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Abstract: Indicators of grass water content (GWC) have a significant impact on eco-hydrological
processes such as evapotranspiration and rainfall interception. Several site-specific factors such as
seasonal precipitation, temperature, and topographic variations cause soil and ground moisture
content variations, which have significant impacts on GWC. Estimating GWC using multisource data
may provide robust and accurate predictions, making it a useful tool for plant water quantification
and management at various landscape scales. In this study, Sentinel-2 MSI bands, spectral derivatives
combined with topographic and climatic variables, were used to estimate leaf area index (LAI),
canopy storage capacity (CSC), canopy water content (CWC) and equivalent water thickness (EWT)
as indicators of GWC within the communal grasslands in Vulindlela across wet and dry seasons
based on single-year data. The results illustrate that the use of combined spectral and topo-climatic
variables, coupled with random forest (RF) in the Google Earth Engine (GEE), improved the prediction
accuracies of GWC variables across wet and dry seasons. LAI was optimally estimated in the wet
season with an RMSE of 0.03 m~2 and R? of 0.83, comparable to the dry season results, which
exhibited an RMSE of 0.04 m—2 and R? of 0.90. Similarly, CSC was estimated with high accuracy
in the wet season (RMSE = 0.01 mm and R? = 0.86) when compared to the RMSE of 0.03 mm and
R? of 0.93 obtained in the dry season. Meanwhile, for CWC, the wet season results show an RMSE of
1942 ¢/ m~2 and R? of 0.76, which were lower than the accuracy of RMSE =1.35g/ m 2 and R? = 0.87
obtained in the dry season. Finally, EWT was best estimated in the dry season, yielding a model
accuracy of RMSE =2.01 g/m~2 and R? = 0.91 as compared to the wet season (RMSE = 10.75 g/m 2
and R? = 0.65). CSC was best optimally predicted amongst all GWC variables in both seasons. The
optimal variables for estimating these GWC variables included the red-edge, near-infrared region
(NIR) and short-wave infrared region (SWIR) bands and spectral derivatives, as well as environmental
variables such as rainfall and temperature across both seasons. The use of multisource data improved
the prediction accuracies for GWC indicators across both seasons. Such information is crucial for
rangeland managers in understanding GWC variations across different seasons as well as different
ecological gradients.

Keywords: grass water content; Google Earth Engine; optical remote sensing; shuttle radar topography
mission; topo-climatic variables
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1. Introduction

Plant water content (PWC) is one of the most critical parameters of land surface—
atmosphere interactions, considerably affecting the seasonal terrestrial water cycle [1]. This
is because the quantity of water contained in the vegetation canopy structure has profound
effects on physiological processes such as evapotranspiration, and photosynthesis, which
directly affect an ecosystem’s water balance [2,3]. Thus, vegetation-water-related properties
are critical for understanding key components of the hydrological cycle to derive insights
into catchment water variation.

Several interrelated physiological indicators have been used to assess vegetation water
conditions at different structural levels. The commonly used indicators include relative
water content [4], leaf water potential [5], equivalent water thickness [6], live fuel moisture
content [7], canopy water content [8], canopy storage capacity, and stomatal conductance [9].
Amongst these, canopy storage capacity (CSC) is the volume of water that can be retained
in plant canopies [10]. The CSC directly influences hydrology through rainfall interception
and altering infiltration, thus affecting water redistribution [11]. Canopy water content
(CWC) is the total water content per unit area of a ground surface, which depends on
the balance between water losses from transpiration and water uptake from the soil [8].
Equivalent water thickness (EWT) is the quantity of water content per unit leaf area. It
plays a critical role in eco-hydrological processes such as evaporation and transpiration [12].
The reflectance of vegetation water content is affected by many biophysical parameters,
and it is challenging to separate the contribution of the leaf area index (LAI) and water
content from remotely sensed data at the leaf level [13]. In this regard, the LAI and the
above-explained water content indicators are of interest in this study.

In the past few decades, water content indicators have been utilized as a proxy for
crop water stress or drought assessment and monitoring [14-16], prediction of ecosystems’
susceptibility to wildfire [17,18] and in forestry studies [11,19]. However, more effort
needs to be made to study the seasonal variability in vegetation water content indicators
specifically in the context of grassland ecosystems. By virtue of their location, being
mostly in catchment areas, the grass water content (GWC) of these ecosystems significantly
impacts on various hydrological processes since vegetation water content can be assumed
to reflect the hydrological conditions of the antecedent hydrological year [20]. GWC relates
to the quantity of water contained in grass. Since GWC indicators are closely related to
hydrological variables, their estimation can be helpful for the hydrological modelling of
surface run-off, recharge, and groundwater processes and soil moisture budget.

Remote sensing has been widely recognized to be invaluable in providing effective,
non-invasive and reliable techniques for assessing water content indicators [21]. Remote
sensing sensors, including multispectral [22-24] and hyperspectral [10,25,26] sensors, have
been applied for vegetation water content monitoring. For instance, MODIS and Landsat
satellites provide Earth observation data free of charge, which may be used for global
environmental monitoring [27,28]. However, the multispectral sensors onboard these
satellites are associated with a low spectral resolution, thus posing a challenge to optimally
exploit the comprehensive water absorption features in the short-wave infrared region
(SWIR) [29]. Although hyperspectral sensors are renowned for their high accuracy in
monitoring vegetation water conditions, they are coupled with high prices, yet they cover
a small spatial extent [30].

Recent advancement in Earth observation sensors has seen the advent of free-of-charge
data from Sentinel-2, which is equipped with a multispectral imager (MSI), providing an
opportunity for robust estimation of vegetation-water-related properties [11]. The Sentinel-
2 MSI offers the best combination of high spatial (i.e., up to 10 m pixel resolution), spectral
(i.e., 13 bands), and optimal temporal sampling resolution of 5 days, making it suitable
for characterizing the spatiotemporal variations in vegetation attributes [31]. Moreover,
Sentinel-2 MSI incorporates critical red-edge (RE) bands, which are centred at 705, 740,
and 783 nm of the electromagnetic spectrum [11]. Specifically, the RE is the section of the
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spectrum where there is rapid change in vegetation spectral reflectance; hence, it can be
used to monitor the functioning of vegetation [16,32].

Meanwhile, the literature underscores the performance of spectral derivatives such
as vegetation indices in estimating vegetation attributes such as water content, amongst
others [15,33]. The most widely used vegetation indices in the literature are derived from the
visible and near-infrared region (NIR) wavelengths [15,33]. Meanwhile, the SWIR, which is
heavily influenced by water in plant tissues, also plays a significant role in mapping and
monitoring moisture content [34]. Thus, the use of moisture-sensitive indices derived from
longer wavelengths such as NIR and SWIR reflectance could be more viable for monitoring
vegetation water content [35]. Other than optical spatial data, site-specific spatial data such
as topographic and climate-related data are critical and required to improve the accuracy
of optical models.

Topographic variables derived from digital elevation models such as the Shuttle
Radar Topographic Mission (SRTM) can effectively increase the accuracy of vegetation
monitoring [36,37]. Specifically, variations in topographic metrics such as the slope, to-
pographic position index, state of curvature, and aspect are directly linked to vegetation
aspects, such as sunlight and temperature, while indirectly linked to other aspects, such as
soil moisture and soil quality [38,39]. Furthermore, climatic variables such as rainfall and
temperature are critical factors controlling photosynthetic activities in vegetation as well
as foliar water content variation [40]. Specifically, seasonal precipitation and temperature
result in soil moisture content variations, which affect vegetation water content despite
the impact of topographic variations [41]. However, the interacting influence of seasonal
precipitation and temperature with topographic variations on GWC indicators has not
been extensively researched, especially in communal grazing lands. Since topographic
and climatic factors have been proven to be important variables in facilitating the spatial
distribution of vegetation water content, there is a need to assess and understand the
interacting influence of seasonality and topo-climatic variables on the spatial variability of
grassland water content indicators.

Cloud-processing systems, such as the Google Earth Engine (GEE), provide a safe,
efficient, and advanced platform designed to effectively deal with the challenges of stor-
ing, computing, processing, and analysing huge datasets [42,43]. The GEE provides free
access to global time-series satellite and other ancillary data collected over 40 years, thus
allowing a vast amount of computation analyses to be produced for unprecedented time
and extent scales [44,45]. Importantly, the GEE platform provides users with a conve-
nient environment for interactive data and algorithm development via its internet-based
Python Application Programming Interfaces (APIs) and JavaScript web-based Interactive
Development Environment (IDE) [42,46]. The high-performance computing capacity of
the GEE for environmental monitoring has been demonstrated in several applications,
such as soil erosion assessment [47,48], burned area mapping [49,50], hydrology [51,52],
agriculture [53,54], and landcover mapping [55,56], as well as in vegetation mapping
and monitoring [57,58].

Sibanda, Mutanga [12] reported that grass-water-related parameters can be optimally
estimated using the combined use of spectral data and environmental variables. Unfortu-
nately, the work by Sibanda, Mutanga [12] was a snapshot-type of analysis where only one
image and one season were considered. This study sought to test the utility of multisource
data in estimating the LAI, CSC, CWC, and EWT within communal grasslands across wet
and dry seasons. It was hypothesized that integrating multisource data with a robust
machine learning algorithm would improve the prediction accuracies of GWC indicators
as a step towards building spatially explicit communal rangeland monitoring frameworks.

2. Materials and Methods
2.1. Study Area Description

This study was conducted in Vulindlela, a communal area located in Kwa-Zulu Natal
Province, on the east coast of South Africa (Figure 1). The study area is predominantly
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rugged, with mountainous at an altitude range of 1273-1412 above sea level [59-61]. The
soils are generally loam in the valley sides, and coarse-grained in the upper slopes due to
rocky surfaces [61]. The mean annual rainfall of the area is 979 mm. The maximum monthly
rainfall occurs in January [62]. The annual minimum and maximum mean temperatures
are 10.3 °C and 21.9 °C, respectively [12]. The driest month with the lowest temperatures
is July. The study area is located in a subtropical climate, characterized by a standard
Southern Africa bimodal climate. The wet season occurs from September to March and
the dry season from April to August [63,64]. The study area is mainly a mesic subtropical
grassland biome. Mesic grasslands in South Africa are characterized by Sorghum bicolour,
Avristida junciformis, Eragrostis tenuifolia, Alloteropsis semialata, Tristachya leucothrix, Themeda
triandra, Paspalum urvillei, Panicum maximum, and Setaria sphacelate, amongst other grass
species [65]. However, the dominant grass species in Vulindlela is Aristida junciformis. The
optimal growing period of these species occurs from October to April [66]. Vulindlela is a
good example of a predominantly rural community in which land is managed using the
communal ownership approach [67]. The primary source of livelihood in Vulindlela is
livestock farming, and communities depend on grasslands as grazing grounds for their
livestock. This highlights the need to provide an efficient and cost-effective strategy for
managing this natural resource.
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Figure 1. Location of the study area.
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2.2. Field Sampling Strategy and Water Content Indicator Measurements

Field data for the wet season were collected between 27 and 31 March 2022. This
was meant to capture the peak water content period after the grass had responded to
the maximum rainfall occurring in January. The dry season data were collected between
16 and 20 June when the GWC was low due to senescence. Although the driest month with
the lowest temperatures is July, the communities in Vulindlela initiate seasonal burning of
grass in June to stimulate new growth for livestock, making it impossible for data collection
to be conducted in July.

One hundred and thirteen 10 m x 10 m quadrats were established 150 m apart using a
purposive sampling strategy. A plot size of 10 m by 10 m was chosen in this study to ensure
that all sampled areas were within the confines of Sentinel-2 MSI bands. Consequently, the
150 m distance was chosen to account for possible ground truth satellite image geolocation
errors. Within each plot, two 1 m x 1 m sub-quadrats were randomly established within
the 10 m plots for clipping grass. A handheld Trimble Global Positioning System (GPS)
with a sub-meter accuracy was used to collect the centre co-ordinates of the sub-quadrats.
The co-ordinate points were stored as waypoints and later used for navigation in the dry
season data collection. Grass was clipped within each sub-quadrat, placed in brown paper
bags, and correctly labelled. The fresh weight (FW) of sampled biomass was instantly
weighed using a calibrated scale with a 0.5 g measurement error. The samples were taken
to the laboratory and placed in the oven at 105 °C. For dry weight (DW), the samples were
weighed consistently until a constant dry weight was reached (48-72 h).

LAI was also measured within each sub-plot using a portable handheld ground-
based and non-destructive LAI 2200 plant canopy analyser (LI-COR Biosciences, Lincoln,
NE, USA). Specifically, in measuring LAI, five readings were conducted: one above the grass
canopy and four below the grass canopy. Field measurements for LAI were conducted
between 12:00 noon and 14:00 as this is the optimal period of the day for vegetation
photosynthetic activity [68].

2.3. Measurement of Grass Water Content Elements

The LAI (A), FW, and DW were used as input variables to compute GWC indicators.
CSC was computed using the von Hoyningen-Huene (1981) model as follows:

S max (mm) = 0.935 + 0.498 (LAI) — 0.00575 (LAI2), 1)

where S ax is the CSC.

The von Hoyningen-Huene (1981) model is an accurate, non-species-specific model for
the estimation of the maximum CSC [69]. The model was chosen for this study following
its successful application within South Africa [10-12].

CWC was calculated based on the following equation:

CWC (g/m2) = FW — DW. ()

EWT was calculated as follows:

(FW — DW)

- ©)

EWT (g/m~?) =

After retrieving all the GWC variables, they were averaged and integrated with the

GPS points on an Excel spreadsheet. The data were then converted into separate point

map shapefiles using ArcGIS 10.6 software. The shapefiles were then uploaded on the GEE
platform so they could be overlaid with spectral data for further analysis.

2.4. Sentinel-2 MSI Data Acquisition

Sentinel 2 MSI Level 2A remotely sensed data were imported from Copernicus in the
GEE data catalogue. Sentinel 2 is a pair of twin satellites (Sentinel-2A and Sentinel-2B)
in the same orbit, phased 180° apart, operating at an altitude of 786 km, and designed
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to provide medium-spatial-resolution imagery in global environmental monitoring [70].
Both satellites are equipped with an MSI deriving data from 13 spectral channels along a
290 km sun-synchronous orbital path [71]. The two-satellite constellation provides a
temporal resolution of 5 days under cloud-free conditions [72], which makes it suit-
able for detecting seasonal changes in grass productivity. Specifically, the GEE provides
Level 2A products derived from Sentinel-2A that are readily processed by the Sentinel-2
atmospheric correction processor (Sen2Cor) as a default configuration to provide orthorec-
tified atmospherically corrected surface reflectance [73].

Remotely sensed imagery with dates that coincided with the field data collection dates
for both seasons were acquired. The filter image collection by date function was used to
acquire images in the date range that coincided with the time when field surveys were
conducted. This is necessary since changes in atmospheric conditions between on-site
data collection and satellite data acquisition may affect grass properties and might alter
model accuracy [74]. Prior to image downloading, the cloud pixel percentage was set to
10% to filter out Sentinel-2 scenes with a cloud cover of more than 10%. Subsequently, the
median reducer function was applied to create a single image by calculating the median
of all values at each pixel across the stack of all matching bands. The study area shapefile
was imported, and the image was filtered to narrow it to the location of the region of
interest. The ground sampling distance (GSD) of the Sentinel-2 MSI is divided into spectral
bands with 4 bands (10 m), 6 bands (20 m), and 3 bands (60 m). Bands acquired at 60 m
GSD (1, 9, and 10) were not included in this study because they are designed for detecting
atmospheric characteristics and are unsuitable for vegetation analysis [75]. As a result, only
10 bands were selected from the image collection and utilized in this study. The Sentinel-2
MSI bands were resampled to a spectral resolution of 10 m to give all the bands the same
pixel size.

2.5. Selection of Spectral Indices

The prediction of water content in vegetation using spectral indices mostly depends
on the reflectance behaviour of water molecules in the leaves to various sections of the
electromagnetic spectrum [76]. For instance, high foliar water content in vegetation is
highly sensitive to water absorption features in the SWIR section, which explains the
reflectance of vegetation in these regions [77]. Additionally, the RE region is sensitive to
vegetation chlorophyll absorption, which is directly related to water content [78,79]. In
comparison to other indices, water-sensitive as well as RE-based vegetation indices may
have an advantage of accurate estimation of grass-leaf-water-related elements. In this
regard, this study specifically evaluates the potential of water-sensitive spectral vegetation
indices (which provide the absolute measure of plant water content) as well as the RE-
region-based spectral vegetation indices in estimating GWC. The vegetation index formulas
were identified and selected from the literature, whereas the other formulas were derived
from the Index Database available online (https://www.indexdatabase.de/, accessed on
10 August 2022) and computed in the GEE platform (Table 1).

Table 1. Spectral vegetation indices used in this study.

VI VI Formula Sentinel-2 Bands References
Normalized Difference Water Index (NDWTI) % B8, B12 [80]
Modified Normalized Difference Water Index (MNDWTI) Greenopin B3, B11 [81]
Normalized Difference Infrared Index (NDII) % B§, B11 [82]
Moisture Stress Index (MSI) i[ﬁvil%; B11, B8 [83]
Normalized Difference Red Edge (NDRE) RR-RE B8, B5 [84]
Red-edge Ratio Index 1 (RRI1) 11\2177’;1( B8, B5 [85]
Red-edge 1 (Rededgel) &BE B5, B4 [86]
Red-edge 2 (Rededge2) % B5, B4 [86]
Red-edge Normalized Difference Vegetation index (NDVIygs) KE2—REL B6, B5 [87]

RE2+RE1
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2.6. Topo-Climatic Variables

Topographic variables are classified into three main groups: local (elevation, slope,
land surface curvature), which examines surface geometry specific to a point on the land
surface; nonlocal (flow accumulation, catchment area, relief), which is influenced by the
relative location of a specific point on the land surface; and combined topographic metrics
(topographic wetness index), which integrate both the local and nonlocal topographic
metrics [88-92]. For extracting topographic indices, a 30 m x 30 m SRTM DEM was
downloaded from the GEE. Twenty-three topographic variables (Table 2) were derived
using SAGA QGIS (2.3.2) and ArcGIS 10.6 software. Rainfall and temperature datasets
were acquired from South African Weather Services (SAWS). The climatic datasets were
averaged per season and resampled to a 10 m spatial resolution to give them the same pixel
size as the remotely sensed imagery. The topo-climatic variables were then imported into
the GEE as shapefiles for further analysis.

Table 2. Topographic variables used in this study as explained in Odebiri, Mutanga [39].

Topographic Variable Description

Slope Degree of inclination of land surface
Elevation Height above sea level

Aspect Compeass direction of a slope

Minimum curvature
Maximum curvature
Longitudinal curvature
Cross-section curvature
Profile curvature
General curvature

Plan curvature
Catchment area
Positive openness
Negative openness
Standardized height
Normalized height
Valley depth
Convergence index
Wind effect

Direct insolation
Terrain roughness index

Topographic wetness index

Skyview factor
Mass balance index

Lowest deviation from slope curve

Highest deviation from slope curve

Explains the flowing speed of a substance downslope
Explains the divergence or convergence of a flowing substance
Represents morphology of the topography

Total curvature of the surface

Horizontal curvature of contour lines

Run-off water flow, forming a waterway

Dominance of a landscape location

Enclosure of a landscape location

Slope position and height

Slope position and height

Relative height of a valley

Calculates valleys and ridges

Effects of the direction and speed of wind on the surface
Incoming solar radiation

Surface heterogeneity

Quantifies topographic control on hydrological processes
Visible sky

Terrain morphometry

2.7. Spatial Analysis

All statistical analysis in this study was performed using the GEE platform. A random
forest (RF) ensemble was used to predict grass water content elements. RF is an ensemble
learning technique that was first proposed by Breiman [93]. It is considered a robust
regression technique that uses multiple decision trees to make predictions [94]. In RF, a
large number of decision trees are randomly created (with replacement) from the original
training data and variables [95]. Each node per regression tree is grown with a randomized
subset of input variables considered for binary splitting [96]. The final output of RF
regression is obtained via averaging the outputs of all decision trees to produce accurate
predictions that do not overfit the data [97]. Generally, two user-defined parameters need
to be optimized in RF regression. The first is the number of regression trees. The default
value for the number of trees is usually 500. However, in this study, hyperparameter tuning
was performed, and 400 trees were selected as the optimal value. The second parameter is
the number of input predictor variables per node. In the case of RF regression, the default
value of input predictor variables per node requires that all variables be divisible by 3 [98].
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RF was chosen and used in this study because it is fast, insensitive to overfitting, and
effective in handling data multicollinearity and dimensionality [99]. RF is renowned for
being more accurate and outperforming other regression algorithms [100-104]. Above all, it
offers various importance matrices in its computation, which provide valuable insights into
the effects of each predictor variable on the response variable [105]. RF variable importance
scores are derived from assessing the lowest Gini Index (a variable selection measure that
measures the error of a variable with respect to the output model) [96,106]. In this regard,
the variable importance from RF was used to select the most influential predictor variables
with the high predictive power. In predicting the grass water content, RF regression models
were built in 4 stages of analysis:

1.  Stand-alone Sentinel 2 MSI bands (analysis stage 1);
2. Vegetation indices only (analysis stage 2);

3.  Environmental variables only (analysis stage 3);

4. Combined variables (analysis stage 4).

Prior to each analysis, the sampled data were randomly split into 70% for training and
30% for assessing the accuracy of predictive models.

2.8. Accuracy Assessment

Accuracy assessment was conducted to evaluate the performance of regression models
in predicting grass water content indicators. The derived RF models were assessed for
accuracy based on the coefficient of determination (R?), root mean square error (RMSE),
and root mean square error percentage (RMSE%). The R? is an accuracy assessment
parameter that is used to measure the magnitude of variation between observed and
predicted samples [107]. Its values range from 0 to 1, and values closer to 1 indicate better
goodness of fit of a model [108]. In this study, the R? was used to measure the variation
between measured and predicted GWC indicators. The RMSE is the square root of the
mean square of all residuals [109]. It is a metric that ranges from the optimal value of 0 to
infinite [110]. Low RMSE values (closer to 0) indicate accurate model performance, whereas
high values denote the failure of a model to fit a dataset [110]. Specifically, the RMSE was
used to assess the prediction error between the actual field measurements and the modelled
grass water content variables. The RMSE% was used to estimate the magnitude of error
from the measured values, expressed as a percentage. To compute the RMSE%, the RMSEs
from each model were normalized using the mean of each field-measured variable and then
expressed as a percentage [111]. The R?, RMSE, and RMSE% were calculated as follows:

2
Z(Ymeasured - Ypreclicted)

RP=1- 5 4)
Z(Ymeasured - Ypredicted)
L1 (Ymeasured — Ypredictea)”
RMSE — \/ i—1 measulr\eI predicte )
2
RMSE% — \/% le\I:N (Ymeasured - Ypredicted) % 100 ©)

Y
where Y easured 1S the field-observed GWC, Ypredicted i the estimated GWC, N is the

number of test samples, i is the included predictor variable, and Y is the mean of the
observed GWC. These formulas were adopted from [112,113]

Based on the testing datasets, the model with the lowest RMSE and RMSE% across
all models was selected as the ideal model for explaining more significant variables in
predicting the GWC elements. These models were used to generate maps illustrating
the spatial distribution of the estimated GWC elements within the study site. Figure 2
summarizes the research methodology adopted in this study.
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Figure 2. Research methodology work chart used on each GWC variable across wet and dry season.

3. Results
3.1. Estimating Grass Water Content Variables Using Spectral and Topo-Climatic Variables

Table 3 shows the predictive accuracies exhibited in estimating the LAI, CSC, CWC,
and EWT based on the four levels of analysis across wet and dry seasons. For the wet
season, the spectral bands and vegetation index models for estimating the LAI showed
high variation between the observed and predicted values, but both models exhibited the
same RMSE. For instance, when estimating the LAI, the spectral band model yielded an
RMSE of 0.03 m~2/ m~2 and R? of 0.78. The vegetation index model had an increased
R? of 0.86 but exhibited a similar RMSE of 0.03 m~2/m™2. On the other hand, the results
show that there were insignificant differences between the spectral band and vegetation
index predictive models for estimating CSC. When estimating CWC and EWT, the spec-
tral band models yielded considerable high accuracies of an RMSE of 20.42 g/m~2 and
R? of 0.68 and an RMSE of 10.98 g/m~2 and R? of 0.69, respectively. The vegetation in-
dex models for these water content variables showed a decrease in the accuracy to an
RMSE = 215 g/m~2 and R? = 0. 55 and an RMSE of 114 g/m 2 and R? = 0.55, re-
spectively. The topo-climatic variables produced the lowest model accuracies across all
GWC indicators.
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Table 3. Estimation accuracies of LAI, CSC, CWC, and EWT derived using spectral data and topo-
climatic variables.

Wet Season Dry Season
Water Content Variable Explanatory Variable R? RMSE RMSE% R? RMSE RMSE%
LAI (m~2) Bands 0.78 0.03 1.8 091 0.05 32
Vegetation indices 0.86 0.03 1.8 0.57 0.09 5.7
Topo-climatic 0.77 0.04 24 0.59 0.09 57
Combined 0.83 0.03 1.8 0.90 0.04 2.6
CSC (mm) Bands 0.80 0.01 0.6 0.93 0.03 1.8
Vegetation indices 0.79 0.01 0.6 0.57 0.05 29
Topo-climatic 0.36 0.02 1.1 0.71 0.05 29
Combined 0.86 0.01 0.6 0.93 0.03 1.8
CWC (g/m2) Bands 0.68 20.42 10.6 0.77 1.63 1.8
Vegetation indices 0.55 21.5 11.2 0.75 1.63 1.8
Topo-climatic 0.34 24.52 13.2 0.09 3.07 3.4
Combined 0.76 19.42 10.1 0.87 1.35 15
EWT (g/m~2) Bands 0.69 10.98 9.6 0.89 221 3.6
Vegetation indices 0.55 11.4 10 0.31 5.37 8.9
Topo-climatic 0.22 14.29 12.5 0.56 4.65 7.7
Combined 0.65 10.75 9.4 0.91 2.01 3.3

Meanwhile, the RF regression results obtained in the dry season indicate that the
spectral band model for estimating the LAI yielded an RMSE accuracy of 0.05 m~2 and
R? = 0.91. The results of the dry season also show that the vegetation indices and topo-
climatic models for estimating the LAI retained the same RMSE of 0.09 m~2. The results
obtained using bands and combined data models for estimating CSC show the same
accuracies (RMSE = 0.03 mm and R? = 0.93). Although the vegetation index and the topo-
climatic models for estimating CSC had significant variations of about 14% in terms of
the R?, the two models still produced the same RMSE of 0.05 mm. For CWC, the dry
season results indicate that Sentinel-2 MSI bands and vegetation index models yielded
the same RMSE of 1.63 g/m 2, although the model’s R? values had a slight difference of
2%. The topo-climatic variable model performed poorly in estimating CWC. In terms of
estimating EWT, the dry season results show significant variations amongst the spectral
band, vegetation index, and topo-climatic variable models.

Overall, the models that integrated bands, vegetation indices, and topo-climatic vari-
ables exhibited the highest accuracies for estimating GWC indicators across both seasons
except for the LAI in the wet season, where the vegetation index model had a higher
coefficient of determination across all stages of analysis and CSC in the dry season, whereas
bands and combined data exhibited the same accuracies. Nevertheless, these differences
were insignificant since the models yielded the same RMSE accuracies.

3.2. Comparing the Optimal Seasonal Models of Grass Water Content Elements between the Dry
and Wet Seasons

The LAI was optimally estimated during the wet season at an RMSE of 0.03 m 2
and R? of 0.83 based on MNDWI, B7, B6, B11, BSA, B8, NDWI, Minimum curvature,
Rainfall, Positive openness, Temperature, and Direct insolation in order of importance
(Figures 3a and 4a). During the dry season, the LAI was estimated at an RMSE = 0.04 m 2
and R? = 0.90 based on B2, B4, B12, B3, B11, B5 NDII, RRI, NDRE, NDVI705, MSI, Wind
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effect, Temperature, Elevation, Negative openness, Rainfall, and Standardized height in

order of importance (Figures 3b and 4b).
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Figure 3. Relationship between observed and predicted grass LAI (a,b), CSC (c,d), CWC (e,f), and
EWT (g,h) derived using optimal selected predictor variables for the wet and dry seasons, respectively.
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Similarly, CSC was also more accurately estimated during the wet season than the
dry season. Specifically, CSC was predicted with an RMSE of 0.01 mm and R? of 0.86
based on MNDWI, B6, B11, BS8A, B7, NDVI705, Rainfall, Elevation, Aspect, Temperature,
and Positive openness (Figures 3c and 4c) in the wet season. It was then estimated at an
RMSE = 0.03 mm and R? = 0.93 with B12, B2, B4, B3, B11, NDII, RR1, B5, MSI, Rainfall,
Wind effect, Positive openness, Temperature, Direct insolation, and Negative openness
being the most influential variables in the dry season (Figures 3d and 4d).

Contrary to the CSC and LAI, CWC was optimally estimated during the dry sea-
son at an RMSE = 1.35 g/m™2 and R? = 0.87 using B8, B6, B7, NDWI, B8A, MSI, NDI,
NDVI705, RRI1, NDRE, Aspect, Wind effect, Slope, Rainfall, Skyview factor, Temperature,
and Positive openness as the optimal predictor variables, also in order of importance
(Figures 3f and 4f). The wet season yielded relatively lower estimation accuracies of
CWC of an RMSE of 19.42 g/ m~2 and R? of 0.76 based on NDWI, NDRE, NDVI1705, B4,
RRI1, B2, Cross-section, Maximum curvature, Elevation, Rededge2, B5, Negative openness,
Rededgel, MSI, B8, B3, Rainfall, and Temperature (Figures 3e and 4e).

Additionally, dry-season EWT exhibited a high accuracy of RMSE = 2.01 g/m™2
and R? = 0.91 based on B3, B5, B6, B12, B4, B2, B11, BSA, B7, Aspect, Rainfall, Lon-
gitudinal curvature, MSI, Temperature, NDII, and Skyview factor as optimal predictor
variables in order of importance (Figures 3h and 4h). During the wet season, EWT was
estimated at RMSE = 10.75 g/ m~2 and R? = 0.65 based on NDRE, NDWI, B8, NDVI705,
B4, Negative openness, RRI1, Rainfall, Rededge 1, BSA, Elevation, B7, and Temperature
(Figures 3g and 4g). Overall, CSC was optimally estimated with high accuracies across
both seasons as compared to other grass water content indicators.

3.3. Spatial Distribution for Modelled Grass Water Content Variables

The spatial distribution of GWC indicators was estimated based on the optimal models
for each grass water content indicator. Figure 5 depicts the spatial distribution of the
estimated GWC for the wet season and dry seasons. Interestingly, the spatial distribution
of the LAI appeared to correspond with that of CSC for both seasons. Again, the spatial
distribution of CWC seemed to coincide with that of EWT for both seasons. Overall, the
GWC range values were relatively high for the wet season, and it could be observed that
there was a decrease in the spatial variation ranges for all GWC variables in the dry season.
Specifically, a drastic decrease of more than 50% in CWC and EWT spatial variations could
be noted. Interestingly, the spatial distribution of the LAI does not correspond to that of
CWC and EWT for either season. For instance, areas with a high leaf area index did not
correspond to a high CWC and EWT.
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4. Discussion

The objective of this study was to test the utility of multisource data in estimating
GWC indicators across wet and dry seasons. In this study, RF was used to model GWC
indicators based on remotely sensed data and topo-climatic variables.

4.1. Predictive Performance of Spectral and Environmental Variables in Determining Grass Water
Content Indicators

The results of this study show that Sentinel-2 MSI bands performed better than all
the other variables in estimating different grass foliar water elements across all seasons
based on visible, NIR, and SWIR bands 5, 6, 7 8, 8a 11 and 12. This could be explained
by the fact that Sentinel-2 MSI data are characterized by medium-spatial-resolution bands
(i.e., 10 m), which can capture distinct and discreet interaction between grass canopy and
the reflected radiation [114]. Moreover, the MSI sensor operates on a 12-bit radiometric
resolution with a radiometric accuracy of less than 5%, which enables the distinction of
differences in the reflected electromagnetic energy within the same band, making each
band more sensitive, especially in mapping and monitoring vegetation attributes such as
foliar moisture content [115,116]. Furthermore, the sensor is equipped with high spectral
variability spanning from the VIS to the SWIR, which are suitable for monitoring the
moisture content of grass. Specifically, the results show that the red-edge, NIR, and SWIR
bands were more influential in estimating LAI CSC, CWC, and EWT.

Although comparing bands and vegetation indices was not the key component of this
study, the results show that spectral band models yielded high accuracies as compared to
those derived based on vegetation index models for all GWC indicators across both sea-
sons. This is an interesting finding that is contrary to what is documented in the literature.
For instance, related studies [11,12,34,117,118] that utilized spectral indices in estimating
vegetation-water-related properties illustrated that vegetation indices outperform conven-
tional bands. Spectral indices tend to effectively deal with the scattering effects of single
bands as well as noise such as that from the soil background, angle of the sun, angle of
the sensor, and topographic effects [21]. The optimal performance of bands, which was
comparable to vegetation in this study, could be explained by the fact that the grass covered
much of the ground surface; hence, there was a limited background effect influencing the
spectra. Additionally, the terrain was predominantly mountainous such that vegetation
indices were influenced by topographic shadow effects.

The results illustrate that topo-climatic variables exhibited low accuracies across all
models. The results of this study concur with those of Sibanda, Mutanga [12], who reported
that environmental variables yielded poor model accuracies when estimating grass foliar
moisture content as standalone variables. This could be explained by the fact that topo-
graphic indices are derived from digital elevation models, which only represent the height
above sea level. In this regard, they are not directly related to physical foliar moisture
content such as the spectral reflection measured by Sentinel-2 MSI spectral bands. Further-
more, the SRTM DEM used to derive topographic variables in this study is characterized
by a relatively coarse spatial resolution of about 30 m. This could further explain the low
performance exhibited by the topographic variables.

4.2. Comparing Predictor Variables for Estimating Grass Water Content Indicators

The results of this study illustrate that different sets of predictor variables could
be noted for estimating each GWC indicator across both seasons. This was expected as
variations in GWC as a result of wet and dry season variations tend to affect the spectral
properties of vegetation. For instance, when estimating GWC indicators in the wet season,
optimal predictor variables were based on spectral variables derived from NIR and the red
edge. Similar results were obtained by Clevers, Kooistra [119] and Serrano, Ustin [120],
who reported that spectral variables derived from the NIR were the best indicators for
estimating vegetation with a high water content. During the wet season, grass has a
lot of moisture available to facilitate and optimize photosynthetic activities as it draws
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more moisture and produces more chlorophyll content. Subsequently, the grass moisture
elements become sensitive and can be optimally estimated using the NIR. It has widely been
proven that healthy vegetation reflects highly in the NIR as a result of the cellulose structure
of vegetation leaves [77]. Meanwhile, RE (680-780 nm) spectral information has been widely
proven to be sensitive to chlorophyll content variations, which have been generalized
to be directly proportional to the quantity of water present in vegetation [14,121]. As
the amount of vegetation chlorophyll increases, major chlorophyll absorption features
around 680 nm are broadened, causing a shift in the slope and RE position towards longer
wavelengths [122]. The chlorophyll concentration changes with the changes in moisture
content required to optimize photosynthetic activities. Subsequently, the RE is one of the
optimal estimation variables of foliar content associated with the wet season.

Meanwhile, for the dry season, optimal spectral variables were derived from the
visible, SWIR, and RE bands. The importance of the blue (B2) and red (B4) bands can be
attributed to the lack of pigmentation and photosynthetic activities of vegetation in the dry
season [123]. A study by Caturegli, Matteoli [124] illustrates that the SWIR is effective in
characterizing water stress in vegetation water attributes due to the higher reflectance of
dry vegetation when its water content decreases along spectral wavelengths of 1400 nm and
2500 nm [34]. Moreover, the RE portion is also considered useful in studying dry vegetation
because water deficit changes vegetation foliar chlorophyll composition, resulting in a
shift of RE reflectance toward shorter wavelengths. In this regard, RE can detect plant
pigment changes and has been correlated with water stress variations in leaf photosyn-
thetic rates; therefore, it could be used in assessing foliar moisture variability [125]. The
strength of RE in estimating vegetation under water stress was demonstrated by Easterday,
Kislik [125] and Eitel, Vierling [126], who illustrated that it can effectively detect changes in
plant stress as indicated by changes in chlorophyll content. This could possibly explain the
importance of the visible-, SWIR- and RE-based spectral variables in determining GWC in
the dry season.

Overall, the results show that the combination of bands, vegetation indices, and
topo-climatic variables improved prediction accuracies and yielded the best models for
estimating GWC indicators in the two seasons. Spectral bands offer data that can accu-
rately provide the near-real-time state of the amount of water in vegetation, vegetation
indices tend to surpass the influence of atmospheric and soil background noise [127], and
topographic indices reveal the eco-hydrological attributes that facilitate the distribution
of vegetation water content [128]. Although topographic variables yielded poor model
accuracies as standalone estimation variables, it is important to note that they played a
critical role in combined data estimation models. This could be explained by the fact that
they are important in characterizing the spatial heterogeneity of a landscape, which affects
nutrient resources and moisture availability for plants [129]. For instance, topographic
indices such as slope and those related to terrain curvatures play an important role in
catchment-related hydrological responses, driving soil moisture availability, which influ-
ences the amount of water found in vegetation canopies [130]. Additionally, the seasonal
climate variations either facilitate plant root water uptake, leading to high GWC, or cause
water deficit within grasses, which in turn influences reflectance in the electromagnetic
spectrum. Therefore, the use of multisource data with various strengths tends to result in
a more accurate estimation of parameters describing the amount of water in vegetation,
hence the high overall accuracies obtained in this study. The models attained in this study
underscore the importance of combining variables in the estimation of GWC indicators.

4.3. Relevance of the Study

The findings of this study demonstrate an unprecedented opportunity for deriving
reliable near-real-time information pertaining to parameters describing the water con-
tent in grasslands, presented by the interacting influence of environmental variables in
concert with Sentinel-2 MSI data and the RF algorithm in the GEE. Such information is
crucial for rangeland managers in understanding GWC variations across different seasons
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as well as different ecological gradients. Since the grasslands in Vulindlela are utilized
specifically for livestock farming, the findings of this study are a step towards generating
spatially explicit information that could be used in understanding the spatial variability
of rangelands through the two seasons so as to inform sustainable grazing management
strategies. Furthermore, the seasonal estimations obtained in this study could also offer
water resource managers information and insight pertaining to catchment variation in
hydrological elements such as CSC that are directly linked to the hydrological system of
these rangelands. This may be useful in understanding the hydrological cycle, particularly
surface water resource systems critical for management planning, while contributing to-
wards the achievement of United Nations’ Sustainable Development Goals 1, 2, 6, and 12,
which advocate for the provision of clean water, responsible consumption, and production,
addressing hunger, and preventing climate change through carbon sequestration.

In conducting this study, the winter data collection was performed before the driest
month. This might have had an impact on depicting GWC variability across the two
seasons. The grass species in the study area are mixed, although the dominant species is
Aristida juncifomis. The canopy geometry of these species is a critical component that could
have affected the spectral reflectance of the GWC variables. This could probably explain
the mismatch between LAI spatial distribution and that of CWC and EWT obtained in
this study. Additionally, the varying pixel size from the different data sources used might
have had an impact on the accuracy estimates obtained in this study. However, all GWC
variables were estimated with acceptable accuracies regardless of the influence of field
conditions such as differences in canopy structure from the grass species in the study area.

5. Conclusions

This study sought to test the utility of multisource data in estimating GWC variables
across wet and dry seasons. Based on the findings of this study, it can be concluded that:

e  The use of multisource data in conjunction with RF in the GEE can be used to model
the LAIL, CSC, CWC, and EWT with acceptable accuracies. The LAI was best estimated
in the wet season with an accuracy of RMSE = 0.03 m~2 and R? = 0.83 as compared
to the dry season (RMSE = 0.04 m~2 and R? = 0.90). Similarly, CSC was estimated
with a high accuracy in the wet seasons, yielding an RMSE of 0.01 mm and R? of 0.86,
compared to the dry season (RMSE = 0.03 mm and R? = 0.93). For CWC, the wet
season results show an RMSE of 19.42 g¢/m~2 and R? of 0.76, which were lower than
those obtained for the dry season (RMSE = 1.35 g¢/m~2 and R? = 0.87). Finally, EWT
was best estimated in the dry season (RMSE = 2.01 g/m~2 and R? = 0.91) as compared
to the wet season (RMSE = 10.75 g/m~2 and R? = 0.65).

e  The optimal model for estimating the LAI (RMSE of 0.03 m~2 and R? of 0.83) had
MNDWI, B7, B6, B11, BSA, B8, NDWI, Minimum curvature, Rainfall, Positive open-
ness, Temperature, and Direct insolation as the optimal predictor variables.

e  Opverall, CSC performed optimally as an indicator of grass water content across both
seasons based on MNDWI, B6, B11, B8A, B7, NDVI705, Rainfall, Elevation, Aspect,
Temperature, and Positive openness in the wet season and B12, B2, B4, B3, B11, NDII,
RR1, B5, MSI, Rainfall, Wind effect, Positive openness, Temperature, Direct insolation,
and Negative openness in the dry season.

e CWC was best estimated in the dry season based on B8, B6, B7, NDWI, BSA, MSI,
NDII, NDVI705, RRI1, NDRE, Aspect, Wind effect, Slope, Rainfall, Skyview factor,
Temperature, and Positive openness as the optimal predictor variables, also in order
of importance.

o EWT was estimated with high accuracies in the dry season using B3, B5, B6, B12, B4,
B2, B11, B8A, B7, Aspect, Rainfall, Longitudinal curvature, MSI, Temperature, NDII,
and Skyview factor as optimal predictor variables.
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