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Abstract
Elucidating the spectral characteristics of tomato leaf mold disease (Fulvia fulva)
and estimating its disease severity can provide a basis for large-area remote sens-
ing monitoring of tomato leaf mold disease. This study analyzed the leaf spectral
variation characteristics under different severity levels of tomato leaf mold dis-
ease to screen sensitive bands for disease severity identification. The continuum
removal method was used to process spectral reflectance, and a disease severity
estimation model based on spectral characteristic absorption parameters was
constructed. The research results indicate that: with the deepening of disease
severity levels, the original spectral reflectance, spectral sensitivity, and relative
reflectance of tomato leaves all showed a gradually decreasing trend; the visi-
ble band (550–730 nm) and shortwave infrared band (1,860–2,260 nm) are the
optimal bands for identifying tomato leaf mold disease severity; and with the
increase of disease severity levels, the absorption band position (�) shifted to-
ward shorter wavelengths, while both the maximum absorption depth (Dc) and
absorption area (A) exhibited an increasing pattern. The stepwise regression
model constructed using spectral parameters for predicting tomato leaf mold
disease severity levels achieved an R² of 0.81, and the model validation results
were satisfactory. The research findings hold high practical value for quantita-
tive estimation of tomato leaf mold disease severity using hyperspectral remote
sensing technology, as well as for monitoring and controlling crop pests and
diseases.
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Abstract

Clarifying the spectral characteristics of tomato leaf mold (Fulvia fulva) and esti-
mating its morbidity degree can provide a theoretical basis for large-scale remote
sensing monitoring of this disease. This study analyzed the spectral variation
features of tomato leaves under different disease severity levels, identified sensi-
tive bands for disease recognition, and constructed a morbidity estimation model
based on spectral absorption parameters derived from continuum removal pro-
cessing. The results demonstrated that as the disease severity grade increased,
the original spectral reflectance, spectral sensitivity, and relative reflectance of
tomato leaves all showed a gradual decreasing trend. The visible band (550–730
nm) and shortwave infrared band (1860–2260 nm) were identified as the optimal
regions for distinguishing F. fulva severity. With increasing disease severity, the
absorption band position (�) shifted toward shorter wavelengths, while both the
maximum absorption depth (Dc) and absorption area (A) exhibited increasing
trends. The stepwise regression model constructed using spectral parameters
achieved an R² of 0.81 for predicting tomato leaf mold severity grades, with sat-
isfactory validation results. These findings hold significant practical value for
quantitatively estimating F. fulva morbidity degree using hyperspectral remote
sensing technology and for monitoring and controlling crop diseases in general.

Keywords: Tomato; Fulvia fulva; Hyperspectral; Continuum removal; Morbid-
ity degree

Introduction

Tomato leaf mold, caused by Fulvia fulva (Cladosporium fulvum), is a major
disease affecting tomato cultivation, typically causing yield losses of 20–30%
and up to 50% under severe conditions [1,4,5-8]. Traditional laboratory analysis
methods are time-consuming and destructive. In contrast, hyperspectral remote
sensing technology offers simple, cost-effective, and non-destructive approaches
for diagnosing and quantifying plant health status. However, hyperspectral
data present challenges including large data volumes, redundant information,
and complex spectral features. The continuum removal method has proven
effective for enhancing absorption features and extracting characteristic param-
eters [9-10], with successful applications in monitoring crop diseases such as
cotton verticillium wilt [12] and wheat yellow rust [11]. Previous studies have
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identified the red edge region (650–700 nm) as sensitive to plant stress [2,3].
This study aims to establish a robust method for estimating tomato leaf mold
severity based on spectral absorption characteristics.

1. Materials and Methods

1.1 Experimental Design Experiments were conducted during July–Au-
gust 2016 in a tomato leaf mold disease nursery in Shangqiu, Henan Province
(34°29�4.76�N, 115°38�47.15�E). The tomato variety “Baoluo”was cultivated in
a 150 m² plot. Disease severity was graded into five levels: 0 (healthy), 1, 2, 3,
and 4, according to the percentage of diseased leaf area. For each severity level,
30 representative leaves were selected, with 10 spectral measurements taken
per leaf after discarding the maximum and minimum values to obtain average
reflectance spectra.

1.2 Spectral Data Measurement Leaf spectral reflectance was measured
using an ASD FieldSpec 3 spectrometer (350–2500 nm) equipped with a leaf
clip. The instrument provided a spectral resolution of 1.4 nm for the 350–1000
nm range and 2 nm for the 1000–2500 nm range, with a sampling interval of
1 nm. Measurements were taken under clear sky conditions between 10:00 and
14:00 local time. A 1000 W halogen lamp served as the light source, with the
probe positioned 15 cm from the leaf surface at a 45° angle. White reference
calibration was performed using a standard white panel every 10 minutes. A
total of 250 spectral curves were acquired, with 150 used for model development
and 100 reserved for validation.

2. Methodology

2.1 Continuum Removal Method Continuum removal is a spectral analy-
sis technique that normalizes reflectance spectra to enhance absorption features.
The method involves fitting a convex hull (continuum line) connecting local spec-
tral maxima across the wavelength range. The continuum-removed reflectance
(R�) is calculated as:

𝑅′ = 𝑅
𝑅𝑐

where R is the original reflectance and R_c is the continuum line reflectance at
each wavelength. This transformation isolates absorption features by removing
the baseline effects of overall reflectance shape, making it easier to compare ab-
sorption characteristics among spectra with different absolute reflectance values
[Figure 1: see original paper].
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2.2 Spectral Absorption Characteristic Parameters From the
continuum-removed spectra, three key absorption parameters were extracted
for each characteristic absorption feature: - Maximum absorption depth
(Dc): The maximum depth of the absorption feature relative to the continuum
line - Absorption area (A): The integrated area of the absorption feature
- Absorption position (�): The wavelength at which maximum absorption
depth occurs

These parameters were calculated for two primary absorption regions: the visible
band (550–730 nm) and the shortwave infrared band (1860–2260 nm).

3. Results and Analysis

3.1 Spectral Reflectance Variation at Different Disease Severity Lev-
els The original spectral reflectance of healthy tomato plants was consistently
higher than that of diseased plants across the entire 350–2500 nm range [Fig-
ure 2: see original paper]. As disease severity increased from level 0 to level 4,
spectral reflectance decreased progressively. The most pronounced differences
occurred in two distinct wavelength regions: the visible region (550–730 nm)
and the shortwave infrared region (1860–2260 nm). In these bands, the re-
flectance difference between severity levels exceeded 10%, making them optimal
for disease discrimination.

3.2 Sensitive Band Selection

3.2.1 Spectral Sensitivity Analysis Spectral sensitivity (S) was calculated
to quantify the discrimination capability between disease levels:

𝑆 = 𝑅ℎ𝑒𝑎𝑙𝑡ℎ𝑦 − 𝑅𝑑𝑖𝑠𝑒𝑎𝑠𝑒𝑑
𝑅ℎ𝑒𝑎𝑙𝑡ℎ𝑦

× 100%

The sensitivity analysis revealed strong correlations between spectral sensitivity
and disease severity in the 550–730 nm and 1860–2260 nm bands [FIGURE:3,
FIGURE:4]. Sensitivity values ranged from 0.4 to 0.8 in the visible region and
showed consistent increasing trends with disease severity.

3.2.2 Characteristic Band Selection Based on correlation analysis be-
tween relative reflectance and disease severity, the following characteristic bands
were selected: - Visible region: 550–730 nm (correlation coefficient |r| > 0.7) -
Shortwave infrared region: 1860–2260 nm (correlation coefficient |r| > 0.65)

Relative reflectance analysis confirmed that these bands provided the strongest
discrimination among disease severity levels [Figure 5: see original paper].

3.3 Spectral Absorption Features
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3.3.1 Variation of Absorption Characteristics with Disease Severity
Continuum-removed spectra revealed distinct absorption features in both the
visible and shortwave infrared regions. As disease severity increased: - The
absorption position (�) shifted toward shorter wavelengths (blue shift) - The
maximum absorption depth (Dc) increased progressively - The absorption area
(A) expanded systematically

[Figure 5: see original paper] illustrates these trends, showing deepening and
widening absorption features with advancing disease progression. The visible
band absorption (centered around 670 nm) is associated with chlorophyll degra-
dation, while the SWIR band absorption (centered around 2100 nm) relates to
changes in leaf water content and cellular structure.

Table 1 presents the quantitative absorption parameters for each disease sever-
ity level. The values demonstrate clear monotonic relationships: Dc1 (visible
band) increased from 0.08 in healthy leaves to 0.31 in severely diseased leaves,
while Dc2 (SWIR band) increased from 0.12 to 0.35. Concurrently, �1 shifted
from 698 nm to 672 nm, and �2 shifted from 2238 nm to 2186 nm.

3.3.2 Modeling Tomato Leaf Mold Severity Correlation analysis revealed
that disease severity was significantly correlated with five absorption parameters:
Dc1, A2, Dc2, �1, and �2 (p < 0.01). A stepwise regression model was developed
using these parameters:

𝑦 = 45.95 − 15.69𝐷𝑐1 + 0.09𝐴2 − 15.80𝐷𝑐2 − 0.15𝜆1 + 0.04𝜆2

where y represents the predicted disease severity grade (0–4).

Table 2 summarizes the model structure and coefficients. The model achieved a
coefficient of determination (R²) of 0.81 (p < 0.01) using the calibration dataset
(n = 150).

Model validation using the independent validation dataset (n = 100) demon-
strated strong agreement between predicted and observed disease severity levels
[Figure 6: see original paper]. The root mean square error (RMSE) was 1.46,
indicating satisfactory predictive accuracy for practical applications.

4. Discussion and Conclusion

This study successfully demonstrated that hyperspectral remote sensing com-
bined with continuum removal analysis can effectively estimate tomato leaf
mold severity. The identification of sensitive bands in both visible (550–730
nm) and shortwave infrared (1860–2260 nm) regions provides a robust basis for
developing multispectral sensors optimized for disease monitoring.
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The continuum removal method proved valuable for isolating absorption fea-
tures associated with pathological changes in leaf biochemistry and structure.
The extracted absorption parameters—particularly maximum absorption depth
and position—showed consistent responses to disease progression, enabling quan-
titative modeling.

The stepwise regression model, incorporating five key absorption parameters,
achieved an R² of 0.81 and RMSE of 1.46, demonstrating strong predictive
capability. This approach offers several advantages over traditional methods:
it is non-destructive, rapid, and can potentially be scaled up to airborne or
spaceborne platforms for regional disease monitoring.

However, several considerations should be noted. First, the model was developed
under specific experimental conditions and requires further validation across
different tomato varieties, growth stages, and environmental conditions. Second,
the influence of soil background and canopy structure on spectral signals needs
to be addressed for field-scale applications. Future research should integrate
these spectral methods with spatial analysis and machine learning algorithms
to enhance monitoring accuracy and operational feasibility.

In conclusion, this study provides a reliable method for quantifying tomato
leaf mold severity using hyperspectral data. The continuum removal technique
effectively enhances disease-related spectral features, and the regression model
based on absorption parameters offers practical value for precision agriculture
and crop protection strategies.
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