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Abstract: This study focused on developing a novel semi-empirical model for maize’s light extinction
coefficient (kp) by integrating multiple remotely sensed vegetation features from several different
remote sensing platforms. The proposed kp model’s performance was independently evaluated
using Campbell’s (1986) original and simplified kp approaches. The Limited Irrigation Research
Farm (LIRF) in Greeley, Colorado, and the Irrigation Innovation Consortium (IIC) in Fort Collins,
Colorado, USA, served as experimental sites for developing and evaluating the novel maize kp model.
Data collection involved multiple remote sensing platforms, including Landsat-8, Sentinel-2, Planet
CubeSat, a Multispectral Handheld Radiometer, and an unmanned aerial system (UAS). Ground
measurements of leaf area index (LAI) and fractional vegetation canopy cover (fc) were included. The
study evaluated the novel kp model through a comprehensive analysis using statistical error metrics
and Sobol global sensitivity indices to assess the performance and sensitivity of the models developed
for predicting maize kp. Results indicated that the novel kp model showed strong statistical regression
fitting results with a coefficient of determination or R2 of 0.95. Individual remote sensor analysis
confirmed consistent regression calibration results among Landsat-8, Sentinel-2, Planet CubeSat, the
MSR, and UAS. A comparison with Campbell’s (1986) kp models reveals a 44% improvement in
accuracy. A global sensitivity analysis identified the role of the normalized difference vegetation index
(NDVI) as a critical input variable to predict kp across sensors, emphasizing the model’s robustness
and potential practical environmental applications. Further research should address sensor-specific
variations and expand the kp model’s applicability to a diverse set of environmental and microclimate
conditions.

Keywords: environmental biophysics; remote sensing; spatial modeling; gap fraction; canopy
architecture; vegetation indices

1. Introduction

The vegetation growth and biomass development of forest plants and crops are directly
related to the capacity of plants to intercept, transmit, and absorb solar energy in the
form of incoming photosynthetically active radiation, often known as PAR [1–7]. When
characterizing the canopy architecture arrangement of plants, vegetation indices such as the
leaf area density (LAD), leaf area index (LAI), and fractional vegetation cover (fc) provide
information on the canopy status regarding the assemblage of above-ground plant elements
(leaves, stems, branches, etc.) on a spatio-temporal basis [8]. The LAD index concerns
the one-sided green leaf area per unit of canopy volume [9]. The LAI is often defined as
the total area occupied by plant leaves per unit area of the ground surface, while fc is the
fraction of surface land occupied by plant elements [10]. The LAI is also defined as the
integral of the LAD over canopy height [11].
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Canopy architecture variables directly influence environmental biophysics processes
associated with crop yield, plant transpiration, and carbon retention [12–14]. Understand-
ing canopy architecture has potential benefits for maximally utilizing commercial plants’
or crops’ land area, space, and light energy [15]. Also, the canopy architecture arrangement
has a vital influence on the dynamics regarding the physical processes of water vapor
and carbon exchange within the soil–plant–atmosphere continuum [16–19]. In the field
of environmental biophysics, the LAI and fc are related to each other through the light
attenuation (or “canopy gap fraction”) theory [20,21].

The light attenuation concept relies on the assumption that as PAR light reaches
a vegetation surface, the interactions between the light beam and the number of plant
elements (leaves, stem, branches, etc.) cause light to be transmitted, absorbed, or reflected
by the plant elements [8]. Thus, the PAR flux above the canopy is reduced as the light beam
travels through the canopy towards the ground surface, which constitutes the “canopy
gap fraction” (fPAR) between the source of incoming PAR flux above the canopy (φo)
and the downward short-wave irradiance (light flux) within the canopy (φdown). Several
studies indicate that fPAR can be explained and modeled using a decaying exponential
function based on the Beer–Lambert spectroscopy law for randomly distributed canopy
leaves [22–25], as indicated by Equations (1) and (2):

fPAR = exp
(
−kp × LAI

)
(1)

fPAR = φdown/φo (2)

where φdown and φo are measured in W/m2, LAI units are in m2/m2, fPAR is dimensionless
(0 to 1), and kp is the light extinction coefficient (dimensionless). The fPAR variable indicates
the ratio of the incoming PAR flux that is attenuated within the canopy and that reaches the
ground surface. Thus, fc is often defined as “1 − fPAR”, the fraction of PAR flux absorbed
or intercepted by the plant elements, as indicated in [26].

The kp parameter has its physical meaning associated with the decay rate of the PAR ir-
radiance within the canopy [27] and serves as an input for forest and canopy growth model-
ing [28,29], evapotranspiration estimation using surface energy balance approaches [30–33],
ecosystem flux modeling [34], and spectral pixel decomposition into soil and vegetation
composites [35]. Furthermore, the parameter kp depends on the canopy structure elements,
the position of the sun relative to the ground surface at a given time of the day, and the
multispectral light leaf response [36–39]. Typical values of kp for crops range from 0.30 to
1.50 and are associated with a given canopy species type [40]. For maize [41] (Zea Mays L.),
reported kp values in the literature vary from 0.40 to 0.72 when maize is fully developed at
maximum LAI values [42–44].

Direct measurements of kp are not feasible due to a lack of specific instrumen-
tation to obtain on-site data. Thus, on-site kp values are often retrieved by solving
Equations (1) and (2) for kp with measurements of φo, φdown, and the LAI as inputs [45].
Measurements of fPAR are commonly performed using PAR detectors above the canopy
and at the ground surface level. LAI measurements are commonly performed using de-
structive [46–48] and non-destructive [9,46,49,50] techniques. Even though LAI and fPAR
measurements are widely used in environmental studies, they are often tedious, and the
data collection is labor intensive [51]. When it comes to agricultural fields in particular,
surface heterogeneity conditions (e.g., soil water status, soil texture, soil salinity, soil com-
paction, differences in canopy architecture development, cropland field layout) are often
present, and they require extensive sampling locations (point-based data) to accurately
represent the inherent spatial variability in cropland fields [52,53]. Thus, modeling kp has
been used to obtain estimates of the characteristics of light attenuation in vegetated surfaces
for the past 44 years [27,33,36,45,54–59].

In Japan, ref. [58] developed a kp model for maize and rice using a locally calibrated
linear model that had the LAI as a predictor. Ref. [27] developed a model for kp that
assumes an ellipsoidal inclination angle distribution for plant canopies and uses the leaf
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geometry ratio between horizontal and vertical projections and the solar zenith angle
as predictors. The overall accuracy of [27] kp model, in terms of the root mean square
error (RMSE), was between 0.004 and 0.01 for data obtained in maize, soybeans, and
sunflower canopies in England. Ref. [36] developed semi-empirical models for fPAR using
different vegetation indices and provided linear models that relate kp to an equivalent
light extinction coefficient derived for a given vegetation index using local data from sugar
beet and wheat fields in France and Netherlands. Ref. [55] linearly modeled kp using the
normalized-difference vegetation index (NDVI) as a predictor for watershed plant growth
modeling. Ref. [55] modeled plant growth using the Soil and Water Assessment Tool
(SWAT) and found that kp had a large spatial variability at a regional scale, with kp values
ranging from 0.03 to 2.90 across a wide range of vegetation cover types (e.g., coniferous
trees, broad-leaved forests, shrubs, and others).

Ref. [56] estimated kp for apple orchards in Chile through an exponential model using
fc as a predictor and found that the non-linear kp model improved the estimation of the LAI
by 28% compared to a tabulated or constant value of kp for apple trees. Ref. [59] used the
kp model from [36] to estimate kp for a wide range of urban heterogeneous forest types in
Washington, USA, using light detection and ranging (LIDAR) aerial data and found that the
“canopy gap fraction” approach based on Beer’s law [24], which assumes localized surface
homogeneity, does not accurately represent urban scenarios where tree heterogeneity
is significant. Ref. [45] used machine-learning regression as a random forest algorithm
to predict the LAI and kp for deciduous forests in India using Landsat-8 multispectral
data. They found that the machine-learning algorithm predictions of kp had a normalized
RMSE or NRMSE of 12% and explained 77% of the variability in observed kp. Ref. [57]
investigated the use of a combined “canopy gap fraction” and NDVI to estimate the LAI for
three wheat crop varieties with different leaf angle orientations (e.g., erectophile, planophile,
and middle types). They found that kp and NDVI were inversely and linearly related to
the fitted kp model, explaining 88% to 91% of the variability in observed wheat kp across
the three crop varieties. Ref. [54] estimated fPAR for maize fields in Argentina using seven
crop genotypes and five different kp modeling approaches based on non-linear regression
and Bayesian models. They found that the five kp models developed did not perform well
when estimating fPAR since fPAR values were outside the 0 to 1 range of expected values,
and kp estimation was unrealistic for typical maize values published in the literature.
Ref. [54] indicated that statistical models like Bayesian modeling approaches must be used
cautiously when predicting fPAR and kp.

Even though several studies provide different modeling approaches to kp for specific
vegetation types, significant issues impede the use of these models in cropland fields. First,
most kp published models are purely empirical and have the limitation of being suitable
for conditions that resemble the initial data used to calibrate the model. Second, the spatial
heterogeneity of agricultural fields often presents challenges in accurately determining
canopy structure and kp. The complexity of kp being influenced by different irrigation water
management practices and crop row layouts has been the center of discussion in previous
publications concerning maize, sorghum, soybean, and sunflower canopies [43,60]. A
study [60] indicated that under varying conditions of soil moisture (a surrogate for changing
canopy structure), the kp variable depends on the differences in the spatiotemporal canopy
structure (e.g., the LAI or fc) and might be subject to variability within cropland fields.
Ref. [43] showed a linear decrease in kp as the crop row layout increased.

To our current knowledge, there has never been a study that attempted to develop a
semi-empirical spatial model for maize kp that incorporates multiple canopy architecture
features (e.g., the LAI and fc) and NDVI composites for soil and vegetation using data
from several different multispectral remote sensing platforms. The inherent non-linear
nature of light transmission, absorption, and scattering within a surface requires more
sophisticated approaches to describe the canopy structure in agricultural fields. For row
crops such as maize, partial canopy cover conditions are predominant throughout the
growing season, and partitioning the ground surface between soil and plants is critical to
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enhance environmental physics modeling [61]. Maize is one of the major commodities in
the United States (USA) and around the globe, supporting the food production, energy,
and forage sectors of the local and global economy [62]. With the advent of climate change
through global warming scenarios [63] indicated that a 29% loss in maize yield in the USA
would be related to extreme drought events in the next thirty-five years. Thus, finding
ways to advance spatial modeling of maize environmental properties, such as kp, is critical
to improving cropland management practices focusing on the sustainable use of water and
nutrients, pest infestation detection, and crop yield optimization.

Hence, this study aimed to: (a) develop a novel semi-empirical model for maize
kp estimation using multiple canopy architecture features (i.e., LAI and fc) and NDVI
partitioning into soil and canopy composites derived from multispectral data from several
remote sensing (RS) platforms (e.g., spaceborne, airborne, and proximal); (b) independently
evaluate the performance of the proposed semi-empirical maize kp model, comparing it to
the most used kp approach from [27]; and (c) run a sensitivity analysis to identify the most
critical variables that add uncertainty to the semi-empirical maize kp predictions.

2. Materials and Methods
2.1. The Novel Maize Light Extinction Coefficient Model

When rearranging Equation (1), kp might be calculated as indicated by Equation (3) [22]:

kp = −
(

1
LAI

)
× ln(fPAR) (3)

In Equation (3), kp depends on the LAI and fPAR as inputs. While LAI estimates can be
obtained for maize using previously published or locally calibrated models (e.g., [64,65]),
fPAR estimation is often performed by taking kp as one input [36,38]. Thus, Equation (3) is
often used to derive “measured” kp values obtained using the measured (or estimated) LAI
and measured fPAR as inputs. Thus, kp needs to be modeled apart from fPAR. Assuming
that kp could be linearly associated with an equivalent light extinction coefficient (kv) from
vegetation indices [36], the kp modeling is given by Equation (4):

kp = β1 × kv + βo (4)

where kv is dimensionless; the βo and β1 parameters are the fitted intercept and slope of
the linear model for kp. Ref. [36] showed that kp and kv could be scaled by a constant
when deriving semi-empirical calibrated functions for determining the fractional light
transmittance from partitioned vegetation indices into soil and vegetation components.

The kv variable is determined from a non-linear vegetation index decomposition
model based on the modified Beer–Lambert law and indicated by Equation (5) [66–70]:

VI = VIc + (VIsoil − VIc)× exp(−kv × LAI) (5)

where VI refers to a given vegetation index and VIc, and VIsoil are the VI values for bare
soil (fc = 0) and fully vegetated (fc = 1) canopies.

For most environmental applications in the “canopy gap fraction” theory, NDVI has
shown to be a strong predictor (e.g., [68,71]). Thus, this study considered NDVI to calculate
kv as the VI variable in Equation (5). When rearranging Equation (5), kv is calculated as
indicated by Equation (6) [69]:

kv = −
(

1
LAI

)
× ln

(
NDVI − NDVIc

NDVIsoil − NDVIc

)
(6)

where NDVIsoil and NDVIc are the NDVI values for bare soil and fully vegetated conditions,
respectively.

The main issue with Equation (6) is determining NDVIsoil and NDVIc spatial estimates.
Ref. [72] indicated that most of the studies that require NDVIsoil and NDVIc as input data
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use fixed values based on statistical thresholds from histogram analysis (e.g., [36,73–75]).
However, spatial variability in soil and canopy features is often present in cropland fields,
which does not support the assumption of a constant value of NDVIsoil and NDVIc for
most real field conditions. Furthermore, ref. [66] indicate that NDVIsoil is a function of the
shallow soil layer’s soil texture, roughness, and water content conditions. Hence, this study
proposes to determine NDVIsoil and NDVIc indirectly using NDVI data for a given day of
multispectral remote sensing (RS) imagery (space- or air-borne) or proximal (near surface)
discrete data acquisition.

The NDVIsoil and NDVIc are related to fc through a unique semi-empirical and
quadratic function of NDVI, as indicated by Equation (7) [10,68,71]:

fc =

(
NDVI − NDVIsoil
NDVIc − NDVIsoil

)2
(7)

Rearranging Equation (7) provides an expression for NDVI as a function of fc, NDVIsoil,
and NDVIc, as indicated by Equation (8) below:

NDVI =
√

fc × NDVIc +
(

1 −
√

fc

)
× NDVIsoil (8)

In Equation (8), the only unknown variables are NDVIsoil and NDVIc since NDVI and
fc are calculated from the multispectral data of a given remote sensing platform. Thus,
when differentiating Equation (8) concerning fc, the following equation for the NDVIc and
NDVIsoil difference is given as indicated by Equation (9):

NDVIc − NDVIsoil = 2 ×
√

fc ×
d

dfc
(NDVI) (9)

where d
dfc

(NDVI) is the first-order derivative of NDVI with respect to fc. Substituting
Equation (9) into Equation (8) gives the following models for calculating NDVIsoil and
NDVIc, as indicated by Equations (10) and (11), respectively:

NDVIsoil = NDVI − 2 × fc ×
d

dfc
(NDVI) (10)

NDVIc = NDVI + 2 ×
(√

fc − fc

)
× d

dfc
(NDVI) (11)

In Equations (10) and (11), the only unknown variable is d
dfc

(NDVI). Thus, it is
imperative to determine a way to calculate this first-order derivative of NDVI regarding fc.
In this study, we followed a procedure similar to that proposed by [76] to obtain d

dfc
(NDVI)

for each imagery pixel or for point-based proximal RS data from a given RS platform. The
following steps were taken to derive an empirical model for d

dfc
(NDVI):

• Using a multispectral image or point-based data within agricultural fields and for a
given remote sensing platform, the measured fc is divided into fc intervals. Minimum
(NDVImin) and maximum (NDVImax) values of NDVI are recorded for each fc interval,
as well as their respective fc values. Each fc interval provides two pairs of points
(NDVImin, fc,min) and (NDVImax, fc,max).

• Across all measured fc data intervals, the pair of points (NDVImin, fc,min) are linearly
regressed to obtain d

dfc
(NDVImin), which is given as the slope of the linear function

NDVImin = g(fc,min). Similarly, a process is followed to derive d
dfc

(NDVImax) using the
(NDVImax, fc,max) points across the fc data intervals.

• With values of d
dfc

(NDVImin) and d
dfc

(NDVImax) at fc,min and fc,max observed values,
respectively, d

dfc
(NDVI) is linearly interpolated for every pixel or for point-based

multispectral data for the remaining values of fc within the range [fc,min, fc,max].
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Hence, the linear interpolation model for d
dfc

(NDVI) is given by Equation (12) below:

d
dfc

(NDVI) = d
dfc

(NDVImin)

−
(

fc,min−fc
fc,min−fc,max

)
×

[
d

dfc
(NDVImin)− d

dfc
(NDVImax)

] (12)

The summary of the steps of the procedure followed to obtain the novel semi-empirical
approach for maize kp are provided in Figure 1. Essentially, the primary inputs for spatially
predicting kp are the LAI, fc, NDVIsoil, and NDVIc (both NDVI composites as a function
of fc).
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2.2. The General Light Extinction Model

The [27] general light extinction model was initially developed using an ellipsoidal
inclination angle distribution for plant leaves based on the following assumptions: kp
represents the ratio between the projected horizontal shadow cast and the leaf area [77].
The leaf area distribution of most vegetated canopies can have a spherical, cylindrical,
or conical shape [78]. By assuming a spherical leaf area distribution with a vertical and
horizontal axis, ref. [27] derived the general kp model for any vegetated canopy, as shown
in Equation (13) below:

k[C]
p =



√
ξ2+ 1

tan2(90
◦−Ω)

ξ+
sin−1(ϵ2)

ϵ2

, ξ < 1√
ξ2+ 1

tan2(90
◦−Ω)

ξ+0.50×ϵ1×ξ× ln
(

1+ϵ1
1−ϵ1

) , ξ ≥ 1

(13)

where the superscript [C] refers to the kp model presented in [27]; Ω is the solar zenith
angle (radians); ξ is the leaf distribution parameter (i.e., the ratio between the projected
area of a leaf on the horizontal and vertical planes); and ϵ1 and ϵ2 are auxiliary parameters
that are calculated as indicated by Equations (14) and (15), respectively [27,79]:

ϵ1 =

√
1 − ξ2 (14)

ϵ2 =

√
1 − ξ−2 (15)

Ideally, the ξ ratio is calculated using measured horizontal and vertical leaf lengths.
However, such measurements on a spatial basis are impractical. Thus, it is often assumed
that the ξ is nearly constant for homogeneous vegetated surfaces [27]. For maize, it was
assumed that ξ = 1.64 as the mean tabular value from [80].
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Ref. [27] indicated that when ξ = 1 (circular shape), Equation (13) is simplified and
indicated by Equation (17):

k[SC]
p =

1
2 × sin

(
90◦ − Ω

) (16)

where the superscript [SC] refers to the simplified kp model in [27].

2.3. Calculation of Vegetation Indices

The NDVI, LAI from [65], and OSAVI vegetation indices were calculated by
Equations (17)–(19), respectively:

NDVI =
NIR − RED
NIR + RED

(17)

LAI = 0.263 × exp(3.813 × OSAVI) (18)

OSAVI =
NIR − RED

NIR + RED + 0.16
× 1.16 (19)

where NIR and RED are the surface reflectance data in the near infrared and red bandwidths
of the electro-magnetic spectrum of a given RS platform (dimensionless) and OSAVI is the
optimized soil adjusted vegetation index. LAI is measured in m2/m2.

The fc model used in this study is the non-linear approach developed by [31,32], in
which fc is calculated as an exponential function of the LAI adjusted for canopy clumped
conditions (such as maize) where canopy leaves are randomly distributed above the ground
surface. The models associated with predicting fc are presented by Equations (20)–(24) [31,32]:

fc,o = 1 − exp(−0.50 LAI) (20)

LAIL = LAI/fc,o (21)

fs = 1 + fc,o × exp(−0.50 LAIL)− fc,o (22)

CF = − ln
(

fs

0.50 LAI

)
(23)

fc = 1 − exp(−0.50 × CF × LAI) (24)

where fc,o is the initial fc value before adjustments (dimensionless); LAIL is the local LAI
(m2/m2); fs is the soil fractional cover (dimensionless); and CF is the vegetation clumping
factor (dimensionless).

2.4. Research Sites
2.4.1. Limited Irrigation Research Farm (LIRF)

The Limited Irrigation Research Farm (LIRF) is located near Greeley, Colorado, USA, at
40.4463◦N, longitude 104.6371◦W, and 1432 m above sea level (ASL). The LIRF is managed
by the United States Department of Agriculture (USDA)—Agricultural Research Service
(ARS). The LIRF site has a subtropical steppe with a cold semiarid area [81]. Two adjacent
rectangular maize fields (190 m × 110 m) were used for data collection during the months
of July to September in 2018, 2020, and 2022 (Figure 2). The field had irrigation events
scheduled every time the soil water depletion, in the crop root zone, approached the selected
volumetric soil water content for management-allowed depletion (MAD) for maize. This
MAD value was 60% of the total available water (TAW) at the LIRF location.
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Figure 2. The LIRF experiment site in 2017, 2018, 2020, and 2021. The sampling locations provided
concurrent measurements of the LAI, fPAR, and hc. In 2020 (Field 1) and 2021 (Field 2), only one
sampling location at the frequently irrigated field was part of the experiment design. In 2017 and 2018,
each field had its sampling station for maize canopy architecture data. The red areas are vegetation.

Both maize fields at LIRF had subsurface drip irrigation with buried drip laterals
0.23 m deep and emitters spaced every 0.30 m. The maize row orientation was north–south,
with rows 76 cm apart and two consecutive maize plants 17 cm apart. The maize planting
density was 87,500 plants/ha during all years of data collection. In 2017 and 2018, the
maize variety was Dekalb 51–20 in each field. In 2020, NK9227-5222A (Syngenta Inc.,
Basel, Switzerland) was the maize variety, while in 2021, three maize varieties, P9998Q,
and P0157AMXT (Pioneer Hi-Bred International, Inc., Johnston, IA, USA), and CH 194-49
DG (Channel Bio Corporation, Saint Louis, MO, USA), were seeded across each field,
with approximately 83% of each treatment plot covered by the maize variety P0157AMXT
(Figure 3). Regardless of the maize type, all varieties were drought-tolerant.
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Irrigation scheduling was based on the United Nations paper FAO-56 Irrigation and
Drainage: Crop Evapotranspiration [82], which uses a dual crop coefficient and reference
alfalfa evapotranspiration (ETr). The ETr data were calculated as indicated by [83] as well.
The basal maize crop coefficient (Kcb) was determined as a local Kcb following the approach
of [84]. The stress coefficient (ks) for the low-frequency irrigation field was calculated using
the relationship between the total available water (TAW), readily available water (RAW),
and soil water deficit (Dr) from [83].

2.4.2. Irrigation Innovation Consortium (IIC)

The IIC site was in Fort Collins, Colorado, USA, at 40.5542◦N latitude, 105.0038◦W
longitude, and 1486 m ASL. The IIC site has a local climate classified as subtropical steppe
and cold semiarid [81]. Data collection happened on a surface-irrigated maize field (furrow)
from July to September in 2020 and 2021 (Figure 4). The maize field has a surface area of
64,750 m2, with an east–west maize row orientation and 76 cm row spacing. The field has a
uniform sandy loam soil texture with VWCFC, VWCPWP, and VWCSAT equal to 0.189, 0.069,
and 0.410 m3/m3, respectively. Several 4 cm-diameter aluminum siphon tubes provided
water from the irrigation ditch to the furrows in the field. The irrigation waterfront moved
from the east (central channel) to the west.
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Figure 4. The IIC experiment site in 2020 and 2021. The sampling locations provided concurrent
measurements of the LAI and hc. The fPAR measurement station is located on the field’s east side.
The green areas are vegetation.

Different maize varieties were planted in 2020 and 2021. The G02K39-3120 (Golden
Harvest, Minnetonka, MN, USA) variety was planted on 13 May 2020 at an 8 seeds/m2

seeding rate. In 2021, the maize varieties NK0243-3120 and NK0314-5122 (Syngenta AG,
Basel, Switzerland) were planted at the same seeding rate as in 2020. The seeding date
was 13 May 2021. All maize varieties in this study were classified as drought tolerant.
The irrigation application efficiency of the surface furrow system was assumed to be 50%
during each year of data collection based on common local practices. The irrigation events
occurred two to three days after water acquisition from the Sand Dike Lateral (Canal)
Company (Fort Collins, CO, USA) and lasted 6 to 12 h.
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2.5. On-Site Data Collection
2.5.1. Multispectral Surface Reflectance Data
Landsat-8 Operational Land Imager Level-2

Landsat-8 is managed by the United States Geological Service (USGS) and the National
Space Agency (NASA) and has an operational land imager (OLI) and a thermal infrared
sensor (TIRS) that provide biweekly multispectral data at 30 m and 100 m spatial resolutions,
respectively. The OLI sensor provides short-wave multispectral data in the visible (red,
green, and blue bands) and invisible light spectrum (for instance, short-wave infrared
(SWIR) or near infrared (NIR)). Since the LIRF and IIC maize fields are located within the
overlap region of Landsat-8 path/row 33/32 and 34/32 scenes, the revisiting time for the
research sites was 8 days. In this study, surface reflectance data acquired with the red
(655 ± 30 nm) and NIR (870 ± 30 nm) Landsat-8 bands, acquired during clear-sky days,
were used to derive the vegetation indices.

The Landsat-8 satellite has a sun-synchronous orbit around Earth (705 km altitude)
and overpasses our research sites at approximately 11:30 am MST local time. The final
radiometric resolution of Landsat-8 imagery is 16 bits. The metadata imagery file provides
linear calibration coefficients to convert a digital number (DN) to surface reflectance and
nadir-looking surface temperature (Ts) for Landsat-8 Level 2 imagery. The Level 2 images
undergo rigorous calibration procedures and do not require further post-processing after
the final surface reflectance and temperature images are appropriately converted from
the original DN values [85]. The conversion from DN to surface reflectance for Landsat-8
Level 2 products is given by Equation (25) below [86]:

SR[L8]
i = 0.0000275 × DNi − 0.20 (25)

where SR[L8]
i is the surface reflectance of a given ith multispectral band in the visible and

invisible light spectrum (dimensionless, from 0 to 1) and DNi is the DN of the respective ith
band (dimensionless). The superscript L8 alludes to the Landsat-8 remote sensing platform.

Sentinel-2 Level 2

Sentinel-2 is a spaceborne RS platform managed by the European Space Agency (ESA).
The Sentinel-2 satellites S2A and S2B provide optical multispectral imagery of Earth’s
landscape every ten days from satellites orbiting around the equator. The revisiting time is
reduced by half when the two sets of satellite data are used for applications. If a given area
of interest is located at middle latitudes, the Sentinel-2 temporal resolution is two to three
days, considering data from S2A and S2B for specific regions that have aerial overlap.

The S2A and S2B satellites also have a sun-synchronous orbit (786 km altitude),
and they take images of Earth near noon (local time) for our research sites. Sentinel-2
images have varying spatial resolutions depending on the optical multispectral bands. This
study used cloud-free images, and only the red (665 ± 31 nm) and NIR (833 ± 106 nm)
Sentinel-2 bands, with an imagery pixel size (spatial resolution) of 10 m, were utilized. The
final radiometric resolution of Sentinel-2 images is 16 bits. The pre-processing stages of
the Sentinel-2 data include atmospheric corrections using a radiative transfer approach
performed by the ESA named Sen2Cor [87,88]. The surface reflectance data were scaled
by a factor of 10,000 as the final output. Thus, the calculation of surface reflectance as a
fraction (0 to 1) for each optical multispectral band is obtained as indicated in Equation (26)
below:

SR[S2]
i = 0.0001 × SR[S2]

i,sc (26)

where SR[S2]
i is the fractional surface reflectance from Sentinel-2 for an ith band (dimension-

less, from 0 to 1) and SR[S2]
i,sc is the scaled surface reflectance data for an ith band provided

by ESA imagery (dimensionless). The [S2] superscript alludes to the Sentinel-2 remote
sensing platform.



Remote Sens. 2024, 16, 1012 11 of 27

Planet CubeSat

Planet CubeSat is a privately-owned constellation of mini satellites developed and
operated by Planet Labs (Planet Labs, Inc., San Francisco, CA, USA). There are more than
130 CubeSat units surveying Earth’s landscape every day, with 3 m (nominal) spatial reso-
lution imagery products [89]. Similarly to Landsat-8 and Sentinel-2, the final radiometric
resolution of Planet CubeSat is 16-bit. Planet CubeSat satellites are considered low-cost due
to their compact design (0.10 m × 0.10 m × 0.30 m and 4 kg weight). The CubeSat satellites
are sun-synchronous (altitude ranging from 450 km to 580 km) and have an overpass time
varying from 9:30 to 11:30 a.m. local time [89] for our research sites.

The Planet CubeSat imagery data undergoes atmospheric corrections to minimize the
effects of atmospheric gases and aerosols on the quality of the imagery (e.g., light scattering).
To correct CubeSat imagery data for aerosol and gas disturbance of the surface-originated
(reflected) light, the Moderate Resolution Imaging Spectroradiometer (MODIS) water vapor,
ozone, and aerosol quality control products are used to improve the calibration of Planet
CubeSat imagery using the 6SV2.1 radiative transfer model; this is because Planet CubeSat
satellites do not have these products [89]. However, the atmospheric corrections performed
by Planet Labs do not include correction for the effects of stray light, haze, and thin cirrus
clouds. It also assumes that Earth’s landscape is a quasi-Lambertian surface (e.g., where
light is scattered homogeneously in all possible three-dimensional directions) and that all
imagery scenes have the same sea-level altitude [89].

This study used the CubeSat imagery scenes as the Sentinel-2 harmonized surface
reflectance products released by Planet Labs. The harmonization process is based on the
work of [90,91], in which Planet CubeSat imagery data was cross-validated using Sentinel-2
data to minimize signaling differences among different CubeSat satellite units (e.g., Dove-R,
SuperDove, Dove Classic) and to improve surface reflectance data to a standard similar to
Sentinel-2 multispectral data. In this study, only the harmonized red (666 ± 80 nm) and
NIR (867 ± 80 nm) bands from Planet CubeSat were used as input data when imagery was
acquired only during clear-sky days.

The calculation of surface reflectance as a fraction (0 to 1) for each optical Planet
CubeSat multispectral band is performed using Equation (27) below:

SR[CS]
i = 0.0001 × SR[CS]

i,sc (27)

where SR[CS]
i is the fractional surface reflectance from the Planet CubeSat for an ith band

(dimensionless, from 0 to 1) and SR[CS]
i,sc is the scaled surface reflectance data for an ith band

provided (dimensionless). The [CS] superscript alludes to the Planet CubeSat RS platform.

Multispectral Handheld Radiometer

A handheld multispectral radiometer (MSR5, CropScan Inc., Rochester, MN, USA) pro-
vided ground-based surface reflectance measurements. An MSR5 multispectral radiometer
consists of a radiometer unit mounted on a telescopic pole that measures nadir-looking
incoming and outgoing radiation within the visible and invisible light spectrum above
the canopy surface. The MSR5 radiometer has a field-of-view (FOV) of 28◦. The MSR5
data measurements were collected at each sampling location and at each research site with
the MSR5 sensor positioned at 2.2 m AGS. The MSR5 equivalent ground sampling area
(footprint) represented a 1 m-diameter circumference for a 2V:1H (vertical to horizontal
relative ratio) instrument footprint. The MSR5 is a passive sensor that provides “point”
or “discrete” data and has the same band characteristics as Landsat-5 multispectral bands
in the visible and invisible light spectrum for the surface reflectance data only. MSR5
multispectral data were acquired weekly (IIC 2020, LIRF 2020, and 2021) and biweekly
(LIRF 2018 and IIC 2021) from July to September. Four readings were taken with the MSR5
at the row and inter-row (and later averaged) at each sampling location. In this study, only
MSR5 red (560 ± 60 nm) and NIR (830 ± 140 nm) bands were used as input data.
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Unmanned Aerial System

Unmanned aerial systems (UAS) were also used in this study. UAS-based data acqui-
sition missions (flights) were systematically arranged for the two research sites. The flight
plans were developed and executed by the USDA-ARS Water Management and Systems
Research Unit and the Colorado State University (CSU) Drone Center. The USDA-ARS
division managed the acquisition and data processing of UAS imagery for the LIRF site,
while the CSU Drone Center was responsible for the IIC site UAS data collection and
pre-processing. The aerial imagery data were collected using a MicaSense RedEdge-MX
multispectral camera (MicaSense Inc., Seattle, WA, USA). The RedEdge-MX sensor en-
compasses four spectral bands: blue (475 nm, 32 nm bandwidth), green (560 nm, 27 nm
bandwidth), red (668 nm, 14 nm bandwidth), and NIR (842 nm, 57 nm bandwidth). The
UAS red and NIR datasets were used in this study to calculate the spectral vegetation
indices. UAS imagery was post-processed using ArcGIS 10.8 (ESRI, Redlands, CA, USA).

The IIC UAS multispectral data had a pixel spatial resolution of 0.08 m and underwent
processing using Pix4D v4.5.6 software (Pix4D S.A., Prilly, Switzerland). The imagery
individual frame overlap and sidelap percentages were 80 and 70, respectively. At the LIRF
site, the finalized multispectral outputs attained a pixel spatial resolution of 0.03 m, with
overlap and sidelap percentages of 88 and 70, respectively. The LIRF imagery was processed
using Agisoft Metashape software (Agisoft Metashape Pro version 1.6.4 software, Agisoft
LLC, St. Petersburg, Russia). The UAS-derived surface reflectance data were combined
with nadir-looking Ts data from SI-111 stationary sensors (Apogee Instruments Inc., Logan,
UT, USA) obtained from point-based measurements at each research site, serving as RS
input data for this investigation.

Measured Leaf Area Index (LAI)

Maize LAI measurements were acquired on a weekly basis using the LAI-2200C Plant
Canopy Analyzer (LI-COR Biosciences, Lincoln, NE, USA), a modern and non-destructive
instrument designed for point-based measurements of canopy foliage architecture. The
LAI measurements were obtained at each LIRF and IIC maize field sampling location. Six
readings per station were taken, moving the sensor about 20 cm in a diagonal transect
between the crop rows starting closer to one row and ending closing to the next row; then,
during data post-processing, those six readings were averaged to produce a single LAI
value per station. The LAI-2200 analyzer utilized a unique combination of upward and
downward sensors, with passive and optical parts and five concentric detectors measuring
diffuse light transmittance above and within the canopy at five different zenith angles.

A cubic convolution gap-filling approach was utilized to provide temporal interpo-
lated LAI data for the days without measurements during the period studied, similar
to the interpolation methods implemented by [92,93]. The interpolation method for the
measured LAI was explicitly applied to each data collection time series per measurement
station within the frequently irrigated fields at the LIRF and IIC. Temporal extrapolation
of vegetation indices assumes that for irrigated fields with no lack of nutrients, water
availability, and pristine vegetation, the changes in canopy leaf arrangements are minimal
within shorter periods under similar environmental conditions (e.g., cloudless skies, stable
air temperature and wind speed, etc.).

2.5.2. Measured Fractional Canopy Cover (fc)

At the LIRF and IIC, indirect measurements of fc aimed at assessing the vegetation
conditions were used to determine the observed kp values and evaluate the errors associated
with predicting fc. An LI-190R PAR sensor and LI-191R line quantum LPAR sensor (LI-COR
Biosciences, Lincoln, NE, USA) connected with a CR3000 datalogger (Campbell Scientific
Inc., Logan, UT, USA) measured the above- and below-canopy photosynthetically active
radiation (PAR), respectively. The instruments were placed in the frequently irrigated
fields at the LIRF (Field W in 2020 and Field E in 2021) and IIC (Field F). The PAR data
were recorded at 1 min and averaged every 15 min. The LI-190R sensor was mounted on
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a 4 m-tall vertical post 3.5 m above the ground surface (AGS). The LI-190R and LI-191R
line quantum sensors are widely utilized instruments for precise measurements of green
vegetation cover. The LI-190R is an upward-facing sensor that measures incident PAR
light, while the LI-191R is a sensor designed to measure transmitted PAR light through the
vegetation canopy. Both sensors operate within the 400–700 nm PAR wavelength range.
Indirect “measurements” of fc are obtained through the application of Equation (28) as
follows:

fc = 1 − PARbelow
PARabove

(28)

where PARbelow means the PAR radiation measured at the ground surface level with the LI-
191R line quantum sensor (µmol/s/m2) and PARabove means the PAR radiation measured
above the canopy (µmol/s/m2).

2.6. Statistical Analysis
2.6.1. Error Metrics

The following statistical variables were used to evaluate the performance of the models
in this study: mean bias error (MBE), root mean square error (RMSE), normalized MBE
(NMBE), normalized RMSE (NRMSE), and the coefficient of determination (R2). Equations
(29)–(32) indicate MBE, NMBE, RMSE, and NRMSE, respectively:

MBE =

(
1
n

) n

∑
i=1

(Ei − Oi) (29)

NMBE =

(
MBE

O

)
× 100% (30)

RMSE =

√(
1
n

) n

∑
i=1

(Ei − Oi)
2 (31)

NRMSE =

(
RMSE

O

)
× 100% (32)

where O is the mean of the observed data, n is the sample size, and Ei and Oi are the
estimated and observed values, respectively. NMBE and NRMSE are given in percentages,
while Equations (29) and (31) provide statistical indicators with the same units as the
primary variables.

The R2, in the context of model performance assessment, informs about the degree of
variability in the observed data explained by the modeling approach. Equation (33) gives
the mathematical expression for R2:

R2 =
∑
(
Ei − E

)(
Oi − O

)√[
∑
(
Ei − E

)2
][

∑
(
Oi − O

)2
] (33)

where E is the mean value of the predictions.

2.6.2. Global Sensitivity Analysis

The Sobol global sensitivity (SGS) approach [94,95] is based on quantifying uncertainty
to determine the impact of any given input parameters in a mathematical model over the
entire input parameter space. The SGS technique uses variance-based metrics to assess
the contribution of individual parameters to the total variance in the model prediction
output. By decomposing the total variance in the model output into components attributed
to individual parameters and their combinations, the Sobol indices offer a quantitative
measure of global sensitivity for a given model. These Sobol indices provide insights into
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which parameters are more relevant to model prediction variability. Furthermore, the SGS
approach is advantageous for high-dimensional models (multiple parameters).

The SGS approach calculates the Sobol sensitivity indices using analysis of variance
(ANOVA) decomposition, as indicated by Equations (34) and (35) below:

Di1 ...is =
∫ 1

0
f2
i1 ...is dxi1 . . . dxis (34)

D =
∫ 1

0
f2(x) dx − f2

o = ∑n
s=1 ∑i1<...<is

Di1 ...is (35)

where f(x) is an integrable function of a given model parametrization, with f(x) ∈ R and
x ∈ Rn; xi1 to xis are the predictors of the function f(x); Di1 ...is is the variance associated with
a given model parameter; D is the total variance observed; and fo is a generic initial value
of function f(x).

The Sobol global sensitivity index is calculated as the ratio between the variances, as
indicated by Equation (36):

Si1 ...is =

∫ 1
0 f2

i1 ...is dxi1 . . . dxis

∑n
s=1 ∑i1<...<is Di1 ...is

(36)

where Si1 ...is means the Sobol global sensitivity index for each parameter of a given mathe-
matical model.

In this study, the Global Sensitivity Analysis Toolbox (GSAT) for MATLAB developed
by [96] was used to calculate the Sobol global sensitivity indices for the spatial kp novel
model, as indicated in its complete form by Equation (37), and the NDVIsoil and NDVIc
novel approaches (Equations (10) and (11), respectively).

kp = βo + β1

(
1

LAI

)
× ln

(
NDVI − NDVIc

NDVIsoil − NDVIc

)
(37)

For the SGS analysis, the four input parameters in Equation (37) are LAI, NDVI,
NDVIc, and NDVIsoil since βo and β1 are fixed regression coefficients when statistically
relating kp and kv. Regarding the SGS analysis of NDVIsoil and NDVIc models, there are
three input parameters: NDVI, fc, and d(NDVI)/dfc. The parameters with higher Sobol
global sensitivity indices are the ones that have more influence on model variability and
accuracy [96]. For more details on how to access the GSAT for MATLAB package and
intrinsic information about the SGS approach, refer to [96].

3. Results
3.1. The Error Analysis of fc, LAI, NDVIsoil, and NDVIc

When assessing the performance of fc [31,32] and LAI [65] models in this study, it
is evident that both models provided canopy architecture predictions that were in good
agreement with observed values of their respective variables (Figure 5). For the case of fc,
the error was 0.02 (2%) ± 0.07 (10%), with the fc model explaining 53% of the variability
observed in the indirect measurements of fc using the PAR sensors. Similar performance
was observed from the LAI model, with an error of 0.08 m2/m2 (3%) ± 0.36 m2/m2

(11%). However, the LAI model was able to explain more of the variability in the observed
LAI dataset (R2 of 0.87) compared to the fc model performance. Both fc and LAI models
somewhat overestimated their respective predictions of maize canopy architecture in this
study. However, the overestimation was minor in magnitude (2% for fc and 3% for LAI
predictions). Since LAI is an input in the fc model, it is clear that part of the overestimation
in fc is primarily due to the LAI overestimation.
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When considering the performance of each LAI and fc model per RS sensor, the
NRMSE values for LAI prediction ranged from 9% (UAS) to 13% (Sentinel-2). There was
only an underestimation of the LAI when using the Sentinel-2 multispectral data as an input
(−4%). Clearly, the underestimation of the LAI due to Sentinel-2 was not significant enough
to cause an overall underestimation of the LAI when combining all the RS sensor data in
the analysis (Table 1). The most considerable overestimation of the LAI was obtained from
the MSR multispectral sensor (8%), which could be associated with induced systematic
errors in the data collection process, given the nature of the measurements being manually
performed in the field by different individuals due to field work logistics. The lowest
overestimation of LAI predictions was observed when the UAS data were used as inputs
(1%). Given the fine spatial scale of the UAS multispectral imagery data (<0.10 m), the
assessment of point-based conditions seemed more adequate compared to larger spatial
scale RS sensors in this study. The explained variability in the LAI data ranged from 84%
(Landsat-8) to 93% (MSR).

Table 1. The error analysis of the LAI across each of the RS sensors in the study. LIRF 2018 and 2022
datasets combined.

n MBE (NMBE) RMSE (NRMSE) R2

Landsat-8 16 0.20 (6%) 0.39 (12%) 0.84

Sentinel-2 34 −0.11 (−4%) 0.43 (13%) 0.88

Planet CubeSat 49 0.13 (4%) 0.33 (10%) 0.91

MSR 24 0.22 (8%) 0.33 (12%) 0.93

UAS 13 0.03 (1%) 0.31 (9%) 0.89

The error analysis of fc predictions across each RS sensor indicated that the NRMSE
ranged from 8% (UAS) to 11% (Sentinel-2), which presented the same RS sensors as the
lowest and highest NRMSE compared to the LAI model assessment. Regarding the un-
derestimation or overestimation of fc, underestimation of fc was observed when using
Sentinel-2 and UAS multispectral data as inputs to predict fc (Table 2). The underestimation
of fc from Sentinel-2 data (−6%) can be related to the underestimation of the LAI when
using the same RS sensor data (−4%) since the LAI is an input to estimate fc in this study.
Surprisingly enough, the same pattern is not observed regarding the UAS multispectral
data. For the UAS, there was a slight overestimation of the LAI (1%), while fc predictions
were underestimated (−3%). Given the spatial scale nature of UAS imagery (<0.10 m) and
the fact that the fc models from [31,32] introduce the concept of a vegetation clumping
factor, it is expected that the clumping factor calculations may not completely represent the
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vegetated point-based conditions observed in the UAS data, which could contribute to an
overestimation of fc values.

Table 2. The error analysis of fc across the different RS sensors in the study. LIRF 2018 and 2022
datasets combined.

n MBE (NBME) RMSE (NRMSE) R2

Landsat-8 16 0.04 (5%) 0.08 (10%) 0.40

Sentinel-2 34 −0.04 (−6%) 0.08 (11%) 0.64

Planet CubeSat 49 0.03 (4%) 0.07 (9%) 0.49

MSR 24 0.07 (10%) 0.08 (11%) 0.84

UAS 13 −0.03 (−3%) 0.07 (8%) 0.38

Regarding the analysis of NDVIc and NDVIsoil predictions using the novel approaches
derived in this study, there were smaller errors associated with NDVIc compared to
NDVIsoil predictions (Figure 6). The NDVIc estimation had an error of −0.01 (−2%) ± 0.07
(9%). In comparison, the NDVIsoil error was 0.01 (3%) ± 0.02 (17%). The larger NRMSE
associated with NDVIsoil could be due to the fact that the NDVIsoil model uses NDVI as
an input and that the mean value of observed NDVIsoil (0.144) is significantly lower than
the mean observed NDVIc value (0.842). NDVI values change significantly over time since
plants’ seasonal growth is not a linear process. However, given that the dry soil surface
reflectance responses over time do not change significantly, it is evident that the predictions
of NDVsoil differ from the most constant values of NDVI observed for bare soil parts of the
maize fields at the LIRF in 2018 and 2022. Now, given that NDVIc theoretically varies more
as the plants grow and increase their green foliage through time and space, it is expected
that the NDVIc model should agree more with on-site values of NDVI for plants.
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3.2. The Novel kp Model Regression Results

The calibration of the kp model (Equation (37)) using LIRF 2020 and IIC 2020–2021
datasets provided the following calibrated equation (Table 3) for predicting spatial kp
(Equation (38)) for maize, with an R2 of 0.95:

kp = −0.05 + 0.78 ×
(

1
LAI

)
× ln

(
NDVI − NDVIc

NDVIsoil − NDVIc

)
(38)
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Table 3. The summary statistics * of the kp regression model using LIRF 2020 and IIC 2020–2021
datasets combining data from all RS sensors in this study.

Estimate 95% Confidence
Interval

Standard
Error

Test
Statistic p-Value

Intercept (βo) −0.05 [−0.06, −0.03] 0.01 −5.19 5.23 × 10−7

Slope (β1) 0.78 [0.76, 0.81] 0.01 61.988 2.82 × 10−130

* Number of observations: 197; Error degrees of freedom: 195; RMSE: 0.02; F-statistic: 3.84 × 103.

The calibrated kp model accounts for 95% of the variability observed in the kp data,
which is a good indication that the developed model has a strong and positive statistical
linear relationship between kp and kv (Figure 7), as observed in the literature [36]. The
intercept and slope regression coefficients have a 95% confidence interval ranging from
−0.06 to −0.03 and 0.76 to 0.81, respectively. The p-values are statistically significant (<5%),
which indicates that the regressed coefficient estimates are statistically validated for future
model predictions.
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When resorting to the analysis of the individual model regression product per RS
sensor (e.g., spaceborne, proximal, airborne), similar results were obtained as compared to
the fully regressed model combining all RS datasets for the LIRF and IIC 2020 and 2021
data (Figure 8). When comparing the regressed intercept estimation per RS sensor, the
values were within the range of −0.03 to −0.08. Planet CubeSat and the MSR had the same
intercept value (−0.03). Similarly, Landsat-8 and UAS had a model intercept of −0.08. Only
Sentinel-2 had a different intercept value (−0.05) compared to the remaining RS sensor.

All the regressed intercepts were statistically significant (p-value < 0.05), as indicated
in Table 4. Regarding the regressed slopes, the estimated values varied from 0.76 to 0.84.
Landsat-8 had the same slope as the UAS. The remaining remote sensors had slopes ranging
from 0.76 to 0.79. With the exception of Landsat-8, all the regressed slopes were statistically
significant. Regarding the fitted R2, all RS platforms had very strong and positive R2 values
(Table 4), with the lowest being Planet CubeSat (R2 = 0.93) and the highest being the MSR
(R2 = 0.99). Given that the combined calibration of the kp model using data from all the RS
sensors (Equation (37)) presents a more robust statistical analysis since the sample size is
large enough to support the validation of the model (n = 197), we suggest that its regressed
coefficients should be used when predicting kp.
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Table 4. The summary statistics of the kp regression model using LIRF 2020 and IIC 2020–2021
datasets for RS sensors in this study.

n R2 Regressed
Coefficients Estimate 95% Confidence

Interval
Standard

Error
Test

Statistic p-Value

Landsat-8 16 0.95
Intercept (βo) −0.08 [−0.17, 0.01] 0.04 −1.95 8.00 × 10−3

Slope (β1) 0.84 [0.71, 0.95] 0.05 15.38 0.95

Sentinel-2 31 0.98
Intercept (βo) −0.05 [−0.07, −0.02] 0.01 −3.52 1.45 × 10−3

Slope (β1) 0.79 [0.75, 0.83] 0.02 40.89 3.40 × 10−27

Planet CubeSat 90 0.93
Intercept (βo) −0.03 [−0.07, 0.01] 0.02 −2.27 0.03

Slope (β1) 0.76 [0.72, 0.81] 0.02 34.63 4.79 × 10−53

MSR 39 0.99
Intercept (βo) −0.03 [−0.05, −0.02] 0.01 −3.74 6.16 × 10−4

Slope (β1) 0.78 [0.75, 0.81] 0.01 52.66 2.12 × 10−36

UAS 21 0.98
Intercept (βo) −0.08 [−0.12, −0.04] 0.02 −3.96 8.32 × 10−4

Slope (β1) 0.84 [0.78, 0.90] 0.03 30.83 1.09 × 10−17

When calculating the d
dfc

(NDVI) term (Equation (12)) in Equation (37), the linear
regression between the minimum and maximum NDVI and respective measured fc values
(Figure 9 and Table 5) provided the two distinct values of d

dfc
(NDVImin) and d

dfc
(NDVImax)

for the linear interpolation to determine any d
dfc

(NDVI) for any given fc between 0 and 0.85.
The respective calculated values for d

dfc
(NDVImin) and d

dfc
(NDVImax) were 0.25 (fc = 0)

and 0.39 (fc = 0.85). These results are d
dfc

(NDVImin) less than d
dfc

(NDVImax) since the
linear regression slopes for each case scenario (minimum and maximum NDVI groups) are
proportional to the magnitude of NDVI values used for the regression approach.
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Table 5. The data to determine minimum and maximum d(NDVI)/dfc values. Data included all RS
sensors in this study from LIRF 2020, IIC 2020, and 2021 datasets.

Measured fc fc Value Min NDVI fc Value Max NDVI

fc < 0.10 0 0.106 0.10 0.590

0.10 < fc ≤ 0.35 0.14 0.289 0.19 0.788

0.35 < fc ≤ 0.45 0.40 0.277 0.44 0.868

0.45 < fc ≤ 0.55 0.53 0.253 0.54 0.857

0.55 < fc ≤ 0.65 0.61 0.301 0.65 0.907

0.65 < fc ≤ 0.75 0.69 0.399 0.70 0.933

0.75 < fc ≤ 0.85 0.84 0.358 0.85 0.921

3.3. Accuracy Comparison between the Novel kp and [27] Models

When comparing the proposed kp model with the original and simplified [27] kp
approaches, it was evident that the novel kp model (Equation (38)) outperformed the other
two approaches (Figure 10 and Table 6). For the case scenario combining all RS sensor data
into the error analysis, the overall error (MBE ± RMSE) in predicting kp using the novel
approach was −0.01 (−2%) ± 0.05 (10%), a 44% improvement compared to the original and
simplified models, with a kp prediction error of 0.07 (14%) ± 0.09 (18%) for both. There was
a slight underestimation of kp in the novel approach (−2%), which is due to the fact that
the calibrated model (Equation (38)) does not characterize the entire variability in observed
kp values. A considerable overestimation of kp values was part of the [27] models (14%).
Ref. [27] assumes a theoretical foliage shape that is often violated within field conditions.
Also, the inherited assumptions concerning the ratio of horizontal and vertical leaf lengths
add extra uncertainty when predicting kp since it is hard to model, and there is spatial and
local variability from plant to plant within an agricultural field.
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Figure 10. Scatter plots of observed kp vs. estimated kp regarding the novel kp approach (a), the
original [27] kp model (b), and the simplified [27] kp model (c). This analysis involved LIRF 2018 and
2022 datasets.

Table 6. The error analysis statistics regarding the comparison between observed and estimated kp

for the novel, original [27], and simplified [27] approaches. LIRF 2018 and 2022 data combined.

Proposed and Novel
kp Model

Original [27] kp
Model

Simplified [27] kp
Model

N 136 136 136

MBE (-) −0.01 0.07 0.07

NMBE (%) −2% 14% 14%

RMSE (-) 0.05 0.09 0.09

NRMSE (%) 10% 18% 18%

R2 0.56 0.27 0.22

The novel kp approach (Equation (38)) seemed to better represent the temporal variabil-
ity in kp values compared to the [27] approaches (Figure 10). The pair of points (observed
kp, estimated kp) from the novel approach was scattered around the 1:1 line (Figure 10a).
The same pattern was not observed for the [27] kp model (Figure 10b,c) cases. Since the
original and simplified kp models do not account for local field conditions in their approach,
the temporal variability due to changes in the actual canopy architecture is not entirely
addressed by the models. The assumption of the leaf distribution parameter being a con-
stant value does not allow for the incorporation of the actual field conditions regarding the
canopy foliage arrangement over time. Thus, the [27] approaches had a small R2 (<0.30),
while the novel kp approach was able to explain more of the variability observed in kp (R2

of 0.56) during the independent data validation phase (LIRF 2018 and 2022 datasets).
When analyzing the performance of each kp approach in this study per RS sensor,

it was evident that consistent results were observed regarding the better performance of
the novel kp model compared to the [27] approaches (Figure 11). The NRMSE values
for the novel kp approach (Equation (38)) ranged from 8% (Sentinel-2) to 12% (Planet
CubeSat), with an evident underestimation of kp estimated values when using Landsat-8
(−3%), Planet CubeSat (−6%), and MSR (−1%) multispectral data as inputs to predict kp.
Regardless of the [27] approach, there was a high overestimation of estimated kp values,
with NMBE ranging from 8% to 19%.
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3.4. The Global Sensitivity Analysis of the kp, NDVIsoil, and NDVIc Model Variables

The SGS analysis of the kp model indicated that NDVI is the primary variable that
accounts for most of the variability in the predictions of kp since it had the highest Sobol
index compared to the other variables in the model across the RS sensors (Figure 12). The
Sobol index for NDVI varied from 0.54 (Sentinel-2) to 0.67 (Landsat-8). The other inputs
(the LAI, NDVIc, and NDVIsoil) have lower Sobol indices (<0.30), which indicates that
those input variables have less accountability for the accuracy of kp predictions. When
evaluating the NDVIc and NDVIsoil models, the NDVI input variable was also more
relevant in explaining the variability observed in partitioning NDVI values in canopy and
soil composites (Table 7). The Sobol index for the NDVI variable ranged from 0.88 to 0.94
regarding the NDVIc model and from 0.55 to 0.64 regarding the NDVIsoil approach.

Table 7. The Sobol global sensitivity indices for the novel NDVIc and NDVIsoil models.

Sobol Global Sensitivity Index

Model Remote Sensor NDVI fc
d

dfc
(NDVI)

NDVIc

Landsat-8 0.88 0.12 0

Sentinel-2 0.93 0.06 0.01

Planet CubeSat 0.90 0.09 0.01

MSR 0.91 0.09 0

UAS 0.94 0.06 0

NDVIsoil

Landsat-8 0.55 0.40 0.04

Sentinel-2 0.64 0.33 0.03

Planet CubeSat 0.58 0.38 0.04

MSR 0.58 0.38 0.04

UAS 0.60 0.36 0.04
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Regardless of the NDVI composite model for canopy and bare soil, the d
dfc

(NDVI)
input variable had a negligible contribution to explaining the variance in kp predictions
(Sobol indices near zero). Since the total sum of all the Sobol indices for a given model
is equal to one, it is evident that there were differences in how relevant fc is for either
NDVIc or NDVIsoil. When looking at the Sobol indices for fc only, the NDVIc model had
lower Sobol index values for fc compared to the NDVIsoil Sobol index values for the same
input (Table 7). That is, the fc input variable is more important to explain the variability in
NDVIsoil prediction than to NDVIc.

One reason to justify this research finding is the apparent connection between NDVI
and NDVIc. For nearly fully grown vegetated surfaces, NDVI and NDVIc values are
alike since there is little bare soil exposure due to leaves covering most of the ground
surface. Thus, most of the variability in NDVIc can be explained by NDVI values under
those conditions, which leads to a small contribution to the NDVIc variance from fc in
the proposed novel NDVIc model. For the NDVIsoil model, the predictions are associated
with NDVI values during the same crop growing season, which means that the estimation
of NDVIsoil is for conditions that are also associated with plants entering the complete
canopy growth stages. In that case, NDVI values are at their maximum while the NDVIsoil
must remain nearly constant within root zone wetting periods (e.g., irrigation or rainfall
events). Thus, the fc input variable tends to be more important for explaining the variance
in NDVIsoil estimation than for NDVIc model predictions. Nonetheless, it is essential to
emphasize that NDVIsoil and NDVIc prediction variances are mainly dependent on NDVI,
given that that was the input variable with the highest Sobol index in both NDVI composite
models (Table 7).

4. Conclusions

In this study, the calibration of the kp model resulted in the development of a robust
predictive model for an RS-based spatial kp characterization. The kp model, determined
with a regression coefficient of determination R2 value of 0.95, demonstrated a strong
statistical linear relationship between kp and kv. The regression coefficients, including the
intercept and slope, exhibited 95% confidence intervals and p-values that seem to validate
the kp model’s reliability for future predictions. The kp model performance analysis
considered maize surface multispectral data from several RS sensors, revealing consistent
statistical results across the various sensors investigated. Although slight variations existed



Remote Sens. 2024, 16, 1012 23 of 27

in intercept and slope values, for the kp model, among the RS sensors, all platforms
exhibited strong R2 values, which emphasizes the novel kp model’s consistent performance.

A model performance comparison with the kp models by [27] highlighted the advan-
tages of using the proposed kp model to considerably improve the spatial kp estimation
accuracy. An overall 44% improvement in accuracy was observed when using the novel
kp model compared to the [27] models. The novel kp approach not only outperformed the
classic kp models but also captured temporal variability more effectively, which highlights
its applicability in dynamic environmental conditions. A global sensitivity analysis showed
the significance of NDVI in predicting kp across the different remote sensors investigated,
with fc playing a more crucial role in NDVIsoil predictions than in NDVIc.

While the study provides insights into model performance, future research direc-
tions should focus on addressing observed underestimations and variations in specific
sensors due to their spectral and spatial differences. Since the importance of sensor-specific
characteristics is critical to address the quality of data inputs for modeling environmental
variables, the use and application of the calibrated and novel kp model must be interpreted
with care, given the nature of the calibration process and data collection used in this re-
search. For a more robust validation, more research must be performed regarding other
valuable row crops under different climate zones to evaluate any potential differences in
the calibration coefficients. Also, incorporating more RS sensors at a much larger spatial
scale might provide the conditions to use the novel kp model for large-scale modeling (e.g.,
watershed). Therefore, the continuous refinement and validation of the kp model using
diverse datasets and additional sensors will further enhance its applicability to different
local field conditions and provide the means to expand the use of this novel kp model for a
wide range of environmental applications.
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