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Abstract: Chlorophyll plays a critical role in assessing the photosynthetic capacity and health of
grasslands. However, existing studies on the hyperspectral inversion of chlorophyll have mainly
focused on field crops, leading to limited accuracy when applied to natural grasslands due to their
complex canopy structures and species diversity. This study aims to address this challenge by
extrapolating the measured leaf chlorophyll to the canopy level using the green vegetation coverage
approach. Additionally, fractional-order derivative (FOD) methods are employed to enhance the
sensitivity of hyperspectral data to chlorophyll. Several FOD spectral indices are developed to
minimize interference from factors such as bare soil and hay, resulting in improved chlorophyll
estimation accuracy. The study utilizes partial least squares regression (PLSR) and support vector
machine regression (SVR) to construct inversion models based on full-band FOD, two-band FOD
spectral indices, and their combination. Through comparative analysis, the optimal model for
estimating grassland chlorophyll content is determined, yielding an R? value of 0.808, RMSE value of
1.720, and RPD value of 2.347.

Keywords: grassland hyperspectrum; fractional-order derivative; chlorophyll content

1. Introduction

Chlorophyll serves as a crucial indicator for assessing grass quality [1] by providing
a precise reflection of the grass’s photosynthetic capacity and physiological health [2,3].
While the use of unmanned aerial vehicle (UAV) imaging hyperspectral technology in
agricultural remote sensing has been increasing [4], most studies have primarily focused
on estimating vegetation chlorophyll content using hyperspectral remote sensing data for
single crops with broad or leafy leaves, such as maize [5,6] and wheat [7,8]. However,
accurately estimating canopy-scale chlorophyll content in grassland vegetation, which is
characterized by diverse species, small leaves, and a complex hierarchical structure, poses
a greater challenge due to potential interferences from bare soil and hay. Ma and Wang [9]
have underscored the difficulties in accurately estimating chlorophyll levels in natural,
heterogeneous grassland canopies, attributing these challenges to the complex canopy
structure and rich species composition inherent to these environments. To address this
issue, researchers have developed hyperspectral indices tailored for vegetation monitoring.
These indices are designed to enhance the discrimination of the vegetation’s physiological
conditions while reducing the impact of external environmental factors. These meticulously
designed indices operate by improving the reflection characteristics of vegetation, making
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them promising candidates for estimating chlorophyll content in natural grasslands. By
utilizing specific combinations of wavelengths or spectral bands, these indices can effec-
tively differentiate between the physiological status of vegetation and the influence of
the surrounding environment. This distinction allows for a more precise assessment of
chlorophyll content in natural grasslands, thereby enabling researchers and agriculturalists
to gain better insights into and manage the health and quality of grassland ecosystems.

Darvishzadeh et al. [10] conducted a study to estimate leaf and canopy chlorophyll
content in Mediterranean heterogeneous grasslands. Their findings revealed that the
narrowband normalized difference vegetation index (NDVI) and soil-adjusted index 2
(SAVI2) demonstrated the most accurate performance. The canopy predicted R? was ap-
proximately 0.7, while the leaf chlorophyll predicted R? was below 0.4. These results
indicate that these indices hold significant potential for accurately estimating chlorophyll
content in such grassland environments. Rossini et al. [11] estimated temporary grassland
chlorophyll in subalpine grasslands using a set of vegetation indices, revealing that the
correlation between leaf chlorophyll content and narrowband spectral indices exceeded 0.8.
Wong and He [12] studied the simple ratio index (SRI) and found that both broadband
[R, NIR] and narrowband [700, 750] spectra were applicable to heterogeneous grasslands.
Amiri et al. [13] employed the normalized difference index (NDI) and SRI to estimate chloro-
phyll content in northern Australian grasslands, demonstrating that both spectral indices
were poorly applicable at a sub-continental scale. In a different approach, Han et al. [14]
proposed a multispectral index called the grassland chlorophyll content index (GCI) to
estimate chlorophyll content in grasslands located in Songpan, Sichuan Province, and
Gonger, Inner Mongolia Autonomous Region, China. They achieved an R? value of 0.703.
While the inversion accuracy of these studies may not be exceedingly high, they still offer
innovative ideas for chlorophyll estimation. These findings contribute to the exploration of
diverse methods for estimating chlorophyll content in various grassland environments.

In response to the limited sensitivity of hyperspectral data in estimating grassland
chlorophyll content, various studies have employed derivative techniques to enhance
subtle changes in the spectral profile. Deriving reflectance spectral data allows for the
removal of linear and near-linear background noise from vegetation spectra, thereby high-
lighting essential vegetation characteristics [15]. Differential spectra, derived from the
original reflectance, have been shown to exhibit higher sensitivity to vegetation chlorophyll
content [16]. However, it is important to note that using integer-order derivatives may re-
sultin a loss of asymptotic information, affecting the accuracy of chlorophyll estimation [17].
As a more refined alternative, the fractional-order derivative (FOD) extends the capabilities
of integer-order derivatives, enabling the extraction of sensitive features and enhancing
spectral information. FOD effectively eliminates the influence of the environmental back-
ground, revealing potential spectral information. In recent years, FOD has found wide
application in digital filtering, signal processing, and image processing [18] and has demon-
strated improved estimation accuracy for various parameters, including soil organic matter
content [19], electrical conductivity [20], crop nitrogen content [21], and chlorophyll [16].
Its use in chlorophyll estimation has yielded promising results, underscoring the potential
of FOD as a valuable tool for enhancing accuracy in remote sensing studies of grassland
ecosystems.

Current methods for estimating chlorophyll content in grasslands often rely on empir-
ical models and spectral indices composed of linear or nonlinear combinations of related
bands. These indices are specifically designed to capture weak spectral signals, enhance
sensitive information, reduce interference from correlated noise [22], and effectively high-
light changes in chlorophyll content. Researchers have developed various specific spectral
indices for different purposes. For example, Zhao et al. [23] introduced the normalized
difference spectral index (NDSI) and the soil-adjusted vegetation index (SAVI) for the
nitrogen nutrient index, using a combination of two bands. These newly devised indices
have demonstrated improved accuracy in estimating nitrogen nutrient status. Similarly,
Feng et al. [24] created the double green simple ratio index (DGSR) and double green
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normalized difference index (DGND) for monitoring wheat powdery mildew, utilizing
the 584 nm and 550 nm bands. Their experimental results indicated that the double green
indices outperformed traditional vegetation indices. Vegetation indices effectively highlight
vegetation characteristics and minimize interference from atmospheric and soil background
factors. Additionally, their ease of calculation makes them widely used for quantitative esti-
mation in various applications. In summary, spectral indices play a crucial role in enhancing
the accuracy and efficiency of chlorophyll content estimation in grassland studies.

In this study, leaf chlorophyll values were measured and extrapolated to the canopy
level using UAV hyperspectral data. This extrapolation was based on the green vegetation
coverage, which helped account for the spatial heterogeneity of the grassland. In order to
enhance the hyperspectral feature information, the FOD technique was employed. FOD
spectral indices were constructed to reduce the impact of soil and grass heterogeneity.
Partial least squares regression (PLSR) and support vector machine regression (SVR) were
used to develop models using both the FOD full-band data and FOD spectral indices. The
primary goal of these models was to enhance the accuracy of chlorophyll content estimation
in grasslands. By incorporating the FOD technique and advanced regression algorithms,
this study aimed to provide more reliable and precise estimations of chlorophyll content in
the complex and diverse grassland environment.

2. Materials and Methods
2.1. Study Area

The experimental site is located in the grassland transition zone of Erguna, Inner
Mongolia, with coordinates spanning from 119°07’ to 121°49'E and 50°01’ to 53°26'N.
It represents a typical temperate meadow grassland, primarily dominated by Leymus
chinensis, needlegrass (Stipa), and heliotrope (Carex pedoformis). The study was conducted
from 20 July to 26 July 2019, with a specific focus on selecting areas with robust grass
growth and no apparent damage from external factors. These selected areas showcased
uniform grass vegetation types and gentle topographical relief and maintained the original
ecological integrity. Within the study area, three distinct sample zones, named T5, T6,
and T7 (Figure 1), were established, each exhibiting varying green vegetation coverage.
To ensure adequate representation, a grid pattern was overlaid within each sample area
consisting of 30 small 1 m x 1 m sample squares spaced at 10-m intervals, resulting in a total
of 90 sample squares. The dimensions of T5, T6, and T7 were 280 m x 225m, 200 m x 225m,
and 250 m x 225 m, respectively. Figure 2 provides illustrative photographs of the three
sample areas. The green vegetation coverage in the T5 and T7 samples displayed minor
differences, ranging from 17% to 47.62%. In contrast, the T6 samples exhibited significant
variability in green vegetation coverage, spanning from 17.49% to 87.24%. These diverse
sample areas were selected deliberately to capture the full spectrum of green vegetation
coverage in the temperate meadow grassland, ensuring comprehensive representation of
the ecosystem for the study:.

2.2. UAV Hyperspectral Data

In this study, the hyperspectral images of the T5, T6, and T7 measurement areas
were captured using a computational hyperspectral imaging system developed by our
research team. The system utilized a snapshot 5 x 5 mosaic sensor to reconstruct full-frame
hyperspectral images. The spatial resolution of the images was 2088 x 1088 pixels, and
they were composed of 25 spectral bands ranging from 600 to 1000 nm. The acquisition of
the hyperspectral images was carried out using a DJI M600 Pro Drone equipped with the
computational hyperspectral imaging system. The manufacturer of the equipment is DJI
Innovations, based in Shenzhen, China. The flight parameters were set with a flight height
of 60 m, a heading overlap of 60%, and a side overlap of 40%. The lens of the system was
positioned vertically downward during the flight, resulting in an average spatial resolution
of 2.75 cm.
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Figure 1. Sample distribution of T5, T6, and T7 study areas.

Figure 2. Representative photographs of the study area samples ((a—c) correspond to T5, T6, and T7,
respectively).

Considering the low-altitude aerial height of 60 m in this study, the resulting remote
sensing images are influenced by factors such as atmospheric aerosols, flat terrain, and
small undulations. Consequently, the stitched hyperspectral image is not geometrically
corrected to account for these effects. However, radiometric calibration was performed
to convert the image’s digital numbers (DN values) into surface reflectance values. For
the radiometric calibration, four calibration cloths with known reflectance values were
used. These cloths had reflectance values of 5%, 20%, 40%, and 60%. Field spectra were
collected from these cloths, and their mean corrected DN values were calculated for each
band of the regions of interest (ROIs) extracted from the calibration cloth images. An ASD
spectroradiometer was used for the spectral measurement of each calibration cloth, and the
mean spectral measurement for each cloth was also determined. These calibration steps
helped in quantifying the image DN values to generate surface reflectance values.

The hyperspectral images used in the study consist of 25 bands covering the spectral
range of 600-1000 nm. The information for each band is provided in Table 1. Specifically,
the first 8 bands correspond to the red band, while the remaining 17 bands belong to the
near-infrared band.

Table 1. Wavelength information of UAV hyperspectral images.

Band Wavelength Band Wavelength Band Wavelength
Order /mm Order /nm Order /mm

1 672.7 11 812.6 21 923.8

2 687.2 12 833.7 22 930.8

3 713.1 13 843.7 23 939.3
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Table 1. Cont.
Band Wavelength Band Wavelength Band Wavelength
Order /mm Order /nm Order /mm
4 727.4 14 854.6 24 944.9
5 739.5 15 864.8 25 950.1
6 754.2 16 876.2
7 766.4 17 883.8
8 779.6 18 893.5
9 790.8 19 907.8
10 803.5 20 916.2

To assess the reliability of the radiometric calibration, the study used ground canopy
measured spectra from the samples in the three selected areas as the true values. The mean
reflectance values of the image samples after calibration were considered as the test values
for Pearson correlation analysis. The correlation between the reflectance values obtained
from the calibration of the three areas and the ground canopy spectra was greater than 0.7.
The highest correlation was observed in area T6, with most values exceeding 0.85. The
correlation in areas T5 and T7 was relatively closer, ranging between 0.70 and 0.85. Overall,
the results indicate that the radiometric calibration outcomes are reliable and can be utilized
for the inversion of grass chlorophyll content.

2.3. Calculation of Chlorophyll Content in the Sample

In this experiment, the relative chlorophyll content was measured using the SPAD-502
chlorophyll meter, which has been previously shown to exhibit a highly significant correla-
tion with true chlorophyll content [25]. The SPAD-502 is manufactured by Konica Minolta,
Inc. in Japan. The SPAD-502 measurements were conducted simultaneously with the
collection of drone images at the same location. To ensure accuracy and representativeness,
a five-point sampling method was employed within each sample area. At each sampling
point, the chlorophyll content of the upper, middle, and lower parts of the grass was mea-
sured using the SPAD-502. The average of these five points provided the chlorophyll value
for each sample area. In total, 90 sample plots were measured across the three sample areas.
However, it is worth noting that only 79 samples were ultimately used for analysis. This
reduction in the sample size was due to some of the samples being obscured during the
UAV flight for aerial photography due to staff sampling activities. Despite this limitation,
the remaining 79 samples still provided sufficient data for the analysis and conclusions of
the study.

Due to the inherent variability in green vegetation coverage and the presence of differ-
ent components, such as fresh grasses, dead grasses, and bare soil, accurately estimating the
chlorophyll content of grass canopies presents a challenge. This paper proposes a method
to infer chlorophyll content based on the scale of green vegetation coverage [26]. Sample
photos were captured using a Huawei P10 Plus smartphone positioned approximately 1 m
above the ground, with the lens facing vertically downward, at the center of each sample.
The HUAWEI P10 Plus is a smartphone officially released by Huawei Technologies Co.,
Ltd. (Shenzhen, China) on 26 February 2017, at the Mobile World Congress 2017 (MWC)
held in Barcelona. Based on the color images obtained, a support vector machine (SVM)
classification algorithm was employed to classify the images into two categories: green
vegetation and other. The area of image elements occupied by green vegetation was then
calculated, representing the green vegetation coverage of the sample. This approach allows
for the estimation of chlorophyll content based on the scale of green vegetation coverage
in the grass canopies. By utilizing the green vegetation coverage as a proxy for chloro-
phyll content, this method provides a practical and efficient way to estimate chlorophyll
levels in complex grassland environments where traditional direct measurements may
be challenging.

Y, SPAD;

n

SPAD_mean = (1)
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Cover_greengrass = % )

SPAD_cover = Cover_greengrass X SPAD_mean 3)

In the provided information, the following variables are defined:

- SPAD_cover: The estimated chlorophyll value of the sample canopy obtained through
upward extrapolation of green vegetation coverage.

- Cover_greengrass: The green vegetation coverage within the sample, expressed as
a proportion.

- SPAD_mean: The average SPAD value of the sample canopy.

- SPAD;: The individual SPAD-502 measurements obtained during the experiment.

- n: The number of SPAD measurements taken.

- S_greengrass: The number of pixels occupied by green vegetation in the image.

- S_plot: The area of the sample square, which represents the size of the sampled area.

2.4. Methods
2.4.1. Fractional-Order Derivative

The FOD is derived from the integer-order derivative, which represents the slope of the
spectral reflectance at any order [27]. It finds applications in various fields, such as system
modeling, pattern recognition, signal filtering, and fractal theory. Fractional-order models
often yield more accurate results compared to traditional integer-order models [28,29].
There are several approaches to define fractional order, including Riemann —Liouville,
Caputo, and Grunwald-Letnikov approaches [30]. In this paper, the Grunwald-Letnikov
form of FOD is used due to its simplicity and wide usage. The FOD is calculated using the
same procedure as described in Equation (4), with the specific algorithm implemented in
MATLAB 2016.

df(A)

(—a)(—a+1) I(—a+1)
s )+ (i -+ AT D gy gy

Tl (—a+1)

f(A—n) (4

In the given equation, the variables are defined as follows:

- d: The derivative operator, which represents the mathematical operation of taking
the derivative.

- I': The Gamma function, which is a mathematical function that generalizes the factorial
function to complex numbers.

- A: The corresponding wavelength for which the derivative is being calculated.

- n: The difference between the upper and lower limits of the derivative. Whennis 0, 1,
or 2, it represents the integer-order derivative.

- a: An arbitrary order that can be any real or complex number, representing the
fractional order of the derivative.

- f(A): The spectral reflectance value at the wavelength A.

By using the derivative operator, Gamma function, and the difference between upper
and lower limits, the equation allows for the calculation of both integer and fractional-order
derivatives of the spectral reflectance values.

2.4.2. FOD Spectral Index Construction

In order to estimate chlorophyll content in grasslands, this study aimed to construct
three two-band FOD spectral indices. These indices are called the fractional-order deriva-
tive difference index (FDI), fractional-order derivative ratio index (FRI), and fractional-order
derivative normalized difference Index (FNDI). The grass canopy reflectance data under-
went FOD processing. The specific formulas for each index are given in Equations (5)—(7).
By calculating the coefficient of determination (R?) for FDI, FRI, and FNDI using different
combinations of reflectance values from the 25 bands of the UAV hyperspectral data, the
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study can identify the optimal combination of bands and spectral indices for predicting
chlorophyll content in grass.

FDI = p, — p 5)
[0 8
FRI = M1 (6)
P,
PR, — P
FNDI = L% (7)
Px =+ Px,

where p is the spectral reflectance, « is the fractional order, and A; and A, represent the
band positions.

2.4.3. Chlorophyll Inversion Model Construction and Accuracy Verification

In this paper, the feature construction process utilizes the 10-fold cross-validation
method for sample partitioning. Two different models, namely partial least squares regres-
sion (PLSR) and support vector machine regression (SVR), are employed for modeling. The
regression function package in PyCharm is used to implement the modeling. Furthermore,
different modeling methods are chosen for different spectral variables in order to evaluate
the accuracy of these methods for estimating chlorophyll content in grass. This approach al-
lows for a comprehensive examination of the performance of various modeling techniques
for this specific task.

The accuracy of the estimation model is assessed using three commonly used measures:
coefficients of determination (R?), root mean square error (RMSE), and relative predictive
deviation (RPD). The calculation methods for each of these measures are expressed in
Equations (8)—(10). These equations are used to quantify the performance and reliability of
the estimation model in predicting chlorophyll content in grass.

R2 Yl (X — X)Z(Yi ~Y)’

— — (8)
2 2
L (Xi =X)L (Yi - Y)
n o v.)2
RMSE = W )
SD

In the provided equations, n represents the total number of samples. X; and Y;
represent the predicted and measured chlorophyll content values, respectively. X and
Y represent the mean values of the predicted and measured chlorophyll content. SD
represents the standard error of the predicted values. The R?> measures the proportion of
the variability in the measured chlorophyll content that can be explained by the predicted
values. Higher values of R? that are closer to 1 indicate a better prediction effect. RMSE
measures the average magnitude of the differences between the predicted and measured
chlorophyll content values. Lower values of RMSE that are closer to 0 indicate a better
prediction effect. RPD is a relative evaluation index. RPD values less than 1.4 indicate poor
and unusable model performance. RPD values between 1.4 and 2.0 indicate a more reliable
model. RPD values greater than or equal to 2.0 indicate reliable performance with a better
prediction ability.

In this paper, the raw hyperspectral data are subjected to FOD processing using
orders ranging from 0 to 2 with an interval of 0.1. The sample chlorophyll values are
obtained through upward extrapolation of green vegetation coverage. To ensure consistent
feature dimensions for comparing the effects of FOD spectral processing on modeling
results, full-band modeling is performed using different fractional-order data. For each
order of FOD spectra, the FDI, FRI, and FNDI are constructed. The study then filters
the order and band combinations to identify the optimal indices. The inverse modeling
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algorithm is programmed and implemented using PyCharm 2017 and Matlab 2016 in this
paper. These tools are used to facilitate the implementation and evaluation of the inverse
modeling process.

To compare the modeling effects, the experiment in this paper is divided into three groups:

(@) Full-band models with different fractional-order values ranging from 0 to 2. This
group focuses on evaluating the modeling performance using the entire spectral range
with varying fractional-order values.

(b) Two-band index models using the FDI, FRI, and FNDI constructed from fractional-
order spectra ranging from 0 to 2. This group investigates the effectiveness of these
specific spectral indices in estimating chlorophyll content.

(c) Combination models that include both the fractional-order full-band data and the
optimal combinations of FDI, FRI, and FNDI indices. This group aims to assess the
potential improvement in modeling accuracy by incorporating FOD and selected
spectral indices together.

By examining these three groups, the paper aims to compare the modeling effects
and determine which approach or combination yields the best performance in estimating
chlorophyll content in grass.

3. Results
3.1. Grassland Canopy Spectral Curves and Their Correlation with Chlorophyll

After processing the UAV hyperspectral images based on the sampling criteria, we
derived spectral reflectance values for each sample. These spectral reflectance curves are
graphically represented in Figure 3a. These curves reveal noticeable distinctions, with
reflectance values spanning from 0.2 to 0.6~0.7. Notwithstanding these disparities, the
spectral profiles of grass canopies within each square exhibit consistent patterns, marked
by corresponding peaks and troughs. The heightened spectral reflectance within the red
and near-infrared spectral bands aligns with the characteristic features of green vegetation
spectral signatures. The substantial variations in spectral reflectance across the samples
underscore the potential utility of UAV hyperspectral imagery in estimating the chlorophyll
content in grassland environments. To delve deeper into this phenomenon, we conducted a
Pearson correlation analysis between the hyperspectral data acquired from the 25 spectral
bands and the chlorophyll content at the canopy level of the grass. The results, as illustrated
in Figure 3b, manifest a robust correlation between the reflectance values derived from the
UAV hyperspectral image samples and the chlorophyll content of the grass, spanning from
0.68 to 0.78. The most significant correlation is observed within the 8th spectral band at a
wavelength of 779.6 nanometers. These findings underscore the promising capability of
UAV hyperspectral imagery for precise estimation of chlorophyll content in grasslands,
with particular emphasis on the 8th spectral band, which exhibits the highest correlation.

0.7 0.8

(b)

0.6 [

e
=
)

0.5F

0.4

Reflectance

e
“

Correlation Coefficient

) 1 . . . . , 0.65 . . . . . .
650 700 750 800 850 900 950 650 700 750 800 850 900 950

Wavelength/nm Wavelength/nm

Figure 3. (a) Hyperspectral reflectance curves of grass drones in T5, T6 and T7; (b) Correlation
between 25 bands and grass canopy chlorophyll content.
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3.2. FOD Spectroscopy and Chlorophyll Correlation Analysis

In this study, the spectral data from the 25 bands of the UAV hyperspectral images
for 79 samples were processed using FOD ranging from 0 to 2 with an interval of 0.1.
Subsequently, a Pearson correlation analysis was conducted to explore the relationship
between the FOD spectra and the grass chlorophyll content. The correlation curves for
different orders are depicted in Figure 4. Specifically, Figure 4a illustrates the correlation
curve for orders ranging from 0 to 0.5. Figure 4b displays the correlation curve for orders
between 0.6 and 1. Figure 4c presents the correlation curve for orders from 1.1 to 1.5, and
Figure 4d shows the correlation curve for orders from 1.6 to 2. Observing Figure 4, it is
evident that the original reflectance spectra (order 0) demonstrated a significant positive
correlation with the grass chlorophyll content. As the order increased from 0.1 to 0.5, small
peaks and valleys gradually appeared in the correlation curves, with most of them showing
positive correlation, except for the first band, which displayed a negative correlation.
From an order of 0.6, the correlation curves underwent substantial changes, with negative
correlations becoming more pronounced. Additionally, the correlation values increased,
and higher transformation orders led to sharper fluctuations in the correlation curves.
Furthermore, the gaps between adjacent bands in the correlation curves became larger as
the order increased.

Correlation coefficient

Correlation coefficient
(=]

1.5 900\\

iz -
QV%”W o — "
W
i 16 order

(0) (d)

Figure 4. Correlation of FOD spectra with chlorophyll content: (a) 0~0.5 order correlation, (b) 0.6~1
order correlation, (c) 1.1~1.5 order correlation, and (d) 1.6~2 order correlation.

These findings indicate that FOD introduce distinctive features in the correlation
analysis, showing potential in enhancing the relationship between spectral information and
grass chlorophyll content. The variations in correlation patterns with different orders pro-
vide valuable insights for selecting an appropriate fractional order in estimating grassland
chlorophyll content using UAV hyperspectral data.
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Based on the analysis of different FOD spectra and grass chlorophyll content, the
bands with the highest correlation values in each fractional-order spectrum were extracted
and summarized in Table 2. The maximum correlation values were found to be 0.774,
0.833, and 0.799 for the original spectrum, 1-order derivative, and 2-order derivative,
respectively. Notably, the highest correlation values of 0.844 were achieved for the 1.4
and 1.5 orders after fractional-order transformation. These correlation values surpassed
those obtained from the original spectra with integer-order transformation, indicating the
effectiveness of fractional-order transformation in enhancing the correlation between the
spectral data and grass chlorophyll content. The results suggest that FODs offer valuable
insights for improving the estimation accuracy of grassland chlorophyll content using UAV
hyperspectral data.

Table 2. Correlation of FOD spectra with chlorophyll content and corresponding wavelength.

Orders Correlation =~ Wavelength/nm  Orders Correlation =~ Wavelength/nm

0 0.774 779.6 1.1 0.838 7274
0.1 0.776 779.6 12 0.841 7274
0.2 0.781 779.6 1.3 0.843 7274
0.3 0.786 754.2 1.4 0.844 7274
0.4 0.791 754.2 15 0.844 7274
0.5 0.795 754.2 1.6 0.842 7274
0.6 0.798 754.2 1.7 0.838 7274
0.7 0.807 7274 1.8 0.830 7274
0.8 0.817 727 .4 19 0.817 7274
0.9 0.826 7274 2.0 0.799 7274
1.0 0.833 7274

3.3. Reflectance Spectral Index Preference

To determine the suitable fractional order for remote sensing monitoring of grassland
chlorophyll content and its corresponding wavebands, three two-band FOD spectral indices
(FDIL, FRI, and FNDI) were constructed. The correlation between these spectral indices and
grassland chlorophyll content at fractional orders ranging from 0 to 2 was analyzed, as
shown in Figure 5. From Figure 5, it can be observed that for fractional orders ranging from
0.1 to 1, the combination of two bands within the B10 to B23 range is the sensitive region
for the FDI index in monitoring grassland chlorophyll content. The sensitive regions for
FRI and FNDI are smaller compared to FDI, and they exhibit similar distribution areas
and changes in dispersion. As the order increases, the sensitive regions for all three FOD
spectral indices gradually decrease and become more dispersed. FRI and FINDI show more
pronounced changes than FDI. Moreover, when the order surpasses 0.8, the sensitive band
regions for all three indices become even more dispersed.
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Figure 5. Distribution of correlation coefficients between FOD spectral indices and chlorophyll
content in two bands.
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To determine the optimal fractional order and corresponding bands for the three
FOD spectral indices (FDI, FRI, and FNDI), the study extracted the band combinations
that exhibited the highest correlation coefficients with grass chlorophyll content across
fractional orders ranging from 0.1 to 2, as presented in Table 3. The maximum correlation
coefficients for FDI, FRI, and FNDI with grass chlorophyll content under fractional orders
ranging from 0.1 to 2 were 0.861, —0.858, and —0.821, respectively.

Table 3. Correlation coefficients between the best FOD spectral indices and grass chlorophyll content
in two bands and the corresponding band combination.

FDI FRI FNDI
Orders . Band . Band . Band
Correlation Combination Correlation Combination Correlation Combination
0 0.838 (14,8) —0.817 (10,14) 0.817 (14,10)
0.1 —0.838 4,3) 0.816 (12,10) 0.816 (12,10)
0.2 —0.841 4.3) 0.81 (12,10) 0.809 (12,10)
03 —0.843 4,3) 0.812 (3,4) —0.81 4,3)
0.4 —0.844 4,3) 0.815 (3,4) —0.811 4,3)
05 —0.844 4,3) 0.814 (1,10) —0.812 (10,1)
0.6 —0.842 4,3) 0.819 (2,10) -0.821 (10,2)
0.7 0.838 4,3) 0.803 (2,10) —0.806 (10,2)
0.8 0.848 (22,4) 0.758 (14) —0.753 1)
0.9 0.856 (22,4) 0.772 (1,4) —0.767 41)
1.0 0.861 (22,4) 0.784 (14) —0.779 @1
1.1 0.86 (22,4) —0.818 (19,4) 0.818 4,2)
12 0.852 (22,4) —0.85 (19,4) 0.819 4,2)
13 0.838 (13,4) —0.858 (19,4) 0.82 4,2)
14 0.838 (11,4) 0.856 (20,4) 0.82 4,2)
15 0.839 (11,4) 0.852 (20,4) 0.818 4,2)
16 0.838 (11,4) 0.836 (20,4) 0.812 4,2)
1.7 0.835 (11,4) 0.808 (20,4) 0.799 4,22)
1.8 0.831 (11,4) 0.777 (1,4) 0.78 4,2)
1.9 0.831 (19,4) —0.775 (1,11) 0.777 (11,1)
2.0 0.832 (19,4) —0.773 (1,11) 0.776 (11,1)

Based on the analysis presented in Table 3, it is evident that the FOD spectral index FDI
demonstrates better correlation with grass chlorophyll content compared to the original
spectral index, within the following range of orders: 0.2 to 0.6, 0.8 to 1.2, and 1.5. The
optimal order for FDI is 1, with the corresponding band combination of B22 and B4, which
outperforms the original spectral index. For the spectral index FRI, the FOD indices
at orders 0.6 and 1.1 to 1.6 exhibit improved correlation with grass chlorophyll content
compared to the original spectrum. Although the optimal order for FRI is not explicitly
mentioned, the corresponding band combinations are B19 and B4. Regarding the FNDI
index, the FOD index at orders 0.6 and 1.1 to 1.5 outperforms the original spectrum
in terms of correlation with grass chlorophyll content. The optimal order for FNDI is
determined to be 0.6, with the corresponding band combinations being B10 and B2. The
FNDI constructed using order 0.6 is found to be more sensitive to grass chlorophyll content.
In summary, the band combinations with the maximum correlation coefficients for the
FDI, FRI, and FNDI indices are B22 and B4, B19 and B4, and B10 and B2, respectively.
Based on the above analysis, the study constructs three two-band FOD spectral indices for
remote sensing detection of grass chlorophyll content, expressed as Equations (11)-(13),
respectively (specific equations not provided in the given information).

FDI = phoyy — ppy (11)
P1'3

FRI = =512 (12)
PBy
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006 — p06
FNDI =80 "5 (13)
P10 + PB2
Here, the superscript p indicates the order of the FOD spectrum, and the subscript indicates
the corresponding band order.

3.4. Chlorophyll Inversion Model Construction and Evaluation

To leverage UAV hyperspectral data and extract relevant FOD spectral information
for estimating grass chlorophyll content, this study constructs chlorophyll estimation
models using two regression techniques: PLSR and SVR. The models are trained and
evaluated using a combination of stratified sampling and 10-fold cross-validation for
sample partitioning.

Three types of spectral inputs are considered in the models:

1.  FOD full-band spectra.
2. Preferential FOD spectral indices.
3. Spectral indices derived from the full-band spectra.

By incorporating these different spectral inputs, the models aim to capture a wide
range of spectral information for accurate chlorophyll estimation. The partitioning ap-
proach ensures robust evaluation and prevents overfitting. The specifics of the PLSR and
SVR models, including their formulation and parameters, are not provided in the available
information.

3.4.1. Full-Band FOD Spectra Model Construction

Experiments were conducted to verify the effectiveness of FOD spectral transforma-
tions in constructing grass chlorophyll content estimation models. Two regression methods
based on PLSR and SVR were employed using both the original spectral reflectance and
the spectral features after FOD transformations ranging from 0 to 2. Table 4 presents
the specific estimation results of the different models. PLSR demonstrates higher overall
prediction accuracy compared to SVR, as indicated by the higher R? and smaller RMSE
values. PLSR also exhibits better model stability compared to SVR. Figure 6 illustrates
the impact of FOD transformations on R? for both PLSR and SVR. The R? values show
a similar pattern for both modeling methods, initially increasing, then decreasing, and
subsequently increasing again up to order 0.6. Beyond order 0.7, the R? values in PLSR
display a decreasing-then-increasing trend, while SVR shows a relatively stable trend with
a slight decrease. The maximum value of R? is achieved at order 0.6 for PLSR, surpassing
the R? for the original spectral reflectance by approximately 0.04. In contrast, SVR achieves
the maximum R? at order 0.7, surpassing the R? for the original spectral reflectance by
about 0.03.

Table 4. Estimation accuracy of grassland chlorophyll content in PLSR and SVR models.

PLSR SVR
Order

R? RMSE RPD R? RMSE RPD
0 0.699 2.165 1.847 0.596 2.529 1.58
0.1 0.7 2.164 1.842 0.601 2.515 1.588
0.2 0.686 2218 1.796 0.587 2.559 1.561
0.3 0.675 2.257 1.765 0.582 2.571 1.552
04 0.679 2.246 1.769 0.596 2.524 1.579
0.5 0.72 2.089 1.907 0.615 2.464 1.615

0.6 0.742 2.001 1.994 0.625 2.435 1.626
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Table 4. Cont.
PLSR SVR
Order
R? RMSE RPD R? RMSE RPD
0.7 0.74 2.023 1.966 0.63 2.418 1.648
0.8 0.741 2.009 1.983 0.628 2.425 1.645
0.9 0.731 2.05 1.943 0.626 2.434 1.641
1.0 0.722 2.084 1.912 0.626 2.435 1.641
1.1 0.714 2.11 1.889 0.625 2.437 1.639
1.2 0.71 2.124 1.878 0.624 2.441 1.636
1.3 0.712 2.118 1.883 0.622 2.447 1.632
14 0.717 2.098 19 0.62 2.454 1.627
15 0.724 2.075 1.92 0.618 2.46 1.623
1.6 0.729 2.057 1.936 0.616 2.466 1.618
1.7 0.731 2.049 1.944 0.614 2.471 1.615
1.8 0.73 2.052 1.942 0.613 2.474 1.613
19 0.726 2.067 1.928 0.612 2.478 1.611
2.0 0.718 2.094 1.905 0.611 2.481 1.609
0.8 1 —+—PLSR
—a—SVR
0.75
0.7 A
% 0.65
0.6 1 ’\-\/“M
0.55 -
0.5

0 02 04 06 08 1 1.2 14 16 1.8 2
Orders

Figure 6. Coefficients of variation of full-band modeling R? of different orders for PLSR and SVR.

Consequently, FOD transformations can significantly enhance the accuracy of the
models in estimating grass chlorophyll content. The optimal combination is determined to
be a fractional order of 0.6 when using PLSR. This finding underscores the effectiveness of
using FOD to improve the estimation accuracy of grassland chlorophyll content, particularly
when combined with the PLSR regression method.

3.4.2. Chlorophyll Inversion Model Based on Two-Band FOD Spectral Indices

To assess the effectiveness of three selected vegetation indices in constructing chloro-
phyll inversion models, both PLSR and SVR models were developed using these indices.
In the PLSR model, a total of 25 principal components were selected. For the SVR model,
the combination obtained through grid search was 'C’: 1000, 'gamma’: 0.001, and 'kernel’:
linear. Scatter fit plots of predicted versus true values for the corresponding PLSR and
SVR models were created, as shown in Figure 7. From Figure 7, it is evident that the PLSR
model outperforms the SVR model. The scatter distribution of the predicted chlorophyll
values and measured values in PLSR is closer to the 1:1 line, indicating higher accuracy and
model stability. The R? value is also improved by 0.06 compared to the original spectral
model. Additionally, the PLSR model demonstrates superior performance compared to the
arbitrary order full-band model. Comparing the performance with the original full-band
spectral model, the PLSR model enhances R? by approximately 0.07, thus outperforming
the arbitrary order full-band model as well. These findings validate the effectiveness of the
selected vegetation indices in improving the accuracy and stability of chlorophyll content
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prediction models for grass. The scatter fit plots provide visual evidence of the improved
performance of the PLSR model in accurately estimating grassland chlorophyll content,
reinforcing the utility of FOD spectral transformations and the selected vegetation indices
in remote sensing applications.
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Figure 7. Scatter plot of two-band vegetation index grass chlorophyll estimation model for
PLSR and SVR. The green dots in the figure represent fitted values of measured biomass against
predicted biomass.

3.4.3. Chlorophyll Model Combining Spectral and Constructive Indices

The study combined the FDI, FRI, and FNDI with the optimal order spectra obtained
from the fractional-order full-band model. According to Table 4, the optimal order for
the PLSR fractional-order full-band model is 0.6, while it is 0.7 for the SVR fractional-
order full-band model. In this research, the exponential features and 0.6 order full-band
spectral features were used as inputs for PLSR, while the exponential features and 0.7 order
full-band spectral features were used for SVR. In the PLSR model, a total of 25 principal
components were selected. For the SVR model, the combination obtained through grid
search was ‘C": 1.0, ‘gamma’: scale, and ‘kernel”: rbf. A scatter plot, represented in Figure 8,
displays the measured values on the horizontal axis, corresponding estimated values on
the vertical axis, the 1:1 line in black, and the fitted trend line in solid green. Observing
Figure 8, it becomes evident that the PLSR estimation results outperform the SVR model.
The chlorophyll estimation accuracy, indicated by R?, is 0.1 higher in the PLSR model;
however, the RPD is 0.5 lower in comparison.

25 25

R?=0.808 R?=0.693

RMSE=1.720 RMSE=2.186
g » RPD=2.347 2 2 RPD=1.823
E E
E Ny ! A
S 15 15 .
—_— . —_—
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Q Q
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L ] L]
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Measured chlorophyll value Measured chlorophyll value

(a) PLSR (b) SVR

Figure 8. Scatter plot of the model for estimating chlorophyll in grasses combining PLSR and SVR
spectral features with exponential features. The green dots in the figure represent fitted values of
measured biomass against predicted biomass.
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(a) T5 sampling area

According to the results obtained from the validation set, the best model for estimating
the chlorophyll content of grass is the PLSR model. The input variables for this model

include the FDI = 9%322 — p%; 4 FRI = %, FNDI = 2 %1201:3%22 vegetation indices, calculated
using the specified formulas, along vf;ith the 0.6 gllrg:lerngull—band spectra. This model
demonstrates superior performance based on the R?, RMSE, and RPD indicators. To
visualize the spatial distribution of chlorophyll content in the study areas, the best inversion
model, which is the PLSR model, was applied to the entire hyperspectral image. Figure 9
shows the resulting spatial distribution, which aligns with the observed growth distribution
of grass. The chlorophyll content appears to be more uniform in T5 and T7 sampling areas,
while T6 sampling area exhibits more variability. The mean chlorophyll values in T5, T6,
and T7 are 7.13, 13.36, and 10.19, respectively. The minimum values are 3.53, 6.05, and 6.11,
while the maximum values are 11.25, 21.87, and 15.75. These values correspond to the
green vegetation coverage described in the previous section.
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Figure 9. Chlorophyll inversion results in T5, T6, and T7 sampling areas.

4. Discussion
4.1. Contribution of FOD to Chlorophyll Estimation

This paper highlights the potential of FOD processing of spectral data in remote
sensing for estimating chlorophyll content in grasslands. By analyzing the fractional
orders ranging from 0 to 2 with an interval of 0.1, the method effectively reduces band
redundancy and captures weak but chlorophyll-sensitive spectral information. The results
demonstrate that differential processing improves the sensitivity of hyperspectral data,
with a 7.6% increase in correlation for the 1-order derivative and a 3.2% increase for the
2-order derivative compared to the original reflectance data. Moreover, the maximum
correlation coefficients of FOD spectra exhibit a peak at orders 1.4 and 1.5, surpassing the
maximum correlation coefficients of lower-order derivatives and the original reflectance
data by 1.3% and 5.6%, respectively. This indicates a 9.0% improvement over the original
reflectance data. The wavelengths associated with the maximum correlation coefficients
shift towards longer wavelengths as the order increases, with 779.6 nm, 754.2 nm, and
7274 nm being the optimal wavelengths for 0-0.2, 0.3-0.6, and 0.7-2 orders, respectively.

4.2. Selected Spectral Indices

The study explores the feasibility of combining FOD spectra with vegetation indices.
It acknowledges the existing successful use of spectral indices for inversion and aims
to enhance correlations with chlorophyll using fractional-order derivative spectra. The
constructed FDI, FRI, and FNDI vegetation indices exhibit improved correlations compared
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to integer-order derivative indices, indicating their practical value. From Table 3, it is
evident that among the three constructed two-band FOD spectral indices (FDI, FRI, and
FNDI), FDI shows better correlation with grass chlorophyll content. This is attributed to
the interspersed presence of grass and bare soil in the sampling area, where FDI proves
more sensitive to soil background changes compared to FRI and FNDIL. This aligns with the
current direction in chlorophyll estimation index construction [22].

4.3. Modeling Results

In this paper, PLSR and SVR models were constructed using different fractional-order
full-band indices, optimal two-band indices (FDI, FRI, and FNDI), and a combination of
full-band and vegetation indices ranging from 0 to 2. The PLSR model outperformed the
SVR model in the two-band spectral index modeling, improving the R? of the original
spectral model by 0.07 and outperforming the arbitrary-order full-band model. The SVR
index model improved the R? of the original full-band spectrum by approximately 0.04 and
also outperformed the arbitrary-order full-band model. The combined modeling results
of full-band and vegetation index features were presented in Figure 8 and demonstrated
superior performance compared to models based solely on full-band spectral features or
index features alone. Additionally, the PLSR model was found to outperform the SVR
model. Hence, the optimal model for chlorophyll estimation in this study was determined
to be the PLSR model combined with exponential features and a 0.6-order full band. This
model achieved an accuracy level of R? = 0.808 and RPD of 2.347. Compared to other
studies, this model demonstrated improved performance. It outperformed the model
by Darvishzadeh et al. [10] (R? = 0.7) for canopy chlorophyll content determination at
a 30 m x 30 m scale using NDVI and SAVI2 indices. It also surpassed the model by
Han Xiao et al. (R? = 0.703) for estimating grassland in Sichuan, China using the grassland
chlorophyll content index (GCI). Overall, the model proposed in this paper is reliable and
showcases good predictive ability.

4.4. Limitations and Future Research

In this paper, the authors obtained the optimal fractional order and indices for chloro-
phyll inversion based on UAV hyperspectral images through modeling and analysis. How-
ever, there are certain limitations and areas for further research. One limitation is that the
UAV hyperspectral images used in the study had fewer bands (25 bands), which restricted
the exploration of specific sensitive bands for chlorophyll after FOD processing. The re-
lationship between these sensitive bands was not thoroughly investigated. This could be
explored in subsequent studies using hyperspectral data with a larger number of bands.
Another limitation is related to the method used for determining the optimal fractional
order of the spectral index and its corresponding wavelength based on the maximum corre-
lation index. This determination is influenced by factors such as the number and quality
of samples, which may introduce limitations to the conclusions drawn. The proposed
method of combining full-band spectral features with index features can be further tested
and validated in subsequent studies by collecting data from grasses in different growing
seasons or considering other covariates of grasses. This will help assess the generalizability
and applicability of the approach. Overall, while the paper provides valuable insights
into chlorophyll inversion using FOD processing of UAV hyperspectral images, there are
opportunities for future research to address the limitations mentioned and further enhance
the understanding and applicability of the proposed methodology.

5. Conclusions

In this study, UAV hyperspectral images were utilized to estimate the chlorophyll
content of natural grasslands in the Inner Mongolia grassland transect. To address the
spatial scale mismatch between leaf-scale measurements and UAV hyperspectral data, a
green vegetation coverage-based approach was employed to upscale leaf-scale chlorophyll
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to the canopy level, reducing the impact of soil and hay and establishing a strong correlation
with the hyperspectral data.

FOD processing was applied to the high-resolution hyperspectral images to identify
hyperspectral information sensitive to grass chlorophyll content. Three two-band FOD
spectral indexes, namely FDI (B22, B4), FRI (B19, B4), and FNDI (B10, B2), exhibited the
highest correlations. The modeling results indicated that regression models constructed
using FOD-processed spectral variables outperformed models built with integer-order
derivative, highlighting the effectiveness of FOD for hyperspectral information extraction.

PLSR and SVR models were developed to estimate grass chlorophyll content using the
inverse models for each spectral variable. The PLSR models demonstrated higher accuracy
compared to the SVR models. The optimal PLSR models, utilizing 0.6-order full-band
spectra combined with FDI (B22, B4), FRI (B19, B4), and FNDI (B10, B2), achieved the
best performance for chlorophyll estimation in grasslands, with an R? of 0.808 and RMSE
of 1.72.

These findings showcase the feasibility of FOD processing of UAV hyperspectral
images for chlorophyll content estimation in grasslands. The approach can be extended to
other vegetation types and explore additional biochemical covariates in future studies.
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