal changes in the performance
of the three data products in estimating soil water content at
both unforested and forested sites, with the expectation that
the performance of the SMAP/Sentinel product, and to a lesser
extent, the SMAP-L4 product, would deteriorate during the
summer months at forested sites due to SMAPs known sensi-
livity to vegetation waler content. The performance of remotely
sensed and modeled soil moisture products was assessed for both
forested and unforested sites, but we place a greater emphasis
on the results from forested sites since much less is known
about the products’ performance in these ecosystems, while
many previous studies have assessed performance in unforested
systems [12], [13], [14].

II. DATA AND METHODS
A. NEON Sites

NEON monitors ecosystem properties at 47 terrestrial sites
across the United States. The analysis conducted here used the
39 NEON sites in CONUS because SMAP/Sentinel and NLDAS
data were unavailable for Alaska and because proximity to the
ocean prevents reliable SMAP soil moisture retrievals for Puerto
Rico and Hawaii. The 39 sites span a wide range of latitudes
(28—47°N), elevations (13-3490 m), mean annual temperature
(0.3-22.5 °C), mean annual precipitation (271-2451 mm), and
many different vegetation and soil types (see Fig. 1 and Table II).
The large differences in spatial scale between the NEON sites
and the SMAP footprint mean the dominant vegetation for the
NEON plots sometimes differs from the dominant vegetation
in the larger SMAP footprint, although, in most cases, the
vegetation is similar at the two scales (see Table IT). In addition,
a prior analysis showed strong positive correlations for both
canopy height and an index of vegetation water content between
the smaller NEON sites and the larger SMAP footprints [18].
Although it was not assessed, it is likely that there are also some
differences in soil properties (e.g., soil texture and soil organic
carbon content) between the NEON plots and the larger SMAP
footprint. In most cases, however, the soil properties are expected
to be broadly similar at the two scales.

1) NEON Soil Moisture: At each site, soil moisture is mea-
sured in five soil plots. The soil plots are spaced up to ap-
proximately 40 m apart and are typically arranged in a transect
in the locally dominant soil type immediately surrounding the
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Fig. 1.

NEON tower. Where management activities occur in the imme-
diate surrounding area (e.g., grazing, prescribed burns, and crop
planting), the NEON plots are managed as similarly as feasible.
In cases where the vegetation at the NEON site is cultivated
crops, the soil moisture plots are located within the field (not at
the field margin), and none of the fields are irrigated. A single
vertical profile of soil moisture with up to eight sensor depths
is measured in each of the five soil plots down to 2 m or a
restrictive feature if the soil is shallower. The shallowest sensors
are installed at depths of 6, 16, and 26 cm (all =1 cm), while
installation depths for deeper sensors vary among sites based
on s0il horizon thicknesses and soil depth (see [18] for details).
Data are processed using standardized algorithms that calculate
soil water content, perform quality assurance and quality control
(QA/QC) tests, and generate 1- and 30-min averages. The data
are freely available for download (NEON data product 1D:
DP1.00094.001).

The 30-min soil water content data spanning 2016 to April
2022 were downloaded from the NEON data portal using the
neonUtilities R package [21]. Since the calibration coefficients
loaded on the sensors changed during the period of interest, raw
sensor measurements were backcalculated and a soil-specific
calibration was applied, thereby generaling a consisient time
series across the entire experimental period at each measure-
ment location [22]. The soil-specific calibrations did not allow
implausible soil moisture (i.e., >0.6m® m—). A final quality flag
was assigned to each datum based on the data product quality
metrics, as well as a visual inspection of the time series. Only
data with a final quality flag of 0 (i.e., considered trustworthy)
were used.

Data from the shallowest NEON measurement level (~6 cm)
were used to validate the SMAP and NLDAS surface soil
moisture datasets, while multiple measurement levels within the
0-1 m layer were used to validate the root-zone datasets. Soil
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NEON sites used to validate the three soil moisture data products over MODIS-based IGBP land cover.

moisture for the 0-1 m layer of each soil plot was calculated
as a depth-weighted average of measurements from the sensors
within that layer, excluding data that failed the QA/QC tests.
Within each soil plot, the group of sensors (i.e., depths) that
most often passed the QA/QC tests al the same time over
the experimental period were used lo calculate the weighted
vertical average. This avoids introducing artificial step changes
in the time series caused by sensors dropping in and out of
the averaging based on their QA/QC flags (see Table TIT for
sensor measurement levels used in each soil plot). The weighted
average for each time interval was only calculated when there
was at least one valid soil moisture measurement within the
0-20 em, 20-50 cm, and 50-100 cm depths to ensure that
values were representative of the entire 0-1 m layer. As a result,
0—1 m soil moisture was not calculated for ONAQ soil plots 1—4
because there were no sensors in the 50-100 cm layer or at the
following soil plots because the soil was too shallow: GRSM
soil plots 1-4, HARV plot 1, OAES all plots, RMNP plot 1,
SJER plot 1, TEAK plots 3 and 5, and YELL plots 2 and 5.
The soil plots with the greatest coincidental data availability
were used to calculate the site-average soil water content for
validation of the SMAP and NLDAS datasets (N = 39 sites for
the surface soil and N = 38 for the root zone; root-zone soil
moisture could not be calculated for the OAES site because the
soil was too shallow; Table IIT). Daily mean site-average soil
moisture from the in situ sensors was used to validate the SMAP
and NLDAS data products. The starting year varied based on
when each site became operational. To avoid seasonal over- and
under-representation within the NEON dataset, the start date for
each site was cropped to 1 May of the first year with data, while
the end date for all sites was 30 April 2022.

2) NEON Vegetation Properties: To investigate the impact
of vegelation water content on the performance of the remotely
sensed and modeled soil moisture data products, we used the data
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from [18] for three independent indicators of vegetation waler
content based on NEON data products: above-ground biomass,
canopy height, and the normalized difference infrared index
(NDII), which can serve as an index of vegetation waler content.
This was done for all sites in both forested and unforested
ecosystems. Briefly, 1-m?-resolution remotely sensed (airborne)
canopy height and NDII data were averaged across years over
the entire flight area for each site (~200 km?) to generate
a site-level mean. The above-ground biomass was calculated
from the measurements of live herbaceous biomass from clip
harvests, woody biomass (il present) allometrically estimated
from the measurements of the tree diameter at breast height,
and allometrically estimated biomass of other nonwoody growth
forms (e.g., ferns and palms: if present) from plots throughout
the NEON sites (mean site size: 34 km?; see [ 18] for details).

B. Remote Sensing and Model Soil Moisture Products

The SMAP/Sentinel-1 L2 radiometer/radar (SMAP/Sentinel)
product provides surface soil moisture on the 1 and 3 km equal-
arca scalable Earth version 2.0 grids. This study used version
3 of the product, as it was the latest at the time of the analysis
[23]. The product downscales the coarse-scale SMAP radiome-
ter brighiness temperatures with the fine-resolution backscat-
ter from the ESA/Copernicus Sentinel-1 satellites [10]. The
SMAP/Sentinel product has a lower temporal resolution than the
other products because of the requirement that a SMAP overpass
(2-3-day return interval) and a Sentinel overpass (6-12-day re-
turn interval) must occur within 24 h of each other resulting in
an overall temporal resolution of ~12 days for most regions [10].
The SMAP/Sentinel algorithm is based on the original SMAP
active/passive downscaling algorithm (discontinued upon the
failure of the SMAP radar), which demonstrated satisfactory
temporal performance (<0.06 m * m * ubRMSE) at the 3-
km resolution over core validation sites with low-to-moderate
vegetation [12], [24]. Similarly, the SMAP/Sentinel product
exhibited satisfactory temporal performance over core sites with
low-to-moderate vegetation [13]. The temporal performance of
the activefpassive products is closely tied to the radiometer’s
sensitivity to soil moisture changes as the downscaled brightness
temperature is normalized to the coarse-resolution brightness
temperature [10]. Importantly, the temporal changes have rela-
tively strong autocorrelation over large spatial scales: therefore,
the coarse-resolution brightness temperature has the first-order
ability to capture the soil moisture changes, regardless of the
downscaling approach (e.g., [25]. [26], and [27]).

The 3-km SMAP/Sentinel soil moisture was applied in this
study because of the larger noise in the 1-km soil moisture [10].
Soil moisture from the closest 3-km grid cell was matched with
each NEON station. The data can be flagged for several reasons,
including vegetation water content and terrain slope, but the
retrieval quality flag was ignored to retain values for the forested
sites, which are flagged based on the high expected vegetation
water content (>5 kg m ).

The SMAP-L4 product provides global, 9-km, 3-h estimates
ol surface (0-5 cm) and root-zone (0-1 m) soil moisture and
related land-surface fields from 31 March 2015 to the present
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[8]. This study used version 7, as it was the latest at the time of the
analysis [28], [29]. The L4 estimates are based on the assimila-
tion of SMAP L-band brightness temperature (Th) observations
into the NASA catchment land-surface model [30] using a
stochastic ensemble Kalman filter [9], [31], [32]. The catchment
model simulates spatial variations in soil moisture and water
table depth within each 9-km grid cell based on its topographic
statistics. A subsurface heat diffusion model tracks ground heat
content and soil temperature, and snow processes are modeled
with a physically based, three-layer snow accumulation and
ablation model that accounts for snow aging and compaction
[33]. In CONUS, the model’s precipitation forcing, arguably
the most important driver of soil moisture variations, is based on
the Climate Prediction Center unified gauge-based, daily, 0.5%
product [34]. A zero-order (“tau-omega”) L-band microwave
radiance transfer model maps the simulated soil moisture and
temperature states into the space of the Th observations [35],
[36]. Observation-minus-forecast TH residuals and ensemble-
based, dynamic error covariance estimates are used to correct the
catchment-simulated soil moisture. In this process, the radiative
transfer model also encodes the sensitivity of the soil moisture
corrections to the observation-minus-forecast 7b residuals. In
densely vegetated locations (e.g., forests), Th is largely insensi-
tive to soil moisture, and the SMAP L4 soil moisture estimates
are, thus, primarily determined by the catchment model, with
a relatively smaller impact from the SMAP Th observations at
forested sites than at unforested sites,

The NLDAS Noah land-surface model L4 hourly 0.125%
% 0.125° V002 product is a simulated series of land-surface
variables with hourly temporal resolution and one-eighth degree
(~12 km) grid spacing [7]. The surface meteorological forcing
data for the simulation are based on the observations to the
extent possible. Most importantly, NLDAS uses precipitation
estimates that are based on both gauge and radar observations.
Soil moisture content data for the cells containing the NEON
towers were used. Root-zone (0-1 m) soil moisture was de-
termined by vertically aggregating soil moisture data from the
0-10, 1040, and 40—100 cm layers.

For SMAP-L4 and NLDAS, the soil parameters and other
model parameters are from global and continental databases,
respectively, and may differ from the paramelers measured at
the NEON sites. This represents one aspect of the upscaling
error and may affect the performance metrics to some degree.

C. Performance Metrics and Data Analysis

The validation against the NEON in silu measurements is
based on the standard performance metrics, including the mean
difference (MD) (satellite or model minus NEON soil moisture),
the absolute MD, the root-mean-square deviation (RMSD), the
unbiased RMSD (ubRMSD). also known as the standard devia-
tion of the error [37], and the Pearson correlation coefficient (r)
defined as

RMSD = (1)
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where x and y represent the satellite (or model) estimates and
NEON measurements for a given site, respectively, n is the
number of coincidental samples for that site, and & and ¥
represent the mean of the satellite (or model) estimates and
NEON measurements for the sile, respectively.

Metrics were computed separately for each site and then
averaged across the sites. We also report the total number of
coincidental NEON and SMAP-L4, NLDAS, or SMAP/Sentinel
observations (1), and the average number of observations per
site, The performance metrics were calculated using all avail-
able dala for each site as well as for cach meteorological
season (December—February, March-May, June-August, and
September—November).

NEON surface soil moisture data from as early as May 2016
through April 2022 were correlated at daily intervals with 4821
SMAP/Sentinel values, 38298 SMAP-L4 measurements, and
39051 NLDAS values (see Table TV; the minor discrepancy in
the total number of SMAP-LA4 and NLDAS data was caused by
a few corrupted SMAP-L4 files and does not impact our key
findings). The daily mean was calculated for the SMAP-L4 and
NLDAS comparisons even though they provide more frequent
soil moisture estimates because of the relatively large temporal
autocorrelation of soil moisture over subdaily timescales, and
the discontinuities in the NEON time series. The smaller size
ol the SMAP/Sentinel dataset was due to its lower temporal
resolution [10]. NEON root-zone (0-1 m layer) measurements
were correlated with over 22 000 SMAP-L4 and NLDAS values
(see Table V). The smaller size of the root-zone datasets reflects
the necessity ol having simultaneous good-quality NEON mea-
surements from in situ soil moisture sensors at several depths to
calculate the 0—1 m average (see Section TI-A1).

Summary statistics (mean and standard deviation) were cal-
culated for the SMAP/Sentinel, SMAP-L4, and NLDAS per-
formance metrics across all sites for surface and root-zone soil
moisture. Similar to [18], the dominant IGBP vegetation class
for the SMAP radiometer footprint that contained each NEON
site was used to classify the sites as either forested (deciduous
broadleaf forest, mixed forest, or evergreen needleleaf forest) or
unforested (grassland, cropland, cropland/natural mosaic, open
shrubland, savanna, or woody savanna). Summary statistics were
calculated separately for the forested and unforested sites. Linear
regressions were fitted to explore relationships between the
performance metrics and ecosystems properties (above-ground
biomass, NDII, and canopy height) using the Im() function in R.

Sites were only used to explore seasonal changes in the
performance metrics if at least 10% of match-up pairs for that
site were present in each meteorological season to avoid metrics
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based on just a few data points biasing the results. This reduced
the number of sites available for the seasonal analysis to 20 and
typically excluded higher latitude and high elevation sites, where
few data points were available from December to February when
the soil was often frozen (neither NEON nor SMAP sensors can
reliably measure soil moisture when it is frozen; Fig. 1). For
each site, the seasonal performance metrics (ubRMSD, absolute
MD. and RMSD) were normalized relative to their average value
across all four seasons. The median ubRMSD, absolute MD,
and RMSD across all sites were calculated for each season for
unforested and forested sites for both surface and root-zone soil
moisture. The median, rather than the mean, was used in the
seasonal analyses to minimize the influence of outliers, given
the relatively small number of sites.

While the approaches used here are similar to most previous
soil moisture validation studies, it is important to highlight
potential shortcomings thal may impact the quality of the val-
idation [38]. Besides the clear mismaich in the spatlial scale
of the NEON and remotely sensed or modeled data products,
the depth representation of datasets also differs (NEON surface
s0il moisture measurements: ~1—-11 cm; NLDAS: 0-10 ¢m; and
SMAP/Sentinel and SMAP-L4: -5 cm). In addition, the in situ
sensors have a relatively small measurement zone (5 cm above
and below the center of the sensor and up to 14 ¢m horizontally
|39]), which makes them sensitive to unusual features within the
measurement zone, such as voids or rocks. The depth-weighted
approach to calculate 0—-1 m root-zone soil moisture may not
represent true 0-1 m moisture if a hydrologically significant
feature in the soil profile was not appropriately captured by the in
situ sensor depths. Finally, the soil pit from which soil-specific
calibrations were determined may not fully represent the soil
surrounding the in situ sensors, despite the pit location being
selected to broadly represent the soil plot locations. At any given
site, the impact of these shortcomings is more likely to be ap-
parent in the bias-sensitive performance metrics (MD, absolute
MD, and RMSD) than the bias-insensitive metrics (ubRMSD,
r, and regression slope). However, averaging the performance
metrics across multiple sites is expected to average out many
of these impacts, thereby providing a reasonable measure of the
performance of each data product, including the bias-sensitive
metrics.

NEON data used in this study are listed in Table I, and the
code scripts are available.'

1MT. RESULTS

A. Surface Soil Moisture

Averaging the performance metrics across all sites showed
that surface soil moisture from all three satellite and model
products was positively correlated with NEON measurements
[see Fig. 2(e)], but the agreement between the datasets and the
NEON measurements varied substantially. The SMAP mission
considers ubRMSD to be the primary performance metric [13],
and it was substantially smaller for the SMAP-L4 and NL-
DAS products (0.05 m* m~7) than the SMAP/Sentinel product

! [Online]. Available: hetps://doi.org/10.6084/m9.figshare.24424762.v1
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TABLET
NEON DATA PRODUCTS USED IN THE ANALYSES

Data product ID  Data product DOI Date range (YYYY-MM-
name DD)

DP1.00094.001 NEON Soil water https://doi.org/10.48443/7exd-n727 2016-05-01 = 2022-04-30
content and water
salinity

Derived from Site mean NDII' https://doi.org/10.6084/m9.figshare. 14599968.v1 2013-06-01 = 2020-10-01

DP3.30019.001

Derived from Site mean canopy https://doi.org/10.6084/m9.figshare. 14599968 v1 2013-06-01 — 2020-10-01

DP3.30015.001 heights'

DP1.10023.001 Herbaceous clip https://doi.org/10.48443/xjxw-2p1 8 2013-07-01-2019-12-31
harvest

DP1.10045.001 Non-herbaceous https://doi.org/10.48443/pgdv-wd42 2014-01-01 = 2019-12-31
perennial
vegetation structure

DP1.10098.001 Woody vegetation  https://doi.org/10.48443/e3gn-xw47 2014-01-01 =2019-12-31
structure

'NDII and canopy height data were not available for the ORNL site.
Data were downloaded for all CONUS NEON sites (n = 39).
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Fig. 2. Performance metrics for SMAP/Sentinel, SMAP-L4, and NLDAS surface soil moisture versus NEON in situ measurements averaged across all sites (N
= 39), unforested sites (N = 21). and forested sites (N = 18). Performance metrics include (a) number of observations per site, (b) MD computed as the satellite
(or model) minus NEON soil moisture, (c) RMSD, (d) ubRMSD, (&) r, and (f) slope. Note the differences in ordinate range for MD, RMSD, and ubRMSD. Error
bars show the standard deviation of the metric across the individual sites. The graphic shows that all three products performed reasonably well at unforested sites,
but SMAP/Sentinel performance deteriorated at forested sites.
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(0.08 m* m*; see Fig. 2(d) and Table TV). The NLDAS product
had an MD, which includes bias and spatial representativeness
errors, that was closest to zero, while MDs were similar in mag-
nitude for SMAP-L4 and SMAP/Sentinel but differed in their
sign. SMAP-L4 was generally drier than indicated by NEON
measurements, and SMAP/Sentinel was generally wetter than
NEON. The SMAP/Sentinel product had the greatest absolute
MD, and this combination of larger ubRMSD and absolute MD
resulted in a substantially larger RMSD (0.14 m® m ) than for
SMAP-L4 (0.10 m* m ) or NLDAS (0.09 m* m ).

Separate performance metrics were calculated for each data
product at unforested and forested sites because of SMAPs
known sensitivity to vegetation water content in forest ecosys-
tems [40]. At the unforested sites, the performance of all three
data products was relatively similar, although the SMAP-L4
and NLDAS products slightly outperformed the SMAP/Sentinel
product (see Fig. 2 and Table IV). In most cases, the mean
performance of the three data products was worse at forested
than at unforested sites. The reduction in performance was most
pronounced for the SMAP/Sentinel product (e.g.. 84% larger
mean ubRMSD at forested sites), while changes were more mod-
est for the SMAP-L4 (no difference in ubRMSD) and NLDAS
products (21% larger ubRMSD at forested sites). In particular,
the SMAP/Sentinel product had a large ubRMSD (0.11 m* m )
and a very low correlation coefficient (0.1), indicating that it was
largely unable to detect changes in soil moisture at forested siles,
presumably due to its sensitivity to vegetation water content.
Conversely, the other two data products were typically able to
track changes in soil moisture at forested sites (mean ubRMSD:
<0.06 m* m~? and mean r >0.5), albeit at a somewhat degraded
level relative to performance at unforested sites.

At both unforested and forested sites, the SMAP-L4 product
slightly outperformed the NLDAS product at capturing lemporal
changes in soil moisture, as indicated by the bias-insensitive
melrics [i.e., lower ubRMSD, higher r, and a slope close to 1;
Fig. 2(d)—()]. The reason for the slightly better performance of
the SMAP-L4 product is likely the assimilation of the (anomaly)
time-series information provided by the SMAP brightness tem-
perature observations (see Section I1-B). In contrast, the NLDAS
product slightly outperformed SMAP-L4 for the bias-sensitive
metrics [i.e.. MD closer to zero, lower absolute MD, and lower
RMSD; Fig. 2(b) and (c)].

The relationship between the surface soil moisture perfor-
mance metrics at each site and three site-specific indicators
of vegetation water content (above-ground biomass, NDII, and
canopy height) was assessed for the satellite and model data
products. Consistent with the analysis of unforested and forested
sites, there was a significant deterioration in the performance
of the SMAP/Sentinel product for almost every performance
metric with an increase in each of the ecosystem properties (see
Fig. 3), demonstrating that performance is particularly unreliable
in the densest forests but has already deteriorated in relatively
low biomass/low canopy waler conlent ecosystems. In conltrast,
performance metrics for the SMAP-L4 and NLDAS products
were largely insensitive or only weakly related to these ecosys-
tem properties, indicating that the performance remains similar

JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

ineven the densest forests. For SMAP-14, this is presumably be-
cause the skill SMAP-L4 derives from combining the land model
estimates with the information from the assimilated SMAP
brightness temperatures. While the latter provides less informa-
tion about soil moisture with increasing vegetation density, the
quality of the observation-based precipitation forcing—which
largely determines the skill of the land model estimates—does
not similarly depend on vegelation density. However, since the
NLDAS performance metrics were likewise only weakly related
to these ecosystems’ properties, the results suggest that the
benefit of incorporating the SMAP brightness emperature in
the SMAP-L4 product is relatively small compared with the
skill of the underlying models in regions, such as CONUS,
where the surface meteorological forcing data and precipitation,
in particular, are of high quality [41].

B. Root-Zone Soil Moisture

Results for the 0—1 m root-zone soil moisture are limited to the
performance of SMAP-L4 and NLDAS because SMAP/Sentinel
does not produce a root-zone product. Across all siles, most
of the root-zone performance metrics were very similar for
the SMAP-L4 and NLDAS products; however, NLDAS had a
lower absolute MD, which also resulted in a lower RMSD than
SMAP-L4 (see Fig. 4 and Table V). The mean ubRMSD was
lower for root zone (0.03 m* m*) than for surface soil moisture
(0.05 m* m~?) for both data products, but this reduction appeared
o be primarily due to the more stable lemporal dynamics of
root-zone soil moisture rather than improved model performance
in the root zone. The other bias-insensitive performance metrics
(rand slope) remained similar to values observed for surface soil
moisture, although modest improvements in r and slope were ob-
served for NLDAS in the root-zone layer versus the surface layer.

Unlike for surface soil moisture, the performance metrics for
root-zone soil moisture were not universally worse at forested
sites versus unforested sites. In fact, the mean MD was slightly
closer to zero at forested sites for both SMAP-14 and NLDAS.
SMAP-L4 and NLDAS estimates are generally drier than NEON
soil moisture at unforested sites and wetler al foresled sites. The
mean absolute MD was lower and the mean ubRMSD was higher
al forested sites than unforested sites for SMAP-L4, while for
NLDAS, these metrics remained essentially unchanged between
the two site types. These differences resulted in slightly lower
mean RMSD at forested sites than at unforested sites for both
SMAP-L4 and NLDAS.

With the notable exception of the ubRMSD metric, at un-
forested sites, the root-zone soil moisture performance of both
SMAP-L4 and NLDAS tended to be similar to, or worse than,
that of the corresponding surface soil moisture estimates. In
contrast, at forested sites, the performance metrics of both
SMAP-L4 and NLDAS were more often better for root-zone
soil moisture than surface soil moisture.

As with surface soil moisture, the SMAP-L4 and NLDAS
root-zone soil moisture performances were largely insensitive to
the indicators of vegetation water content (see Fig. 5). However,
there was some indication of increased ubRMSD at siles with
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Fig. 3. Relationship between surface soil moisture performance metrics and

indicators of vegetation water content (above-ground biomass, NDIT, and canopy

height) for SMAP/Sentinel, SMAP-L4, and NLDAS. Vertical dashed line indicates the maximum biomass where SMAP considers the radiometer data reliable
assuming 50% vegetation water content. Solid fitted slope lines are significant at p <2 0.05, and dashed fitted slope lines are significant at p << 0.1. SMAP/Sentinel
performance generally decreased as vegetation biomass, water content, and canopy height increased, while SMAP-L4 and NLDAS performance was less sensitive

10 these ecosysiem properties.

taller and wetter canopies, particularly for the SMAP-L4 prod-
uct, although the magnitude was relatively small [see Fig. 5(a)-
(c)]. No changes in RMSD, MD, the correlation coefficient, or
the slope of the correlation were associated with the three indi-
cators of vegetation waler content [see Fig. 5(d)—(r)]. suggesting
consistent performance based on these metrics across vegetation

types.

C. Seasonality

While seasonal changes in the performance metrics for all
three data products for surface soil moisture were often large at

individual sites (dotted lines in Fig. 6), there were few consistent
patterns across the unforested or forested sites (solid lines in
Fig. 6). The ubRMSD metric showed the greatest seasonal
variation, and this was largest for the NLDAS product at forested
sites, where ubRMSD was Lypically lowest in summer months
and higher in the winter. Our hypothesis that SMAP/Sentinel,
and to alesserextent SMAP-L4, performance would be degraded
at forested sites in summer months (i.c., when the canopy waler
content is greatest) was not supported.

Similar to the performance of surface soil moisture, the root-
zone soil moisture performance metrics also varied seasonally at
individual sites, but there were few consistent seasonal patterns
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Fig. 4.  Asin Fig. 2. but for root-zone soil moisture from (gray bars) SMAP-L4 and (black bars) NLDAS. All sites (N = 38), unforested sites (N = 20), and
forested sites (N = 18), Overall, SMAP-L4 and NLDAS performance was broadly similar in forested and unforested sites.

among the unforested or forested sites (see Fig. 7). The median
performance metrics for the SMAP-L4 product remained almost
constant at unforested sites, while there were slightly larger
seasonal changes at forested sites (i.e., greater absolute MD
and RMSD from March to May and lower values from June (o
November). The normalized ubRMSD for the NLDAS product
tended to be greater from June to November at unforested
sites and lower during those months al forested sites, while
the normalized absolute MD and RMSD exhibited less seasonal
variability.

IV. DISCUSSION

A. Unforested Sites

Although the focus of this study was to investigate the perfor-
mance of the remotely sensed and modeled soil water content
data products at forested sites, it is useful to first compare our
results at the unforested NEON sites with those of the previous
validation studies, which have focused almost exclusively on un-
forested sites. Overall, the performance metrics for the products
at the unforested NEON siles were similar to the results from
previous SMAP and NLDAS validation studies. For example, a

recent study [13] showed that the 3 km SMAP/Sentinel product
had a ubRMSD of 0.05 m’ m * (r = 0.54) at grassland and
0.07 m* m* (r = 0.63) at cropland sparse-network validation
sites (i.e., sites typically with a single soil moisture measurement
location), which is similar to the performance at unforested
NEON sites that include both grassland and cropland sites
(ubRMSD of 0.06 m® m—2 and r = 0.59). Colliander et al.
[13] also reported a ubRMSD of ~0.06 m* m* (r ~ 0.7)
for SMAP-L4 surface soil moisture performance and ubRMSD
of ~0.04 m* m (r ~ 0.6) for the root zone, which is also
similar to performance relative to the NEON data at unforested
sites. Previous NLDAS validation studies have not calculated the
same performance metrics that we report here. However, they
have shown strong root-zone anomaly correlations (r = 0.7),
reasonable correlations for surface soils in most regions (i.e., r
> 0.5), and a positive MD at SCAN sites throughout the U.S.
[42], which is consistent with our findings.

Previous wvalidation studies have shown that the bias-
insensitive performance metrics (ubRMSD and r) for the SMAP-
L4 surface and root-zone soil moisture improve when validated
at densely instrumented sites (i.e., multiple soil moisture sensors
distributed across the footprint) than at sparsely instrumented
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Fig. 5. Asin Fig. 3, but for mot-zone soil moisture from (gray dots) SMAP-L4 and (black dots) NLDAS. Overall, SMAP-1.4 and NLDAS performance was

largely unrelated to differences in vegetation properties among the sites.

sites (typically with a single soil moisture profile) due to im-
proved spatial representativeness of the in situ validation data
[13]. Tt is interesting to note that the bias-insensitive metrics
based on the NEON validation data reported here lie between
the performance metrics previously reported for sparsely and
densely instrumented sites [ 13], perhaps reflecting the additional
spatial information that is gained from having five soil plots
spaced tens of meters apart even though that is still much smaller
than the 9 km product footprint. Similar results were found in a
previous analysis of the 33 km SMAP radiometer soil moisture
product [18]. In contrast, performance metrics for the 3 km
SMAP/Sentinel product based on NEON data were more similar

to metrics from other sparsely instrumented sites than densely
instrumented sites, possibly indicating that the additional spatial
information associated with the NEON data is less important
as the product footprint decreases in size, although it should
also be noted that the difference in performance when validated
at sparsely versus densely instrumented sites was relatively
small for the 3 km SMAP/Sentinel product [13]. Since the
performance metrics we report here have not been calculated
in previous NLDAS validations, it is unclear if the greater
spatial variability captured by the NEON data improves the esti-
mates of NLDAS performance relative to other sparse validation
networks.
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The NEON-based bias-sensitive metrics (MD and RMSD)
calculated for surface soil moisture were not too dissimilar
to values reported for densely instrumented validation sites
for SMAP/Sentinel, indicating consistency between the metrics
assessed at the pixel level and those averaged across multiple
NEON locations despite the limited within-site spatial sampling.
For instance, the 3 km SMAP/Sentinel product had MD =
0.00 m* m ¥ and RMSD = 0.07 m* m ¥ based on the densely
instrumented core validation sites [13], while the corresponding
values for NEON were MD = —0.01 m* m~> and RMSD =
0.09 m* m~3. Similar MD results were reported for the SMAP

radiometer soil moisture data product at NEON sites when
averaging across multiple sites [18]. In contrast, MD and RMSD
for the surface soil and root-zone SMAP-L4 product were not
as consistent with the results from the core validation sites.
For example, the MD was similar in magnitude (~0.03 m’
m ) but had the opposite sign, and root-zone soil moisture
RMSD was 0.11 m* m~? at NEON sites but only 0.06 m* m~
(albeit N = 7) at core validation sites. However, the SMAP-L4
RMSD for surface soil moisture was similar at NEON sites
(0.08 m* m %) and core validation sites (0.07 m® m ). At
least some of the difference in the bias-sensitive metrics is
likely due to differences in vegelation, soil texture, soil organic
matter content, and other ecosystem properties at the scale of
the NEON soil plots versus the larger footprints of the remotely
sensed and modeled data products. While the NEON sites are
typically broadly representative of the larger SMAP/Sentinel,
SMAP-L4, and NLDAS pixels (see Table IT and [18]), any
differences that do exist are likely to inflate the absolute MD
metric, which, in turn, would inflate RMSD. As a result, it is
likely that the large differences in spatial scale between the
NEON sites and the three soil moisture data products caused
some inflation of the bias-sensitive performance metrics, and
their “true” performance is likely to be somewhat better than
indicated by this analysis. However, the reasonable level of
consistency between the resulls reported here and those based
on the densely instrumented core validation sites suggests that
the impact of the spatial scale differences was relatively small
when averaging across multiple sites.

Focusing on ubRMSD as the primary performance metric
shows that, at unforested sites, the SMAP-L4 and NLDAS
products slightly outperformed the SMAP/Sentinel product at
tracking changes in soil water content despite SMAP/Sentinel’s
higher spatial resolution, which is consistent with results from
SMAPs densely instrumented core validation sites [13]. How-
ever, it should be noted that the differences in performance were



AYRES ¢t al.: VALIDATION OF REMOTELY SENSED AND MODELED SOIL MOISTURE AT FORESTED AND UNFORESTED NEON SITES

small, and all three products were reasonably reliable across a
range of unforested sites.

B. Forested Sites

The similarity in the performance, particularly for the bias-
insensitive metrics, of the SMAP/Sentinel, SMAP-1L4, and NL-
DAS products at unforested sites when NEON or other vali-
dation networks were used as benchmarks provides a level of
confidence for the NEON-based validation results we report for
forested sites. This is important because there are few other
forested validation studies with which we can compare our
findings due to the general under-representation of forested sites
in the existing soil moisture networks. SMAP-L4 and NLDAS
ubRMSD were similar at forested and unforested sites. However,
the performance of the SMAP/Sentinel product deteriorated
markedly with increasing vegelation indicators to the point
where it barely showed any correlation with the in situ data (r
=0.1 and ubRMSD = 0.11 m* m *). Some of this reduction in
performance can be attributed to the SMAP L-band radiometer,
which was previously shown to perform less well al measuring
soil moisture at forested sites but still retains sufficient skill to
provide some useful information [15], [16], [18], [43]. However,
the C-band Sentinel data are likely causing the bulk of the
reduction in performance because the C-band is known to be
more sensilive to vegetation water content than the Z-band
[44]. In contrast o our findings, Andreadis et al. [17] observed
strong agreement between the 3 km SMAP/Sentinel product
and in situ soil moisture data from seven forested validation
sites in New Zealand (r = 0.8 and ubRMSD = 0.03 m* m%).
This difference in performance may be due to differences in
forest type between the two studies: young (5-20-year-old)
Pinus radiata plantations, presumably with relatively lower
above-ground biomass, vegelation water content, and canopy
heights, in the New Zealand study versus typically older and
more diverse forests at the NEON sites. Consistent with this,
we found that the performance of the SMAP/Sentinel product
progressively deteriorated as above-ground biomass, an index
of vegelation water content, and canopy height increased, sug-
gesting that the New Zealand sites may simply represent less
challenging forest conditions for remote sensing soil moisture
than the range of forest types captured by the NEON sites.
The relatively consistent performance of the SMAP-L4 product
at unforested and forested sites indicates that it successfully
compensates for the deterioration in SMAP radiometer data
(see Section II-B). Since NLDAS does not rely on remotely
sensed measurements (which experience interference from veg-
etation waler content), it was expected to maintain a similar
level of performance at unforested and forested sites, which we
observed.

To our knowledge, no previous studies have quantified the
performance of the SMAP-L4 and NLDAS products at forested
sites. However, the performance of the SMAP radiometer prod-
uct has been studied at three different densely instrumented
forest sites with observed ubRMSDs of ~0.05-0.07 m* m~*
[15], [16], [43], as well as at forested NEON sites (ubRMSD
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= 0.06 m* m* [18]). Relative to the SMAP radiometer, the
performance of the SMAP-L4 (ubRMSD: 0.05 m* m~) and
NLDAS (ubRMSD: 0.06 m* m*) surface soil products was
impressive, especially since both products have substantially
higher spatial resolution (~10 km versus 33 km for the radiome-
ter) as well as including root-zone soil moisture also with low
ubRMSD. While the ~10 km resolution is likely too large for
many land-management decisions, it is useful for assessing the
health of forests and the likelihood of disturbance events (e.g.,
fires or pests). In particular, the inclusion of root zone rather
than just surface soil moisture data is particularly valuable in
the conlext of assessing drought status and potential impacts on
forests. The majority of tree roots are in the 0-1 m layer, although
they can extend beyond this depth [45], [46] and many trees have
the ability to change waler acquisition depths depending on soil
moisture conditions [47].

While relatively sparsely instrumented validation sites, such
as the NEON sites, cannot be used reliably to quantify bias-
sensitive performance metrics (i.e., MD and RMSD) for coarser
resolution products at individual sites, owing to the differences
in spatial representativeness, averaging across multiple sites can
provide information on the overall data product performance
relative to these metrics. As expected, the SMAP/Sentinel prod-
uct had a much larger MD at forested sites than at unforested
sites, which was likely due to ils sensitivity to vegetation waler
content, and this contributed to a very large RMSD (0.21 m’
m *), indicating that only the most extreme differences in
absolute water content could be gleaned from this product
at forested sites. This was especially true for the tallest and
densest forests with high vegetalion waler conlents, where
the SMAP/Sentinel soil water content values were particularly
unreliable.

In contrast to SMAP/Sentinel, there was relatively little dif-
ference in SMAP-L4 and NLDAS MD for surface soil moisture
between forested and unforested siles, suggesting little change
in measurement bias between the two vegetation classes, al-
though the greater variability of MD (corresponding to grealer
absolute MD) for both products at forested sites contributed to a
50% larger RMSD at the forested sites (0.11-0.13 m* m—?).
It is unclear why the absolute MD for surface soil moisture
increased at forested sites, although we did observe weak (i.e.,
p < 0.1) correlations between absolute MD and at least one
of the indicators of vegetation water content for SMAP-L4 and
NLDAS. Without a strong correlation or mechanistic basis for
the increase in absolute MD, we are unable to offer a pathway to
reduce this potential measurement bias in forested sites. In the
root zone, although SMAP-L4 and NLDAS MD changed from
typically underestimating (unforested sites) to overestimating
(forests) soil water content, the absolute MD remained similar,
as did RMSD (0.07-0.10 m* m~?). While the magnitude of the
SMAP-L4 and NLDAS RMSD is too large to reliably determine
the absolute water content of surface and rool-zone soils, the
products can reliably determine relative soil water content (e.g.,
dry, moist, or wet) when averaging across a number of sites.
Moreover, as with the unforested sites, any differences in
vegetation, soil, and ecosystem properties between the NEON
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TABLE T
NEON SITE PROPERTIES [50] AND SMAP IGBP LAND COVER CLASSIFICATION
Site 1D, US. Latitude Lompitude  Elevation MAT MAP  SMAFP faotprint NEON sits dominant  Soil subgroup Mean Mean Menn
State (] ) (m) o 1GBP land cover NLCD vegetation £ i I
{mm) clussification’ cluss" increase greemmess  decrease
DOY* Doy poy!
ABBY, WA 45762 122330 363 0o 2451 Mixed forest Evergreen forest Andic Humudepis 10 163 208
BART,NH 44064  =T1.287 74 6.2 1525 Mixed forest Mixed forest, Aquie Haplorhods 120 170 20
Dieciduaus forest
BLAN, VA 39034  <78042 183 121 983 Cropland’ natural Shraby/Scrub Ultic Tlapludalfs 75 150 21
masaic
CLBJ, TX 33.40] =47 570 m 175 926 Grassland Deciducus forest Udic Palcustalfs G0|215 135230 175265
CPER, 0O 40816  —104746 1654 g6 3 Grassland Grassland'hert Andic Argiustoll 20 165 210
DCFS,ND 47162 49107 575 49 4480 Cropland Grassland/herh Typic Haphastolls 120 18D 08
DELA, AL 32542 8784 25 176 1372 Woody savanna Woody wetland, Agquic Palewdulis &0 135 205
Decaduaus forest
DSNY, FL 28125  —-81.436 20 ns 1216 Woody savanna Pasture hay Aeric Alaguads &0 140 150
GREM, TN 15680 81502 575 131 1575 Mixed forest Disciduous forest Typic Hurmudepts 20 155 215
HARV,MA 42537 =T21T3 4% 74 1199 Mised Forest Deciduous farest, Omyaquic Dystrudepts 110 160 220
evergreen forest
JERC, GA 31195 —84.469 47 192 1308 Cropland Evergreen forest Arenic Kandiudults 20 175 220
JORN,NM 32591 =106 843 1324 157 M Open shrshland Skrubiserub Typic Petrocaleids &0 185 245
KONAKS 39110 -96.613 3 127 850 Crassland Cultivated crops Pachic Vertic 20 160 210
Argiudalls
KONZ KS  39.0] -96.563 414 124 870 Grassland CGrassland'herbaceous  Pachic Udertic 20 160 210
Argiustolls
LENO, AL  31BM  —8%161 13 18.1 1386 Maxed Forest Decaduous foresl, Vertic Epiaquepls T 145 200
woody wetland
MLBS, VA 37378 -80.525 1170 8 1227 Decids broadleal  Decid Lotest Fluvaquenls 110 160 20
forest
MOAB, UT 38248 109388 1799 10.1 319 Grassland Shrabvscruls Ustle Haplocalcids 85 163 225
NIWO, 0O 40054  —105.5%2 3490 0.3 1005 Needleleaf B Graaslandherb Typic Haplocryolls 140 190 2
farest
NOGE, ND 46770 —100.915 589 50 457 Cropland Graasland'herh Typie Argiustalk 13 170 200
DAES, OK 35411  =49.059 519 158 71 Grassland Grasslandberbaceous  Lithic Haplussepts 701233 1351270 165290
ONAQUT 40178 —112452 1662 9.0 8% Graseland Shrabserub Xerie Haplocakeids 75 130 170
ORNL, TN 35964  =8#4283 44 144 1540 Decidwous broadleaf  Deciduous forest Typic Palendults 90 150 210
forest
OSBS, FL 20680 —K1.993 46 209 1302 Weody savanns Evergreen foreat Typic Quartspsam- 0 150 190
menks
REMNF, CO 40276  =105546 742 .9 731 Needleleaf everg: Everg forest Ustic Haplocryolls 120 180 210
forest
SCBL VA 38.893 =T78.139 352 116 1126  Decid brosdleal D forest Ultic Hapludalfs BS 150 120
forest
SERC,MD 38890  =76.560 33 136 1075 Cropland/ natural Deciduous fovest Aquic Hapludulis L1} 155 120
[FE
SIER, CA 3T =119732 400 164 540 Savanmss Deciduous forest, Peasmentic 70 65 95
SDAF.CA 37033 =119262 1210 134 900 Needlcleaf evergreen Ewr;m.-n forest Ultie Haploxetalfs 90 155 185
forest
SRER, AZ 3L =110.83% 97 19.3 46 Open shrabland Shrulysciub Typic Temifluvents 87186 139215 189(259
STEL W1 45500 w9386 476 48 7 Mined forest Decidunes forest Alfie Epiaguods 120 165 215
STER, CO 40462  =105.029 1365 a7 433 Gragsland Cultivased crops Pachie Arginstalls 90 150 190
TALL, AL 32950 1393 166 172 1383 Mined forest Mined Fforest, Typic Hapludults 75 138 195
evergreen forest
TEAK,CA  37.006 119006 2149 8.0 1223 Meedicleaf evergreen  Evergreen forest Pachic Humixerepis 120 150 205
forest
TREE, W] 45494  _=0.386 467 48 97 Mixed forest Decidunes forest, Alfic Haplomthods 120 165 215
evergreen forest
UKFS, KA 39.041 =95,192 n 127 990 Cropland/ nataral Deciduoues forest Pachic Argiudolls 75 160 210
moslic
UNDE, M1 46234  =89.517 511 43 BO2 Mixed forest Mixed Farest, Argic Fragaaquods 120 170 115
deciduous forest,
woody wetlamd
WOOD, KD 47.128 =99.241 591 49 494 Cropland GrasslandTert Typic Haplustoll 120 180 110
WREF, WA 45820 -121952 35 T2 2125 Needleleaf overgroen  Evergreen forest Typic Hapludands 115 165 210
forest
YELL, WY 44953 =110.539 2133 34 493 Needicleaf overgreen  Evengreen foresi, Pachic Argiustolls 125 169 193
forest serubvshrg
tean smnusd cemperaare.
Tlean snusl precipitation.
"NECN uses the USGS National Land Daabase for classificasion while SMUAP uses dhe [ ] Geosphere=Ricaphy am classificati
For gr TCrease, MK Y- end gr docresss dayenfapear (DY) values, sites with e growing seasons have twe DOY valuos soparated by |

site scale and the scale of the remotely sensed and modeled data
products likely inflated the bias-sensitive performance metrics
(MD and RMSD), suggesting that the “true” performance of
these products is better than indicated in this analysis.

C. Seasonality

We did not observe a consisienl seasonal patltern in the
performance of the different products among the unforested

or forested sites, although there was seasonal variability in
performance at individual sites. The forested sites are often
a mixture of evergreen and deciduous trees across the scales
being considered, and forests typically are more resistant to soil
moisture fluctuations over short time scales. This means that
broadscale remote sensing algorithms have stable vegetation
signals upon which the algorithms have been developed. Deep
rooting and water storage capacity within the forest biomass
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TABLE 1T
SOIL PLOTS (STATIONS) AND MEASUREMENT LEVELS (ROOT-ZONE ONLY)
USED FOR NEON MEAN SOIL MOISTURE AT EACH STTE

will still influence the remole sensing signal without significant
losses of moisture content over short time periods (inter-rain
periods), in contrast to agricultural and rangeland landscapes,
which are much quicker to respond to drought or flood con-

. . . . Surface soil Root zone (0=1 m)
ditions. Previous studies have observed modest seasonal dif- No.  NEON soil 0.  NEON soil plots
ferences in performance at a densely instrumented deciduous  Site  stations plots tions (measurement levels)
forest [43] and cropland [48] site. However, we cannot deter-  ARRY 3 2,3, and 4 b 2 (12456) and 4 (123456)
mine il this represents a consistent pattern or simply site-level  pgapT 2 2 and 4 " 4(12345) and 5 (12345)
variability consistent with our findings. To some extent, the wide gy an s 1,2,3,4,and 5 P2 2 (122456) and 5 (123456)
range of climates and ecosystems encompassed in our analy- 3 (123456), 4 (23456), and
sis means that variation in phenological events (e.g., growing CLB] 3 1,3,and 5 £] 5 (123456)
season start and end dates) among the sites may mask some 1 (123436), 2 (123456), 4
seasonal variability in the performance of the data products. In CPER 3 1,2,3,4,and S 4 (123456), and 5 (123456)
addition, the exclusion of higher latitude and higher elevation ~ PCFS 4 2,3,4:d5 R 2(123456) and 4 (1234567)
sites, which typically have particularly pronounced seasonality, =~ DELA 3 24,md5 P 3 (1235) and 4 (123456)
from the seasonal analysis due to limited December—February {1193143:56!; (21{213243;65}6);“3d 5
in situ soil moisture data may have reduced any seasonal dif- pgny s 1,2,3,4,and 5 |5 (123456_}‘ '
ferences in the performance of the three products. Furthermore,  gpoy 3 2.3, and 5 1 5 (123456)
known SMAP biases that vary over time are expected to make ;. py 3 1,4,and 5 b 4 (123456) and § (123456)
the detection of seasonal changes in performance challenging 1 (123456), 2 (123456), and
[49]. Nonetheless, to date, there is little evidence of strong JERC 1,2,and 3 1 3(123456)
and consistent changes in the seasonal performance of these  JORN 1,4,and 5 2 1{12345) and 5 (1345)
products across a range of sites. Seasonal differences in product 1 (12456), 2 (123456), and
performance warrant further investigation, and sensor networks KONA 4 L,2,4,:d5 B 3 (123456) 4 o
that include a larger number of sites (e.g., USDA SCAN and KONZ 3 21 and§ h ;H%;::g??‘)z (123456), a
USCRN) may be better able to identify seasonal patterns after T
grouping sites into different categories based on vegetation LENO 2 #and3 ’ 3“2345“@4“2345)
type (crops versus grassland), crop type, growing season, and MLBS 4 1,2,4,and5 |2 1(1234567) and 5 (123456)
climate. MOAB 2 land3 2 1 (123456) and 3 (123456)
NIWO 3 1,4,and5 D 4 (1346) and 5 (123456)
V. CONCLUSION NOGP 1,2,3,4,and 5 2 4 (12356) and 5 (123456)
OAES 5 1,2,3,4,and 5 [NA NA
Our findings indicale that both the SMAP-L4 and NLDAS .y AQ 3 1,4, and 5 1 5(12345)
products can be used with some confidence to track changes in 1(12345), 3(1235), and §
soil water content in forests, at least when aggregating across ~ ORNL 3 1,3,and 5 3 (1234)
a wide range of sites. Not only did these products outperform 2(123456), 3 (123456), and
the SMAP/Sentinel product at forested sites but they also out- 0SBS 3 1,2,3,4,:d3 B 4(123436)
. . . 2(1234567) and 5
performed the SMAP radiometer soil moisture product across — pynp 5 1,2,3,4,and5 2 (1234567)
all metrics [18] while offering higher spatial resolutions and 2 (12345), 3 (12345), and §
root-zone soil moisture estimaltes (in addition to surface soil SCBI 1,2,and 4 3 (2345)
moisture). Moreover, their performance was largely insensi-  SERC 1and 2 o 2 (123456) and 4 (123456)
tive to season when averaging across sites, although seasonal 2(123456), 3 (123456), and
variability was apparent for individual sites. In contrast, the S/ER 2 land3 3 4 (123456)
SMAP/Sentinel product was not reliable at forested sites, partic-  SOAP 4 1,2,3,and5 P 2(123456) and 5 (123456)
ularly for forests with the tallest, densest, and wettest canopies, SRER 5 1.2.3.4 and5 b (21(2132;;45}-' 3(1234), and 4
but its performance had already started to deteriorate at relatively SR 3 ]' 3' m'm’s , 3(1235) snd 5 (12356)
small, low-density forests: it should be noted that forests are ) '
outside the range of conditions that guided the development of STER 3 1,4,and 5 X 2(123456) and 5 (123436)
this product. TALL 3 1.4,and5 P 4(12345) and 5 (12345)
TEAK 5 1,2,3,4,and 5 |2 1(123456) and 2 (1234567)
APPENDIX TREE 3 2,4,and 5 D 4(12346) and 5 (12356)
Site metadata are presented in Table I1. Information on the soil UKES 3 3 and3 ’ : gi:::; ? (a]n :zié'lriznf: )
plots and measurement levels that were used to calculate the in  UNDE 2 3 and 4 53 4 (123456)
situ site mean soil moisture can be found in Table III. Tables IV wWOoD 4 2.3,4,and 5 1 2 (123456) and 4 (123456)
and V contain data product performance metrics for surface and  \wrpp 3 3,4, and 5 b 3 (12345) and 4 (12345)
root-zone soil moisture, respectively. YELL 3 1,3, and 5 | 3 (123456)
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TABLE IV
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PERFORMANCE METRICS FOR SMAP/SENTINEL, SMAP-LA, AND NLDAS SURFACE SOM. MOISTURE VERSUS NEON IN SITU MEASUREMENTS AVERAGED
ACROSS ALL SITES, UNFORESTED SITES, AND FORESTED SITES

All sites (V=139)

Unforested sites (V=121)

Forested sites (V=18)

SMAP/Se SMAP- NLDAS | SMAP/S SMAP- NLDAS SMAP/ SMAP- NLDAS
ntinel L4 entinel L4 Sentinel L4
Observations 4821 38298 39051 2561 22068 22462 2260 16230 16589
(m)
Observations/ 124 +64 982 =336 1001 122 =58 1051 1069 126 £73 902 922 +£371
site +338 +299 +299 =367
RMSD (m* m=%) 0.144 0.102 0,093 0.090 0.081 0.077 0.206 0.126 0111
+0.079 +0.059 +0.048 +0.032 +0.045 +0.039 +0,070 +0.066 +0.051
MD (m’ m™) 0.033 =0.036 =0.012 =0.006 =0.034 =0.008 0.079 =0.038 =0.016
+0.131 +0.102 +0.088 +0.075 +0.072 +0.072 +0.167 +0.130 +0.106
Abs. MD (m* 0.105 0.083 0.066 0.063 0.059 0,053 0.154 0.111 0,082
m™) +0.084 +0,068 +0.058 +0.038 +0.052 +0.047 +0,097 +0.075 +0.066
ubRMSD (m* 0.081 0.047 0,052 0.058 0.047 0.047 0.107 0.047 0.057
m~) =(0.048 +=0.015 +0.021 +0.020 +0.014 +0.015 +0.057 +0.016 +0.026
Correlation 0.37 0.70 0.61 0.59 0.73 0,69 +0.21 0.11 0.68 0.52
coefficient, r +0.32 +0.15 +0.21 +0.16 +0.10 +0.27 +0.19 +0.25
Slope 033 0.94 0.69 0.69 0.81 0634059 | =010 1.08 0.75
+0.76 =0.67 +0.53 +(0,37 +(.55 +(.88 +(.78 +0.48
MD is computed as the satellite {or model) minus NEON soil moisture.
TABLEV

AS IN TABLE IV BUT FOR ROOT-ZONE (0-1 M) SOIL MOISTURE FROM SMAP-L4 AND NLDAS

All sites (V= 38) Unforested sites (¥ =20) | Forested sites (V= 18)
SMAP-L4 NLDAS SMAP-L4 NLDAS SMAP-L4 NLDAS
Observations (n) 22053 22 533 11984 12 218 10 069 10315
Observations/site 580 £270 593 £273 599 +296 611 £298 559 £245 573 +248
RMSD (m* m™) 0.102 0.077 0.105 0.082 0.099 0.071
+0.058 +0.049 +0.063 +0.054 +0.054 +0.042
MD (m* m) -0.008 -0.003 -0.035 -0.026 0.021 0.022
+0.113 +0.085 +0.116 +0.091 +0.105 +0.073
Abs. MD (m' m™) 0.094 0.066 0.100 0.074 0.087 0.078
+0.062 +0.053 +0.064 +0.056 +0.060 +0.048
ubRMSD (m* m*) 0.032 0.030 0.027 0.029 0.038 0.030
+0.015 +0.014 +0.013 +0.012 +0.016 +0.016
Correlation 0674020 0.67+0.19 | 068021 0.66+0.21 | 0.65+0.19 0.6940.17
coefficient, r
Slope 0.84 +0.62  0.76 +0.61 0.77+0.61  0.81+0.77 | 0.92+0.65 0.70+0.36
ACKNOWLEDGMENT [4] P. Meir et al., “Threshold responses to soil moisture deficit by trees and

M. Genazzio coordinated project management and secured
funding for the early phases of this work.

REFERENCES

[11 8. N, Oswalt, W. B, Smith, P. D. Miles, and 5. A. Pugh, “Forest resources

[2

3

of the United States, 2017: A technical document supporting the forest
service 2020 RPA assessment” U.S. Depl. Agriculture, Forest Service,
Washington, DC, USA, 2019,

H. Jactel et al., “Drought effects on damage by forest insects and pathogens:
A meta-analysis,” Glob. Change Riol., vol. 18, no. 1, pp. 267-276, 2012,
doiz 10.11114.1365-2486.2011.02512.x.

] D.Jensen, J. T. Reager, B. Zajic, N. Rousseau, M. Rodell, and E. Hinkley,

“The sensitivity of US wildfire occurrence to pre-season soil moisture
conditions across ecosystems,” Environ. Res, Lett., vol, 13, no, 1, 2018,
Art. no. 014021, doi: 10.1088/1748-9326/ax9853.

[5]

(6]

7

[

(9]

s0il in tropical rain forests: Insights from field experiments,” BioScience,
vol. 65, no. 9, pp. 882892, 2015, doi: 10,1093 /hiosci/biv107,

D. Entekhabi et al, “The soil moisture active passive (SMAP)
mission,” Proc. IEEE, wol. 98, no. 5, pp. 704-716, May 2010,
doi: 10.110%IPROC.2010.2043918.

J. R. Piepmeier et al., “SMAP L-band microwave radiometer: Instrument
design and first year on orbit,” IEEE Trans. Geoscl, Remote Sens., vol, 55,
no. 4, pp. 19541966, Apr. 2017, doi: 10.110% TGRS 20162631978,

Y. Xia et al, "NLDAS Noah land surface model L4 hourdy 0.125 x 0.125
degree VOOI." NASA/GSFC/HSL, Goddard Earth Sci. Data Inf. Serv.
Center, Greenbelt, ML, USA, doi: 10.5067/47Z 13FNQODKY.

R. H. Reichle et al., “Assessment of the SMAP level-4 surface and root-
zone soil maisture product using in situ measurements,” J. Hydmometeorol.,
vol. 18, no. 10, pp. 2621-2645, 2017, doi: 10.1175/JHM-D-17-0063.1.
R. H. Reichle et al., “Global assessment of the SMAP level-4 surface
and root-zone soil moisture product using assimilation diagnostics,” J.
Hydrometeorol., vol. 18, no. 12, pp. 3217-3237, 2017, doi: 10.1175/JH-
M-D-17-0130.1.


https://dx.doi.org/10.1111/j.1365-2486.2011.02512.x
https://dx.doi.org/10.1088/1748-9326/aa9853
https://dx.doi.org/10.1093/biosci/biv107
https://dx.doi.org/10.1109/JPROC.2010.2043918
https://dx.doi.org/10.1109/TGRS.2016.2631978
https://dx.doi.org/10.5067/47Z13FNQODKV
https://dx.doi.org/10.1175/JHM-D-17-0063.1
https://dx.doi.org/10.1175/JHM-D-17-0130.1
https://dx.doi.org/10.1175/JHM-D-17-0130.1

AYRES ¢t al.: VALIDATION OF REMOTELY SENSED AND MODELED SOIL MOISTURE AT FORESTED AND UNFORESTED NEON SITES

[1o]

[

(1]

13

[14]

[15]

(1]

[17]

(18]

[19]

[20]

(21]

22]

[23]

[24]

[2s

[26]

[27]

28]

129]

N. N. Das et al_, “The SMAP and Copernicus Sentinel 1 A/B microwave
active-passive high resolution surface soil moisture 7 Remote Sens.
Environ., vol. 233, 2019, Art. no. 111380, doi: 10.1016/j.rse.2019.111380.
K. Kellogg et al,, “NASA-TISRO synthetic aperture radar (NISAR) mis-
sion)” in Proc. IEEE Aerosp. Conf, 2020, pp. 1-21, doi 101109
AERO47225.2020.91 72638,

A. Colliander et al., “Validation of SMAP surface soil moisture products
with core validation sites,” Remote Sens, Emviron,, vol, 191, pp. 215-231,
2017, doi: 10.1016/.rse.2017.01.021.

A. Colliander et al., *Validation of soil moisture data products from the
NASA SMAP mission.” IEEE J. Sel. Topics Appi. Earth Observ. Remole
Sens.., vol. 15, pp. 364-392, 2022, doi: 10.1109/JSTARS.2021.3124743.
P. O'Neill et al,, “Soil moisture active passive (SMAP) project: Cali-
bration and validation for the L2/3_SM_P version 7 and L2/3 SM P E
version 4 data products]” Jet Propul. Lab., Pasadena, CA, USA,
2020.

A. Colliander et al., “SMAP detects soil moisture under temper-
ate forest canopies,” Geophvs. Res. Lem., vol. 47, no. 19, 2020,
Art. no. e2020GLOERH97, doi: 10.1029/2020GLOSYEIT.

J. T. Ambadan et al., “Evaluation of SMAP soil moisture retrieval accuracy
over a boreal forest region,” IEEE Trans. Geosci. Remoie Sens., vol. 60,
Oct. 2022, Art. no. 4414611, doi: 10.110%/TGRS.2022.3212934,

K. M. Andreadis, D. F. Meason, B. Hock, P Lad, and N. Das, “Evaluation
of multiscale SMAP soil moisture products in forested environments.”
IEEE Geosci. Remote Sens. Leti,, vol. 19, Jun. 2022, Ar. no. 2505805,
doi: 10,1 109%/LGRS.2022.3184177.

E. Ayres, A, Colliander, M. H. Cosh, I. A. Roberti, S, Simkin, and M.
A. Genazzio, “Validation of SMAP soil moisture at terrestrial National
Ecological Observatory network (NEON) sites show potential for soil
moisture retrieval in forested areas.” IEEE J. Sel. Topics Appl. Earth Ob-
serv. Remate Sens., vol. 14, pp. 10903-10918, Oct. 2021, doi: 10.1109/]5-
TARS.2021.3121206.

G. L. Schaefer, M. H. Cosh, and T. J. Jackson, *The USDA natural
resources conservation service soil climate analysis network (SCAN),"
I Atmas, Ocean. Technol, vol. 24, no, 12, pp. 2073-2077, 2007,
doi: 10.1175/2007ITECHAS30. 1,

H. 1. Diamond et al_, *US climate reference network after one decade of
operations: Status and assessment.” Bull. Amer. Meteorol. Soc.. vol. 94,
no. 4, pp. 485498, 2013, doi: 10.1175/BAMS-D-12-00170.1.
“neonUtilities: Utilities for working with NEON data,” Nat. Ecol. Ob-
servatory Netw., Boulder, CO, USA, 2021. [Online]. Available: https:
#github.com/NEONScience/ NEON- utilities

1. A. Roberti et al., “A robust calibration method for continental-scale soil
waler content measurements,” Vadose Zome 1., vol. 17, no. 1, pp. 1-19,
2018, doi: 10.2136/7j2017.10,0177,

N. Das et al., “SMAP/sentinel-1 L2 radiometerfradar 30-second scene 3
km EASE-grid soil moisture, version 3 [Data Set],” NASA Nat. Snow
Ice Data Center Distrib. Active Archive Center, Boulder, CO, USA,
doi: 10.506T/ASBOEQO2LYJV.

N. N. Das et al, “The SMAFP mission combined active-passive
soil  moisture product at 9 km and 3 km  spatial resolu-
tions” Remole Sens. Environ, vol. 211, pp.204-217, 2018,
doi: 10.10164.rse.2018.04.011.

F. Chen et al., “Uncertainty of reference pixel soil moisture averages
sampled at SMAFP core validation sites,” J, Fiydrometeorol., vol, 20, no. 8,
pp- 1553-1569. 2019, doi: 10.1175/JHM-D-19-0049.1.

M. H. Cosh, T. J. Jackson, R. Bindlish, and J. H. Prueger, “Watershed scale
temporal and spatial stability of soil moisture and its role in validating
satellite estimates,” Remote Sens. Environ., vol. 92, no. 4, pp. 427-435,
2004, doiz 101016/ rse. 2004.02.016.

W. T. Crow et al., “Upscaling sparse ground-based soil moisture ob-
servations for the validation of coarse-resolution satellite soil mois-
ture products,” Rev, Geophys, vol. 50, no. 2, 2012, Art. no. RG2002,
doi: 10.1029/201 IRG000372.

R. Reichle et al., "SMAP L4 global 3-hourly 9 km EASE-gnd surface
and root zone soil moisture geophysical data, version 7.7 NASA Nat
Snow Ice Data Center Distrib. Active Archive Center, Boulder, CO, USA,
doi: 10.506TEVKPQZAAFCAD.

R. H. Reichle et al., “Soil moisture active passive (SMAP) project assess-
ment report for version 7 of the L4_SM data product.” NASA Tech. Report
Series Global Model. Data Assimilation, NASA/TM-2023-104606, Nat.
Aeronaut, Space Admin., Goddard Space Flight Center, Greenbelt, MD,
USA, 2023,

130]

131]

132]

[33]

[134]

[35]

[36]

[37]

[38]

139]

[40]

[41]

143]

[43]

[44]

145]

[46]

147]

[48]

[49]

[50]

14263

R. D. Koster, M. J. Suarez, A. Ducharmne, M. Stieglitz, and P. Kumar, “A
catchment-based approach to modeling land surface processes in a general
circulation model: 1. Model structure.” J. Geopfys. Res., Atmos., vol. 105,
no. D20, pp. 24809-24822, 2000, doi: 10.1029/20007D900327.

G. J. De Lannoy and R. H. Reichle, *Global assimilation of multiangle
and multipolarization SMOS brightness temperature observations into
the GEOS-5 catchment land surface model for soil moisture estimation,”
J. Hydrometeorol., vol. 17, no. 2, pp. 669-691, 2016, doi: 10.1175/TH-
M-D-15-0037.1.

G. 1. De Lannoy and R. H. Reichle, “Assimilation of SMOS bright-
ness lemperatures or soill moisture retrievals into a land surface
model,” Hydrol Earth Syst. Sci., vol, 20, no. 12, pp. 4895-4911, 2016,
doi: 10,5194/hess-20-4895-2016,

M. Stieglit, A. Duchame, R. Koster, and M. Suarez,
“The impact of detailled smow physics on the simulation of
snow cover and subsurface thermodynamics al  continental
scales,” J. Hvdrometeornl, vol, 2, no. 3, pp 228-242, 2001,
doi: 10.1175/1525-7541(2001)002%3C0228: TIODSP%3E2.0.C0;2.

R. H. Reichle et al., “IMERG precipitation improves the SMAP level-4
50il moisture product,” L. Hyvdrometeorol., vol. 24, no. 10, pp. 1699-1723,
2023, doi: 10.1175/THM-D-23-0063.1.

G. J. De Lannoy, R. H. Reichle, and V. R. Panwels, “Global calibration
of the GEOS-5 L-band microwave radiative transfer model over non-
frozen land using SMOS observations,” J. Hyvdrometeorol., vol. 14, no. 3,
pp. 765785, 2013, doi: 10.1175/JHM-D-12-092.1.

G. J.De Lannoy, R, H. Reichle, and J. A. Vrugt, “Uncertainty quantification
of GEOS-5 L-band radiative transfer model parameters using Bayesian
inference and SMOS ohservations” Remote Sens. Environ., vol. 148,
pp. 146157, 2014, doi: 10.1016/.rse.2014.03.030.

D. Entekhabi, R. H. Reichle, R. D. Koster, and W. T. Crow, “Per-
formance metrics for soil moisture retrievals and application re-
quirements,.” [ Hydrometeorol, vol. 11, no. 3, pp. 832-840, 2010,
doi: 10.1175/2010JHM1223.1.

A, Gruber et al.. “Validation practices for satellite soil moisture re-
trievals: What are (the) errors?,” Remote Sens. Environ., vol. 244, 2020,
Artno. 111806, doi: 10.1016/.rse.2020.111806.

Sentek, “Calibration manual for Sentek soil moisture sensors” Stepney,
SA, Australia, 2011.

D. Entekhabi et al, “SMAP handbook—soil moisture active pas-
sive: Mapping soil moisture and freeze/thaw from space,” Jet Propul.
Lab., Calif. Tnst. Technol., Pasadena, CA, USA, JPL CL#14-2285,
2014.

R. H. Reichle et al., “The contributions of gauge-based precipitation and
SMAP brightness temperature observations to the skill of the SMAP level-
4 soil moisture product,” J. Fivdrometeorol., vol. 22, no. 2, pp. 405-424,
2021, doi: 10.1175/JHM-D-20-0217.1.

Y. Xia et al, “Evalvation of multi-model simulated soil mois-
wre in NLDAS-2 J Hwdrol, vol. 512, pp.107-125, 2014,
doi; 10,101 6/] jhydrol.2014.02.027.

M. Abdelkader et al,, “Assessing the spatiotemporal variability of SMAP
s0il moisture accuracy in a deciduous forest region,” Remote Seny., vol. 14,
no. 14, 2022, Art. no. 3329, doi: 10.3390/rs14143329,

T. Jackson and T. Schmugge, “Vegetation effects on the microwave emis-
sion of soils,” Remote Sens. Environ., vol, 36, no. 3, pp. 203-212, 1991,
doi: 10,101 6/0034-4257(91)90057-D.

R. B. Jackson, J. Canadell, J. R. Ehleninger, H. Mooney, O. Sala, and E.-D.
Schulze, “A global analysis of root distributions for terrestrial biomes.”
Decologia, vol. 108, pp. 389411, 1996, doi: 10.1007/BF00333714.

M. Lu et al,, “A continental scale analysis reveals widespread root bi-
modality,” hioRxiv, 2002, doi: 10.1101/2022.08.14.507823.

P. Jiang, H. Wang, F. C. Meinzer, L. Kou, X. Dai. and X. Fu, “Link-
ing reliance on deep soil water 10 resource economy strategies and
abundance among coexisting understorey shrub species in subtropical
pine plantations,” New Phylologist, vol. 225, no. 1, pp. 222-233, 2020,
doi: 10.1111/nph.16027.

V. A, Walker, B. K. Hombuckle, M. H. Cosh, and J. H. Prueger, “Seasonal
evaluation of SMAP soil moisture in the US corn belt,” Remote Sens.,
vol. 11, no, 21, 2019, Art. no, 2488, doi: 10.3390/rs11212488.

S. Zwieback et al., “Estimating time-dependent vegetation biases in the
SMAP soil moisture product.” Hydrol. Earth Syst. Sci., vol. 22, no. 8,
pp. 44734489, 2018, doi: 10.5194/hess-22-4473-2018.

NEON, “Explore field sites,” Accessed on: Jun, 12, 2023, [Online]. Avail-
able: hitps://www._neonscience org/ field-sites/explore- field-sites


https://dx.doi.org/10.1016/j.rse.2019.111380
https://dx.doi.org/10.1109/AERO47225.2020.9172638
https://dx.doi.org/10.1109/AERO47225.2020.9172638
https://dx.doi.org/10.1016/j.rse.2017.01.021
https://dx.doi.org/10.1109/JSTARS.2021.3124743
https://dx.doi.org/10.1029/2020GL089697
https://dx.doi.org/10.1109/TGRS.2022.3212934
https://dx.doi.org/10.1109/LGRS.2022.3184177
https://dx.doi.org/10.1109/JSTARS.2021.3121206
https://dx.doi.org/10.1109/JSTARS.2021.3121206
https://dx.doi.org/10.1175/2007JTECHA930.1
https://dx.doi.org/10.1175/BAMS-D-12-00170.1
https://github.com/NEONScience/NEON-utilities
https://github.com/NEONScience/NEON-utilities
https://dx.doi.org/10.2136/vzj2017.10.0177
https://dx.doi.org/10.5067/ASB0EQO2LYJV
https://dx.doi.org/10.1016/j.rse.2018.04.011
https://dx.doi.org/10.1175/JHM-D-19-0049.1
https://dx.doi.org/10.1016/j.rse.2004.02.016
https://dx.doi.org/10.1029/2011RG000372
https://dx.doi.org/10.5067/EVKPQZ4AFC4D
https://dx.doi.org/10.1029/2000JD900327
https://dx.doi.org/10.1175/JHM-D-15-0037.1
https://dx.doi.org/10.1175/JHM-D-15-0037.1
https://dx.doi.org/10.5194/hess-20-4895-2016
https://dx.doi.org/10.1175/1525-7541(2001)002&percnt;3C0228:TIODSP&percnt;3E2.0.CO;2
https://dx.doi.org/10.1175/JHM-D-23-0063.1
https://dx.doi.org/10.1175/JHM-D-12-092.1
https://dx.doi.org/10.1016/j.rse.2014.03.030
https://dx.doi.org/10.1175/2010JHM1223.1
https://dx.doi.org/10.1016/j.rse.2020.111806
https://dx.doi.org/10.1175/JHM-D-20-0217.1
https://dx.doi.org/10.1016/j.jhydrol.2014.02.027
https://dx.doi.org/10.3390/rs14143329
https://dx.doi.org/10.1016/0034-4257(91)90057-D
https://dx.doi.org/10.1007/BF00333714
https://dx.doi.org/10.1101/2022.09.14.507823
https://dx.doi.org/10.1111/nph.16027
https://dx.doi.org/10.3390/rs11212488
https://dx.doi.org/10.5194/hess-22-4473-2018
https://www.neonscience.org/field-sites/explore-field-sites

14264 JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Edward Ayres received the Ph.D. degree in biologi-
cal sciences (plant-soil ecology) from Lancaster Uni-
versity, Lancaster, U.K., and the Centre for Ecology
and Hydrology, Merlewood, UK., in 2003.

He is currently a Lead Soil Ecologist with National
Ecological Observatory Network (NEON), Boulder,
CO, USA. He oversees NEONs soil sensor data
products and Megapit Soil Archive, Previously with
NEON, he assisted with selecting the terrestrial sen-
sor measurement locations and characterizing soils
throughout the observatory. His research interests
center around plani-soil interactions.

Rolf H. Reichle received the M.S. degree (“Diplom™)
in physics from the University of Heidelberg, Hei-
delberg, Germany, in 1996, and the Ph.D. degree in
environmental engineering from the Massachusetts
Institute of Technology, Cambridge. MA, USA, in
2000,

He is currently a Research Physical Scientist with
Global Modeling and Assimilation Office, NASA
Goddard Space Flight Center, Greenbelt, MD, USA.
His research interests include land data assimilation,
satellite-based remote sensing, and applications re-
lated to land-stmosphere interactions, weather prediction, seasonal climate
forecasting, and climate reanalysis.

Andreas Colliander (Senior Member, 1EEE)
received the M.Sc.tech.), Lic.Sc.(tech,), and
D.Sc.(tech.) deprees in electrical and communica-
tions engineering from Aalto University, Espoo,
Finland, in 2002, 2005, and 2007, respectively.

He is currently a Research Scientist with Jet
Propulsion Laboratory, California Institute of
Technology, Pasadena, CA, USA, His research
is focused on the development of microwave
remote sensing techniques. He is currently leading
the calibration and validation of the geophysical
retrievals of NASAs SMAP mission and developing multifrequency retrievals
for ice sheets and polar atmosphere.

Michael H. Cosh (Senior Member, IEEE) received
the Ph.D. degree in civil and environmental engi-
neering from Cornell University, Ithaca, NY, USA,
in 2002,

He is 1 Research Hydmologist with USDA-ARS Hy-
drology and Remote Sensing Laboratory, Beltsville,
MD, USA, where he has served for 22 years. His
expertise is the calibration and validation of remotely
sensed soil moisture. He is currently the Chair of
the Committee on Earth Observation Satellites-Land
Product Validation Subgroup. Since 2008, he has been

serving on USDA Remoie Sensing Coordination Commitiee and is currently a
representative to the 17.S. Group on Earth Observations for USDA. He is a Fellow
of the American Society of Agronomy and the Soil Science Society of America.

Lucas Smith received the B.S. degree in ecolopy
and evolutionary biology from The University of Ten-
nessee, Knoxville, TN, USA, in 2018. He is currently
working toward the M.S. degree in biological data
science with Anizona State University, Tempe, AZ,
USA.

He is currently a Field Ecologist 111 with National
Ecological Observalory Network, Oak Ridge, TN,
USA, where he manages Domain 07s terrestrial and
aquatic instrumentation systems. His research inter-
ests include ecological modeling and remote sensing.



