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([ ABSTRACT

Efficient irrigation management is vital for optimizing water use in fruit crops, enhancing both yield and quality while conserving
valuable water resources. Infrared thermography (IRT) has become a valuable non-invasive method for assessing plant water status
providing real-time insights that facilitate more accurate irrigation decisions. This comprehensive review examines the role of IRT in
managing irrigation for fruit crops. By capturing thermal images of crop canopies, IRT allows for the visualization of temperature
variations linked to water deficiency, facilitating timely and accurate irrigation adjustments. Despite its potential, practical
implementation of IRT faces challenges such as environmental variability, canopy heterogeneity, and the need for calibration across
crops and conditions. Various thermal indices including Stress Degree Days (SDD), Crop Water Stress Index (CWSI), Degrees Above
Canopy Threshold (DACT), Time Temperature Threshold (TTT) and Temperature Stress Day (TSD), are employed to evaluate plant
water stress under field conditions. The consistent monitoring and interpretation of these indices during critical growth stages
supports informed decision-making for irrigation management. This review contributes to the understanding of how IRT-based
thermal indices can enhance precision irrigation and improve water use efficiency in fruit crops.
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1.INTRODUCTION

Fruit crops playss a crucial role in addressing global hunger, and
poverty by providing essential nutrients and income
opportunities. Fruits that are rich in vitamins and antioxidants
contribute significantly to improved nutrition, especially in
regions where malnutrition is prevalent [52]. For smallholder
farmers, fruit cultivation offers economic stability by
diversifying income sources and lifting them out of poverty,
particularly in developing countries. To meet future fruit
production demands, understanding the intricate relationship
between agricultural productivity and water usage is crucial,
especially given mounting concerns about water scarcity and
climate change impacts.

As global demand for fruits rises due to population growth,
urbanization, and dietary shifts, the pressure on water
resources for irrigation intensifies. Fruit crops, like other
agricultural commodities, require substantial amounts of water
for optimal growth and yield. The water requirements of fruit
crops differ based on factors like the type of fruit, stage of
growth, climate, soil properties, and agricultural practices. With
global temperatures projected to rise in the coming decades, an
increase in evaporation rates and the expansion of arid regions
are anticipated. This trend is expected to lead to a higher
demand for irrigation water, exacerbating existing water
scarcity issues worldwide [17]. As a result, limited water
availability is expected to become a major constraint on future
plant growth, highlighting the increasing need for irrigation
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methods that improve water efficiency in agriculture. It is
essential to consistently track soil moisture levels and adapt
irrigation schedules according to the crop's specific needs to
optimize water utilization efficiency. Both over-irrigation and
under-irrigation can negatively impact fruit quality, crop yield,
and the overall health of the plants. Therefore, it is essential to
understand the unique water requirements of various fruit
crops and adapt irrigation strategies to optimize yield and
improve fruit quality. Regulated deficitirrigation (RDI) has been
used successfully in various fruit crops [51] and the
effectiveness of this approach depends on the severity of water
stress experienced by the plants. Hence, detection of plant water
stressis crucial.

Various plant parameters, such as stem water potential and
stomatal conductance, are utilized to estimate water status of
the plants about soil moisture levels. These methods are time-
intensive, laborious, and unsuitable for mechanization [41, 60,
61]. Conventional sensing technologies like soil moisture
sensors, neutron moisture meters, and tensiometers measure
soil moisture in the field, not crop water requirements. Among
various crop sensing technologies, infrared thermography (IRT)
is most suitable for detecting the water status of fruit crops due
to its non-destructive nature. Infrared thermography detects
infrared radiation from a body and represents it as a spatial
mapping of the surface temperature.

The significance of canopy temperature as an indicator of crop
water stress became apparent in the 1960s [21]. Water deficits
can lead to stomatal closure, reducing transpiration and raising
leaf temperature [8, 34]. Thermal imaging cameras can measure
the increase in temperature of the canopy and leaves [70]. The
canopy temperature (Tc), derived from infrared images, is
widely used in agriculture to assess water stress in plants, aiding
in efficientirrigation scheduling [36, 56, 63, 54].

Volume 13, Issue 04, 2025

© 2025 AATCC Review. All Rights Reserved.


https://aatcc.peerjournals.net/
https://aatcc.peerjournals.net/
https://aatcc.peerjournals.net/
https://www.crossref.org/services/crossmark/
https://aatcc.peerjournals.net/article-archive/volume-13-issue-4-2025/
https://aatcc.peerjournals.net/article-archive/volume-13-issue-4-2025/
https://aatcc.peerjournals.net/article-archive/volume-13-issue-4-2025/
https://aatcc.peerjournals.net/article-archive/volume-13-issue-4-2025/
https://orcid.org/0009-0002-5265-4965
https://orcid.org/register
https://orcid.org/register
https://orcid.org/register
https://orcid.org/register

Nishchala Arya et al., / AATCC Review (2025)

In this comprehensive review, we explore the importance of
infrared thermography for efficient irrigation management in
fruit crops, examining its potential to replace traditional
methods and improve water use efficiency in agriculture.

2.BasicPrinciple of Infrared Thermography

Infrared thermography (IRT) is based on the concept that every
objectreleases infrared radiation, which is directly related to its
temperature. The intensity of the radiations increases with
temperature. Infrared cameras capture this radiation and
convert it into electronic signals, which are then processed to
produce thermal images or thermograms (Fig. 1). These images
provide visual and quantitative data on the temperature
distribution across the plant canopy. This method allows non-
contact temperature measurements and the identification of
thermal anomalies or patterns. Infrared refers to a portion of the
electromagnetic spectrum that is invisible to the human eye,
with wavelengths between 0.75 and 100 nm. A material's
emissivity and temperature both influence its radiation
emission. According to O'Donnell et al. (2014), a thermal image
can be either coloured or monochromatic, with a color shift
expressing material thermal fluctuations.

Infrared Thermography

It detects infrared emitted from an object ‘
It transforms the infrared energy into . ? l
temperatures 1 Object Infrared
It displays as infrared images N
Display

Figure 1: Principle of Infrared thermography

3. Water Stress Detection and Irrigation Scheduling: One of
the key uses of infrared thermography (IRT) in fruit crops is the
early detection of water stress. When plants experience water
stress, their leaf temperatures rise due to decreased
transpiration. IRT can detect these temperature changes,
allowing for timely irrigation to avoid yield loss and
deterioration in quality. [3] demonstrated that thermography
was effective in identifying water stress in citrus and
persimmon trees exposed to varying levels of deficit irrigation.
The study revealed significant temperature differences, with a
maximum of 4.4°C in persimmon trees and 1.7°C in citrus trees
when comparing deficit-irrigated trees to controls. The effect of
water stress on the canopy temperature varies between citrus
and persimmon trees, partly due to the larger leaf size of
persimmons compared to citrus.

Similarly, in olive trees, which have leaf sizes comparable to
citrus trees, [53] observed a canopy temperature difference of
2°C between irrigated and non-irrigated trees. [61] found that
grapefruit and citrus plants under reduced irrigation exhibited
canopy temperatures up to 6°C higher than the surrounding air,
making it straightforward to identify water-stressed plants
using thermal imaging. In a study by [62], they recorded
differences in canopy-to-air temperatures at midday in plants
experiencing water stress, with values ranging from 5-7°C,
while non-water-stressed peach plants showed lower values
around 1.4-2°C. Additionally, [33] reported that in various
irrigation treatments, moderate and severe water-stressed
sesame plants had higher canopy temperatures by 1.9°C and
2.6°C, respectively, compared to well-watered plants under
greenhouse conditions. These studies highlight the
effectiveness of thermography in detecting and understanding
plant water stress across different irrigation conditions,

suggesting its utility for managing irrigation schedules in
orchards with considerable variations in water stress. [20]
connected canopy temperature and trunk diameter changes
with other physiological indicators for managing water stress in
citrus orchards. They found that maximum daily shrinkage and
the canopy-to-air temperature difference were more sensitive
to water stress than stem water potential and stomatal
conductance. This sensitivity is linked to reduced phloem
reservoirs during deficit irrigation periods [55, 19] a finding
consistent with observations in lemon (Citrus limon (L.)) [44]
and grapevine (Vitisvinifera L.) [28].

Effective irrigation scheduling is crucial for maximizing water
efficiency and ensuring crop health. Canopy temperature-based
crop water stress indices (CWSIs) have proven to be valuable
tools for evaluating crop water status and making informed
irrigation decisions. In addition to canopy temperature, crop
water stress is analyzed using various indices, which reflect
differences in stomatal opening and evaporation rates as plant
water content decreases. Each of these indices provides unique
insights into the physiological status of the crop, which may
include measurements such as leaf relative water content and
stomatal conductance, aiding in the development of informed
irrigation managementstrategies.

4. Canopy temperature-based Water Stress Indices

Since the introduction of portable infrared thermometers in the
1960s, researchers have extensively utilized thermal indices,
especially canopy temperature, to monitor crop water stress
and optimize irrigation scheduling over the past fifty years.
Several thermal indices, including Stress Degree Days (SDD),
Crop Water Stress Index (CWSI), Degrees Above Canopy
Threshold (DACT), Time Temperature Threshold (TTT), and
Temperature Stress Day (TSD) [26] (Fig. 2), have been utilized to
assess plant water stress in field conditions. Regular monitoring
and analysis of these indices during key growth phases allow for
informed irrigation decisions. By adjusting irrigation practices
according to these indices, water usage can be optimized, and
stress-related effects on crop yield and quality can be mitigated.
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Figure 2: Classification of crop water stress indices

Stress degree days (SDD): Air temperature plays a crucial role
innormalizing environmental factors for monitoring crop water
stress using canopy temperature-based approaches. Early
research by [14] explored the link between the difference in
temperature between leaves and air and plant water stress.
Building on this, [27] and [31] suggested that the difference
between canopy temperature and air temperature (Tc - Ta) can
be indicative of water stress. When plants experience water
stress, partial stomatal closure reduces transpiration, causing
sunlit leaves to heat up more than the surrounding air due to
increased absorption of solar energy. To quantify crop water
stress, they introduced the Stress Degree Day (SDD) concept,
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which measures the cumulative difference between canopy and
air temperature over time throughout the crop's growth cycle.
This thermal index, one of the earliest and most widely adopted,
provides a quantitative method for assessing water stress in
crops through SDD.

SDD =SDD = ¥¥_, (Tc — Ta)

where n is the period of study and (Tc -Ta) is the canopy-air
temperature difference. In studies using canopy temperature to
assess water stress, other researchers have built upon these
early concepts. [20] observed that Sweet Orange plants
subjected to sustained deficit irrigation (SDI) exhibited greater
differences between canopy and air temperatures (Tc - Ta)
compared to those receiving full irrigation (C-100). They
confirmed that variations in this temperature differential are
effective for assessing water stress. Similarly, [4] used canopy
temperature (Tc) to predict the impact of deficit irrigation on
citrus fruit weight. They found that a 1°C increase in (Tc - Ta)
during water restriction periods was associated with a
reduction of 5.3 grams in fruit weight, demonstrating that
thermographic measurements of canopy temperature can be
useful for predicting the effects of water deficits on citrus fruit
weight. Earlier in wheat, [7] established a linear relationship
between cumulative SDD and grain yield in wheat. They
observed that higher cumulative SDD values before irrigation
were linked to increased grain yield, and irrigation was
scheduled when the cumulative SDD value reached -143.4.

Critical Water Stress Index (CWSI): Canopy temperature-
based variables, such as Stress Degree Days (SDD) and
Temperature Stress Days (TSD), aim to relate canopy
temperature to air temperature. However, since

Table 1: Crop water stress index values to schedule irrigation in various fruit crops

evapotranspiration demand, which greatly affects crop water
stress, is influenced by the vapor pressure deficit (VPD) of the
air, the Crop Water Stress Index (CWSI) offers a more refined
approach. The CWSI normalizes the difference between canopy
temperature and air temperature (CATD) with VPD to quantify
crop water stress [25, 26, 30, 58]. The CWSI calculation requires
two key baselines: the non-water-stressed baseline, which
corresponds to a well-watered crop, and the maximum stressed
baseline, which represents a crop with fully closed stomata and
minimal transpiration. The index is computed using the
formula:

CWSI = (Tc-Ta) - D2 / D1-D2

where D1 is the maximum canopy-air temperature difference
for a fully stressed crop, D2 is the lower limit of canopy and air
temperature difference for a well-watered crop, Tc is the
measured canopy surface temperature, and Ta is the air
temperature. The CWSI has been shown to correlate well with
plant water status [29, 64]. This index provides a quantitative
framework for interpreting thermal data from crop canopies,
aiding in irrigation and management decisions (Table. 1).
Recentstudies illustrate the utility of CWSI in different crops. [2]
used thermal cameras to assess the CWSI in Mandarin plants,
finding higher values in plants under deficitirrigation and lower
values in those with full irrigation, reflecting the impact of water
availability on crop water stress. In vineyards, [6] reported that
well-watered grapevines had lower CWSI values (below 0.5),
while the most stressed vines had values around 1.0. Similarly,
[57] also found that well-irrigated pistachio plants had CWSI
values rarely exceeding 0.2, whereas plants under Regulated
DeficitIrrigation (RDI) showed values between 0.8 and 0.9.

Crop CWSI Values Observations Study
High 1 der deficit irrigation; Mini 1 d
Mandarin ‘gher values under detict ’mga .10n' fnimum vatues under Higher CWSI indicates greater water stress [2]
complete irrigation
Vineyards Well-watered: < 0.5; Stressed: ~1.0 Lower CWSI in well-watered grapevines [6]
Higher CWSI under Regulated Deficit Irrigati
Pistachio Nut Well-irrigated: rarely exceeds 0.2; RDI: 0.8-0.9 igher under [eEg];an ed Deficit frrigation [57]
Apricots, Peaches, . e
Apricots: 0.27; Peaches: 0.37; Almonds: 0.31 CWSI thresholds for irrigation [24])
Almonds
imal yield i ffici
Indian Mustard Mean CWSL: 0.4 Optimal yield and maximum water use efficiency [35]

Apple Trees More responsive CWSI measured at late morning hours
Eggplant 0.18-0.20
Grapevine 0.20

Scheduling irrigation based on stress indices is a holistic
approach that considers the specific water needs of fruit crops
during critical periods [43]. [24] identified specific Crop Water
Stress Index (CWSI) thresholds for initiating irrigation.
According to their findings, the recommended CWSI thresholds
are 0.27 for apricots, 0.37 for peaches, and 0.31 for almonds.
Similarly, in pecan nuts, optimal yield, nut size, and tree growth
were achieved with irrigation scheduled at a Crop Water Stress
Index (CWSI) of 0.08 or lower. Conversely, irrigating ata CWSI of
0.20 led to reduced yields, smaller nut weights, decreased tree
growth, and lower yield efficiencies. [35] found that for Indian
mustard (Brassica juncea), an irrigation treatment
corresponding to 30% soil moisture depletion (SMD) with a
mean CWSI of 0.4 resulted in the best yield and highest water
use efficiency. Additionally, [38] conducted a study on apple
trees, revealing significant differences in canopy and air
temperatures between stressed and non-stressed orchards.

at 0.4 CWSI
CWSI helps detect water stress earlier in the day

Optimal CWSI values for high and good-quality (Colak et al, 2015)

yields
Optimal CWSI values for high and good-quality (Colak and Yazar,
yields 2017)

They also compared CWSI measurements taken at midday with
those taken in the late morning. The study found that late
morning CWSI measurements were more sensitive to soil
moisture changes, enabling earlier detection of water stress and
improvingirrigation scheduling.

Canopy temperature variability

Research on canopy temperature has demonstrated that crops
experiencing water stress tend to exhibit greater variability in
canopy temperature compared to those with adequate water
supply [9, 42]. This variability in canopy temperature is
influenced by environmental factors such as air temperature
and radiation led researchers to investigate temperature
variations in the field due to the uneven soil drying could serves
as an indicator of plant water status. The concept of "canopy
temperature variability” (CTV) was later introduced by Aston
and Vanin 1972 as amethod for assessing crop water stress.
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Canopy temperature variability refers to the differences in
temperature across a plant's canopy. Using CTV to guide
irrigation decisions offers potential for significant water savings
by improving the efficiency of soil water use.

In a detailed study by [22], the effectiveness of the CTV approach
under different moisture stress levels was examined. The study
found that CTV remained relatively low under low moisture
stress but became highly sensitive to water stress at moderate
levels. They suggested that irrigation decisions should be
considered when the CTV falls within the range of 0.5°C to 1.5°C.
One challenge with the CTV approach is the variability in water
availability in the root zone across fields, making it difficult to
establish consistent threshold values or reliable connections
with other stressindices.

Degrees above Canopy Threshold (DACT)

[13] introduced the concept of Degrees above Canopy
Threshold (DACT), which measures the temperature difference
above the critical temperature (Tcritical) for a specific crop. The
DACT is computed as:

DACT (h) =Max [0, Tc(h) - Tcritical]

In this equation, Tc represents the crop canopy temperature ata
given time (h), and Tcriticalrefers to the crop's threshold
temperature. If the value of DACT is zero, it indicates no stress
conditions, assuming that the crop canopy temperature is below
Tcritical. In a study by [40], they assessed canopy temperature-
based water stress indices for soybeans grown under both
irrigated and rainfed conditions in a subhumid environment.
According to their findings, they discovered that more extensive
Degrees above the Canopy Threshold (DACT) seasonal values
were associated with decreased yields. A DACT value of
approximately 2.3°C was identified as a threshold indicating
well-watered conditions, implying that irrigation should be
appliedifthis threshold is surpassed.

Temperature Stress Day (TSD)

The temperature variation between the canopy of stressed and
non-stressed plants has also been used as an indicator for
measuring moisture stress. To measure plant water status by
deriving a relative measure from the temperature difference
between a well-watered area and a stressed area, which are
termed as "temperature stress day" (TSD). Additionally, [9]
further proposed using TSD thresholds of 1.0 and 3.0 to
determine irrigation timing for corn [Zea mays (L.)]. The
simplicity of the TSD method comes from its reliance on only the
simultaneous measurement of canopy temperatures in both
stressed and well-watered fields with the same crop and soil
conditions, without needing additional atmospheric or plant-
related measurements. However, [10] cautioned that TSD is not
completely independent of environmental factors, as it exhibits
a strong dependency on air vapour pressure deficit, limiting its
universal applicability.

Time-Temperature Threshold (TTT)

This method has been utilized to assess crop water stress and
optimize irrigation scheduling. [59] were granted US patent
5,539,637 for an irrigation management technique known as
"temperature-time threshold" (TTT) method. This approach
recommends initiating irrigation when the canopy temperature
exceeds a specific threshold for a designated time period. In
cotton, [46] compared yields from automatic irrigation
triggered by the TTT method with those from manually
scheduled irrigation based on neutron probe readings.

They observed higher yields when irrigation was automated
and triggered after canopy temperatures surpassed 28°C for
over 452 minutes. [64] noted that a 4-hour TTT provided yields
similar to 2 and 2.5-hour thresholds but used less water in
cotton. The TTT method has also been applied successfully in
crops suchassoybean [16,49] and corn [15, 16].

Variables based on canopy temperature, like CATD (or SDD),
CTV, or TSD, aim to standardize canopy temperature with the
surrounding air temperature. However, the evapotranspiration
demand, which plays a key role in crop water stress, is largely
influenced by the vapor pressure deficit (VPD) of the air. The
Crop Water Stress Index (CWSI) is an important tool that adjusts
CATD with VPD to measure crop water stress [25, 26, 30].
Though CWSI shows promise for quantifying crop water stress,
there are several challenges to implementing it at the field scale.
Despite the scientific robustness of CWSI, its application is
limited by the complexity of measuring air temperature and
humidity simultaneously. This process is often too complicated
for farmers. Establishing a baseline for stressed and non-
stressed crops is the most crucial aspect of the CWSI method.
Moreover, the measurement of canopy temperature is typically
conducted when the crop canopy fully covers the soil. Including
background soil in temperature readings can result in incorrect
assessments of water stress.

Water deficitindex (WDI)

The Water Deficit Index (WDI) is calculated using the surface-to-
air temperature difference combined with vegetation indices to
estimate the relative water status of a field. The method is based
on a trapezoidal model with four vertices representing distinct
field conditions: a well-watered crop with full canopy cover, wet
bare soil, a fully stressed crop with full canopy cover, and dry
bare soil. By plotting canopy cover percentage against the
surface-air temperature difference, the position of the target
area is evaluated relative to the fully stressed and non-stressed
extremes (Fig.3). This approach effectively corrects for
temperature distortion caused by exposed soil, which may differ
thermally from the plant canopy. The WDI is widely used in
satellite-based crop stress monitoring, where vegetation cover
is assessed using remote sensing indices such as NDVI, SAVI, or
surface albedo, and canopy temperatures are derived through
thermal imaging and land surface temperature measurements.

A (Non-stressed) B (Fully stressed)

AD: Non stressed Line
BC: Fully stressed Line

Vegetation cover (%)

D (Wet bare soil) C (Dry bare soil)

Canopy-air temperature difference|

Figure 3: Canopy-Air Temperature Difference (CATD) Model for Calculating Water
Deficit Index (WDI)

5. Canopy temperature variability and irrigation
scheduling: Plant water status can be evaluated through
measurements of leaf water potential or stomatal conductance.
However, these measurements often show inconsistencies due
to variations between leaves on the same plant and even greater
differences across plants in a field. This variability makes it
difficult to assess the overall water status of a crop accurately.
Consequently, current practices involve sampling a limited
number of leaves, which may not provide a comprehensive
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assessment of the crop's water condition. Leaf temperature is
often used as an indicator of stomatal conductance and water
stress, with several studies by [26, 30, 32] supporting this
approach.

Thermal imaging presents a promising alternative to direct leaf
measurements by allowing water status assessment across
larger areas, providing a more comprehensive view of crop
hydration. It can effectively replace direct LWP measurements,
as spatial mapping with thermal imaging can more accurately
depict field-wide crop water status than traditional methods.
Infrared thermography (IRT) enables the detection of spatial
variability in water status within a field, making it a valuable tool
in precision agriculture [50]. This data is crucial for
implementing site-specific irrigation strategies, ensuring that
each areareceives the appropriate amount of water based on its
needs. [11] explored the potential of using thermal images to
estimate the water status of cotton under different irrigation
regimes. Their study found that maps based on the Crop Water
Stress Index (CWSI) were more effective in distinguishing
between irrigation treatments than using leaf temperature
alone. Additionally, incorporating spatial patterns into the
classification process improved the accuracy in matching
irrigationlevels with actual field conditions.

For example, utilizing thermal infrared radiation (TIR) to
evaluate spatial variations in soil water availability has
demonstrated that plant growth and soil water deficits fluctuate
both spatially and temporally within a crop field. An increased
soil water deficit in the root zone leads to higher canopy
temperatures, resulting in increased stomatal conductance.
This relationship can be used to effectively schedule irrigation
[47]. Additionally, [32] concluded that the infrared
thermography approach is suitable for quantitative studies of
spatial and temporal variations in conductance over a single leaf
or for remotely screening large numbers of leaves of Phaseolus
vulgaris L. for stomatal conductance.

7. Biochemical and Physiological Mechanisms Underlying
IRT-Measured Plant Water Stress

The physiological response of fruit crops to water stress, as
measured by infrared thermography (IRT), is directly correlated
with underlying biochemical changes, including alterations in
photosynthetic pigments (e.g., chlorophyll), stomatal
conductance, and antioxidant enzyme activity (e.g., superoxide
dismutase, catalase).

Photosynthetic Pigments: Water stress impacts the plant's
chlorophyll content, the key pigment involved in
photosynthesis. Chlorophyll degradation is a common response
to stress, including drought, as it affects the photosynthetic
apparatus in the chloroplasts. Reduced chlorophyll content
decreases the efficiency of light absorption, thus lowering the
rate of photosynthesis. Since photosynthesis is a primary
process for cooling leaves (through water evaporation and
transpiration), a decrease in its efficiency due to lower
chlorophyll levels contributes to higher leaf surface
temperatures. IRT effectively detects this temperature
difference by capturing thermal radiation emitted from the
leaves, thus providing a non-invasive way to monitor water
stress.

Stomatal Conductance: Stomatal conductance, the rate at
which carbon dioxide enters and water vapor exits through the
stomata, is closely related to water status. Under water stress,

stomata close to prevent water loss, which leads to reduced
transpiration. The reduction in transpiration raises leaf
temperatures because evaporative cooling is diminished. By
using IRT, leaf temperature can be monitored as an indicator of
stomatal conductance. A Study in grapes has demonstrated that
as stomatal closure progresses, leaf temperatures increase,
making IRT areliable tool for assessing water stress in real-time
[32].

Antioxidant Enzyme Activity: Water stress induces oxidative
stress, which results in the production of reactive oxygen species
(ROS) such as superoxide radicals and hydrogen peroxide.
Plants activate antioxidant defence mechanisms, including
enzymes like superoxide dismutase (SOD), catalase (CAT), and
peroxidase, to detoxify ROS and mitigate damage to cellular
structures. The activity of these antioxidant enzymes increases
during water stress as the plant attempts to maintain cellular
integrity. Although IRT does not directly measure antioxidant
enzyme activity, increased leaf temperatures detected by IRT
can be associated with the internal biochemical stress
responses, such as increased ROS scavenging and reduced
transpiration.

8. Advantages of Using Canopy Temperature-Based CWSIs
Canopy temperature-based Crop Water Stress Indices (CWSIs)
offer significant advantages for efficient irrigation management
in fruit crops, along with some limitations (Table 2). They enable
non-invasive, remote monitoring using infrared thermography,
reducing plant stress and facilitating continuous assessment
without damage. CWSIs support large-scale monitoring, making
them ideal for extensive farming operations, and reduce the time
and labor required for water stress assessment compared to
traditional methods. Early detection of water stress allows for
proactive irrigation adjustments, improving crop health and
optimizing water use efficiency. CWSIs also support precision
agriculture by providing detailed spatial information on water
stress variability, enabling site-specific irrigation strategies that
optimize water usage and improve crop productivity.
Integration with modern technologies such as drones, satellites,
and automated irrigation systems enhances data accuracy and
ease of collection, allowing for real-time monitoring and
irrigation adjustments. This leads to improved irrigation
management decisions, reduced costs, and better crop yields.
Efficient irrigation using CWSIs contributes to environmental
sustainability by optimizing water usage, reducing waste, and
minimizing runoff and leaching, which is crucial in water-scarce
regions.

9. Integration of IRT with modern orchard management
technologies

The application of infrared thermography (IRT) in irrigation
management is greatly enhanced by integrating it with modern
agricultural technologies. Drones fitted with thermal cameras
can capture high-resolution thermal images across vast
agricultural fields, offering detailed spatial information on crop
water status. This integration facilitates real-time monitoring
and automated irrigation adjustments based on current water
stress levels. Additionally, satellite-based thermal imaging offers
a broader perspective, enabling regional-scale water stress
assessment and supporting large-scale irrigation management
practices. The combined use of advanced UAVs with high-
precision thermal cameras and infrared sensors has greatly
enhanced the capability to monitor crop water status [5, 39].
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Numerous studies have evaluated crop water stress conditions in various crops, such as those conducted by [65, 66,67, 24]. However,
the calibration and processing of thermal images can be time-consuming and empirical, limiting the practicality of high-precision

thermal cameras for daily use on extensive arable land.

Table 2: Advantages and limitations of various CWSIs

Index Advantages
- Provides a normalized measure of water stress
Crop Water Stress - Useful for different crops and growth stages
Index (CWSI) psandg ges.

- Helps monitor stress over time.
Stress Degree Days

(SDD) - Can be used to predict impacts on crop yield.
Canopy Temperature Reflects spatial variability in water stress.
Variability (CTV) - Identifies stress hotspots.

Time-Temperature
Threshold (TTT)
Temperature Stress
Day (TSD)

D b C
egrees above Lanopy threshold, indicating stress.

Threshold (DACT
( ) - Can be tailored to specific crops or conditions
Water Deficit Index -Effectively integrateld with ?ejmo.te sensing technologies, .such as
(WDI) drones and satellites, facilitating large-scale and real-time

monitoring of agricultural fields.

Several researchers have integrated thermal cameras into UAV
platforms to evaluate crop water stress across entire fields. For
example, [68] used canopy temperature characteristics derived
from UAV thermal images to monitor cotton water status,
finding a coefficient of determination (R2) of 0.88 between
canopy temperature standard deviation (CTSD) and stomatal
conductance. Similarly, [37] assessed the potential of UAV
thermal imaging for monitoring plant water stress in a
commercial sugar beet field, demonstrating the robustness and
reliability of a lightweight UAV canopy temperature system,
despite some constraints related to weather conditions and area
delimitation. To monitor crop water stress and its spatial
variability at a field scale, researchers have developed Crop
Water Stress Index (CWSI) maps using UAV remote-sensing
systems. [6] characterized spatial variability in water status
across vineyards with CWSI maps, effectively assessing water
stress variability. [69] also evaluated cotton water stress and its
spatial variability using a UAV thermal remote-sensing system,
finding an R2 of 0.84 between CWSI and leaf stomatal
conductance in cotton fields in Yangling, Shaanxi, China.
Numerous studies have incorporated thermal cameras into UAV
systems to assess crop water stress over large fields. For
instance [69] utilized canopy temperature data from UAV
thermal imagery to monitor cotton water status, reporting a
coefficient of determination (R?) of 0.88 between the canopy
temperature standard deviation (CTSD) and stomatal
conductance. Similarly, [37] explored the use of UAV thermal
imaging to track water stress in a commercial sugar beet field,
showing that a lightweight UAV-based canopy temperature
system was both robust and reliable, despite some limitations
caused by weather conditions and field boundaries. To evaluate
crop water stress and its spatial variability on a larger scale,
researchers have developed Crop Water Stress Index (CWSI)
maps using UAV remote-sensing technology. [6] successfully
mapped water stress variability across vineyards using CWSI
maps, while [68] analyzed cotton water stress and its spatial
distribution, finding an R? of 0.84 between CWSI and leaf
stomatal conductance in cotton fields in Yangling, Shaanxi,
China.

- Incorporates cumulative stress over time.

- Provides a threshold-based approach to assess stress.

- Helps in understanding critical stress periods.
Tracks the number of days with critical temperature stress.
- Useful for assessing prolonged stress periods.

- Provides a measure of how much temperature exceeds a

Limitations

- Requires calibration for specific crops and conditions.
- Can be complex to implement and interpret.

- Requires accurate temperature data and calibration.
- May not account for other stress factors (e.g., soil conditions).
- Requires high-resolution temperature measurements.
- Influenced by factors other than water stress.
Requires setting accurate temperature thresholds.
- May not account for variability in crop types and growth stages.
- Depends on accurate temperature data.
- May need calibration for different crops and conditions

- Requires accurate canopy temperature thresholds.
- May be affected by other environmental factors (e.g., humidity).

-Requires site-specific calibration for different crops, regions, and
growth stages to ensure accurate assessment, which may require
significant effort and expertise.

5.Conclusion

Infrared thermography (IRT) is a vital tool in modern
agriculture for monitoring water stress in fruit crops. Its non-
invasive, real-time capabilities provide a comprehensive
assessment of plant water needs, surpassing traditional
methods like leaf water potential (LWP) and stomatal
conductance. The Crop Water Stress Index (CWSI), which
correlates canopy and ambient air temperatures, is particularly
effective for fine-tuning irrigation schedules, helping farmers
avoid over- or under-watering. However, environmental factors
such as wind, solar radiation, and humidity must be considered
foraccurate results, and CWSI calibration is essential for specific
crops. The future of IRT lies in integrating it with advanced
technologies like UAVs, multispectral imaging, and [oT systems.
These tools enable precise, large-scale water stress mapping
and automated irrigation systems, improving water use
efficiency and sustainability. Combining IRT with other data
sources, such as multispectral imaging, offers a holistic
approach to crop health and irrigation management, helping
farmers optimize yields and conserve resources in response to
global water challenges and climate change.

6.Future Scope

Future research should focus on developing low-cost, user-
friendly infrared thermography systems integrated with Al-
based decision support tools for real-time irrigation scheduling.
Standardizing calibration protocols across diverse crops and
environmental conditions is essential to improve accuracy and
farmer adoption. Furthermore, integrating IRT with advanced
remote sensing platforms such as multispectral imaging,
satellite data, and soil moisture sensors will enhance the spatial
and temporal resolution of water stress detection. Exploring
machine learning algorithms for automated image processing
and water stress classification can significantly accelerate data
analysis. As climate change intensifies, leveraging IRT for
proactive drought management will become increasingly
critical in sustainable horticultural practices.

Conflict of Interest: Nill

65.

© 2025 AATCC Review. All Rights Reserved.



Nishchala Arya et al., / AATCC Review (2025)

Acknowledgement

Nishchala Arya: Conducted a comprehensive literature search,
analyzing and synthesizing the relevant studies, and drafting the
manuscript

Shashi K. Sharma: Conceptualized the review topic, supervised
the project, reviewed and revised the manuscript.

Shiv K. Shivendu: Acknowledged for his valuable insights into
remote sensing applications and his help in refining the
technical contentofthe paper.

Ishani Sharma: Literature collection, organization, and
assistance in preparing tables.

Akriti Banyal: Reviewed recent studies, formatting references,
and proofreading the final manuscript.

References

1. Alves], Pereira LS (2000) Non-water-stressed baselines for
irrigation scheduling with infrared thermometers: a new
approach. Irrig Sci 19: 101-106.

2. Appiah SA, Li], Alordzinu KE, Issaka F, Afful EA, Asenso E,
Songyang Q (2023) Rapid evaluation of mandarin crop
water stress index using CWSI infrared camera. Sens
&Transducers 260: 1-6.

3. Ballester C, Castel ], Jiménez-Bello MA, Castel JR, Intrigliolo
DS (2013) Thermographic measurement of canopy
temperature is a useful tool for predicting water deficit
effects on fruit weight in citrus trees. Agric Water Manag
122:1-6.

4. Ballester C, Jiménez-Bello MA, Castel JR, Intrigliolo DS
(2013) Usefulness of thermography for plant water stress
detection in citrus and persimmon trees. Agric For
Meteorol 168:120-129

5. Baluja ], Diago MP, Balda P, Zorer R, Meggio F, Morales F,
Tardaguila ] (2012) Assessment of vineyard water status
variability by thermal and multispectral imagery using an
unmanned aerial vehicle (UAV). Irrig Sci 30: 511-522.

6. Bellvert ], Zarco-Tejada P], Girona ], Fereres E (2014)
Mapping crop water stress index in a 'Pinot-noir' vineyard:
comparing ground measurements with thermal remote
sensing imagery from an unmanned aerial vehicle. Precis
Agric15:361-376.

7. Bhosale AM, Jadhav AS, Bote NL, Varshneya MC (1996)
Canopy temperature as an indicator for scheduling
irrigation for wheat.] Maharashtra Agric Univ21: 106-109.

8. Buckley TN (2019) How do stomata respond to water
status? New Phytol 224:21-36.

9. Clawson KL, Blad BL (1982) Infrared thermometry for
schedulingirrigation of corn. Agron] 74:311-316.

10. Clawson KL, Jackson RD, Pinter P] Jr (1989) Evaluating
plant water stress with canopy temperature differences.
Agron]81:858-863.

11. Cohen'Y, Alchanatis V, Meron M, Saranga Y, Tsipris ] (2005)
Estimation of leaf water potential by thermal imagery and
spatial analysis. ] Exp Bot 56: 1843-1852.

12. Colmenero-Flores JM, Arbona V, Morillon R, Go6mez-
Cadenas A (2020) Salinity and water deficit. In: Talon M,
Caruso M, Gmitter F, editors. The Genus Citrus. Woodhead
Publishing. pp. 291-309.

13. DeJonge KC, Taghvaeian S, Trout TJ, Comas LH (2015)
Comparison of canopy temperature-based water stress
indices for maize. Agric Water Manag 156: 51-62.

14. Ehrler WL (1973) Cotton leaf temperatures as related to soil
water depletion and meteorological factors. Agron ] 65:
404-4009.

15. Evett SR, Howell TA, Schneider AD, Upchurch DR, Wanjura
DF (2000) Automaticdrip irrigation of corn and soybean. In:
Proc4th Decennial Natl Irrig Symp. pp. 401-408.

16. Evett SR, Howell TA, Schneider AD, Wanjura DF, Upchurch
DR (2002) Automatic drip irrigation control regulates
water use efficiency. Int Water Irrig 22: 32-37.

17. Fereres E, Gonzalez-Dugo V (2009) Improving productivity
to face water scarcity in irrigated agriculture. In: Sadras VO,
Calderini DF editors. Crop Physiology: Applications for
Genetic Improvement and Agronomy. Academic Press, San
Diego.pp.123-143.

18. FereresE, OrgazF, Castro ], Humanes MD, Pastor M, Moriana
A (1999) The relations between trunk diameter
fluctuations and tree water status in olive trees (Olea
europaea L.). In: III Int Symp Irrigation of Horticultural
Crops. pp. 293-297.

19. FernandezJE, Cuevas MV (2010) Irrigation scheduling from
stem diameter variations: a review. Agric For Meteorol 150:
135-151.

20. Garcia-Tejero IF, Duran-Zuazo VH, Muriel-Fernandez ]JL,
Jiménez-Bocanegra JA (2011) Linking canopy temperature
and trunk diameter fluctuations with other physiological
water status tools for water stress management in citrus
orchards. FunctPlant Biol 38:106-117.

21. Gates DM (1964) Leaf temperature and transpiration.
Agron] 56:273-277.

22. Gonzalez-Dugo MP, Moran MS, Mateos L, Bryant R (2006)
Canopy temperature variability as an indicator of crop
water stress severity. Irrig Sci 24: 233-240.

23. Gonzalez-Dugo V, Zarco-Tejada PJ], Fereres E (2014)
Applicability and limitations of using the crop water stress
index as an indicator of water deficits in citrus orchards.
AgricFor Meteorol 198:94-104.

24. Gonzalez-Dugo V, Zarco-Tejada P, Nicolds E, Nortes PA,
Alarcon J], Intrigliolo DS, Fereres E (2013) Using high
resolution UAV thermal imagery to assess the variability in
the water status of five fruit tree species within a
commercial orchard. Precis Agric 14: 660-678.

25. Idso SB (1982) Non-water-stressed baselines: A key to
measuring and interpreting plant water stress. Agric
Meteorol 27:59-70.

66.

© 2025 AATCC Review. All Rights Reserved.



Nishchala Arya et al., / AATCC Review (2025)

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Idso SB, Jackson RD, Pinter PJ Jr, Reginato R], Hatfield JL
(1981) Normalizing the stress-degree-day parameter for
environmental variability. Agric Meteorol 24: 45-55.

Idso SB, Jackson RD, Reginato RJ (1977) Remote-sensing of
crop yields: canopy temperature and albedo
measurements have been quantitatively correlated with
final harvests of wheat. Sci 196: 19-25.

Intrigliolo DS, Castel JR (2007) Evaluation of grapevine
water status from trunk diameter variations. Irrig Sci 26:
49-59.

Irmak S, Haman DZ, Bastug R (2000) Determination of crop
water stress index for irrigation timing and yield
estimation of corn. Agron]92:1221-1227.

Jackson RD, Idso SB, Reginato R], Pinter Jr PJ (1981) Canopy
temperature as a crop water stress indicator. Water Resour
Res17(4):1133-1138.

Jackson RD, Reginato R], Idso SB (1977) Wheat canopy
temperature: a practical tool for evaluating water
requirements. Water Resour Res 13(3):651-656.

Jones HG, Stoll M, Santos T, Sousa CD, Chaves MM, Grant OM
(2002) Use of infrared thermography for monitoring
stomatal closure in the field: application to grapevine. ] Exp
Bot53:2249-2260.

Khorsandi A, Hemmat A, Mireei SA, Amirfattahi R,
Ehsanzadeh P (2018) Plant temperature-based indices
using infrared thermography for detecting water status in
sesame under greenhouse conditions. Agric Water Manag
204:222-233.

Kogler E, Soffker D (2019) Explorative frequency analysis of
leaf temperature behavior of maize (Zea mays subsp. mays)
atwater deficit. Plants 8:105.

Kumar N, Poddar A, Shankar V, Ojha CSP, Adeloye A] (2020)
Crop water stress index for scheduling irrigation of Indian
mustard (Brassica juncea) based on water use efficiency
considerations.] Agron Crop Sci 206:148-159.

Mahlein AK (2016) Plant disease detection by imaging
sensors-parallels and specific demands for precision
agriculture and plant phenotyping. Plant Dis 100:241-251.

Martinez ], Egea G, Agiiera ], Pérez-Ruiz M (2017) A cost-
effective canopy temperature measurement system for
precision agriculture: A case study on sugar beet. Precis
Agric18:95-110

Mohamed AZ, Osroosh Y, Peters RT, Bates T, Campbell CS,
Ferrer-Alegre F (2021) Monitoring water status in apple
trees using a sensitive morning crop water stress index.
Irrig Drain 70(1):27-41.

Moller M, Alchanatis V, Cohen Y, Meron M, Tsipris ], Naor A,
Cohen S (2007) Use of thermal and visible imagery for
estimating crop water status of irrigated grapevine. ] Exp
Bot58:827-838

40.

41.

42,

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

Morales-Santos A, Nolz R (2023) Assessment of canopy
temperature-based water stress indices for irrigated and
rainfed soybeans under subhumid conditions. Agric Water
Manag279:108214.

Naor A (2006) Irrigation scheduling and evaluation of tree
water status in deciduous orchards. Hortic Rev
32:111-165.

Nielsen DC, Gardner BR (1987) Scheduling irrigations for
corn with the crop water stress index (CWSI). ] Appl Agric
Res 2:295-300

Orta AH, Erdem Y, Erdem T (2003) Crop water stress index
for watermelon. Sci Hortic98:121-130

Ortufio MF, Alarcén J], Nicolas E, Torrecillas A (2004)
Comparison of continuously recorded plant-based water
stress indicators for young lemon trees. Plant Soil
267:263-270.

Ortuno MF, Garcia-Orellana Y, Conejero W, Ruiz-Sanchez
MC, Alarcon J], Torrecillas A (2006) Stem and leaf water
potentials, gas exchange, sap flow, and trunk diameter
fluctuations for detecting water stress in lemon trees. Trees
20:1-8.

0O'Shaughnessy SA, Evett SR (2010) Canopy temperature
based system effectively schedules and controls center
pivot irrigation of cotton. Agric Water Manag
97:1310-1316.

Padhi], Misra RK, Payero JO (2012) Estimation of soil water
deficit in an irrigated cotton field with infrared
thermography. Field Crops Res 126:45-55

Parihar A, Chandel M, Garg VK (2021) Assessment of
different methods for computing canopy temperature from
infrared thermography in wheat. Indian J Agric Sci
91:63-68

Peters RT, Evett SR (2007) Spatial and temporal analysis of
crop conditions using multiple canopy temperature maps
created with center-pivot-mounted infrared
thermometers. Trans ASABE 50(3):919-927

Pinter PJ Jr, Hatfield JL, Schepers JS, et al. (2003) Remote
sensing for crop management. Photogramm Eng Remote
Sens 69(6):647-664.

Ruiz-Sanchez MDC, Domingo R, Castel JR (2010) Deficit
irrigation in fruit trees and vines in Spain. A review. Span |
AgricRes 8:5-20.

Schreckenberg K, Awono A, Degrande A, Mbosso C, Ndoye
0, Tchoundjeu Z (2006) Domesticating indigenous fruit
trees as a contribution to poverty reduction. For Trees
Livelihoods 16(1):35-51.

Sepulcre-Canto G, Zarco-Tejada PJ, Sobrino JA, et al. (2009)
Discriminating irrigated and rainfed olive orchards with
thermal ASTER imagery and DART 3D simulation. Agric For
Meteorol 149:962-975.

67.

© 2025 AATCC Review. All Rights Reserved.



Nishchala Arya et al., / AATCC Review (2025)

54,

55.

56.

57.

58.

59.

60.

61.

62.

Sepulveda-Reyes D, Ingram B, Bardeen M, Zuiiga M,
Ortega-Farias S, Poblete-Echeverria C (2016) Selecting
canopy zones and thresholding approaches to assess
grapevine water status by using aerial and ground-based
thermal imaging. Remote Sens 8:822.

Sevanto S, Vesala T, Peramaki M, Nikinmaa E (2002) Time
lags for xylem and stem diameter variations in a Scots pine
tree. Plant Cell Environ 25(8):1071-1077.

Stoll M, Schultz HR, Baecker G, Berkelmann-Loehnertz B
(2008) Early pathogen detection under different water
status and the assessment of spray application in vineyards
through the use of thermal imagery. Precis Agric
9:407-417.

Testi L, Goldhamer DA, Iniesta F, Salinas M (2008) Crop
water stress index is a sensitive water stress indicator in
pistachio trees. Irrig Sci 26:395-405.

Thomson SJ, Ouellet-Plamondon CM, DeFauw SL, Huang Y,
Fisher DK, English P] (2012) Potential and challengesin use
of thermal imaging for humid region irrigation system
management. ] AgricSci4(4):103-116.

Upchurch DR, Wanjura DF, Burke ], Mahan JR (1996) U.S.
Patent No. 5,539,637. Washington, DC: U.S. Patent and
Trademark Office

Velez JE, Intrigliolo DS, Castel JR (2007) Scheduling deficit
irrigation of citrus trees with maximum daily trunk
shrinkage. Agric Water Manag 90(3):197-204.

Vieira GHS, Ferrarezi RS (2021) Use of thermal imaging to
assess water status in citrus plants in greenhouses.
Horticulturae 7(8):249.

Wang D, Gartung ] (2010) Infrared canopy temperature of
early-ripening peach trees under postharvest deficit
irrigation. Agric Water Manag 97:1787-1794.

63.

64.

65.

66.

67.

68.

69.

70.

Wang X, Yang W, Wheaton A, Cooley N, Moran B (2010)
Automated canopy temperature estimation via infrared
thermography: A first step towards automated plant water
stress monitoring. Comput Electron Agric 73(1):74-83.

Wanjura DF, Upchurch DR, Mahan JR (1995) Control of
irrigation scheduling using temperature-time thresholds.
Trans ASAE 38(2):403-409

Yang WP, Li CC, Yang HY, Yang GJ, Feng HK, Han L, Han D
(2018) Monitoring of canopy temperature of maize based
on UAV thermal infrared imagery and digital imagery. Trans
Chin Soc AgricEng 34:68-75

Zhang C, Kovacs JM (2012) The application of small
unmanned aerial systems for precision agriculture: a
review. Precis Agric13:693-712

Zhang L, Niu Y, Zhang H, Han W, Li G, Tang ], Peng X (2019)
Maize canopy temperature extracted from UAV thermal
and RGB imagery and its application in water stress
monitoring. Front Plant Sci 10:1270

Zhang 77, Bian ], Han WT, Fu QP, Chen SB, Cui T (2018)
Cotton moisture stress diagnosis based on canopy
temperature characteristics calculated from UAV thermal
infrared image. Trans Chin Soc Agric Eng 34:77-84

ZhangZ, Bian ], Han W, Fu Q, Chen S, Cui T (2018) Diagnosis
of cotton water stress using unmanned aerial vehicle
thermal infrared remote sensing after removing soil
background. Trans Chin Soc Agric Eng 49:250-260

Zovko M, Boras I, Svai¢ S (2018) Assessing plant water
status from infrared thermography for irrigation
management. In: Proc 14th Quantitative Infrared
Thermography Conf, Berlin, Germany, pp 25-29

68.

© 2025 AATCC Review. All Rights Reserved.



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

