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Foreword 

 The publication series “Advances in the Earth, Mining and Environmental Sciences for 

Safe and Sustainable Development” was conceived as a platform to promote scientific 
innovation, interdisciplinary collaboration, and knowledge exchange in support of safer, 
greener, and more sustainable development. Volume 1: Advanced Technologies and Artificial 

Intelligence in the Earth and Environmental Sciences established this foundation by 
highlighting the rapid emergence of digital technologies, artificial intelligence, and 
computational approaches that are reshaping the way we observe, analyze, and understand 
the Earth system. 

 Building upon this momentum, Volume 2: Earth, Mine, and Environmental Sciences for 

Green, Sustainable, and Prosperous Development in the Era of a Nation’s Rise extends the 
vision of the series into a broader scientific and societal context. While Volume 1 
emphasized technological advancement, Volume 2 focuses on how these technologies - 
along with traditional and emerging scientific approaches - are being integrated to address 
real-world challenges related to environmental stewardship, sustainable resource 
management, climate resilience, and green growth. 

 This volume comprises 79 peer-reviewed articles contributed by authors from 10 
countries and regions, reflecting an expanding network of international collaboration and 
the growing global commitment to advancing Earth, mining, and environmental sciences. 
The diversity of institutional backgrounds and research approaches represented here 
underscores the relevance of these topics to the shared pursuit of green, resilient, and 
inclusive development. 

 The volume is structured into three thematic parts, each representing a critical axis of 
sustainability-oriented research: 

 Part 1 – Earth, Mine and Environmental Sciences towards the Sustainability 

 This part brings together studies on geohazards, geotechnical engineering, mining 
science, hydrogeology, and environmental geology. The contributions highlight innovative 
approaches to landslide and geohazard assessment, advanced geotechnical modeling and 
underground construction behavior, sustainable mining practices, and environmental 
monitoring for land, water, and geological systems. These works reinforce the essential 
principles of ensuring safety, environmental protection, and sustainable resource 
utilization, forming the foundation for resilient national progress. 

 Part 2 – Digital Transformation for Prosperous Development 

 The second part illustrates how AI, machine learning, remote sensing, WebGIS, and 
geospatial intelligence are revolutionizing data acquisition, environmental monitoring, 
hazard prediction, and decision-making. The studies presented explore big data and deep 
learning techniques for landslide modeling, WebGIS-based early warning systems, UAV 
and hyperspectral imaging applications, groundwater forecasting, air quality assessment, 
and digital transformation-driven environmental governance. These contributions 
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demonstrate the transformative role of digital technologies in fostering prosperous, 
evidence-based, and future-ready development. 

 Part 3 – Green Development: Perspectives of the Earth, Mine and Environmental 
Sciences 

 The final part focuses on the scientific foundations and practical pathways toward 
green growth, environmental restoration, and sustainable livelihoods. The articles cover 
marine and coastal ecosystem management, microplastic pollution, wastewater treatment, 
green materials and circular economy solutions, biodiversity and climate-related studies, 
greenhouse gas monitoring, and sustainable tourism planning. Collectively, these 
contributions reflect a holistic, interdisciplinary approach to green development, 
integrating environmental science, socio-economic considerations, and policy-relevant 
insights. 

 As a whole, Volume 2 presents a comprehensive and timely collection of scientific 
advances that align with national and global priorities for sustainability. It showcases how 
Earth, mining, and environmental sciences are evolving to meet the challenges of a rapidly 
changing world, advancing the shared goal of a safer, greener, and more prosperous future. 

 We extend our sincere appreciation to all authors, reviewers, editors, and supporting 
institutions for their dedication and contributions. Their collective efforts have made this 
volume a meaningful addition to the scientific literature and a valuable reference for 
researchers, practitioners, policymakers, and students. 

Editorial Board 
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Abstract: Accurately determining chlorophyll 
content in plants is crucial for assessing their 
health and overall vitality, as chlorophyll plays 
a key role in photosynthesis and growth. In 
recent years, remote sensing techniques have 
emerged as  valuable tool for non-destructive 
monitoring of chlorophyll levels, enabling large 
scale assessment of crop health. This study 
investigates the most effective hyperspectral 
indices for monitoring leaf chlorophyll status in 
rice, with the goal of improving the  the 
accuracy of chlorophyll content estimation 
through remote sensing techniques. The 
research evaluates several vegetation indices, 
with a particular focus on the Normalized 
Difference Vegetation Index (NDVI) derived 
from selected spectral bands. Using field data 
and high-resolution hyperspectral imagery, the 
study identifies optimal spectral bands for 
estimating chlorophyll content, highlighting 
significant correlation between reflectance in 
the red (R) and near-infrared (NIR) bands. The 
optimized NDVI indices (NDVI1, NDVI2, and 
NDVI3) were compared, revealing that NDVI3 
demonstrates the strongest positive 
relationship with chlorophyll content. These 
findings emphasize  the importance of 
selecting appropriate spectral bands for 
chlorophyll estimation, offering insights for 
precision agriculture practices aimed at 
improving rice crop management. A multiple 
linear regression was employed to estimate the 
LCC in rice leaves, with the model showing an 
accuracy of R² of 0.55 and RMSE of 1.55. By 

advancing the application of hyperspectral 
imaging in agriculture, this study demonstrates 
its potential to improve crop health monitoring 
and optimize rice cultivation practices. 
Ultimately, the research underscores the role of 
remote sensing in promoting sustainable 
agricultural practices and enhancing yield 
management. 

Keywords: Chlorophyll, rice, hyperspectral. 

INTRODUCTION 

 Leaf chlorophyll content is a critical 
physiological trait in rice with broad 
implications for photosynthetic efficiency, 
stress responses, and yield potential. 
Chlorophyll is essential for light harvesting, 
and its higher concentration typically indicates 
enhanced photosynthetic efficiency and 
improved leaf nitrogen status (Jang et al., 2022; 
Jia et al., 2022). Under partial submergence, the 
decline in chlorophyll content indicates stress 
response and serves as an indicator of 
submergence tolerance in vegetative-stage rice 
(Nio et al., 2022). Therefore, the accurate, non-
destructive estimation of chlorophyll content 
in rice leaves is essential for large-scale 
phenotyping and precision agriculture. 
Traditional chlorophyll measurement methods, 
which rely on manual sampling and laboratory 
analysis, which are time-consuming and 
inefficient. Most studies also use optical 
sensors restricted to the visible spectrum (Cao 
et al., 2020). Recent advancements have 
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demonstrated the use of SPAD values, 
alongside multispectral, and hyperspectral 
imaging combined with machine learning 
techniques for chlorophyll estimation at both 
leaf and canopy levels in rice (Cao et al., 2020; 
Thi & Van, 2025; Y. Wang et al., 2023). 

 Spectral reflectance in green, red, red-
edge, and near-infrared bands, along with 
vegetation indices such as the Normalized 
Difference Vegetation Index (NDVI), 
Difference Vegetation Index (DVI), Ratio 
Vegetation Index (RVI), Green Normalized 
Difference Vegetation Index (GNDVI), MERIS 
Terrestrial Chlorophyll Index (MTCI), and 
Excess Green Index (ExG), have been used to 
develop leaf chlorophyll content (LCC) 
estimation models for wheat, maize, and 
barley. These models were constructed using 
regression methods, including Multiple Linear 
Regression (MLR), Partial Least Squares 
Regression (PLSR), Support Vector Regression 
(SVR), Random Forest Regression (RFR), and 
Backpropagation Neural Network (BP-NN) 
(Ban et al., 2022). However, to the best of our 
knowledge, there is a lack of studies addressing 
the estimation of leaf chlorophyll content 
(LCC) in rice (Oryza sativa L.) using 
hyperspectral UAV-based remote sensing in 
the Red River Delta region. 

 Hyperspectral data have been widely used 
to estimate chlorophyll content across various 
crops (Du & Luo, 2024; H. Liu et al., 2023). 
Hyperspectral data provide narrow-band 
information that targets chlorophyll absorption 
and red-edge dynamics, enabling VIs that 
correlate with foliar chlorophyll content and 
SPAD-equivalent measures in rice leaf. This 
spectral–biochemical linkage underpins 
reliable chlorophyll assessment in UAV 
campaigns, with demonstrated utility across 
growth stages (H. Liu et al., 2023; Pengphorm 
et al., 2024). In practice, VIs that emphasize 
chlorophyll-absorbing bands (around 670 nm) 
and red-edge/NIR bands are 
particularlyeffective for assessing rice 
chlorophyll content when collected from UAV 
platforms (Pengphorm et al., 2024). Indices like 
NDVI,DVI,RVI, and GNDVI have also been 

modeled for leaf chlorophyll content in wheat, 
maize, and barley (Deng et al., 2018; J. Wang et 
al., 2021; Zhang et al., 2019). GNDVI-like 
approaches that emphasize the green channel 
can provide sensitivity to chlorophyll content 
across developmental stages and stress 
conditions in rice leaves (Pengphorm et al., 
2024). Additionally, NDRE-based indices may 
offer higher sensitivity to chlorophyll variation 
under certain canopy conditions, sometimes 
outperforming NDVI in detecting vigor 
differences and chlorophyll content in rice 
fields, particularly when red-edge information 
is well captured by the UAV sensor (de Lima et 
al., 2021). While these studies demonstrated the 
effectiveness of VIs in estimating leaf 
chlorophyll content, the specific spectral bands 
of hyperspectral imagery used to derive these 
indices have not been thoroughly investigated. 

 Therefore, this study employs UAV-based 
hyperspectral data to identify the most 
effective vegetation indices (VIs) for estimating 
leaf chlorophyll content (LCC) in rice. The 
main objectives are as follows: (1) to determine 
the optimal hyperspectral bands for calculating 
VIs; (2) to select the most suitable VIs for LCC 
estimation in rice; and (3) to estimate LCC 
using multiple linear regression (MLR). 

STUDY AREA AND DATA 

Study area 

 The experimental area covers a total of 
6500m², located in Ban Nguyen commune, Phu 
Tho province. This region is designated 
specifically for rice cultivation, characterized 
by flat terrain, which is ideal for applying 
systematic agricultural practices. Additionally, 
the area is conveniently positioned near 
irrigation canals, which ensures efficient water 
distribution for the crops. The experimental 
plots are structured in a square configuration, 
each measuring 10m x 10m, and are separated 
by embankments with a width of 1 meter, 
providing clear boundaries between the plots. 
TBR225 (T) and Japonica 02 (J) are popular rice 
varieties in this locality, are shown in Fig. 1. 
Within the total area, 27 plots are dedicated to 
the cultivation of the local rice variety TBR225 
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(T), a commonly grown variety in the region. 
These plots are sequentially labeled from T1 to 
T27, ensuring consistency in both the size and 
layout of the plots. Furthermore, the Japonica 
02 rice variety (J), imported from Japan, is 
cultivated in 28 separate plots, labeled from J1 
to J28. This setup allows for comparative 
analysis between the TBR225 and Japonica 02 
varieties, focusing on their growth patterns and 
yield performance. Overall, the experimental 
area consists of 55 plots, providing a 
comprehensive framework for evaluating the 
growth dynamics and productivity of different 
rice cultivars under the local agricultural 
conditions 

 

Figure 1. Study area 

Hyperspectral UAV system 

 Hyperspectral UAV images were captured 
between 10:00 AM and 11:45 AM on May 6, 
2022, under favorable weather conditions 
characterized by clear skies and bright 
sunlight. The UAV-based hyperspectral remote 
sensing system consists of three primary 
components: a UAV platform for payload 
transportation, a gimbal for camera 
stabilization, and a hyperspectral imaging 
subsystem. All components are carefully 
integrated and synchronized before image 
acquisition to ensure stable operation and data 
accuracy. The UAV used in this study is a DJI 
Matrice 600 Pro hexacopter with a takeoff 
weight of 15.5 kg, providing adequate lift 
capacity and flight stability for hyperspectral 
data collection. The gimbal system, DJI Ronin-
MX, employs three-axis brushless motors and 
multiple sensors to maintain the planned 

orientation of the camera, allowing both 
automatic and manual control during flight. 

At the core of the system is the OCI-F 
hyperspectral camera. Operating in push-
broom mode, the camera utilizes a CCD sensor 
with 800 linear detectors to capture 122 
spectral bands covering the 400–960 nm range. 
It records data at 60 frames per second, 
enabling high-precision detection of spectral 
variations across surface features. The camera 
is connected to a Next Unit of Computing 
(NUC) that runs SpecGrabber software for 
calibration, parameter configuration, and real-
time monitoring. A GNSS receiver linked to the 
NUC ensures accurate geolocation for each 
data frame, while a dedicated rechargeable 
battery ensures stable power supply during 
flight operations. This integration allows the 
hyperspectral camera to acquire high-quality, 
spatially and spectrally accurate imagery 
suitable for advanced remote sensing analysis. 

 During hyperspectral data preprocessing, 
several issues were encountered that affected 
image quality and accuracy, including 
geometric distortion, spectral noise, light bias, 
data corruption, and misregistration (Minh 
Khanh Luong et al., 2024). Geometric 
distortion primarily resulted from UAV motion 
and wind effects, which could not be fully 
compensated by the gimbal, leading to 
misaligned image frames and corrupted 
hyperspectral cubes. Image stitching between 
overlapping flight lines (50% sidelap) often 
produced visible seams and illumination 
inconsistencies, referred to as light bias, which 
required correction prior to analysis. Geometric 
correction was performed first using ground 
control markers and reference coordinates 
extracted from RGB orthoimages, with at least 
ten reference points applied to each 
hyperspectral cube. Spectral correction was 
subsequently conducted based on field 
spectrometer measurements to eliminate 
source bias. The correction followed a 
radiometric calibration approach where UAV 
hyperspectral signals were adjusted using the 
ratio of reference spectra from field 
spectrometer data to UAV-measured values at 
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corresponding field points. This process 
ensured that all hyperspectral cubes were 
geometrically aligned and spectrally balanced, 
providing accurate reflectance data for 
subsequent analysis. 

METHODOLOGY 

 The workflow of this study is illustrated in 
Fig. 2. The overall procedure integrates 
hyperspectral data acquired from an unmanned 
aerial vehicle (UAV) with field measurements 
to estimate leaf chlorophyll content (LCC). 
Initially, hyperspectral images were collected 
using a UAV over the experimental area. The 
raw data were subjected to geometric and 
radiometric correction to minimize the effects 
of illumination variability and viewing 
geometry. Subsequently, several vegetation 
indices (VIs) sensitive to chlorophyll 
absorption features were calculated from the 

corrected hyperspectral imagery. Second, field 
sampling was conducted concurrently with 
UAV data acquisition. Leaf samples were 
collected from representative plots, leaf 
chlorophyll content was determined in situ 
using a SPAD meter (Chlorophyll Meter LCPM-
A1), and the chlorophyll values recorded were 
expressed as SPAD units. Third, an 
optimization process was applied to identify 
vegetation indices showing the strongest 
correlation with the SPAD-derived chlorophyll 
values. These optimal indices were then used as 
predictors in a multiple linear regression 
(MLR) model to estimate LCC from the 
hyperspectral data. Finally, the integration of 
UAV-based hyperspectral data and SPAD-
derived chlorophyll measurements offers a 
robust framework for assessing plant 
physiological status and nutrient 
characteristics.

 

Figure 2. Overall methodological workƪow 

Vegetation Indices 

 The NDVI serves as an indirect indicator 
of vegetative greenness and, by extension, 
photosynthetic capacity and chlorophyll-
related characteristics at both leaf and canopy 
levels (L. Wang et al., 2020). In this study, 
NDVI1, NDVI2, and NDVI3 were used to analyze 
the relationship between LCC and these indices. 
NDVI1 respondss to the original NDVI  
developed by Rouse, et al (1974) (J.W. Rouse & 
R.H.Hass, 1974). NDVI2 was calculated using the 
R band, which has the lowest spectral reflectance 

within the red region, and the NIR band, which 
has the highest reflectance within the near-
infrared region. Finally, NDVI3 was determined 
using the R and NIR bands that showed the 
highest correlation with SPAD values. 

 Additionally, other vegetation indices 
were calculated using the formulas presented 
in Table 1. The RNIR, RRE, RR, RB, and RG bands 
were identified as those showing the highest 
correlation with SPAD values. 

Table 1. Vegetation indices (Where RNIR, RRE, RR, RB, 
and RG correspond to spectral reƪectance values in 

the NIR, red-edge, red, blue, and green bands, 
respectively) 

No. VegetaƟon 
indices 

Formulas Reference 

1 Diīerence 
VegetaƟon 
Index 

𝐷𝑉ܫ = ܴேூோ − ܴோ  (Jordan, 
1969) 

2 Enhanced 
VegetaƟon 
Index 

=ܫ𝑉ܧ 2.5(ܴேூோ − ܴோ)/(ߩேூோ + 6ܴோ − 7.5ܴ஻+ 1) 
(Huete et 
al., 2002) 

3 False Color 
VegetaƟon 
Index 

=ܫ𝑉ܥܨ 1.5(2ܴேூோ + ܴ஻− 2ܴீ)/(2ܴீ + 2ܴ஻− 2ܴேூோ + 127.5) 
(Jiang et 
al., 2019) 
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No. VegetaƟon 
indices 

Formulas Reference 

4 Green 
Normalized 
Diīerence 
VegetaƟon 
Index 

=ܫ𝐷𝑉ܰܩ (ܴேூோ − ܴீ)/(ܴேூோ+ ܴீ) (Buschma
nn & 
Nagel, 
1993) 

5 Leaf Chlorophyll 
Index 

LCI = (ܴேூோ/ܴோா) −1 (A. A. 
Gitelson 
et al., 
2003) 

6 ModiĮed 
Chlorophyll 
AbsorpƟon in 
ReŇectance 
Index 

=ܫܴܣܥܯ ܴோா − ܴோ − 0.2(ܴோா−  ோா/ܴோܴ(ீߩ

(Daughtry 
et al., 
2000) 

7 ModiĮed Soil 
Adjusted 
VegetaƟon 
Index 

=ܫ𝑉ܣܵܯ 0.5(2ܴேூோ + 1− √ (2ܴேூோ + 1)3−8(ܴேூோ − ܴோ)) 
(Qi et al., 
1994) 

8 ModiĮed 
Simple RaƟo  

=ܴܵܯ ((ܴேூோ/ܴோ)− 1)/((ܴேூோ/ܴோ) + 1) (Chen, 
1996) 

9 Normalized 
Diīerence Red 
Edge Index 

NDRE = ( ܴேூோ −ܴோா)/(ܴேூோ + ܴோா) 
 

(Gamon & 
Surfus, 
1999) 

10 NIR Shoulder 
Region Index 

NSRI = ܴேூோ/ܴோா) (L.-y. Liu 
et al., 
2014) 

11 OpƟmized Soil 
Adjusted 
VegetaƟon 
Index 

=ܫ𝑉ܣܱܵ  (ܴேூோ − ܴோ)/(ܴேூோ+ ܴோ + 0.16) (Rondeau
x et al., 
1996) 

12 Photochemical 
ReŇectance 
Index 

PRI=( ܴீ − ܴ஻)/( ܴீ +ܴ஻) (Gamon 
et al., 
1997) 

13 Red Edge 
Chlorophyll 
Index  

=ܫܥܧܴ (ܴேூோ − ܴோா)/ܴோா 

(A. 
Gitelson & 
Merzlyak, 
1994) 

14 RaƟo 
VegetaƟon 
Index 

ܴ𝑉ܫ = ܴேூோ/ܴோ (Jordan, 
1969) 

15 Transformed 
VegetaƟon 
Index 

ܶ𝑉ܫ= (ܴீ − ܴோ)/(ܴீ+ ܴோ) (Broge & 
Leblanc, 
2001) 

16 Structure-

Intensive 
Pigment Index 

=ܫܲܫܵ  (ܴேூோ − ܴ஻)/(ܴேூோ+ ܴ஻) (Peñuelas 
et al., 
1994) 

Select optimising indices 

 Section 3.1 indicates that a total of 19 
vegetation indices were considered for use in LCC 
estimation. The Pearson correlation coefficient 
was used to assess the relationship between 116 
leaf chlorophyll content (LCC) samples and the 
corresponding values of each VI. VIs with a 
correlation coefficient (r) below 0.5 were 
excluded from the LCC estimation model.  

 In addition, Variance Inflation Factor 
(VIF) was used to eliminate variables and 
prevent overfitting in the LCC estimation 
model. The multicollinearity index was 
calculated using the following formula 1:    =           (1) 

where ܴ represents the coefficient of 
determination obtained from a separate 
regression analysis of each index against all 
other indices. Some studies indicate that VIF 
values above 10 often denote multicollinearity 
concerns that warrant attention (Agustín 
Estrada-Peña & Fuente, 2014; Salmerón Gómez 
et al., 2020), suggesting that such variables 
should be excluded from model development 
(Agustín Estrada-Peña & Fuente, 2014). 

Chlorophyll Estimation model 

 Multiple Linear Regression (MLR) is a 
statistical technique used to model the 
relationship between one dependent variable 
and multiple independent variables. In this 
study, MLR was employed to estimate leaf 
chlorophyll content (LCC) based on selected 
vegetation indices (VIs). 

 The Multiple Linear Regression is a 
statistical technique used to model the 
relationship between one dependent variable 
and multiple independent variables. In this 
study, MLR was employed to estimate leaf 
chlorophyll content (LCC) based on selected 
vegetation indices (VIs).  =  ∑             (2) 

where: Y - Leaf chlorophyll concentration; 

    - Weight of vegetation index i; 

    - Value of vegetation index i; 
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 n – Number of criteria (VIs). 

 The accuracy of the MLR model was 
assessed by comparing the estimated LCC 
values with the measured ones using a SPAD 
meter and used as ground truth for model 
validation, including the coefficient of 
determination (R²), and the root mean square 
error (RMSE). These metrics are calculated as 
follows: ܴ = 1 − ∑ (    ̂ )     ∑ ܧܵܯܴ (3)         ( ̅    ) =   ∑ [  −  ̂ ]      (4) 

where:    = measured LCC, using a SPAD 
meter; 

  ̂  = estimated LCC; 

  ̄ = mean of measured LCC; 

   = number of samples. 

 A higher R² and lower RMSE values 
indicate better model performance and 
stronger predictive accuracy. 

RESULTS 

Indices sellection 

Optimized NDVI  

 NDVI is calculated by the difference 
between the reflectance in the near-infrared 
(NIR) and red (R) bands. Based on the analysis 
of the provided graph in Fig. 3, the selection of 
appropriate spectral bands for calculating the 
NDVI (Normalized Difference Vegetation 
Index) is crucial. NDVI was measured in R800 
and R640, divided by their sum (J.W. Rouse & 
R.H.Hass, 1974). In this study, NDVI1 was 
caculated using B87 (R800 = 801.868nm) and 
B51 (R640 = 639.115nm) 

 In Fig. 3, B59 exhibits the lowest DN value 
of 4.31, which corresponds to the central 
wavelenght of 675.435nm, a region where 
vegetation strongly absorbs light for 
photosynthesis. Thus, B59 is selected as the 
representative R (Red) band. On the other 
hand, B117 shows the highest DN value of 
138.48, which corresponds to the near-infrared 
(NIR) band (central wavelenght of 936.148nm), 
a region where vegetation strongly reflects 
light, particularly from the leaves.  

 

Figure 3. The average spectra of rice plant 

 As a result, NDVI2 was calculated using 
the following  equation 5: ܰ𝐷𝑉ܫ = ஻    ஻  ஻    ஻      (5) 

 Fig. 4 shows the correlation between 
different spectral bands and chlorophyll 
content. The red bands exhibit a negative 
correlation, with the band showing the highest 
correlation being B66 (707.143 nm), which has 
an r value of −0.47. In contrast, the near-
infrared bands display a positive correlation, 

with the strongest correlation observed for 
band B114 (922.775 nm), which has an r value of 
0.39. Thus, by utilizing B114 (near-infrared) and 
B66 (red) bands, the NDVI can be computed to 
estimate chlorophyll content. The negative 
correlation observed in the red band (B66) 
suggests that chlorophyll content decreases as 
reflectance in this band increases, while the 
positive correlation in the near-infrared band 
(B114) indicates that chlorophyll content 
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increases with higher reflectance in this spectral region. 

 

 Figure 4. Correlation between SPAD value and R (a) and NIR (b) 

As a result, NDVI3 was calculated using the following  
equation 6. ܰ𝐷𝑉3ܫ = ஻    ஻  ஻    ஻       (6) 

 

Figure 5. Correlation Coeƥcient between NDVIs and 
LCC 

 Fig. 5 shows the correlation coefficients 
(r) between three NDVI indices (NDVI1, 
NDVI2, and NDVI3) and leaf chlorophyll 
content. NDVI1 shows a moderate positive 
correlation with a coefficient of 0.48, 
suggesting a reasonably strong relationship 
between this index and chlorophyll content. 
NDVI2 exhibits a slightly weaker correlation, 
with a coefficient of 0.41, indicating a less 
pronounced but still positive relationship. In 
contrast, NDVI3 shows the highest correlation 
at 0.54, suggesting that this index has the 
strongest positive relationship with leaf 
chlorophyll content among the three. These 
findings highlight that while all three NDVI 
indices demonstrate a positive association with 
chlorophyll content, NDVI3 is the most 

effective at predicting or reflecting changes in 
chlorophyll levels. 

Other Vegetation Indices 

 The absolute correlation coefficients, 
which show the closest relationship between 
LCC and bands of Blue, Green, Red, Red-edge 
and NIR are 0.29 (B20 - wavelength of 497.55 
nm), 0.41 (B35 – wavelenght of 566.21 nm), 0.46 
(B66 – wavelenght of 707.14 nm), 0.45 (B67 – 
wavelenght of 711.67 nm), and 0.39 (B114 – 
wavelenght of 922.78 nm) (Fig. 6). Therefore, 
B20, B35, B66, B67, and B114 were used to 
calculate other VIs in Table 1. 

 The correlation coefficients (R values) 
reveal both positive and negative relationships 
between the indices and LCC (Fig.6). It was 
found that several indices exhibit a moderate to 
strong positive correlation with LCC, with R 
values greater than 0.5. These indices include 
RVI (R = 0.56), RECI (R = 0.57), OSAVI (R = 
0.54), NDRE (R = 0.55), MSR (R = 0.54), LCI (R 
= 0.57), GNDVI (R = 0.50), EVI (R = 0.56), DVI 
(R = 0.50), and NSRI (R = 0.57). These indices 
are considered to exhibit a significant positive 
relationship with LCC and can therefore be 
regarded as reliable tools for chlorophyll 
concentration assessment. On the other hand, 
certain indices display weaker or negative 
correlations with LCC. SIPI (R = 0.39) is 
associated with a moderate positive 
correlation, while TVI (R = 0.22) shows a 
relatively weak positive relationship. 
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Furthermore, PRI (R = -0.23), MSAVI (R = -
0.30), and MCARI (R = -0.29) are found to have 
negative correlations with LCC, indicating an 
inverse relationship with chlorophyll 
concentration. 

 In conclusion, indices with correlation 
coefficients greater than 0.5, such as RECI, RVI, 
LCI, OSAVI, NDRE, MSR, DVI, NSRI, and EVI, 
are considered to be particularly effective in 
assessing LCC.  

Figure 6. Correlation coeƥcient                                    
between other VIs and LCC 

Leaf Chlorophyll Content Detection 

 The selected indices in Section 3.1 were 
applied to estimate LCC in rice. VIF was 
calculated to address the issue of 
multicollinearity. The Table 2 presents the VIFs 
of the indices. 

Table 2. The Variance Inƪation Factor (VIF) of VIs 

Number Indices R2 VIF 

1 NDVI3 0.73 3.7037 

2 NSRI 0.99 100 

3 DVI 0.99 100 

4 EVI 0.981 52.6316 

5 GNDVI 0.84 6.25 

6 LCI 0.99 100 

7 MSR 0.99 100 

8 NDRE 0.98 50 

9 OSAVI 0.99 100 

10 RECI 0.99 100 

11 RVI 0.99 100 

 Among the indices assessed, NSRI, DVI, 
LCI, MSR, OSAVI, RECI, and RVI all displayed 
VIF values of 100, indicating significant 
multicollinearity and suggesting that their 
inclusion would likely lead to overfitting and 
instability in the model. Therefore, these 
indices were excluded from the final model to 
ensure robustness and accuracy in estimating 
LCC. 

 In contrast, indices with VIF values below 
10, such as NDVI3 (VIF = 3.7037), and GNDVI 
(VIF = 6.25), exhibited lower levels of 
multicollinearity, making them more suitable 
for use in the model. Although NDRE had a VIF 
greater than 10, its specific sensitivity to 
chlorophyll content in rice justifies its potential 
inclusion. Despite its multicollinearity, NDRE 
was retained due to its significant contribution 
to LCC estimation, particularly when its unique 
features are deemed essential for the model's 
performance. 

 

Figure 7. The scatter plot of measured LCC                   
and estimated LCC 

 Thus, NDVI3, GNDV, and NDRE were 
selected for LCC estimation model. The Table 3 
shows the results of MLR for LCC estimation. 
Among the three vegetation indices included in 
the MLR model, only NDRE showed a 
significant positive relationship with LCC (t 
=4.57, p < 0.01), indicating its strong predictive 
power. In contrast, NDVI3 and GNDVI were 
not significant (p > 0.05), suggesting limited 
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contribution to LCC estimation. The 
insignificant intercept (p = 0.14) implies that 
the baseline prediction is not statistically 
different from zero. Overall, NDRE proved to 
be the most effective variable for predicting leaf 
chlorophyll content in this study. 

 The final regression equation is expressed 
as: 

LCC = 21.48 + 4.55(NDVI3) + 0.65(GNDVI) +27.34(NDRE)    (7) 

 The model achieved an R² of 0.55 (Fig.7), 
explaining about 55% of the variation in LCC, 
with an RMSE of 1.55, indicating a satisfactory 
prediction accuracy. Overall, NDRE was 
identified as the most influential variable for 
estimating leaf chlorophyll content in rice. 

 
Table 3. the results of MLR in rice LCC estimation 

 
Coefficients 

Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept 21.48 14.59 1.47 0.14 -7.35 50.32 -7.35 50.32 

NDVI3 4.55 17.54 0.26 0.80 -30.10 39.21 -30.10 39.21 

GNDVI 0.65 9.70 0.07 0.95 -18.52 19.81 -18.52 19.81 

NDRE 27.34 5.99 4.57 0.00 15.51 39.17 15.51 39.17 
         

DISCUSSION 

 The results of this study demonstrate that 
hyperspectral vegetation indices, particularly 
those incorporating the red-edge and near-
infrared (NIR) spectral regions, can effectively 
estimate leaf chlorophyll content (LCC) in rice. 
Among the 19 tested indices, NDRE exhibited 
the highest predictive power, followed by 
NDVI3 and GNDVI. This finding aligns with 
previous studies indicating that indices 
exploiting the red-edge region are particularly 
sensitive to chlorophyll variation due to the 
sharp increase in reflectance between 680–740 
nm (Anatoly Gitelson, 1994; Pengphorm et al., 
2024). The strong relationship between NDRE 
and LCC suggests that NDRE provides a robust 
indicator of chlorophyll concentration, 
especially under varying canopy and 
illumination conditions. 

 The superior performance of NDRE can 
be attributed to its sensitivity to subtle changes 
in chlorophyll absorption that are less affected 
by background noise and soil reflectance 
compared to traditional NDVI-based 
approaches (de Lima et al., 2021). Although 
NDVI3 was optimized for rice by selecting the 
most correlated red and NIR bands (B66 and 
B114), its correlation (r = 0.54) remained 
moderate. This result highlights that NDVI3 
remains a reliable indicator of vegetation vigor, 

its sensitivity to high chlorophyll levels. GNDVI 
also demonstrated a positive but weaker 
correlation with LCC, consistent with previous 
findings that green-based indices capture 
chlorophyll variation more effectively during 
early growth stages but become less sensitive in 
mature rice canopies (Pengphorm et al., 2024). 

Among the tested indices, NDRE outperformed 
NDVI and GNDVI, particularly in the rice 
canopy conditions of the study area. NDRE’s 
superior performance can be attributed to its 
sensitivity to the red-edge region (680-            
740 nm), which is highly responsive to 
chlorophyll absorption, especially in crops like 
rice that undergo significant changes in canopy 
structure and chlorophyll content during 
growth stages. Unlike NDVI, which is limited 
by saturation effects at high chlorophyll 
concentrations, NDRE is more capable of 
detecting subtle variations in chlorophyll 
content, even in dense canopies with high 
chlorophyll levels. 

 Moreover, the specific optical properties 
of rice, including leaf structure and reflectance 
characteristics, favor the use of red-edge bands 
for chlorophyll estimation. In comparison, 
GNDVI, which emphasizes the green band, 
showed weaker performance because it is more 
sensitive during early growth stages and less 
effective under mature canopy conditions. 
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Therefore, NDRE provides a more reliable and 
consistent estimation of LCC, especially under 
the complex and variable conditions present in 
rice fields. 

 The use of multicollinearity screening 
(VIF) in model development proved essential 
for ensuring the robustness of the regression 
model. Many indices such as RECI, LCI, OSAVI, 
and RVI exhibited very high VIF values (>100), 
indicating redundancy among predictors. 
Excluding these indices improved the stability 
and interpretability of the model, confirming 
that NDRE alone could provide satisfactory 
predictive performance without introducing 
instability or overfitting.  

 The integration of UAV-based 
hyperspectral imaging with in-situ SPAD 
measurements in this study provides a practical 
workflow for precision agriculture, enabling 
timely detection of nutrient stress and guiding 
fertilization management. 

 Nevertheless, several limitations should 
be acknowledged. The moderate model 
accuracy (R² = 0.55) suggests that additional 
factors—such as leaf structure, canopy 
geometry, and varying illumination—may have 
influenced reflectance measurements. 
Furthermore, environmental conditions (e.g., 
soil moisture and sun angle) and differences 
between rice varieties (TBR225 vs. Japonica 02) 
might have introduced variability not fully 
captured by the current model. Future research 
should consider integrating machine learning 
algorithms (Random Forest, PLSR) or radiative 
transfer modeling to improve predictive 
accuracy and generalizability across growth 
stages and cultivars (Du & Luo, 2024; H. Liu et 
al., 2023). The regression model achieved a 
moderate ܴ = 0.55 explaining about 55% of 
the variation in leaf chlorophyll content (LCC). 
While this result provides a reasonably strong 
indication of the relationship between the 
selected vegetation indices and chlorophyll 
content, the predictive accuracy may not fully 
meet practical thresholds for field applications, 
where higher precision is typically required for 
actionable decisions, especially in large-scale 
agricultural settings. 

 In practical terms, an ܴ of 0.55 could be 
considered acceptable for early-stage crop 
monitoring and management, particularly in 
fields where timely but non-invasive data 
collection is critical. However, for more precise 
applications such as nutrient management or 
stress detection, the accuracy may need to be 
improved. To improve model performance, 
future work could incorporate additional 
predictors, such as spectral bands in the 
shortwave infrared (SWIR) and environmental 
variables (e.g., soil moisture, temperature). 
Moreover, applying nonlinear machine 
learning approaches, like Random Forest or 
Deep Learning, could better capture the 
complex relationships in the data. Addressing 
environmental variability, such as soil 
properties and sun angle, could further 
enhance model robustness. These 
improvements could lead to more precise and 
reliable field applications. 

 Overall, this study confirms that 
hyperspectral indices, particularly NDRE, hold 
strong potential for accurate and non-
destructive estimation of chlorophyll content 
in rice. By selecting optimal spectral bands and 
reducing model redundancy, the approach 
enhances the precision of crop health 
monitoring. These findings contribute valuable 
insights toward advancing UAV-based 
hyperspectral applications in rice phenotyping 
and precision nutrient management. 

CONCLUSION 

 This study demonstrated that UAV-based 
hyperspectral imaging is a reliable and efficient 
approach for estimating leaf chlorophyll 
content (LCC) in rice. Among 19 tested 
vegetation indices, those incorporating red-
edge and near-infrared spectral information 
exhibited the strongest correlations with LCC. 
In particular, the Normalized Difference Red 
Edge Index (NDRE) proved to be the most 
effective predictor, yielding a coefficient of 
determination indicating satisfactory predictive 
accuracy. 

 The results confirm that the red-edge 
spectral region provides superior sensitivity to 
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chlorophyll variation compared with 
conventional NDVI-based indices, which are 
often limited by saturation effects at high 
chlorophyll concentrations. The optimized 
NDVI3 also showed consistent but moderate 
performance, highlighting its potential use 
when hyperspectral red-edge data are 
unavailable. 

 By integrating hyperspectral data with 
ground-based SPAD measurements, the study 
establishes a robust framework for non-
destructive chlorophyll monitoring, offering 
valuable support for precision fertilization and 
stress diagnosis in rice production. 
Nonetheless, environmental factors and 
varietal differences may affect spectral 
responses, and future work should explore 
advanced modeling approaches such as partial 
least squares regression (PLSR) or machine 
learning to enhance predictive robustness and 
generalization across growth stages. 

 Overall, this research advances the 
understanding of hyperspectral vegetation 
indices for chlorophyll estimation and 
reinforces the potential of UAV-based remote 
sensing as a practical tool for sustainable and 
data-driven rice crop management. 
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