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Abstract: Soil moisture is a key environmental variable. There is a lack of software to facilitate
non-specialists in estimating and analyzing soil moisture at the field scale. This study presents
a new open-sourced R package mlhrsm, which can be used to generate Machine Learning-based
high-resolution (30 to 500 m, daily to monthly) soil moisture maps and uncertainty estimates at
selected sites across the contiguous USA at 0-5 cm and 0-1 m. The model is based on the quantile
random forest algorithm, integrating in situ soil sensors, satellite-derived land surface parameters
(vegetation, terrain, and soil), and satellite-based models of surface and rootzone soil moisture. It
also provides functions for spatial and temporal analysis of the produced soil moisture maps. A case
study is provided to demonstrate the functionality to generate 30 m daily to weekly soil moisture
maps across a 70-ha crop field, followed by a spatial-temporal analysis.

Keywords: remote sensing; quantile random forest; visualization; leaflet; spatial-temporal analysis;

water resources management

1. Introduction

Soil moisture is a key variable for a variety of applications, including agricultural
management [1], ecological modeling [2], weather forecasting [3], and environmental
monitoring [4]. It varies from field to global scales and from seconds to decades as controlled
by meteorological forcing (e.g., precipitation and air temperature), plant water uptake
(e.g., evapotranspiration), soil texture, topography, and water resources management
such as irrigation and drainage [5]. Existing soil moisture retrieval from remote sensing
data relies on optical, visible near-infrared, thermal infrared, microwave, and radio wave
sensors [6-8]. Due to the heterogeneity of soil moisture in space and time, combinations of
observations from remote sensing platforms and process-based mechanistic models have
been used to model and map soil moisture information across large areas and at short time
intervals [9-12]. Current soil moisture products with a global coverage include surface
soil moisture retrieved directly from the NASA Soil Moisture Active Passive (SMAP)
mission [13] and ESA Soil Moisture and Ocean Salinity (SMOS) mission [14], GNSS-R-
based NASA’s CYGNSS missions [15-17], as well as model-based surface and rootzone
soil moisture estimated by assimilating SMAP product or CYGNSS products with water
balance or land surface models [12,18-20]. Coupled with land information systems [21,22],
interactive maps of land surface parameters can become transparently available to users
for scientific research and natural resources management.

With the recent advances in machine learning (ML) algorithms, researchers have
also developed data-driven models for mapping soil moisture, combining ground-based
(in situ) sensors with remote sensing observations or models. Assisted with the cloud-
based storage and computation infrastructure (e.g., Google Earth Engine—GEE), these data-
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driven models have the potential to be applied to map soil moisture at regional to global
scales. Recently, [23] used a quantile random forest model to map surface soil moisture
(~0-5 cm) globally on a 12-day basis at 100-m. The model integrated global in situ soil
moisture sensors from the International Soil Moisture Network (ISMN) with satellite obser-
vations (e.g., SMAP and Sentinel-1) and remotely sensed land surface parameters (terrain
and soil properties). Similarly, [24] developed a Python package to generate global sur-
face soil moisture maps at a 50 m resolution using ML models by combining in situ soil
moisture observations from the ISMN with satellite data (Sentinel-1, Copernicus Global
Land Cover Layer, Global Land Data Assimilation System soil temperature and snow water
equivalent, Landsat 8 Shortwave Reflectance and Thermal Radiance, MODIS Enhanced
Vegetation Index, OpenLandMap soil information). Despite the success, compared to
process-based models [12,20], current data-driven ML models neither provide soil moisture
dynamics at a high temporal resolution (currently 12-day interval limited by the revisiting
time of Sentinel-1) nor did they provide estimates of soil moisture at subsurface/rootzone
given most satellite platforms (e.g., optical and microwave sensors) only measure top few
centimeters of soil. Obtaining field-level (<500 m spatial resolution) soil moisture informa-
tion at a short time interval (e.g., subweekly) and at depths (e.g., within the rootzone) is
particularly important and necessary for agricultural condition monitoring, hydrological
modeling, and water resources management. Furthermore, existing open-source packages
(e.g., [23-25]) only provide basic functions to generate soil moisture estimates across a
geographic region or at single locations, and there are no companion functions/tools to
process the soil moisture information to understand its spatial and temporal variability and
analyze the model uncertainty.

To the best of our knowledge, there is a lack of open-sourced software to facilitate
non-specialists such as researchers, educators, and students from domain sciences (e.g.,
agricultural science, environmental science, hydrology, and ecology) in estimating soil
moisture variations at the field scale (<500 m) across large spatial extents and over a long
period using various remote sensing derived geospatial datasets and at the same time
facilitates the processing of soil moisture maps for scientific studies and water resources
management. To address the problem, this article presents a new R package, mlhrsm,
which allows the user to generate machine learning-based high-resolution (30 to 500 m)
soil moisture (volumetric water content—VWC) maps and uncertainty estimates across
the contiguous United States (and elsewhere wherever in situ soil moisture sensor mea-
surements are available for refining the models) for both soil surface (0-5 cm) and rootzone
(0-1 m) on a daily basis using newly developed ML models. In addition to producing
application-ready high spatial and temporal resolution surface and rootzone soil moisture
data, the mlhrsm package will also provide functions for spatial and temporal analysis of
the retrieved soil moisture maps for scientific research and water resources management
across scales. A case study will be provided to demonstrate the functionality of the mlhrsm
package to obtain 30 m soil moisture maps across a 70-ha cropland field and at selected
sites in Wisconsin (WI), USA, followed by spatial-temporal analysis to understand the
variations in soil moisture for field-level water resources management.

2. Materials and Methods

The ML models were established based on the quantile random forest algorithm [26]
combining nationwide in situ soil moisture measurements averaged at two depths (0-5
cm and 0-1 m) with spatiotemporal resampled satellite imagery (e.g., Sentinel-1 Synthetic
Aperture Radar backscatter, Landsat-8 visible, near-infrared, and thermal bands and in-
dices), satellite-based models of the soil surface and subsurface moisture (NASA-USDA
Enhanced SMAP soil moisture), land surface temperature (MODIS), and ancillary land
surface parameters (NLCD land cover, USGS digital elevation model and terrain attributes,
Polaris soil properties at 0-5 cm and 0-1 m) extracted to the in situ sites at a 30 m resolution.
The selected covariates for modeling surface and rootzone soil moisture are described in
Supplementary Material S1.
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The quantile random forest model was selected because (1) it had a relatively bet-
ter overall performance in handling covariates that had non-linear relationships with
model responses (e.g., soil moisture) and were inter-correlated with each other [23,27];
(2) it directly provided model uncertainty estimates (e.g., standard deviation and per-
centiles), which were useful for hydrological modeling and risk assessment in decision-
making. Although many other advanced deep learning algorithms were available for soil
moisture mapping, we did not choose them as the default model because they either did
not generate models that were statistically more accurate than our models or required much
more computation power and expert knowledge in parameter tuning and extrapolation to
large regions (e.g., [28-31]). As such, the quantile random forest algorithm was selected
as the default method to balance the model performance and software usability (refer to
Section 3.1). Note that users can always modify the default model based on their study site
and preference (refer to Supplementary Material S3.2).

3. Results
3.1. Model Performance

Data were collected from 220 stations across the contiguous USA (CONUS), spanning
1 March 2016 to 30 September 2019. For each year, daily data from 1 March to 30 September
are included, leading to a total of 172,887 data points. The detailed list of stations
used as the training dataset can be found in the Supplementary Material. As shown in
Table 1, the models trained from the randomly selected stations (70%, Figure 1) were
applied to the randomly hold-out testing stations and yielded overall r? (Pearson’s corre-
lation coefficient squared) of 0.649 and 0.535, bias of 0.010, 0.006 m3 m~3, and RMSE of
0.075 and 0.095 m3® m~3, for modeling the surface (0-5 cm) and rootzone (0-1 m) soil VWC
within the CONUS, respectively. Note that the random split of in situ soil moisture stations
was only for evaluating the ML models, and the final models used both training and
testing stations for fitting the models to make predictions of soil VWC across the CONUS.
As shown in the Supplementary Material, we used five-fold cross-validation to train the
models with 40 trees and a minimum node size of 10. These parameters were empirically
determined where model performance did not increase statistically with the increasing
complexity of the tree structure.

Table 1. Summary statistics of model performance at the testing stations as shown in Figure 1.

Surface Soil Moisture Performance
Bias (m® m—3) 0.010 [—0.092, —0.015, 0.125]
RMSE (m> m~3) 0.075 [0.024, 0.072, 0.133]
Correlation coefficient (squared, r2) 0.649 [0.006, 0.406, 0.835]
Kling-Gupta Efficiency (KGE) 0.624 [—0.899, 0.382, 0.796]
Nash-Sutcliffe efficiency (NSE) 0.376 [—5.195, 0.092, 0.604]
Rootzone Soil Moisture
Bias (m® m—3) 0.006 [—0.216, —0.015, 0.203]
RMSE (m3 m—3) 0.095 [0.020, 0.065, 0.218]
Correlation coefficient (squared, ) 0.535 [0.000, 0.318, 0.896]
Kling-Gupta Efficiency (KGE) 0.492 [—2.470, 0.180, 0.754]
Nash-Sutcliffe efficiency (NSE) 0.042 [—-177.149, —0.237,0.521]

The values outside square brackets are metrics calculated with all the stations from either training or test-
ing datasets, while the values inside the square brackets are the minimum, median, and maximum values of
the metrics calculated among individual stations, respectively. For example, in terms of predicting surface
soil moisture on the testing dataset, when considering all the stations, the model has an overall RMSE of
0.075 m3® m~—3; when considering individual stations, the model can achieve an RMSE as low as 0.024 mS>
m~3 at one station, as high as 0.133 m3 m~3 at another station, and the median RMSE among all the stations
is 0.072 m® m3.

To assess the variability of model performance across sites, the model performance
is also calculated at individual in situ soil moisture stations and presented with the min-
imum, median, and maximum performance metrics among the training and validation



Agronomy 2024, 14, 421

4 0f 23

sites (values in square brackets in Table 1). Despite the varying performance of the model
across sites for both surface soil moisture and rootzone soil moisture, the ML models per-
form reasonably well for most sites, as indicated by the median values of the performance
metrics. Compared to coarse-resolution soil moisture products (e.g., several kilometers for
SMAP L3 and L4) that report an overall RMSE of less than 0.04 m3 m 3 [20], the model
performance of the ML-based high-resolution soil moisture models is moderate, which
is mainly caused by three issues: (1) the predictability of the environmental covariates
(e.g., remote sensing bands or derived rootzone soil moisture models and land surface
properties), which do not have a perfect (r = 1) correlation with soil moisture due to the
limitations of their physical mechanisms and varying spatial-temporal resolutions [13,20];
(2) the strong spatial-temporal variability of soil moisture at the field level [23-27], which re-
duces the performance of the field-level soil moisture models compared to coarse-resolution
soil moisture products; and (3) the transferability of the ML models to regions with sparse
in situ soil moisture observations, which will be overcome in the future version of the
mlhrsm package by adopting transfer learning algorithms that are less sensitive to shift in
data distributions between training and testing domains [28].

Stations
® Training

® Testing

Figure 1. Locations of training (70%) and testing (30%) stations randomly selected across the contigu-
ous USA (CONUS) for evaluating the ML model performance.

To better assist users in using the proposed R package in their research and field
applications, the model performance calculated across different land cover types (at the
validation sites) is presented in Table 2. Overall, when predicting surface soil moisture, the
ML models perform well for pasture and developed (urban) soils, followed by grassland,
barren, and cropland. This is not unexpected because these sites often have relatively light
vegetation canopy cover, and the responses of satellite data (e.g., Sentinel-1 backscatter and
MODIS/Landsat 8 shortwave infrared and/or thermal bands) to changes in soil moisture
are relatively strong [13,32,33]. Also note that our ML models have reasonably good
performance for shrubs, forests, and wetlands. Traditional studies agree that satellite soil
moisture products are only able to capture surface soil moisture variations under light
vegetation canopy. Theoretically, when coupled with subsurface soil properties, rootzone
hydrological models could capture the rootzone soil moisture variability. This is also
confirmed by other researchers when evaluating the potential use of SMAP soil moisture
for monitoring rootzone soil moisture dynamics, given that there is a strong correlation
between surface and rootzone soil moisture [34].

However, the ML models established here could barely capture the rootzone soil mois-
ture variability under cropland, pasture, shrub, forest, and developed land
(r?: 0.25-0.64). This means that ML models alone are not enough to capture the root-
zone soil moisture variability. To improve the performance of the ML models, mechanistic
models can be incorporated in the future using a data assimilation framework [9,12,13].
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Table 2. Summary statistics of model performance at the testing (30%) stations for each land cover
type. Note: N.A. means the number of sites is not statistically sufficient at that depth.

Surface Soil

Moi Cropland Pasture Grassland Shrub Forest Barren Wetland Developed
oisture
Bias (m® m—3) —0.027 —0.019 0.001 0.004 —0.032 0.036 —0.033 0.002
RMSE (m> m—3) 0.081 0.063 0.083 0.054 0.089 0.048 0.095 0.060
2 0.543 0.682 0.348 0.436 0.419 0.835 0.531 0.748
KGE 0.609 0.703 0.553 0.466 0.481 0.493 0.418 0.758
NSE 0.484 0.648 0.293 0.428 0.330 0.594 0.407 0.744
Rootzone Soil
Moisture
Bias (m3 m~3) 0.019 —0.063 0.007 0.012 —0.070 N.A. —0.074 —0.010
RMSE (m> m—3) 0.113 0.090 0.096 0.064 0.089 N.A. 0.135 0.072
2 0.296 0.427 0.203 0.304 0.252 N.A. 0.086 0.640
KGE 0.232 0.574 0.302 0.482 0.433 N.A. 0.004 0.616
NSE 0.249 —0.153 0.185 0.233 —2.281 N.A. —-0.312 0.617

We also assessed the temporal stability of the ML models using observations from all
the stations from 2016 to 2018 as training and data in 2019 as validation. We did not notice
significant drifts in model performance over time.

3.2. Overview of the Functionality of mlhrsm

The R package has been developed and tested on the Windows operation system with
R software (version 4.2.1). To use the mlhrsm package (version 1.0), the user should first
create a Google Earth Engine account (https://earthengine.google.com/signup/) and then
install the gcloud CLI software (https://cloud.google.com/sdk/docs/install#windows). A
number of dependency R packages are needed for the mlhrsm package, including raster,
rgee, sf, tidyverse, viridis, FedData, RColorBrewer, caret, chilIR, leaflet, hydroGOF, quantregForest,
randomForest, reshape2, rgdal, sp, lubridate, geojsonio, and stars. After loading the mlhrsm
package, the packages sf, raster, tidyverse, and rgee are automatically loaded as well. For
detailed instructions on package installation, the user can refer to Supplementary Material S2.

The main functionality of mlhrsm is described in Figure 2 and can be grouped into
four categories. (1) Preprocessing: splitting a large region of interest (ROI) into subregions
(split_region), downloading covariates and making soil moisture maps in small subre-
gions (download_map); (2) mapping: downloading covariates and making soil moisture
maps in a small region (VWC_map) or at selected sites (VWC_point), spatially extracting
soil moisture from generated maps to points of interest (point_extraction); (3) analysis:
calculating daily VWC and statistical summaries (e.g., maximum) for the entire region
of interest and their time series plots over time (area_sum), generating maps of temporal
statistical summaries pixel-wise across the ROI (pixelwise_sum), generating pixel-wise tem-
porally aggregated maps of VWC with a specified temporal resolution (aggregate_interval)
and for a specified period (aggregate_sum), generating a scatter plot for predicted VWC
vs. measured VWC provided by the user (point_performance); and (4) plotting: plot-
ting the maps of VWC on a specified date (plot_map) or temporally aggregated VWC
(plot_aggregated_VWC), plotting the locations and VWC estimates at the observation sites
provided by the user (site_variation) and time series plot of VWC on these observation
sites (plot_CI). A detailed explanation of these functions is provided below.

3.2.1. Main Functions

The main functions provided by the package are used to download satellite data and
apply the ML models to the selected areas or sites. To use these functions, the user is
expected to provide an input file of the region of interest (ROI, in the shapefile format) or
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GPS coordinate locations (in the CSV format) for soil moisture retrieval. It is recommended
that the input files be stored in the root directory of the mlhrsm package.
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I l I ] Analysis
Polygon of a small Polygon of a large Coordinates of points Plotting
region (.shp) region (.shp) (.csv)
e e s I '
1 1
: Subregions (.shp) :
. o .
VWC_map() | ' Foiders of ' Preprocessing !
] | ==, | T
pradicling()w X subregion (.tiff) :
1
! : I
: \rmsajc_legion()y : VWC_point()
I s e .| ......... 1 b l g
Daily vVWC Daily VWC values with
maps with specified specified uncertainty at
uncertainty (.tiff) input points (.csv)
[area,sum()] [ pixelwise_sum() ] %ggregate,imerval()] [aggrega!eﬁsum()] ‘ point_extraction() | i '
t l * site_variation() point_CI() point_performance()
- Generating pixel- Generating pixel-
Daily VWC and Maps of temporal || wise temporal ise t 9 pl
summaries (e.g., summaries (e.g, aggregated maps of wiae lempora

in VWC and pixel-wise
summaries Himimary maps
Y
plot_map()
| Leaflet plot of
Leaflet plot of aggregated map

max) for the entire
area (.csv)

max) of VWC at
each pixel (.Aiff)

Time series plot
showing changes

Leaflet plot of the

VWC within a series
of time intervals

(iff)

aggregated maps of
VWC for a specified
time interval (.tiff)

\—l—l y
Daily VWC values with
specified uncertainty

VWC maps on
a specified date

summaries for a
specified interval

plot_aggregated_VWC()

Pa—

Leaflet plot of point
locations;

Time series plot with

extracted to input points
(.csv)

Time series plot with
Std. Dev. & 90% ClI

predicted VWC,
measured VWC,
and 90% CI

List of values for evaluation

f

site_variation()

t

T

point_CI()
A

Scatter plot showing the
relationship between
predicted v. measured data;

point_performance()

Figure 2. Flowchart of the functions of the mlhrsm package.

Note that the established (default) ML models and input in situ soil moisture (Figure 1)
used for training and evaluating the models can also be accessed from the R package.
Previous studies have suggested that the inclusion of local training datasets in a regional or
global soil moisture model can significantly improve the model performance in regions with
sparse training datasets (e.g., [23]). The user can choose to modify the default ML models
by incorporating a local training dataset (in situ soil moisture measurements) collected
from their study fields. Details about building the models for the mlhrsm package are
provided in Supplementary Material S3.

VWC_Map

The mlhrsm package provides three ways to apply the established ML models to
generate VWC maps. The basic function VWC_map allows the user to download in-
put covariates and map VWC across a small ROI in one step. To use the VWC_map
function, the user is expected to provide the name of the shapefile of the ROI (prefer-
ably in the WGS84 system, “EPSG: 4326”), start and end dates specifying the period of
daily soil moisture maps to be retrieved (in the format of “yyyy-mm-dd”), and the spa-
tial resolution of the output VWC maps (in the unit of meter). If indicated by the user
(percentile = TRUE), the model will also calculate the upper and lower bounds of the 90%
Confidence Interval (CI) of the VWCs predicted from the quantile random forest models.
The outputs of this function are raster files of covariates and predicted VWCs (daily mean
and standard deviation (sd) of VWC at 0-5 cm and 0-100 cm depths, with or without
CI of VWC) in GeoTIFF format. The output maps will be saved in the NADS83 system
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and USA Contiguous Albers Equal Area Conic, USGS (“EPSG: 5070”) for water resources
management in the USA. A project name is needed in the function so that all the down-
loaded covariates and VWC maps will be saved in a folder under the working directory
named after the project name. This project name will also be used later for spatial-temporal
analysis and visualization with other functions.

With the limitation of the availability of several input satellite covariates (e.g.,
Sentinel-1 backscatter data), the earliest date of the available VWC map is 1 January 2016
(no sufficient Sentinel-1 data prior to that date for soil moisture estimation), and the end
date lasts to the present (ongoing until the end of the mission of Sentinel-1, SMAP, MODIS,
or Landsat 8). The finest spatial resolution is 30 m, and the user can specify other resolutions
up to 500 m. Any mapping attempt beyond the ranges of the input arguments will result in
errors.

The VWC_map function involves three main steps, as briefly described below (refer
to Supplementary Material S1 for details). First, the function will download various input
covariates data from the GEE within the ROI, including the following:

(a) Constant land surface parameters: 30 m National Land Cover Dataset (NLCD) land
cover maps in 2016, 10 m elevation data from the USGS 10 m digital elevation model
and derived slope, aspect, and hillshade, 30 m Polaris soil clay and sand content and
bulk density maps at 0-5 cm and 0-1 m, and

(b) Dynamic variables spanning the input period of VWC maps (with a buffer period
of 6-64 days for temporal interpolation depending on the available satellite data):
30 m 12-day Sentinel-1 backscatter data measured at VV and VH polarizations and
incidence angle (masked for outliers and despeckling following [23]), 1 km daily
SMAP land surface temperature, Landsat-8 bands 5, 6, 7, and 10, and NDVI and
NDWI indices, and NASA-USDA Enhanced SMAP 10 km surface and subsurface soil
moisture storage maps.

Second, the constant covariates will be resampled across the ROI to the spatial
resolution defined by the user using bilinear interpolation, and the dynamic covariates
will be resampled spatially to the input resolution and temporally to a daily basis using
bilinear interpolation.

Lastly, the pre-established ML models will be applied to the processed satellite covari-
ates within the ROI to generate VWC maps at the surface and rootzone at the specified
spatial resolution on a daily basis. Note that the current version of the mlhsrm package
also allows the users to refit the ML models by either including more in situ soil moisture
observations or using other ML algorithms and subsequently using the updated ML models
to map soil moisture at the target sites. If the users want to adapt the ML models to map
soil moisture outside the CONUS and globally, they can also modify the code accordingly.
Detailed instructions on these modifications are provided in Supplementary Material S3.

VWC_Point

In addition to generating soil moisture maps across a certain area of interest using
VWC_map, the VWC_point function is created for predicting VWC at individual points
for the user interested in exploring the VWC dynamics at specific locations, especially with
points located far from each other (e.g., in different US states). The VWC_point is similar
to VWC_map, except that the former generates a CSV file containing the input points’ IDs
and coordinates along with the VWC values extracted at 30 m (with the points located at
the center of the 30 m pixels) while the latter produces VWC maps across the input ROIL in
the GeoTIFF format.

Split_Region, Download_Map, and Mosaic_Region for Large ROIs

For large-size satellite imagery, GEE often tends to split the file into multiple GeoTIFF
files, which can lead to memory errors when these files are post-processed locally in
the R environment (e.g., mosaicing, masking, resampling). In this case, VWC_map will
return a message directing the user to split the ROl and mapping task into subregions
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using split_region, download_map, and mosaic_region. Although the user can still map
soil moisture across large regions with VWC_map, it is suggested that these alternate
functions be used to save computation time when the input ROI is large (>1000 km?) or a
high input image resolution (<50 m) is specified within an ROI covering a catchment or
larger (>500 km?)

The split_region requires the input of an ROI polygon (and the project name if the
user wants to save it in a new folder rather than the working directory). It will split the
large polygon stored in the root directory into several small subregions with a cell size of
0.25 arc-degrees (approximately 500 km?) and save the split subregions as a new shapefile
with a default name of sub_regions.shp. If there are multiple subregions with an area smaller
than 250 m?, the split_region function will first merge them into one subregion to decrease
the total number of subregions to reduce the data processing and downloading time in the
GEE. The total number of subregions will be printed after splitting is finished. An example
of the splitting process is provided below with the subregions shown in Figure 3.

> library(“mlhrsm”)

> split_region(”Grant.shp”, “Grant2021”)

> sub_grant <- read_sf(”Grant2021/sub_regions.shp”)$geometry
> plot(sub_grant)

Il

1

(ﬁ

N

Figure 3. The plot of the subregions after splitting an approximately 7000 km? ROI of Grant County,
WA, USA.

After splitting the large ROI into smaller subregions, the user can choose to download
the input covariates using the download_map function and produce VWC maps in all
subregions sequentially on one computer. Alternatively, the user could use multiple
computers to download covariates and map VWC in different subregions in parallel to
reduce the processing time. Note that the latter requires multiple GEE accounts to be
activated on different computers to prevent all submitted tasks from being assigned to the
same GEE account and held in a long waiting line. The download_map function requires
similar user inputs as the VWC_point, except for an additional sub_area argument that
allows the user to specify the subregion IDs in which the function will download the
satellite covariates. This argument can either be assigned to a single number (subregion
ID), indicating a specific subregion, or a vector of IDs for multiple subregions.

After the covariate maps are downloaded for each subregion, the mosaic_region
function needs to be run to generate soil VWC maps in each subregion and merge the
VWC maps into one master map once the mapping process is completed. If one or several
subregions do not have any Sentinel-1 (due to its flight path) or Landsat (due to cloud
contamination) imagery on specified dates, the mean values of the corresponding Sentinel-1
or Landsat imagery across the entire ROI (covering all subregions) on those dates are used
to fill these NA values on a daily basis. This simple gap-filling is used to avoid sharp
artifacts at the boundaries of the neighboring subregions and save computation time. It
is chosen so that the temporal variability of Sentinel-1 or Landsat imagery is preserved
in favor of soil moisture retrieval since the changes in soil moisture are mainly caused
by precipitation and evapotranspiration, both of which display relatively larger temporal
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variations on a daily to monthly scale than spatial variations at a catchment level (and users
care more about their temporal change) [35—41]. In the future, it is worth investigating
other gap-filling algorithms [42-44] and including them in the mlhrsm package. Afterward,
the ML models for surface (0-5 cm) and rootzone (0-1 m) VWC will be applied to the
subregions to generate maps of VWC and ClIs (if selected). Lastly, VWC maps from all
subregions will be automatically mosaiced into master maps for the original large ROI on a
daily basis, similar to those VWC maps produced from the VWC_map function.

3.2.2. Functions for Spatial and Temporal Analysis

Apart from the main mapping functions, mlhrsm also provides spatial-temporal
analysis and plotting functions to assist with the interpretation and visualization of the
output maps. The plotting functions extract and plot the VWC maps and their spa-
tial statistics within different time intervals for a specific ROI or several locations. The
spatial-temporal analysis functions calculate the VWC summary statistics, including mean, sd,
min, and max in space or time, and round the summary statistics to the third decimal place.

Area-Based /Zonal Functions

plot_VWC plots the statistical values (mean, sd, and CI if percentile = TRUE) of VWC
maps for one specified date (“yyyy-mm-dd”) and depth (0-5 cm or 0-1 m) with the leaflet
package. It returns an interactive leaflet map showing the soil VWC values of the study
area at the defined spatial resolution on a selected date. The user can choose to display
the mean, sd, or CI values of the VWC maps estimated from the quantile random forest
models. The user can also plot VWC maps on multiple days and compare the change in
soil moisture (see case study below).

area_sum summarizes the area-based /zonal statistical values (mean, min, max, and
sd) of the daily VWC at a specified depth (0-5 cm or 0-1 m) across the entire ROI The
output of this function includes the calculated statistical values on a daily basis as a CSV
file (VWC_depth_ts_data.csv) in the specific project folder for further analysis and a time
series plot showing the changes in these summary statistics of VWC over the entire study
period on a daily basis during the study period. If the ROI represents a specific field, farm,
or catchment, the time series plot will indicate the field-, farm-, or catchment-averaged
VWC statistics during the study period.

Unlike area_sum, pixelwise_sum returns the summary statistics of VWC at a specified
depth calculated pixel-wise across the ROI area over the study period displayed as area
maps of these statistics in leaflet. The maps are also saved as GeoTIFF raster files in a folder
called temporal_VWC under the project folder. These maps delineate subregions within the
ROI area with wetter/drier soils over a longer period than neighboring places.

To facilitate the interpretation of VWC dynamics at different temporal scales (e.g.,
daily vs. weekly vs. seasonally), aggregate_sum and aggregate_interval provide methods
to aggregate the daily VWC maps according to specified time intervals. aggregate_sum
has similar functionality as pixelwise_sum, except that the user can specify a different
start and end date (needs to be within the initial study period provided in the VWC_map
function). aggregate_sum then summarizes the VWC maps at a specified depth pixel-
wise over the newly defined period and outputs the summary statistics (pixel-wise mean,
median, min, max, sd across the ROI) as GeoTIFF maps in the VIWC_aggregation folder.
It also saves the summary statistics as separate CSV files along with each grid pixel’s
coordinates. Different from aggregate_sum, aggregate_interval allows the user to define
the time intervals/temporal scale for the aggregation. Besides a start and end date, the user
will provide a scale/frequency argument (number of days) representing the aggregation
interval (e.g., 7 means converting daily VWC maps to weekly averaged VWC maps). The
aggregate_interval function will return a list of dates indicating the starting dates of each
interval and save the pixel-wise temporally aggregated maps named after the list of the
dates in the VWC_aggregation folder, along with the CSV files of the grid coordinates and
aggregated VWC values on the new temporal scale/intervals. If the total number of days
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(between the newly defined start and end dates) is not a multiple of the frequency, several
days (less than the length of frequency) will be left behind, and the summaries of VWC
maps over these days will still be calculated and saved as output data (unless there is only
one day left).

Once the temporal aggregation is performed, plot_aggregated_VWC serves as a plot-
ting function specifically for the aggregated maps. It needs inputs of a start and end date
and returns a similar output plot in leaflet as the pixelwise_sum. If the user wants to
visualize the map saved by aggregate_interval (e.g., a weekly VWC map), they need to
provide a specific date (starting date of one of the day intervals) and the frequency for the
function to locate and plot the processed files.

Point-Based Functions

For users who want to investigate VWC dynamics at specific locations within the
produced VWC maps, point_extraction can be used. The user needs to specify the site
locations by assigning the name of the shapefile (saved in the same project folder) as the
function argument. point_extraction will then extract the predicted VWC values (mean,
sd, and lower and upper bounds of 90% CI if such files exist in the project’s VWC folder)
to the points and save the resulting site coordinates and daily VWCs as a CSV file with a
default name of VWC_point_data.csv. The user should note that if no specific filename is
identified, the saved CSV file will overwrite the older version in the project folder, which
may result in loss of data. If a specific filename is given by the user, the VWC values will
be saved according to the specified filename. The user is then able to run the plotting and
evaluation functions for point VWCs at a certain depth from the CSV file produced.

site_variation visualizes the change in VWC values at specified point locations over
the study period defined when running the VWC_map and point_extraction or VWC_point
function. The output of this function includes a leaflet plot showing the locations of
the selected points (specified in the site_variation function) and time series plots of the
predicted VWC at different point locations over time, with mean + sd highlighted in
shaded regions and dashed lines for the upper and lower bounds of the 90% CI (when
percentile = TRUE). If no site location is specified, the function will automatically plot
VWC values at all the points. When the total site number exceeds 12, a random selec-
tion of 12 points will be included in the output plot. The function inputs data from the
VWC_point_data.csv file by default but can be applied to another extracted point dataset by
specifying it in the function.

point_CI also returns a time series plot. It provides an evaluation of the model
performance at the selected point by plotting the 90% CI of the predicted VWC values
along with the measured VWC values from an in situ soil moisture sensor at a specified
depth (the measured data need to be provided in the input CSV file). The plot follows a
similar algorithm as site_variation. The user can choose the sites to visualize, and if no site
is specified, a total of 12 randomly chosen points will be presented. In the visualization
plot, the shaded region represents the 90% CI of daily VWC values, with solid lines
representing predicted mean VWC values from the machine learning models and dashed
lines as measured values from in situ sensors.

To fully evaluate the model performance at selected sites with in situ VWC measure-
ments, point_performance can be used to calculate several performance metrics between
the sensor-measured VWC and model-derived VWC values, including coefficient of de-
termination (R2), root-mean-square-error (RMSE), Nash-Sutcliffe efficiency (NSE) [45],
Kling-Gupta efficiency (KGE) [46], Bias, the ratio of performance to deviation (RPD), and
the ratio of performance to inter-quartile (RPIQ) [47]. The evaluation metrics will be re-
turned in a list together with a scatter plot showing predicted VWC against measured
VWC at the selected sites. A diagonal (1:1) line is also included in the plot. If indicated
(stats = TRUE), the validation values of R2, RMSE, Bias, and KGE will also be presented on
the scatter plot.
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To use the point_CI and point_performance functions, the user should provide a
CSV file of the measured VWC (from in situ soil sensors), which includes site ID, coordi-
nates (Longitude, Latitude), Date (in “yyyy-mm-dd” format), and depth interval (VIWC_5 or
VWC_100 for averaged VWC at 0-5 cm or 0-1 m, respectively). The evaluation CSV file can
be stored outside the working directory and passed to the function with the full directory
when needed.

3.3. Case Study
3.3.1. Study Area

A 70 ha cropland field in Rock County, WI, USA, is used here as an example to
demonstrate the functionalities of the mlhrsm package. In total, 12 in situ soil moisture
sensors (TEROS 12, Meter Group, Inc., Pullman, WA, USA) were installed across the field,
and soil moisture data were collected at 5 cm depth from June to September 2020. This
study area was used for demonstration because closely spaced in situ soil moisture data
were available across this field for evaluating the high-resolution models and because most
of the existing in situ soil moisture sensor networks do not have sensors that are spaced
closely enough to each other (spacing often larger than 1 km) for model evaluation.

3.3.2. Generating Soil Moisture Maps at Different Spatial Resolutions

Since the ROI has a small area of 0.7 km?, after the mlhrsm package is installed and
loaded into the R environment and a GEE account is activated (refer to Supplementary
Material S2), the user can use the VWC_map to generate soil VWC maps directly for the
study field and plot the results using plot_map.

> VWC_map(“WLshp”, “2020-06-15", “2020-09-15", 30, TRUE, “WI_region”)

> plot_map(“2020-08-01”, 5, TRUE, project = “WI_region”)

The estimated soil VWC values at the soil surface (0-5 cm) across the study field on
1 August 2020 are displayed as a leaflet map object using the plot_map function (Figure 4).
The default layer is set at the mean. The user can select different layers of standard deviation
(SD) and upper (0.95) and lower (0.05) bounds of the 90% confidence interval for VWC
values on that date produced by the quantile random forest model if previously computed
by VWC_map. The map has a spatial resolution of 30 m, pre-determined in the VWC_map
function, and can no longer be changed during plotting (unless the user resamples the
GeoTIFFs using other R functions). As shown in Figure 4, pixels highlighted in red indicate
dry regions of the field (VWC of 0.15-0.16 m3 m’3), while pixels in blue indicate wet
regions of the field (VWC of 0.21-0.23 m3 m~3). In summary, the field was dry on the
selected day during the crop-growing season.
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Figure 4. A leaflet plot of the mapped VWC of a specific date (1 August 2020) and depth (0-5 cm) is
returned upon calling plot_map. The mean, SD, 0.05, and 0.95 (confidence intervals) are the mean
and uncertainty on that date predicted from the quantile random forest model.

3.3.3. Spatial and Temporal Analysis

Compared to other existing packages that generate soil moisture maps (e.g., [24]),
one major contribution of the mlhrsm package is its spatial-temporal analysis tools. For
example, the user can use the function area_sum to calculate and save the statistical
summaries (mean, sd, min, and max) at a certain depth of the daily average VWC across
the entire ROI, as shown below:

> area_sum(5, project = "WI_region”)

> head(read.csv(“WI_region/VWC_5_ts_data.csv”))

The function area_sum saves zonal statistics of soil VWC values across the entire ROI
and returns a time series plot of its temporal variations. As shown in Table 3, the Date
variable indicates the dates for which the summaries are calculated, and Summary defines
the type of summary for each value. The changes in the VWC summary characteristics are
presented in a different color for different statistical values and visualized on a daily basis,
as in Figure 5. It is noted that the predicted VWC for the study area (ROI) increases to a
peak around 22 June 2020 (due to a major rainfall event), and then decreases gradually
until the end of August (due to water uptake by soil and plant evapotranspiration), where
the VWC values increased again to another peak in mid-September (due to another major
rainfall event).

Table 3. Subset of VWC_5_ts_data.csv, produced by area_sum.

Date Summary Value
1 2020-06-15 Mean 0.264
2 2020-06-15 Median 0.265
3 2020-06-15 Min 0.190
4 2020-06-15 Max 0.311
5 2020-06-16 Mean 0.228
6 2020-06-16 Median 0.229
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Figure 5. Time series plot output of area_sum.

The user can also calculate and save the maps of the summary statistics of each pixel
at a certain depth by calling pixelwise_sum, as shown below:

> pixelwise_sum(100, project = "WI_region”)

After running the pixelwise_sum, six summary maps of pixel-wise Mean, minimum
(Min), Median, maximum (Max), standard deviation (SD), and Range of the VWC values at
the rootzone (0-1 m, “100” means 100 cm) across the entire ROI area from 15 June 2020 to
15 September 2020, produced by the VWC_map, will be automatically saved and visualized.
As shown in Figure 6, the plots consist of the six map layers with a similar color scale as
the plot_VWC function output. The pixel-wise mean VWC values across the ROI from
15 June 2020 to 15 September 2020 ranged between 0.23 and 0.36 m® m 3. The users should
not confuse these statistical summary plots with those shown in Figure 4, as the maps
in Figure 6 are calculated pixel-wise using multiple dates of VWC maps over a specified
period, while the maps in Figure 4 are generated from the default ML models on a specified
date based on the quantile random forest algorithm. The uneven distribution of soil VWC
is mostly caused by the spatial variations in soil texture (e.g., clay and sand content), given
the field has a relatively uniform elevation (refer to [48] for details about this field). Note
that if the user sets a large ROI and/or with higher spatial resolution, the calculation time
for the pixelwise_sum will increase accordingly.

©® Mean
) Min

© Median
© Max
O sb

© Range

Figure 6. leaflet plot output of pixelwise_sum. The statistical summaries are calculated pixel-wise
from previously generated VWC maps over a specified period (15 June 2020 to 15 September 2020).
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The mlhrsm package also allows the calculation of the statistical summaries for
the pre-mapped VWCs across multiple intervals of time. For this, the user can apply
aggregate_interval on a subset of the entire range of time defined by VWC_map as below:

> aggqregate_interval(5, “2020-06-15", “2020-08-15", frequency = 7, project = “WI_region”)

> head(read.csv(“WI_region/VWC_aggregation/2020-06-15_2020-08-15/7days_5cm/7_day_
mean.csv”))

The pixel-wise summary statistics for the 7-day intervals are saved in designated
directories as CSV files and GeoTIFF maps. Table 4 shows the first six rows of the saved
CSYV file on average pixel-wise VWC values. x and y represent the map pixels’ coordinates
(in NADB83 projection system, “EPSG: 5070”); layer stores the pixels’ mean values, and date
shows the starting date of each time interval. The user can use plot_aggregated_ VWC to
visualize the maps saved by aggregate_interval with the same inputs and a date param-
eter specifying the starting date of the time intervals to plot. aggregate_sum can be run
following a similar logic, except that no starting date needs to be defined when plotting.

Table 4. A subset of 7_day_mean.csv, saved by aggregate_interval.

X Y Layer Date
1 561512.8 2196288 0.228 2020-06-15
2 561542.8 2196288 0.248 2020-06-15
3 561572.8 2196288 0.221 2020-06-15
4 561602.8 2196288 0.236 2020-06-15
5 561512.8 2196258 0.227 2020-06-15
6 561542.8 2196258 0.246 2020-06-15

>plot_aggregated_VWC(5, “2020-06-15", “2020-08-15", date = “2020-06-29”, frequency =7,
project = “WI_region”)

plot_aggregated_ VWC returns a similar leaflet plot as pixelwise_sum with four layers
of Mean, Min, Median, Max, and SD of the pixels’ VWC values during the 7-day interval
starting from 29 June 2020 (Figure 7). From the plot, it was noted that the study area had
an average surface (0-5 cm) VWC ranging from 0.19 to 0.32 m® m~3 during the week of 29
June 2020, and some of the highest mean VWC values were located at the southwestern
corner of the ROL

® Mean
Min
Median
Max
sD

Figure 7. leaflet plot of the 7-day VWC average starting from 29 June 2020, as calculated
by aggregate_interval.

The user can also compare the VWCs on a daily vs. weekly basis using the results
saved by VWC_map and aggregate_interval, as demonstrated below:

> dates <- ¢(“2020-07-06", “2020-07-13”, “2020-07-20", “2020-07-27") # define the dates
to plot
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> pattern <- paste(pasteO(“VWC_5_mean_", dates), sep = “*, collapse = “| ') # define the files
(with specific VWC statistical characteristics) to plot

> maps <- stack(list.files(“WI_region/VWC”, pattern, full.names = T))

> plot(maps, zlim = ¢(0.15, 0.3), legend.args = list(text = “VWC (m"3m"™-3)”, side = 3, font=2,
line = 0.5, cex = 0.75)) # set at same scale and define legend title

The daily VWC maps (Figure 8) show that the predicted surface soil moisture of
the study area was similarly wet on the four days except for 20 July 2020, which was
drier than the other three days. The trend of VWC maps was consistent with the time
series plot (Figure 5), produced from the area_sum, where the average VWC values for
6, 13, and 27 July were approximately at the same level, while the mean VWC on 20 July
was lower than the other three. On the other hand, when plotted using the weekly VWC
maps (Figure 9), the week of 27 July 2020 experienced the lowest surface VWC value,
while the week of 6 July 2020 had the wettest, and the weeks of 13 and 20 July had similar
intermediate VWC values:

> WD <- “WI_region/VWC_aggregation/2020-06-15_2020-08-15/7days_5cm”

> pattern <- paste(paste0(“mean_", dates), sep = “", collapse = “1”)

> maps <-stack(list.files(pasteO(WD, “/aggregated_VWC”, pattern, full.names = T))

> plot(maps, zlim = ¢(0.15, 0.3), legend.args = list(text = TeX("VWC $m"3m™{-3}$’), side = 3,
font =2, line = 0.5, cex = 0.75), axes=F) # set at same scale and define legend title

Both daily and weekly maps were consistent with the time series plot shown in Figure 4.
It should also be noted that although the daily VWC on 20 July 2020 was the driest among
the four, seeing from a larger temporal scale (weekly), the week of 27 July 2020 became
drier compared with the other three weeks. This suggests that the Aggregate_interval
function is useful for inspecting the intermediate- to long-term trend in VWC while daily
VWC dynamics produced by the VWC_map capture short-term variations in soil moisture.
A combination of these two functions will help the user understand the time-dependent
variations/memories in VWC for a specific area [49].
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Figure 8. Four daily VWC maps, extracted from outputs saved by VWC_map.
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Figure 9. Four weekly VWC maps, extracted from outputs saved by aggregate_interval.

3.4. Extract Soil Moisture Data at Individual Sites

To extract soil VWC values from the generated maps to the points where measurements
are available (saved in the WI_SM.shp file), the user can apply point_extraction:

> point_extraction(“WI_SM.shp”, TRUE, project = “WI_region”)

> head(read.csv(”"WI_region/VWC_point_data.csv”))

Table 5 shows the VWC values extracted using point_extraction. The ID represents site
identification, and Longitude and Latitude are the coordinates of the sites. Date corresponds
to the date on which the VWC values are extracted, which should have the same range
as defined in VWC_map (start date to end date). Columns VWC_5_mean_pts through
VWC_100_upper_pts are the extracted VWC values (mean, sd, lower and upper bounds of
90% CI) at the specific depth (5 or 100). The user should be aware that point_extraction
does not calculate VWC Cls for the points. Therefore, if the user did not save CI values in the
mapping process (via VWC_map or mosaic_region), the 90% CI option in point_extraction
(percentile = TRUE) will not be applicable when extracting values for the points.

Table 5. A subset of the extracted VWC values stored in VWC_point_data.csv.

VWC_ VWC_ VWC 5. VWC_5_ VWC_ VwC_
. . VWC_ 5. VWC_5_ 100_ 100_
ID Longitude Latitude Date 100_ 100_ Lower_ Upper_
Mean_pts  sd_pts M Lower_ Upper_
ean_pts sd_pts pts pts
pts pts
1 S2 —89.11825 42.57247 2020-06-15 0.268 0.082 0.356 0.097 0.153 0.391 0.224 0.471
2 52 —89.11825 42.57247 2020-06-16 0.212 0.074 0.363 0.101 0.106 0.331 0.199 0.476
3 S2  —89.11825 42.57247 2020-06-17 0.249 0.087 0.358 0.098 0.092 0.367 0.206 0.476
4 52 —89.11825 42.57247 2020-06-18 0.255 0.073 0.358 0.097 0.148 0.374 0.205 0.476
5 S2  —89.11825 42.57247 2020-06-19 0.212 0.078 0.348 0.103 0.112 0.358 0.188 0.468
6 S2  —89.11825 42.57247 2020-06-20 0.210 0.081 0.348 0.101 0.103 0.354 0.188 0.466

After obtaining the point VWC values, the user can plot the dynamics of VWC at a
chosen depth for different sites using site_vairation. This function can also be used on data
generated from VWC_point, whose output has the same format as that of point_extraction.

> plots <- site_variation(5, TRUE, project = “WI_point”)

> plots[[1]] # returns leaflet plot showing site locations

> plots[[2]] # returns time series plot showing point variation over time
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The first plot returned from site_variation is a leaflet plot indicating the locations
of the study sites, as shown in Figure 10a. The sites are highlighted using fixed circle
makers and ID labels for easier identification. Since no sites are specified in the code,
the second plot returned by site_variation, as shown in Figure 10b, is a time series plot
visualizing the changes in VWC of 12 sites, faceted by site IDs, and the dates on the x-axis
are labeled in the format of “yy-mm-dd.” In the time series plot, solid lines represent the
mean, and gray bands represent the standard deviation; 90% CI will be added in the form
of dashed lines (if available). The time series plot showed that all 12 sites experienced
similar trends in the change in surface-level soil moisture, as controlled by precipitation
and crop evapotranspiration, with low VWC values during August 2020 and an increase
in the VWC values at the beginning of September. The magnitude of the VWC changes
differed, with several sites having a steeper increase than others (52, 513, etc.), as controlled
by environmental factors such as soil texture and topography (both used as covariates in
modeling soil moisture variations at the field level).
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Figure 10. (a) leaflet plot marking the point locations; (b) time series plot showing the trends in
change in VWC at 12 sites.

3.5. Evaluation of Model Estimation with Ground Truth Data

After VWC information is extracted to the points by point_extraction, point_CI, and
point_performance can be used to evaluate the performance of the models by compar-
ing the predicted values to the measured data (saved in “Huges_VWC.csv”). The two
evaluation functions can also be applied to the point-based VWC datasets obtained from
VWC_point with the same input parameters.

> point_CI("Huges_ VWC.csv”, 5, project = “WI_region”)

plot_CI returns a similar time series plot as site_variation. As shown in Figure 11,
most of the extracted VWC values on the points have a similar trend as the measured
VWC values, with most of the measured values within the 90% confidence interval of
the predicted values. To further evaluate the model performance at the selected fields,
the user can calculate the performance statistics (RZ, RMSE, NSE, KGE, etc.) by running
point_performance:
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Figure 11. Time series plot as a result of calling point_CI.
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> point_performance(“Huges_ VWC.csv”, 5, TRUE, project = “WI_region”)

Figure 12 illustrates the scatter plot of the predicted VWC against the field-measured
VWC with the metrics R%, RMSE, Bias, and KGE. The predictions were smoothed as
compared to the actual values (due to the use of quantile random forest models), which
yielded a relatively low R? of 0.329 (Pearson’s r = 0.57). However, the small RMSE and
bias (0.06 and —0.00 m® m~3) and an intermediate KGE of 0.565 indicate the modeling
result is reasonable at such a high spatial resolution given the soil texture is extremely
heterogeneous across the study field (soils formed from glacial outwash, see data from [48]).
The mediocre model performance at this site is also consistent with other studies that
attempted to delineate soil moisture at the subfield level (e.g., 30 m resolution). For
instance, when assimilating a land surface model with SMAP satellite data, due to the
field-scale soil heterogeneity, the modeled and measured soil VWC at the soil surface had a
median temporal correlation coefficient of 0.73 & 0.13 and a median KGE of 0.52 4 0.20
across the CONUS [12].
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Evaluation plot returned by point_performance.
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4. Discussion
4.1. Usability Evaluation

Careful selection of input arguments of the package’s various functions is needed
for mapping soil moisture of any study area or at multiple locations, given the tradeoff
between spatial resolution/area size/number of study sites and computation time. Here,
we provide some basic computational performance statistics for different sizes of mapping
areas in Table 6 for the user, which can help the user select suitable parameters for different
tasks. The computer used for testing the parameters has a 64-bit Windows 10 operation
system, with a 12th Gen Intel(R) Core (TM) i5-12500 at 3.00 GHz and 128 GB of RAM.

Table 6. Computation time of the VWC_map and VWC_point functions for different tasks.

. Size of Study . . Computation Size of Output
Function No. of Dates Area/No. of Points Resolution  Calculation of Cls Time Folders/Files

VWC_map
Small region 45 0.703 km? 100 T 33 min 1.93 MB
Large region 30 7229.816 km? 500 F 110 min 82.1 MB
VWC_point

30 10 points \ T 260 min 1.4 MB

60 20 points \ T 792 min 5.1 MB

30 30 points \ T 764 min 4.1 MB

Based on the results shown in Table 6 and Section 3.5, when the soil in the study area is
strongly heterogeneous, the user should set the map resolution to a lower value (e.g., 100 m)
to achieve a balance between the accuracy of the models as well as computation time.

4.2. Sustainability Plan

The current product (mlhrsm 1.0) relies on several satellite data as input covariates
and produces surface and subsurface soil moisture estimates from 1 January 2016 to the
present (tested until 31 July 2022). In case of failure, decommissioning, or adding certain
satellite products in the future, an updated version of the product and the mlhrsm package
will be updated using replacement satellite products, including VIIRS/NPP VNP21A1D
for MODIS land surface temperature, Landsat 9 and Sentinel-2 for Landsat 8 bands and
indices, Global Land Data Assimilation System (GLDAS) or North American Land Data
Assimilation System (NLDAS) Noah Land Surface Model for precipitation and ET and
SMAP-derived surface and subsurface soil moisture.

4.3. Computational Details

The results in this paper were obtained using R 4.2.1 with the mlhrsm 1.0, raster 3.5-29,
sf 1.0-8, tidyverse 1.3.2, viridis 0.6.2, FedData 2.5.7, RColorBrewer 1.1-3, caret 6.0-93,
chillR 0.72.8, leaflet 2.1.1, hydroGOF 0.4-0, quantregForest 1.3-7, randomForest
4.7-1.1, reshape2 1.4.4, rgdal 1.5-32, sp 1.5-0, lubridate 1.8.0, geojsonio 0.9.4, stars 0.5-6,
devtools 2.4.4, and R.rsp 0.45.0 packages. R itself and all packages used are available from
the Comprehensive R Archive Network (CRAN) at https://CRAN.R-project.org/.

4.4. Application and Limitations

People can utilize the mlhrsm package for water resource management and agricul-
tural planning. The package provides an easy way to predict and visualize soil moisture
retrospectively, which can be especially useful for evaluating water use efficiency, drought
and flood impacts, and better scheduling planting and harvesting. It also provides statis-
tical gap-filling of soil moisture in space and time. Limitations of the package also exist
due to the quality and availability of open-access remote sensing data and in situ soil
moisture observations. Particularly, the use of an active microwave sensor (Sentinel-1)
to estimate soil moisture is strongly affected by terrain roughness conditions, and it is
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advised that the user should be cautious about the soil moisture maps produced in such
regions. Moreover, the data we used to train the model were from stations in the US, and it
is strongly recommended the users follow our instructions (Supplementary Materials) to
add local training datasets to improve the performance of the model in other regions of
the world.

5. Conclusions

To facilitate domain scientists (researchers, students, and educators) to better use
earth observing satellite data for soil moisture mapping with machine learning algo-
rithms and spatial and temporal analysis of soil moisture data, this paper describes a
novel open-sourced R package, mlhrsm, developed for generating machine learning-based
high-resolution soil moisture maps for soil surface (0-5 cm) and rootzone (0-1 m) at
30 to 500 m from daily to seasonally or time-series data across the continental United States.
The user can choose the spatial and temporal resolutions of the soil moisture maps based
on the knowledge of soil variability of the study site and management needs. It has many
built-in functions for spatial and temporal analysis of the produced soil moisture maps or
time series data. The users can also rebuild the machine learning models or adjust the code
to map soil moisture outside the US. It is envisioned that a combination of the easy-to-use
mapping functions and spatial-temporal analysis tools in this R package will promote the
use of machine learning and artificial intelligence among non-specialists and help advance
water-related scientific studies across scales and inform land managers with field-level
soil moisture information for water resources management. To improve the performance
of the machine learning models, data assimilation with a process-based model will be
incorporated in the future version of the package.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14030421/s1, Supplementary Materials S1-S3.
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