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Abstract Soil moisture is a key drought indicator; however, current in situ soil moisture infrastructure
is inadequate for large-scale drought monitoring. One initiative of the ongoing National Soil Moisture
Network program is the development of a near real-time drought monitoring product that integrates in situ,
model, and satellite remote sensing data. Data integration from diverse sources requires large-scale
validation prior to integration. This study develops a framework for assessing the fidelity of in situ, model,
and satellite soil moisture data sets. Here we evaluate data from over 100 in situ monitoring stations that are
part of nine monitoring networks; North American Land Data Assimilation System Phase 2 and Climate
Prediction Center land surface models; and Soil Moisture Active-Passive, Soil Moisture and Ocean Salinity,
and European Space Agency-Climate Change Initiative (ESA-CCI) satellite products. The results indicate
the majority of in situ stations exhibit low error variance and are spatially representative; however, some
networks and individual stations exhibit anomalously high error variance or are sited in a way that make
them not spatially representative of a larger area. Overall, North American Land Data Assimilation System
Phase 2 is the modeled product that consistently performed best, and Soil Moisture Active-Passive L3 is the
remotely sensed product that consistently performed the best. They were able to both capture in situ soil
moisture variability and provide an accurate depiction of drought conditions. The methods and verification
framework applied in this study can be used to evaluate any soil moisture data set in any region of the world.

Plain Language Summary Soil moisture is an important indicator of drought; however, there
are very few monitoring stations that directly measure soil moisture across the contiguous United States.
High-quality model and/or satellite remote sensing soil moisture estimates can help fill in the gaps of
in-ground soil moisture measurements. However, integration of soil moisture data from diverse sources
requires assessment of data quality. This study applies a series of methods for evaluating the integrity of
in-ground, model, and satellite soil moisture data sets across the United States. The results indicate that the
majority of in-ground sensors tested exhibit high data quality, although some exhibit high measurement
error and/or low spatial representativeness. The results also indicate that the land surface models that are
part of the North American Land Data Assimilation System Phase 2 and the Soil Moisture Active-Passive
remotely sensed soil moisture products best match in-ground soil moisture measurement variability.
Additionally, North American Land Data Assimilation System Phase 2 and Soil Moisture Active-Passive data
sets accurately depict drought occurrence. The methods applied here can be used to evaluate the quality of
soil moisture data sets in any region of the world.

1. Introduction

Drought is one of the most destructive and costly natural disasters, resulting in diminished agricultural
production (Hatfield et al., 2011), reduced water resources (van Dijk et al., 2013), and deadly heat waves
(Hoerling et al., 2013; Schubert et al., 2014). In response, drought strategies are being developed worldwide,
with a particular focus on comprehensive drought monitoring (Hayes et al., 2011). As part of drought mon-
itoring strategies, soil moisture is often used as an indicator of moisture stress and agricultural drought
(Quiring & Papkyriakou, 2003). This is because root zone soil moisture in vegetated regions has a signifi-
cant influence on evapotranspiration rates (Miralles et al., 2014). Soil moisture persistence or “memory”
can affect atmospheric conditions on subseasonal to seasonal timescales (Liu et al., 2014; Whan et al.,
2015), thereby providing a critical source of information for drought monitoring and prediction on
such timescales.
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Because of its importance for drought monitoring and prediction, numerous operational and experimental
soil moisture data sets are available for drought applications. The majority of these products are based on
model-simulated soil moisture. For example, the University of Washington Experimental Surface Water
Monitor (Wood, 2008), the NOAA Climate Prediction Center (Fan & van den Dool, 2004), the North
American Land Data Assimilation System Phase 2 (NLDAS-2; Xia et al., 2012), and the Princeton Drought
Monitoring and Forecasting project (Sheffield et al., 2014) all provide model-simulated soil moisture to sup-
port drought monitoring applications. The U.S. Drought Monitor (USDM; Svoboda et al., 2002) uses some of
these soil moisture data sets to help generate weekly, nationwide drought maps. However, there are limita-
tions to using model-derived soil moisture since each land-surface model has biases, and model performance
varies significantly from region to region and model to model (Kumar et al., 2017; Xia et al., 2015a).
Therefore, one approach is to integrate in situ, satellite-, and model-derived soil moisture into a comprehen-
sive drought monitoring product that leverages the advantages of all three data sources. During the National
Soil Moisture Network (NSMN) workshop in June 2016, near real time, national soil moisture data sets that
integrate in situ, satellite-, and model-derived soil moisture were identified as the highest priority by the
workshop participants (McNutt et al., 2016). There was a broad consensus among the 52 workshop partici-
pants who represented a variety of federal and state agencies, universities, and the private sector that a high-
resolution gridded soil moisture product that leverages multiple in situ networks, satellite platforms, and
land surface models is needed. Their sentiment reflects how critical in situ soil moisture observations are
for national drought monitoring and prediction, as well as for calibrating and validating the suite of
model-based soil moisture-drought products. This need has existed for years, and it has been repeatedly
identified as a high priority, but, to date, it has not been addressed in a comprehensive way.

Previous studies have demonstrated that the inclusion of in situ soil moisture information improves drought
monitoring and drought prediction systems (Ford et al., 2015). However, these studies are limited in scope,
either spatially or temporally, because there has been relatively little effort devoted to assembling and homo-
genizing in situ soil moisture measurements for national-scale drought monitoring. As a result of the
ongoing NSMN project and other previous initiatives, the foundation has been laid for a high-resolution,
near real time gridded soil moisture product that exploits multiple in situ networks, satellite platforms,
and land surface models. An important precursor to the development of this type of product is a comprehen-
sive, national-scale assessment of in situ, satellite, and model soil moisture data fidelity. This paper employs
a variety of soil moisture comparison/verification methods to develop a comprehensive soil moisture valida-
tion framework, with a focus on drought monitoring. The goal is to identify the in situ, satellite-, and model-
derived soil moisture data sets that are best suited for developing a national soil moisture product.

2. Data
2.1. In Situ Soil Moisture

Daily in situ soil moisture observations from 100 stations that are part of nine monitoring networks (Table 1;
Figure 1) were downloaded from the North American Soil Moisture Database (www.nationalsoilmoisture.
com). These networks included the Delaware Environmental Observing System (DEOS; http://www.deos.
udel.edu/data/), Enviro-weather (formerly Michigan Automated Weather Network; https://mawn.geo.
msu.edu/), the NOAA Hydrometeorological Testbed (NOAA; https://hmt.noaa.gov), the Oklahoma
Mesonet (https://www.mesonet.org/), the USDA-Natural Resources Conservation Service Soil Climate
Analysis Network (SCAN; https://www.wcc.nrcd.usda.gov/scan/), the USDA-Natural Resources
Conservation Service SNOwpack TELemetry (SNOTel; https://www.wcc.nrcs.usda.gov/snow/), the Soil
Moisture Sensing Controller and Optimal Estimator (SoilScape; https://www.soilscape.usc.edu/), and the
West Texas Mesonet (WTX Mesonet, http://www.depts.ttu.edu/nwi/research/facilities/wtm/index.php).

DEOS includes a series of stations throughout Delaware, southeast Pennsylvania, and northwest Maryland
(Legates et al., 2005). A variety of meteorological and agricultural variables are observed at DEOS stations,
including soil moisture at 5-cm depth. DEOS employs Campbell 616L, time domain reflectometer, sensors to
estimate 6 at 5-min intervals. DEOS provides daily average 6 at most stations within the network. We obtain
data from 26 DEOS stations that continually report daily average 6 over the time period 2014 to 2017
(Figure 1). The 26 stations span an area between 38.5°N and 40.2°N latitude by 76°W and 75.2°W longitude,
a density of one station per 492 km?.
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Table 1
Details of In Situ, Model, and Satellite Soil Moisture Data Used in the Study
Sensor
# of depths
In situ network Location stations Years Sensor (cm) Reference
Delaware Environmental Delaware, Pennsylvania 26 4 CS 616 5 Legates et al. (2005)
Observation System (DEOS)
Enviro-weather (EnvWx) Michigan 16 10 CS 616 15, 45 Andresen et al. (2011)
NOAA Hydrometeorological California 3 10 CS 616 10, 15 Zamora et al. (2011)
Testbed (NOAA HMT)
Oklahoma Mesonet (OK Mesonet) Oklahoma 5 19 CS229L 5,25,60  McPherson et al. (2007)
Soil Climate Analysis Alabama 6 14  Stevens Hydraprobe 5, 10,20, Schaefer et al. (2007)
Network (SCAN) 50, 100
SNOwpack TELemetry (SNOTel) California, Utah 21 13 Stevens Hydraprobe  5,20,50  Schaefer and Paetzold (2001)
Soil Moisture Sensing Controller California 17 5 Decagon EC-5 5,20,50 Moghaddan et al. (2010)
and Optimal Estimator (SoilScape)
West Texas Mesonet (WTX Mesonet) Texas 6 16 CS 616 5,20, 60, Schroeder et al. (2005)
75
Model/satellite VERSION Horizontal Years Depths Reference(s)
resolution (cm)
CPC one-layer (model) 1° 10 0-160 Huang et al. (1996),
van den Dool et al. (2003)
NLDAS-2 Noah (model) 2.8 0.125° 19 0-10, 10- Chen et al. (1996),
40, 40- Xia et al. (2012)
100
NLDAS-2 Mosaic (model) 0.125° 19 0-10, 10-  Koster and Suarez (1992)
40, 40—
100
NLDAS-2 VIC (model) 4.0.3 0.125° 19 0-10, 10- Liang et al. (1994)
40, 40-
100
SMAP L4 (satellite/model) SML4SMGP 9 km 3 0-5, 0- Reichle et al. (2018)
100
SMAP L3 (satellite) V5 36 km 3 ~0-5 O'Neill et al. (2018)
SMOS L3 (satellite) CATDS-PDC 1 day global 40 km 8 ~0-5 Al Bitar et al. (2017)
ESA Soil Moisture CCI (ECV) Combined 04.2 0.25° 19 ~0-5 Liu et al. (2012), Dorigo et al.

(2017), Gruber et al. (2017)

Enviro-weather (EnvWx) is a network of meteorological and agricultural environmental monitoring net-
works across Michigan and eastern Wisconsin (Andresen et al., 2011). Campbell 616L sensors are used to
estimate 9 at hourly intervals at most EnvWx stations at approximately 15- and 45-cm depths. We obtained
hourly 6 from 16 EnvWx stations that continually report data over the time period 2008 to 2017 (Figure 1).
We averaged the hourly 6 estimates to daily resolution to match the other networks, models, and satellites.
EnvWx stations were selected from the southwest corner of the network because station density is highest in
that region. The 16 stations span an area between 41.8°N and 42.6°N latitude and 86.4°W and 85.3°W long-
itude, a density of one station per 494 km®.

NOAA HMT is a network of meteorological and hydrological monitoring stations that observe multiple vari-
ables in numerous river basins and locations across the United States (Zamora et al., 2011). We obtained
hourly 6 from three NOAA HMT stations within the American River Basin in eastern California
(Figure 1). CS616 sensors estimate 8 at 10- and 15-cm depths at each of these stations, and each station con-
tinually reported data over the time period 2008 to 2017. We averaged hourly 6 estimates at each of the three
NOAA HMT stations to daily resolution. The stations span an area between 39°N and 39.3°N latitude by
120.9°W and 120.4°W longitude, a density of one station per 237 km?.

The OK Mesonet is a network of meteorological and agricultural monitoring stations across the state of
Oklahoma. CS229L heat dissipation sensors, sited at 5-, 25-, and 60-cm depths, are used to measure soil
matric potential—from which 6 is estimated—at 15-min intervals at nearly all OK Mesonet stations
(McPherson et al., 2007). The focus of this analysis was to develop and test in situ, model, and satellite
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Figure 1. In situ station map. Inset shows distribution of high density SoilScape stations.

soil moisture data validation across a wide variety of climates, soil types, sensors, and networks. Therefore,
we obtained daily averaged 6 from five OK Mesonet stations that are relatively densely sited in the north-
central portion of Oklahoma (Figure 1). The five stations continuously report data over the time period
1999 to 2017 and span an area between 36°N and 36.4°N latitude by 97.2°W and 96.8°W longitude, a
density of one station per 320 km?.

SCAN contains over 200 stations in all 50 states continuously monitoring soil moisture, as well as a variety of
meteorological and hydrological variables (Schaefer et al., 2007). SCAN uses Stevens Hydraprobe dielectric
reflectometers, sited at 5-, 10-, 20-, 50-, and 100-cm depths, to estimate 6 at hourly intervals. We obtained
daily averaged 6 from six SCAN stations located in northern Alabama and southern Tennessee (Figure 1).
These SCAN stations are densely sited—relative to the rest of the network—and have continuously reported
soil moisture over the time period 2004 to 2017. The six stations span an area between 34.8°N and 35.1°N
latitude by 86.6°W and 86.9°W longitude, a density of one station per 176 km?.

The SNOTel network is comprised of over 300 stations that monitor various meteorological and hydrological
conditions across the western United States (Schaefer & Paetzold, 2001). Like SCAN, Stevens Hydraprobes
are used to estimate hourly 6 at 5, 20, and 50 cm at SNOTel stations. We obtained daily averaged 6 from 6
SNOTel stations in eastern California, as well as 15 SNOTel stations in northeastern Utah (Figure 1).
Validation and comparison analyses are carried out separately for California SNOTel stations (SNOTel
CA) and Utah SNOTel stations (SNOTel UT). All 20 SNOTel stations have continuously reported data over
the time period 2005 to 2017. The California SNOTel stations span an area between 38.3°N and 38.7°N lati-
tude by 119.6°W and 119.4°W longitude (153 km? per station), while the Utah stations span an area between
40.5°N and 41°N latitude by 111.1°W and 109.9°W longitude (308 km? per station).

SoilScape is a high-density network of soil moisture nodes. Multiple soil moisture sensors are clustered in
groups within areas <1 km? at several locations across the western United States (Moghaddan et al.,
2010). The network uses Decagon EC-5 capacitance probes to estimate 20-min 6 at 5-, 20-, and 50-cm depths.
‘We obtained 20-min 6 from the series of stations within the Tonzi, California, node in northern California,
17 stations total (Figure 1), all reporting data over the time period 2013 to 2017. We averaged the 20-min 6
data to daily resolution. All 17 of these stations are located within a 1-km? area, representing the densest net-
work analyzed in this study.
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The WTX Mesonet consists of over 100 stations across West Texas and New Mexico that monitor meteoro-
logical and soil conditions (Schroeder et al., 2005). WTX Mesonet uses CS616 sensors to monitor hourly 8
at 5-, 20-, 60-, and 75-cm depths. We obtained daily averaged 6 from six stations in West Texas (Figure 1),
all continuously reporting data over the time period 2002 to 2017. The six stations span an area between
32.9°N and 33.7°N latitude by 102.4°W and 101.4°W longitude, a density of 1272 km? per station.

In situ stations within each network were carefully selected based on (1) covering a diversity of climate
regions, (2) record length, and (3) measurement continuity. All stations were screened using a quality con-
trol process (Quiring et al., 2016), and stations and/or networks that do not consistently report soil moisture
or those that have not reported data since the beginning of 2018 were not considered. Although the record
length varied by network (Table 1), all stations within each network reported data over the entire time per-
iod, eliminating the potential confounding effects of stations coming and going. All in situ data were
acquired in units of volumetric water content (6, m*/m?®). A general overview of each in situ network is
included in Table 1.

2.2. Modeled Soil Moisture

Modeled soil moisture has increasingly become an invaluable asset for historical climate analysis and cli-
mate monitoring and forecasting (Koster et al., 2010; Xia et al., 2014), in no small part due to the multitude
of high-quality, modeled soil moisture products available. Many of these products, however, are produced
with too long of a latency to be effectively used for the near real time (i.e., daily to subweekly) soil moisture
and drought monitoring that is the primary application of data validation/comparison efforts in this paper.
Therefore models assessed in this study are selected foremost based on data availability/latency and data
record length. Three of the land surface models that are used in this study—Noah, Mosaic, and VIC—are
part of the NLDAS-2. Each model simulates hourly soil moisture at multiple depths. Here we use 0- to 10-
cm, 10- to 40-cm, and 40- to 100-cm layers. The spatial resolution of NLDAS-2 is 1/8° (Table 1), and
NLDAS-2 model output is available from 1979 to the present. All 39 years of NLDAS-2 soil moisture were
used to convert the 6 into soil moisture percentiles (see section 3.2). Hourly 6 fields from each model were
averaged to daily resolution to match the temporal resolution of the in situ and satellite data sets.

The NLDAS-2 models were selected for evaluation in this study because (1) all three models have been pre-
viously shown to have high fidelity (Xia et al., 2015a, 2015b), (2) model-simulated soil moisture data are
available since 1979 and this covers the entire period of record for the in situ and satellite data, and (3)
NLDAS-2 soil moisture have a relatively short latency (~4 days; Ek et al., 2017). Data latency is a crucial con-
sideration for this study and future work because real-time soil moisture is required for drought identifica-
tion. Additionally, NLDAS-2 soil moisture data are available as 6 or total column water (mm), which allows
us to generate soil moisture anomalies or percentiles using a variety of methods. Also pertinent for our
model selection is the upcoming NLDAS-2.5 product, which will become operational in early 2019 and will
have a 0-day latency.

In addition to the NLDAS-2, we will also evaluate daily model-simulated soil moisture from the NOAA
Climate Prediction Center (CPC)'s one-layer “leaky bucket” hydrological model (van den Dool et al.,
2003). The CPC model computes total (0-160 cm) column moisture at a 1° resolution across the contiguous
United States. Soil moisture data are available from 2008 to the present. The CPC model was selected for this
study because it currently informs both CPC climate forecasts and the USDM and data are available with an
approximately 1-day latency.

The subset of models evaluated in this study obviously represents only a small fraction of available modeled
soil moisture products. Because it is not feasible to evaluate all existing models, we selected NLDAS-2 and
CPC models because they are commonly used for near real time climate monitoring and forecasting and
are currently used as input to the USDM. Therefore, large-scale assessment of these systems provides impor-
tant information for the providers and users of modeled soil moisture.

2.3. Satellite Soil Moisture

Satellite-based microwave remote sensing soil moisture fields were obtained from the Soil Moisture Active-
Passive (SMAP L3; Entekhabi et al., 2010), the Soil Moisture and Ocean Salinity (SMOS L3; Kerr et al., 2010),
and the European Space Agency Program on Global Monitoring of Essential Climate Variables (ECVs;
Dorigo et al., 2017; Gruber et al., 2017; Liu et al., 2012) soil moisture data sets (Table 1). SMAP and SMOS
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were selected because they have been previously shown to have high fidelity (Colliander et al., 2017; Jackson
et al., 2012). The SMAP L3 products, with a horizontal resolution of 36 km, have an approximately 50-hr
latency, while the SMOS L3 products, with a horizontal resolution of 40 km, have a 7-day latency. The pri-
mary limitation of SMAP and SMOS is their relatively short data records (~3 and ~9 years, respectively).
Therefore, we will also evaluate the ECV data set in this study. ECV is a merged active-passive product that
has a relatively long data record (1992-2016) and a 0.25° horizontal resolution. The primary limitation of the
ECV product is its data latency, as of July 2018, the 2017 data were still not available. However, the ECV data
set will soon be produced with a 10 day latency via the Copernicus Climate Change service (https://climate.
copernicus.eu/). SMAP L3, SMOS L3, and ECV all provide daily soil moisture fields for analysis.

This study will also evaluate the SMAP L4 surface and root zone soil moisture products (Reichle et al.,
2017). These data sets are produced by assimilating SMAP L-band brightness temperature observations
into the NASA Catchment land surface model. The resulting 3-hr soil moisture data are available at 0-
to 5-cm (SMAP L4 0-5) and 0- to 100-cm (SMAP L4 0-100) layers at 9-km spatial resolution. The 3-hr
9 fields in both SMAP L4 data sets were averaged to daily resolution. The SMAP L4 products have a
higher spatial resolution than SMAP L3 (9 km compared to 36 km). In addition, the data latency of
SMAP 14 is only ~3 days. Finally, it is important to note that none of the model or satellite soil moisture
products use any of the in situ observations for their product calibration; therefore, the comparison is not
confounded by data dependency.

3. Methods

3.1. Soil Moisture Data Processing

To compare in situ soil moisture to the NLDAS-2, SMAP L4, and CPC models, we vertically interpolated the
in situ 6 data to the model levels, following the procedure used by Dirmeyer et al. (2016). Sensors are
assumed to represent a layer whose top is exactly halfway between it and the next shallowest sensor and
whose bottom is exactly between it and the next deepest sensor. For example, SNOTel stations have sensors
placed at 5, 20, and 50 cm; therefore, the 5-cm sensor represents a “layer” spanning the surface down to
12.5 cm (i.e., halfway between 5- and 20-cm sensors), while the 20-cm sensors represents a “layer” spanning
12.5 to 35 cm, and the 50-cm sensor a “layer” spanning 35 cm to the deepest model layer (100 cm for the
Noah model). The final interpolated value for the model layer is the weighted average of all of the observa-
tion “layers” that overlap the model layer. In the case of SNOTel stations, the 0- to 10-cm Noah layer is
directly compared to the 5-cm soil moisture, as the 5-cm sensor represents a layer entirely spanning the 0-
to 10-cm Noah layer. The 10- to 40-cm Noah layer is compared to a weighted combination of all three
SNOTel sensors, with sensor weights representing the fraction of the model layer they contain (i.e., 2.5 cm
of 30-cm layer = 8% weight for 5-cm sensor). A schematic of the weighting procedure is shown in the
supporting information (Figure S1).

The layer-weighted in situ time series were used for comparison with the land-surface models. This weight-
ing procedure was done separately for each model and in situ network pair comparison, as sensor depth is
inconsistent between monitoring networks (Table 1). The weighting procedure has been successfully imple-
mented in previous model comparison/validation efforts (see Dirmeyer et al., 2016) and provides a fair com-
parison as the models evaluated simulate continuous layers instead of discrete points in the soil column. The
shallowest in situ sensor was compared to SMAP L3, SMOS L3, and ECV data sets. Each in situ-model/
satellite comparison was completed over a fixed period, determined by the shorter of the two records. This
way, all in situ stations in each network were included over the entire comparison, eliminating potential
confounding effects of stations coming online and off-line. Prior to comparison with model/satellite data,
daily in situ @ was converted to anomalies (6, m*/m®) by subtracting the climatological mean of a 15-day
moving window surrounding the calendar day. For example, 6, at a given station on 20 July 2010 is 6 with
the mean 6 of 13 to 27 July of every year in the data record. Using anomalies instead of volumetric water con-
tent accounts for data set differences in absolute soil moisture and seasonal variability that affects soil moist-
ure across most of the United States. Daily 6, at individual stations was then averaged over all stations within
each model or satellite grid cell. The average number of in situ stations contained within single grid cells of
each satellite or model data set is reported in Table 2.
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Table 2
Average Number of In Situ Stations in Each Network Contained Within a Single Grid Cell of Each Satellite or Model
Data Set

CPC NLDAS-2 SMAP L4 SMAP L3 SMOS L3 ECV
DEOS 4.8 1.04 1 2.67 1.72 141
EnvWx 2.75 1 1 1.22 1 1
NOAA HMT 2 1 1 1.33 1.33 1
OK Mesonet 5 1 1 1.25 1.25 1
SNOTel CA 1.67 1 1 1.67 1.67 1.25
SNOTel UT 7.5 1.15 1.07 2.14 1.5 1.25
SoilScape 15 15 7.5 15 15 15
‘WTX Mesonet 2 1 1 1.2 1 1

The grid cell-averaged in situ 8, were then compared to the model and satellite 6,, computed using the same
anomaly calculation method. Averaging across stations within each grid cell reduces, but does not eliminate,
the scale mismatch issues associated with comparing point measurements with model/satellite data.

3.2. Soil Moisture Percentiles

Because the focus of this study is on utilizing soil moisture data for drought monitoring, we defined drought
as a 0 percentile of <20. This follows the USDM classification scheme, where soil moisture drier than the
20th percentile is considered “moderate drought.” Daily 6 percentiles were computed independently for
each in situ network, model, and satellite data set. Soil moisture standardization, particularly for monitoring
extreme events like drought, must account for the seasonal cycle of soil moisture that is common throughout
regions in the midlatitudes. However, computing soil moisture percentiles separately by calendar month or
day of the year can result in the same percentile value for dramatically different soil moisture conditions.
This introduces false variability where the difference between (i.e.,) the 20th and 80th percentiles of 6 is
not physically meaningful. In addition, computing percentiles requires enough data points to generate a
stable distribution, particularly when examining the distribution tails. Our solution to account for all of
these confounding factors is to first standardize daily © using the climatological mean of each calendar
day. This accounts for the seasonal cycle of soil moisture variability during that time of the year. Then we
compute percentiles of those daily soil moisture anomalies, using the entire data record, not separately by
calendar month or day. Including the entire daily time series of 8 anomalies when computing percentiles
both reduces the chances of introducing false variability and ensures a sufficient data record length as to gen-
erate stable distributions.

In practice, we first averaged daily in situ 6 values across all stations within a model or satellite grid cell. We
then standardized these grid cell-averaged time series by subtracting the climatological mean of each calen-
dar day. Daily percentiles were then computed from the empirical cumulative distribution function of the
entire data record for each grid cell-averaged in situ time series.

3.3. Evaluation Methods

3.3.1. Methods for In Situ Validation

Most soil moisture validation studies regard in situ measurements as the benchmark. However, the accu-
racy, representativeness, and overall quality of in situ soil moisture observations across the United States
are not equal. Disparities in station siting, sensor types and sensor installation, and site maintenance are just
a few of the many potential sources of error in the in situ measurements. Although quality control proce-
dures can help to flag and remove some suspicious measurements, it cannot account for all siting-,
installation-, or maintenance-induced errors. Therefore, it is imperative to first assess the fidelity of in situ
data prior to comparing these data to model or satellite soil moisture.

We use two approaches for evaluating the quality of the in situ soil moisture measurements. The first
approach, which is adopted from Dirmeyer et al. (2016), estimates the random in situ observational error.
Soil moisture varies as a first-order Markov process, such that the autocorrelation of daily soil moisture at
an in situ station decreases as lag r increases:
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r(7) = exp(=17), ey)

where !/, is the timescale. Robock et al. (1995) showed that for actual observed data, a linear best fit of In(r)
versus 7 for a range of lags does not cross zero at a value of r = 1, but instead at a correlation r < 1, and this
displacement of the autocorrelation at 7 = 0 is an indicator of measurement error such that

r(t=0) =1-a. ()

Dirmeyer et al. (2016) show that the displacement of the autocorrelation (a) is directly related to the ratio of
soil moisture variance contributed by random measurement error (6°) to the real variance of the daily soil
moisture time series (¢°), such that
& _ (a/i+a)
/ o2 o ( l ’ (3)

Using this method, we can estimate the ratio of error variance to real soil moisture variance, with higher
ratios representing a larger proportion of measurement error, and therefore lesser data quality.

The second approach for in situ soil moisture verification evaluates the spatial representativeness of the in
situ measurements using triple collocation (TC). Specifically, we adopt the formulation of Gruber et al.
(2013) to evaluate the ability of stations within each in situ monitoring network to represent soil moisture
conditions over an area approximating the size of a model or satellite grid cell (e.g., ~50 km). A typical error
model for TC is

i=a+B8+e, 4

where i € [X,Y, Z] are three spatially and temporally collocated soil moisture data sets; 6 is the unknown,
true soil moisture; a; and 3; are systematic gains of data set i with respect to 6; and ¢; is the additive zero-mean
random noise. We select the in situ data as the reference and rescale the SMOS L3 and Noah land surface
model data into the in situ data space:

var(6g)

Ou0) =6r + var(6;) [65(t)—6;],

©)

where 6(f) is the soil moisture anomaly at time ¢, O is the reference data (in situ) soil moisture anomaly, and
62 is the rescaled anomaly at time ¢. Soil moisture anomalies are computed by subtracting the climatological
monthly mean from each daily observation in each calendar month. We use SMOS L3 and Noah to represent
satellite- and model-derived soil moisture, respectively, because these two data sets are independent of each
other and have at least 8 years of data that can be used from the TC. Averaged random errors (e;) of each data
set (in situ, Noah, and SMOS) are calculated using the rescaled measurements from equation (2) such that

ex = ((6:=6,) (6:—62)), (6)

where e, is the averaged random error of data set x, and 6y, 6,, and 6, are rescaled measurements from data
sets x, y, and z, respectively. Stations that are identified through TC as having less random error, more accu-
rately capture coarse-scale soil moisture variability. Therefore, these stations are more valuable for national-
scale drought monitoring than those that only represent highly localized soil moisture conditions.

3.3.2. Methods for Model and Satellite Comparison

After identifying which in situ monitoring networks are of sufficient quality for comparison with
model/satellite data sets, we use a number of approaches for the comparison. First, we assess differences
in daily 6 variability (i.e., standard deviation, o) between the soil moisture data sets, differences in absolute
0 values (i.e., bias), and shared variance via the coefficient of variation (R*). Additionally, we assess the
drought monitoring capability of the various model and satellite products. The questions we are seeking
to answer, with regard to model/satellite drought monitoring efficacy, are (1) how well does the
model/satellite correctly identify drought and (2) how well does the model/satellite discern between drought
and nondrought conditions. We implement accuracy (A) and probability of detection (POD) forecast verifi-
cation metrics to answer these questions. Both metrics are based on a contingency, with droughts identified
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as binary events (i.e., 1 = drought, and 0 = no drought). Calculation of the metrics is according to equa-
tions (7) and (8), such that

__ hits + correct negatives

A
total

9

hits
POD=———. 8
hits + misses ®)

A represents the fraction of total predictions that were correct and range from 1 (perfect prediction) to 0, and
POD measures the fraction of observed (in situ) droughts that were correctly depicted as model/satellite
droughts, ranging from 0 to 1, with 1 representing a perfect score.

In addition, we adopt the accuracy metric to evaluate the frequency with which shared in situ model or in
situ satellite droughts are depicted in the same USDM drought category. This metric (A.,;) is calculated as

Acat = %Z{{:l”(FiOi)» )
where N is the total number of shared in situ-model/satellite droughts and n(F;0;) is the number of shared in
situ-model/satellite droughts that are both depicted in intensity category i. We adopt the USDM drought
intensity categories of D1 to D4 (Svoboda et al., 2002). Accuracy values range from 0 to 1, with 1 being a per-
fect score, indicating all shared droughts were depicted in the same USDM intensity category. The primary
limitation of the accuracy metric is that it is strongly influenced by the most common category, while we are
most interested in how well the data sets match each other with regard to drought intensity.

4. Results
4.1. In Situ Validation

The fidelity of daily 6 at each in situ monitoring station was evaluated prior to model/satellite comparison.
The relative error variance indicates the relative proportion of variability from measurement error to real soil
moisture variability. Relative error variance (%) was computed at each station and averaged by network and
depth (Figure 2), with error bars representing the range of individual station relative error variance values
for each network. SNOTel, OK Mesonet, and WTX Mesonet stations exhibit the lowest relative error var-
iance, with network-averaged values <10%; meaning 10% or less of the overall variability in daily 6 is attrib-
uted to measurement error.

Assessment of relative error variance at the station level via a two way analysis of variance showed no
significant (a = 0.05) difference by measurement depth, but that significant differences did exist between
measurement networks. Further analysis revealed that these results were entirely due to the SCAN stations,
which exhibited a network-averaged relative error variance exceeding 20%. For perspective, the SCAN net-
work average relative error variance exceeded the maximum of all but six stations from the other networks.
We computed the relative error variance from daily soil moisture observations from 63 other SCAN stations
across the contiguous United States over the same 14-year period and found relative error variance was ele-
vated—relative to the other networks assessed in this study—in these additional SCAN stations. This some-
what agrees with the results of Dirmeyer et al. (2016) who show SCAN stations, on average, exhibit relatively
high relative error variance. The relative error variance is related to the displacement of the autocorrelation
of daily soil moisture, and therefore the daily variability of soil moisture at a site. This is reflected in a com-
parison of daily time series of soil moisture from two nearby stations in Reese Center, Texas, one part of
SCAN and the other part of the West Texas Mesonet network. Daily soil moisture from the 5-cm sensors
at the two stations, located ~1 km apart, exhibit considerable differences in daily variability, with the
SCAN station exhibiting a coefficient of variation (0.62) twice that of the nearby West Texas Mesonet station
(0.32). Enhanced daily variability, particularly when soils are drier than the climatological mean condition,
at the SCAN site (relative to the nearby West Texas Mesonet site) decreases autocorrelation, thereby increas-
ing a (equations (2) and (3)) and the relative error variance. This comparison, along with the consistency of
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Reese Center, Texas
T

WTX Mesonet 100 cm T
WTX Mesonet 50 cm
WTX Mesonet 20 cm

WTX Mesonet 5 cm
SoilScape 50 cm
SoilScape 20 cm

SoilScape 5 cm
SNOTel UT 50 cm
SNOTel UT 20 cm
SNOTel UT 5 cm T
SNOTel CA 50 cm T
SNOTel CA 20 cm
SNOTel CA5cm T
SCAN 100 cm T
SCAN 50 cm T
SCAN 20 cm
SCAN 10 cm T
SCAN 5 cm T

OK Mesonet 60 cm
OK Mesonet 25 cm T
OK Mesonet 5 cm T
NOAA HMT 15 cm T
NOAA HMT 10 cm
EnvWx 45 cm T
EnvWx 15 cm T
DEOS 5cm i i | | I

T
0 6 12 18 24 30 0.10 0.08 0.06 0.04 0.02 0.00
Relative Error Variance (%) Random Error Anomaly (m® m3)

Figure 2. In situ soil moisture (left) relative error variance and (right) random anomaly error. Errors are calculated from
daily volumetric water content and are averaged over each in situ network.

elevated relative error variance at numerous, diversely sited SCAN stations suggests the relative error
variance at a single site is strongly determined by the climate, land cover, or soil texture characteristics of
that site but instead is determined by the variability of daily soil moisture observations, irrespective of
whether those variations are real or artificial. It is unclear whether this difference in variability between
two nearby sites (Figure 3) is related to differences in sensor type; however, the same Stevens
Hydraprobes used at the SCAN sites are also employed at the SNOTel sites in California and Utah,
stations that exhibited low relative error variance.

Because there was no apparent relationship between sensor measurement depth and the relative error
variance of the corresponding soil moisture time series, we assessed the quality of each individual sensor
by comparing its relative error variance to that of all sensors, irrespective of measurement depth. The
resultant distribution (Figure S2a) shows distinct bimodality, with modes of approximately 7% and 20%
relative error variance. Based on the distribution we adopt a threshold relative error variance value of
15%, beyond which sensors are not considered for subsequent comparison with model or satellite data
sets. We only use a station for comparison if none of its sensors exceeds 15% relative error variance,
because all stations within a network must include observations at the same depths to facilitate fair, con-
sistent comparison. Entire stations are omitted from the comparison analysis if all of the sensors exceed
the 15% limit; this resulted in the omission of two DEOS stations, five EnvWx stations, and two SoilScape

stations. Only three SCAN sensors fell below the 15% relative error var-

iance limit, and we therefore omitted all six SCAN stations from subse-
: : quent model/satellite comparison. It is important to note that while the

0.35

T
—SCAN, CV =0.62
0.40 [H—West Texas Mesonet, CV = 0.32|

8 SCAN stations exhibited relatively high error variance, one should not
8 immediately consider the data of lesser quality. Indeed, SCAN is consid-
. ered one of the highest quality soil moisture monitoring networks and is
- frequently used for model and satellite validation (e.g., Al Bitar et al.,
. 2012; Njoku et al., 2003; Pan et al., 2016; Xia et al., 2014). However,

\’\ . et al. (2016), we suggest further inquiry into the causes of enhanced

LIV N

I I
2005 2006 2007 2008 2009 2010 2011

Figure 3. Time series of daily 5-cm volumetric water content (m3/m3) from
two in situ stations near Reese Center, Texas. The SCAN station is shown in
blue, and the West Texas Mesonet station in red. The coefficient of deter-
mination (CV, ¢ / ) is reported for both time series.

\\ J given the results presented here, corroborating those of Dirmeyer

. variability and relative error variance of SCAN soil moisture.

TC analysis was used, as a supplement to relative error variance, to eval-
uate the quality of in situ soil moisture measurements from monitoring
networks. Specifically, TC is used to estimate the spatial representative-
ness of each in situ monitoring station, determined by the random error.
Random errors were computed for each in situ station and then
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averaged by network and depth (Figure 2). NOAA HMT, WTX Mesonet, and SoilScape networks exhibited
the lowest random errors, suggesting in situ stations part of these networks best captured larger-scale
patterns in the variability of 6. Despite exhibiting low relative error variance, SNOTel stations showed
among the highest random errors. This is not necessarily surprising, given SNOTel stations are sited for
snowpack measurements in the western United States and therefore are often located in frequently snow-
covered environments with complex topography. It is expected that a single in situ station may have diffi-
culty capturing soil moisture variability across 50- to 100-km spatial scales in these locations. With that being
said, only one station exhibited random errors exceeding 0.10 (m*/m®). Our results are to those of Gruber
et al. (2013) and suggests the in situ sites selected for this study are spatially representative. The only station
with random errors >0.10 is the SNOTel Poison Flat site in California, which—according to Jordan Clayton
of the U.S. Department of Agriculture-Natural Resources Conservation Service—is in a lowland area that is
always wetter than the surrounding region and is therefore “only representative of the alluvial area imme-
diately adjacent to the stream” (personal communication, 18 December 2018). The distribution of TC ran-
dom error, with all depths grouped together, is leptokurtic and exhibits strong, positive skew similar to a
Rayleigh distribution (Figure S2b). Because all sensors, except for those of the SNOTel Poison Flat site, span
a tight TC random error range, we only omitted the Poison Flat station from our subsequent
model/satellite comparison.

Unlike relative error variance, the TC results exhibit statistically significant differences in both measure-
ment depth and measurement network, based on a one-way analysis of variance. Deeper sensors exhibited
lower random errors and thus were more spatially representative. This is most likely because atmospheric
processes that influence daily soil moisture variability and spatial heterogeneity are modulated, making
deeper-layer soil moisture more spatially homogenous and representative of larger areas surrounding the
sensor. The significant random error differences by measurement network seem to be driven by topography
and elevation, as there is a significant, negative correlation between station elevation and spatial representa-
tiveness. Similar to relative error variance, TC results at the station or network levels show no noticeable (or
significant) relationship with either sensor type or soil texture.

Taken together, the relative error variance and TC random anomaly error provide a comprehensive frame-
work for evaluating both the overall quality and spatial representativeness of in situ soil moisture across dis-
parate measurement networks, sensors, climates, soils, and installation and quality control procedures. As a
result of in situ validation using these procedures, at least one sensor at 16 sites (two DEOS, five EnvWZx, six
SCAN, one SNOTel, and two SoilSCAPE) were flagged, and so these sites were not used in subsequent
model/satellite comparison.

4.2. Model and Satellite Comparison

There are clear differences in 6 variability (m®/m>) between in situ and model/satellite data sets (Figure 4),
although these differences vary by in situ network and model/satellite product. Overall, model and satellite
data sets tend to underestimate daily 6, variability (Figure 4, shaded in red), although these underestimates
rarely exceed 0.03 (m*/m>). Model/satellite overestimates of 6, (Figure 4, shaded in blue), although less pre-
valent, are larger in magnitude and appear systematic for certain in situ networks and model/satellite data
sets. Specifically, daily 6, variability is larger in every model/satellite data set as compared to NOAA HMT
sites, although further comparison finds that NOAA HMT site daily 8, variability is consistently one-half
to one third that of all other stations, including nearby SNOTeL CA and SoilScape sites. This suggests site-
level processes reducing daily 6, variability at NOAA HMT sites are not affecting larger-scale soil moisture
data sets. Otherwise, differences in 6, variability were unrelated to the in situ station relative error variance
and random anomaly error, as well as the density of stations in a single model/satellite grid cell.

When variability differences are averaged over all networks (Figure 4, last column) the VIC model 40- to
100-cm data exhibited the largest deviation from in situ observations, overestimating 6, variability at all
networks located in arid or semiarid environments while capturing well 8, variability in the two humid
environment networks (DEOS and EnvWx). Interestingly, this issue is not apparent in the Noah or
Mosaic models, nor in the near-surface VIC layers. This suggests that the VIC model may include some
subsurface processes that result in enhanced deep-soil moisture variability that is not consistent with the
in situ observations.
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CPC 0.600 0A0‘04 0.636 0.013 0.643 0.032 0.011 0.628
Noah 0-10 cm - -0.006  -0.005 0.024  -0.030 -0.008 -0.007 -0.004 -0.023 -0.007 -
Noah 10-40 cm - -0.010  -0.001 0.016  -0.026 -0.017 -0.006 -0.005 -0.030 -0.010 -
Noah 40-100 cm |- -0.021  -0.012 0.011 -0.016  -0.035 -0.005 -0.004 -0.022 -0.013

Mosaic 0-10 cm |- -0.010  -0.012 0.039 -0.005 -0.015 0.003 0.003 -0.019  -0.002

Mosaic 10-40 cm |- -0.012  -0.009 0.035 -0.013 -0.005 0.011 -0.004 -0.018  -0.002
Mosaic 40-200 cm |- -0.015  -0.010 0.031 -0.007  -0.040 -0.019 -0.018 -0.044 -0.015 -
VIC 0-10 cm - -0.010  -0.022 0.020 -0.039 & 0.060 -0.027 -0.009 -0.031 -0.007 -

VIC 10-40 cm |- -0.021  -0.027 0.021 -0.006  -0.002 -0.015 -0.009 -0.033 -0.012

VIC 40-100 cm |- -0.004 0.000 0.008 0.009 0.048 0.048 0.048 0.032

SMAP L4 0-5cm - -0.012  -0.008 0.017  -0.023 -0.027 -0.018 -0.003 -0.023 -0.012
SMAP L4 0-100 cm |- -0.017 0.002 0.017 -0.002 -0.025 -0.006 -0.017 -0.025 -0.009 -
SMAP L3 - 0.002 0.002 0.032 -0.015  -0.021  -0.019 0.006 0.004  -0.001 -

ECV | -0.004 -0.012 0.042 -0.024 -0.022 -0.019 -0.003 -0.020 -0.008

SMOS L3 0.931 0.q45 0.q11 -0.015  -0.018 0.051 0.017 0.926

3 X (< X
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Figure 4. Model/satellite-in situ differences in 6 variability (m3/ m3). Positive differences (negative differences) represent
more (less) model/satellite variability with respect to in situ data and are shaded in blue (red). Differences are averaged
over each in situ network; the far right column shows the overall model/satellite product difference averaged over all
networks. The smallest differences (i.e., closest to 0) for each in situ network are bolded.

Although there is no consistent relationship between the model/satellite and in situ differences in 6, varia-
bility and the spatial resolution of the model/satellite data set, the two products with the coarsest resolutions
—CPC and SMOS L3—exhibited the largest differences, with the exception of the VIC 0- to 100-cm layer.
Additionally, the CPC and SMOS L3 products exhibited the highest network-to-network variability in 8,
variability differences (Figure S2). The SMAP L3 product exhibited the overall lowest 8, variability differ-
ences (—0.001 m*/m?®), followed by the Mosaic 0- to 10-cm and 10- to 40-cm layers (—0.002 m*/m?), while
the SMAP L4 surface and root zone products exhibited the lowest overall network-to-network variability
in 6, variability differences (Figure S2).

The amount of shared variance between the in situ and model/satellite 6, data sets was assessed using the
coefficient of determination (R?). Overall, and with the exception of SMAP L3, the model data sets exhibited
higher shared variance with in situ observations than the satellite-informed products (Figure 5). Specifically,
the CPC model, Noah 0- to 10-cm and 40- to 100-cm, Mosaic 0- to 10-cm and 10- to 40-cm, and the VIC 10- to
40-cm layers exhibited R? values exceeding 0.25 (Figure 5, last column). SMAP L3 outperformed SMOS L3,
ECV, and SMAP L4 data sets with average R* values exceeding 0.25. This is a particularly interesting result
for in situ networks that have sensors throughout the root zone, such as West Texas Mesonet (i.e., sensors at
5, 20, 60, and 75 cm), because the SMAP L3 product, which only represents soil moisture only the top 5-
10 cm, outperformed the SMAP L4 product, which represents soil moisture in the 0- to 100-cm soil column.
When averaged over all three NLDAS-2 models, shared variance was highest at the 10- to 40-cm layer. The
SMAP L3 product also exhibited the lowest internetwork variability of shared variance (Figure S3a), suggest-
ing consistent performance across diverse monitoring networks/regions.

It is clear from Figure 5 that the model and satellite products overall exhibit the largest shared variance with
SoilScape stations, most likely attributed to the high density of the SoilScape stations or nodes. Station den-
sity seems to be more important to the models than to the satellite-informed products, as the models exhibit
considerably more variability in shared variance between in situ networks than the satellite data sets (Figure
S3b). It is important to note, though, that there is a large gap in station density between SoilScape (13.75 sta-
tions per grid cell) and the next densest network, SNOTel Utah (2.44 stations per grid cell). Therefore, it
would be difficult to assess, based on our data, if the relationship between model/satellite-in situ soil moist-
ure shared variance and in situ station density is purely linear or only becomes important when station den-
sity exceeds some threshold. Clearly, other factors are contributing to the patterns in Figure 5, as R* values
are generally very low between model/satellite products and SNOTel Utah stations.
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T T T = T T T
CPC 0.119 0.123 0.141 0.369 0.222 0.267 0.264 -

Noah 0-10 cm |- 0.089 0.046 0.219 0.345 0.037 0.091 0.215 -
Noah 10-40 cm |- 0.152 0.077 0.361 0.416 0.095 0.257 0.332
Noah 40-100 cm |- 0.180 0.072 0.230 0.417 0.049 0.152 0.373 0.265 -
Mosaic 0-10 cm |- 0.204 0.215 0.326 0.336 0.106 0.215 0.419 0.305 -
Mosaic 10-40 cm |- 0.212 0.188 0.294 0.313 0.074 0.194 0.390 0.283 -

Mosaic 40-200 cm |- 0.113 0.071 0.130 0.215 0.025 0.130 0.331 0.268 0.160 -
VIC 0-10 cm - 0.046 0.096 0.367 0.171 0.067 0.128 0.359 0.183 0.177

VIC 10-40 cm |- 0.221 0.211 0.383 0.105 0.099 0.242 - 0.296 0.276 -

VIC 40-100 cm |- 0.214 0.161 0.129 0.199 0.180 0.086 0.306 0.338 0.201 -
SMAP L4 Surface |- 0.161 0.184 0.262 0.182 0.108 0.037 0.171 0.288 0.174 -
SMAP L4 Root Zone |- 0.155 0.216 0.382 0.110 0.119 0.045 0.071 0.167 0.158 -
SMAP L3 - 0.307 0.201 0.171 0.365 0.171 0.164 0.359 0.384 0.265 -

ECV - 0.062 0.140 0.098 0.265 0.090 0.017 0.315 0.286 0.159 -

SMOS L3 - 0.935 0.968 0.1‘05 0.%15 0.994 0.988 0.362 0.2@5 0.1‘49 b
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Figure 5. Shared variance (R2) between model/satellite and in situ 6, (m3/m3). Values are averaged over each in situ net-
work; the far right column shows the overall model/satellite product shared variance averaged over all networks. The
largest values (i.e., closest to 1) for each in situ network are bolded.

4.3. Drought Monitoring

Because the overarching goal of this project is to improve near real time drought monitoring, we have
focused the model/satellite comparison on the dry end of the soil moisture distribution. We identify drought
conditions as any day in which the daily 6,< 20th percentile and evaluate the ability of model/satellite pro-
ducts to both identify drought conditions—as depicted by in situ observations—and discern between
drought and nondrought conditions. The latter of these evaluations is accomplished via the accuracy metric
(A), which measures the fraction of correct identifications (drought and nondrought) to total predictions.
Drought/nondrought accuracy varied very little between model and satellite products (Figure 6a), with grid
cell-level accuracy values ranging from 68% to 89%. This consistent accuracy is most likely due to the high
frequency of nondrought conditions, which, by definition, occur on 80% of days. With that being said, high
drought accuracy results suggest each of the model/satellite products can discern between drought and non-
drought conditions for the majority of days tested.

(a) Drought Probability of Detection (b)
cpclodos (0428 0343 0342
Noah 0-10 cm |- 0.328 0.191
Noah 10-40 cm - 0.391  0.313 0.269
Noah 40-100 cm [- 0.411  0.315 0.253 = 0.401 0.399
Mosaic 0-10 cm [- 0.377  0.406 0.250
Mosaic 10-40 cm [ 0.370  0.381 0.237
Mosaic 40-200 cm |- 0.248 0247 0333 0313 0254 0.300 -
VIC 0-10 cm |- 0.322 0.409 -

0316 0.307
VIC 10-40 cm 0315 0397 04811

VIC 40-100 cm 0287 0.361 0410 0.311 0.395 -

SMAP L4 Surface - 0.365 0300 0321 0375 0.384 -
SMAP L4 Root Zone | 0.298 0224 0243 0389  0.374
SMAP L3 0.391 0370 0384 0.408 0442
ECV| 0305 0370 0282 0318 0254 0369 0361
SMOS L3} 0285 0314 0375 0280 0.119 0346 0339
x 5 : 2 04 o 8 1
0eo® E“‘@gw%‘fw*(g\i& e\s\)‘:o‘ e O;“\Sl\?ie\\l\esoﬂe west 000 DroL?ght Ac?:grac;) ° ’

Figure 6. Comparison of drought occurrence between in situ and model/satellite data sets. Panel (a) shows the probability
of drought detection of each model/satellite product, averaged over all grid cells for each in situ network. Panel

(b) shows the overall accuracy of drought detection for each model/satellite product, averaged over all in situ networks.
Error bars in panel b represent the range of accuracy values across all in situ sensors.
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CPC ' 0.105 0.1‘28 0.109 0.1‘63 0.688 0.1‘32 0.é77 0.159 0.1‘45
Noah 0-10 cm - 0.122 0.101 0.197 0.202 0.073 0.119 0.183 0.162 -
Noah 10-40 cm - 0.162 0.109 0.139 0.233 0.075 0.179 M 0.148 0.196 -
Noah 40-100 cm - 0.140 0.104 0.102 0.194 0.083 0.154 0.273 0.126 0.147 -
Mosaic 0-10 cm - 0.126 0.134 0.145 0.189 0.086 0.137 0.212 0.172 0.150
Mosaic 10-40 cm | 0.126 0.118 0.103 0.189 0.076 0.130 0.152 0.147 -
Mosaic 40-200 cm - 0.090 0.107 0.066 0.157 0.085 0.086 0.169 0.094 0.107 -
VIC 0-10 cm - 0.107 0.123 0.206 0.149 0.094 0.106 0.230 0.143 0.145 -
VIC 10-40 cm |~ 0.141 0.138 0.187 0.181 0.097 0.119 - 0.136 0.169 -
VIC 40-100 cm - 0.147 0.155 0.119 0.211 0.115 0.101 0.259 0.079 0.148 -
SMAP L4 0-5 cm - 0.091 0.099 0.123 0.117 0.087 0.060 0.118 0.091 0.098 -
SMAP L4 0-100 cm - 0.085 0.103 0.032 0.128 0.071 0.061 0.112 0.091 0.085 -
SMAP L3~ 0.073 0.053 0.086 0.151 0.075 0.087 0.095 0.108 0.091
ECV - 0.103 0.095 0.060 0.105 0.050 0.018 0.187 0.089 0.088
SMOS L3 - 0.047 0.929 0.036 0‘0‘80 0.q20 0.008 0.990 0.052 0.q45 b
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Figure 7. Accuracy of model/satellite soil moisture drought severity compared to that from in situ observations. Drought
severity is determined using the percentile categories of the U.S. Drought Monitor. Values shown are averaged over each
in situ network; the far right column shows the overall model/satellite product accuracy averaged over all networks.

The ability of models/satellites to identify drought conditions is more explicitly evaluated by the probability
of detection (POD) metric, which measures the fraction of observed (in situ) droughts that were correctly
depicted as model/satellite droughts. Considerably more variability exists in drought POD between in situ
networks and model/satellite products (Figure 6b). In general, the model products outperformed the
satellite-informed products, with the VIC 10- to 40-cm layer data exhibiting the highest POD (0.481). For per-
spective, a POD of 0.481 reveals that 48% of in situ droughts were also depicted as droughts by the VIC model.
Consistent with previous results, the SMAP L3 product outperformed all other satellite-informed data sets,
and most model products as well (POD = 0.442). At the other end, the Mosaic 40- to 200-cm data exhibited
the lowest POD (0.300) by a considerable margin, perhaps due in part to the fact that none of the in situ net-
works have used sensors below 75 cm. The majority of the 160-cm Mosaic layer is deeper than the deepest in
situ sensors, and less representative of drought as depicted by those sensors. To this end, the 10- to 40-cm
VIC and Noah layers exhibited higher POD than the 0- to 10-cm layers, and although the Mosaic 0- to 10-
cm layer outperformed its 10- to 40-cm layer, both exhibited POD values exceed 0.40. Similar to the variabil-
ity and shared variance results, model/satellite products most accurately identified drought conditions at
SoilScape stations. This is not surprising given their high density of in situ measurements at these locations.
Also consistent with previous results is the relatively poor model/satellite performance at SNOTel stations.

Evaluation of the model/satellite data sets was accomplished using A and POD, and it is based on drought as
a binary variable, drought or no drought. This analysis is complemented by using the accuracy (A.,;) metric
to assess how often drought events of a certain intensity as defined by a model/satellite data set corresponds
with drought of the same intensity in the in situ data. We adopt the four-category classification scheme of the
USDM for this analysis. The mean A, values are calculated for each model/satellite-in situ combination
(Figure 7). When evaluating identification of both the occurrence and severity of drought, a noticeable dif-
ference appears between model and satellite products. All of the model data sets exhibit a higher average A4,
(i.e., better drought severity depiction) than any of the satellite products (Figure 7), which, with the excep-
tion of SMAP L3, is consistent with other analyses conducted in this study. Further analysis revealed SMAP
L3 percentiles and drought severity categories exhibited larger variability than the 5-cm in situ observations,
likely due to the short SMAP data record, relative to NLDAS-2 and CPC. Despite SMAP L3 having the best
match with the daily variability of in situ 8,, the SMAP distribution of daily 6, values is considerably smaller
than that of the NLDAS-2 and CPC models. The data record length is imperative for the stability of soil
moisture percentiles based on that record (i.e., Ford et al., 2016), and therefore, the shorter SMAP data
record enhances daily percentile variability and reduces the effectiveness of the SMAP product for identify-
ing drought severity based on soil moisture percentiles. Concurrently, the data record length of in situ
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observations impacts the stability of in situ soil moisture percentiles as well. This potentially explains why
nearly all model and satellite data sets identified drought occurrence and severity with high skill at
Oklahoma Mesonet stations, relative to other networks, as the Mesonet has the longest data record of all
networks (19 years).

We did not find the horizontal resolution of model/satellite products, in situ sensor depth, or site-specific
characteristics such as vegetation density, soil texture, and sensor type significant explanatory factors for
model/satellite drought occurrence and severity accuracy. Although we expect these factors to influence
the ability of the model, satellite, or in situ data to effectively represent soil moisture, they do not appear
to play a noteworthy role in influencing the results presented here.

5. Discussion and Conclusions

Soil moisture is a key variable for drought monitoring and prediction; however, there are relatively few in
situ soil moisture stations. Data collection efforts like the International Soil Moisture Network (Dorigo
et al., 2011) and the NSMN (McNutt et al., 2016) are reasons to be optimistic about the future of in situ soil
moisture monitoring. However, as new in situ networks come online and existing networks improve and/or
expand their monitoring infrastructure, it is important to understand the overall quality and representative-
ness of the in situ observations, particularly if these measurements are to be used for model or satellite cali-
bration and validation. The in situ networks assess here are among the most widely used for such purposes.
Our coupled relative error variance and triple colocation in situ data validation demonstrate that the mea-
surements from these networks are generally of high quality. However, variability exists both within and
between networks. The six SCAN stations evaluated exhibited unusually high relative error variance, sug-
gesting a considerable fraction of the daily soil moisture variability at these stations could be attributed to
measurement error. Further evaluation revealed this phenomenon was common among SCAN stations,
even when compared to nearly colocated stations from other networks. This elevated error variance in the
SCAN data cannot be attributed to station location, sensor type, monitoring depth, or spatial representative-
ness. Therefore, further site-specific investigations are needed to identify the cause. This is especially impor-
tant because SCAN data are widely used for validating (and in some cases, calibrating) model and satellite
products. SNOTel stations are found to exhibit relatively low spatial representativeness. Although, with
the exception of the Poison Flat station in California, all SNOTel stations remained within an acceptable
range of random anomaly errors. One advantage of in situ data validation based on relative error variance
and triple colocation is that it can be completed for each individual sensor, and therefore, it can be used
to identify poorly performing or damaged sensors at otherwise well-sited stations.

Comparison of model/satellite soil moisture products with in situ observations revealed a number of note-
worthy findings. The two products with the coarsest horizontal resolution, SMOS L3 and CPC, exhibited
the largest deviation from in situ daily soil moisture anomaly variability, as well as the highest network-
to-network deviation variability. On the other hand, a consistent relationship between product horizontal
resolution and overall performance was not found. This is partly attributable to the relatively small sample
size of in situ stations and model/satellite products examined. Overall, satellite-informed products, with the
exception of SMAP L3, exhibited less shared variance with in situ soil moisture anomalies than the NLDAS-2
and CPC models. SMAP L3 performed similarly well to the models and exhibited the lowest internetwork
variability for all validation metrics. Model performance, particularly NLDAS-2 model performance,
increased dramatically when compared to the high-density SoilScape stations, relative to other in situ
networks. In contrast, SMAP L3 performed consistently at most networks and was less influenced by the
network's station density. Interestingly, SMAP L3 outperformed SMAP L4 surface and root zone products
at nearly all networks, even those with sensors placed throughout the root zone. SMAP L3 also consistently
outperformed SMOS L3 and ECV data sets.

Despite the strong performance of NLDAS-2 models, discrepancies were apparent between the modeled and
in situ data. Mo et al. (2012) found that uncertainties in soil moisture from the NLDAS are mostly attributed
to precipitation forcing, although model structure and parameter errors are also important sources of soil
moisture uncertainty (Xia et al., 2014). The former of these issues is mitigated through direct assimilation
of soil moisture measurements, namely, satellite-based observations (Kumar et al., 2014; Reichle et al.,
2017). Based on the results presented here, assimilation of SMAP soil moisture may also help increase
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consistency of NLDAS-2 soil moisture accuracy across diverse sites. It is also important to note that future
phases of NLDAS and the NCEP Unified Land Data Assimilation System (NULDAS) will contain opera-
tional data assimilation of soil moisture and snow. Problems with NLDAS model soil hydraulic parameters
and model structure should be addressed, given that improved parameterizations result in more realistic soil
moisture dynamics (Kishné et al., 2017).

Drought occurrence at in situ stations were most accurately identified by the CPC and NLDAS-2 models, as
well as by the SMAP L3 product. With that being said, no model or satellite data set was able to capture more
than 48% of in situ drought events, when averaged over all networks. Not surprisingly, the model and satel-
lite products were less accurate in identifying drought severity, based on USDM percentiles, than identifying
drought occurrence. This decrease in accuracy was largest for the SMAP L3 product, and further analysis
revealed this was at least partly attributable to the relatively short SMAP data record, which decreased per-
centile stability and reduced drought severity accuracy. Among the NLDAS-2 models, the 10- to 40-cm layer
most consistently identified in situ drought events. This is not surprising, given the importance of root zone
soil moisture for vegetation productivity.

Overall, we found the large majority of in situ stations assessed have high fidelity and can be used with con-
fidence for model/satellite data validation. Our results showed that the NLDAS-2 models and SMAP L3 data
were able to capture daily 8,variability, had moderate-to-high degree of shared variance with the in situ
observations, and were able to accurately identify drought occurrence. The CPC model did not perform as
well as the NLDAS-2 models or SMAP L3, as it tended to overestimate 6, variability. However, the CPC
model was able to identify drought conditions with similar accuracy as NLDAS-2 models and SMAP L3.
SMAP L3 was able to outperform SMAP L4 (surface and root zone), ECV, and SMOS L3 products based
on nearly all metrics of evaluation. These results are consistent with prior studies that have shown SMAP
outperform other satellite-based soil moisture products (Chen et al., 2018; Kim et al., 2018; Montzka et al.,
2017). SMAP retrievals are based on L-band passive microwave observations, which have been shown to
be more sensitive to soil moisture than X-band or C-band sensors. SMOS L-band retrievals have been shown
to be significantly affected by radio frequency interference (Kumar et al., 2018), which partially explains the
superior performance of SMAP versus SMOS.

The metrics used in this study provide a framework for evaluation of in situ, model, and satellite soil
moisture fidelity and can be applied across diverse geographic regions to understand the extent and source
of soil moisture data uncertainty. Future work will apply this framework to all of the NSMN in situ stations
(roughly 1,000+ total) and to as many operational land surface models and satellite remote sensing products
as can be obtained.
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