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Infrared Estimation of Canopy Temperature as Crop Water Stress Indicator
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Decision making by farmers regarding imrigation is critical for crop production. Therefore, the precision
irrigation technique is very important to improve crop quality and yield. Recently, much attention has been
given to remote sensing of crop canopy temperature as a crop water-stress indicator, because it is a
scientifically based and easily applicable method even at field scales. This study monitored a series of
time-variant canopy temperature of cucumber under three different imigation treatments: under-irrigation
(control), optimal-irrigation, and over-irrigation. The difference between canopy temperature (T.) and air
temperature (T,), T. — T,, was calculated as an indicator of cucumber water stress. Vapor pressure deficit
(VPD) was evaluated to define water stress on the basis of the temperature difference between leaf and air. The
values of T. — T, was negatively related to VPD; further, cucumber growth in the under- and over-irrigated
fields showed water stress, in contrast to that grown in the optimally inigated field. Thus, thermal infrared
measurements could be useful for evaluating crop water status and play an important role in irrigation
scheduling of agricultural crops.
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Introduction

According to the annual report by the Food and
Agriculture Organization (FAO) of the United Nations,
agriculture is by far the biggest water user, which accounts
for worldwide consumption of approximately 70% of all
withdrawals (FAO, 2002). Whereas expansion of irrigated
land areas is a vital means to guarantee food supply for
the growing world population, it is restricted by the
scarcity of available water resources (FAO, 2002).

Under the circumstances of inadequate rainfall and available
water resource for food production, farmers have always
sought ways to supply water to crops as needed for
development. Recent techniques that use direct and
indirect sensing methods for irrigation have been developed
to supply the right amount of water at the right time and
right place to crops, which is the so-called precision
irrigation. These techniques can increase crop yields and
save water usage, energy and labor costs as compared
with the conventional manual methods (Levidow et al.,
2014). Several methods of inferring crop water stress for
precision irrigation scheduling are based on environmental
measurements (soil, weather and crop itself) where crops
grow. These measurements include parameters such as soil
water content, air temperature, canopy temperature, pan
evaporation, solar radiation and so on (White and Raine,
2008). The sensing methods (direct and/or indirect) have
advantages and disadvantages, and an appropriate method
should be chosen in accordance with a given monitoring
situation (Table 1).

The application of infrared thermometry is versatile, for
example, in building inspection, R&D, process control,
nondestructive testing, firefighting, automotive night vision,

security/surveillance, and personal vision system (Mershon,
2015). Since the late 1800, many studies have evaluated
infrared thermal sensing to measure crop surface temperature,
which had been useful for crop water stress index (CWSI),
crop yield prediction, and irrigation scheduling for some
decades (Naeeni et al., 2014; Pefiuelas et al., 1995; Orta
et al., 2002).

As water supplies become limited, stomatal conductance
and transpiration decrease, and the leaf temperature increases
(Reginato, 1983). Similar to this, temperature virtually affects
all aspects of crop growth and development through various
mechanisms (Farquhar and Sharkey, 1982). The major role
of transpiration is leaf cooling; therefore, canopy temperature
and its reduction relative to ambient air temperature is an
indication of how capable transpiration cools off leaves under
demanding environmental loads (Farquhar and Sharkey,
1982).

Many studies investigated the relationship between the
air-canopy temperatures and transpiration (which is not
simple) that involves atmospheric conditions [vapor pressure
deficit (VPD), air temperature, relative humidity, and wind
velocity], soil (available soil moisture), and crop (canopy
size and architecture and leaf adjustments to water deficit)
(Jensen et al., 1990; Kaukoranta et al., 2005; Hackl et al.,
2012; Ahi et al., 2015). The first approach was conducted
by Idso et al. (1981) to define the linear relationship
between canopy and atmospheric temperatures (T, — Tj)
as a function of atmospheric VPD for a plant transpiring
at a potential speed (Idso et al., 1981). The succeeding
studies revealed the semi-empirical equations between the
observed canopy—air temperature difference (T. — T.) and
VPD for CWSI estimation (Hackl, 2012). Thus, temperature
measurement on individual leaves turned out to be a good

Table 1. Advantage and disadvantage of sensing methods for crop water stress (modified from Peters, 2015; Esteves et al., 2015).

Target Methods Advantage Disadvantage
Soil ® Tensiometer - Continuous measurement - Impossible to apply in heterogeneous
® Psycrometers - Safe, easy to use, low cost, accurate, soils
® Gravimetric method and wide measurement - Atmospheric evaporative demand not
® Dielectric sensor - Integration with commercial irrigation considered
(e.g., TDR) system - Level of plant stress not considered
® Neutron probe
Plant  ® Pressure chamber - Direct measurement of plant water status - Calibration needed
® Psycrometers and response - Threshold values need to be established
® Stem-trunk diameter - Advise time or quantity to irrigate - Most methods still at the research stage
® Porometer - Applicable for current irrigation system
® Infrared thermography - Consideration of environmental effect
o Sapflow - High sensitivity
Weather ® Penman—Monteith - Weather measurements normally - Less precise than direct measurement

® Hargraves—Samani
® Soil water balance

online data are available)
Relatively simple to apply

available (no sensing method required if - Local evaluation of weather variables

and a good estimation of crop-soil
parameters
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indicator of crop stress (Jackson et al., 1981), being one
of the most promising and valuable crop responses
(Baille, 1992; Hashimoto et al., 1981; Ehret et al., 2001).

In contrast, little information has been known in
implementing indirect sensing technologies (e.g., infrared
thermometer) for plant-based irrigation (Kim et al., 2015).
The previous two studies by Kim et al. (1999) and Kim
et al. (1999) measured the change in crop temperature
under stressful conditions caused by chemical fertilization
and irrigation treatment in Korea (Kim et al., 1999; Kim
et al.,, 1999). These were the first studies to evaluate the
feasibility of infrared estimation to determine crop water
stress under various water conditions. These studies also
defined the relationship between canopy—-air temperature
difference and VPD under water-stress level.

Materials and Methods

A plastic greenhouse with an area of 5,290 m’, located in
Ansung City (Gyeonggi Province, South Korea), cultivates
cucumber and tomato and is divided into two blocks. In
the current study, cucumber (Baekdadagi), particularly sen-
sitive to temperature change, was chosen for the experi-
ment. Cucumbers are very sensitive to imbalance or changes
in growing conditions. Careful attention should be given
to cucumber growth factors, such as fertilizer salts, light,
air temperature, humidity, carbon dioxide, and moisture,
to avoid reduced crop production with poor quality (e.g.,
bitter tasting) (University of Alaska Fairbanks, 2015).

Cucumber is suited to drip irrigation in combination
with plastic mulch. The soil type in the experimental plot
was clay soil (44% clay, 30% silt, and 26% sand), and
the available water holding capacity at the top 0.90 m of
the soil profile was approximately 131 mm. A schematic
of the experimental setup overview is shown in Fig. 1.
To simulate various water stresses, three different irrigation
treatments were prepared: under-irrigation (30% of optimal
irrigation), optimal-irrigation, and over-irrigation (200% of
optimal irrigation). The layout of the experiment was a
completely randomized block design with three replications

i e S
Infrared thermometer

for each of the three treatments tested. The irrigation
system was performed by a drip system using key clipped
emitters (1.2 L/h), spaced 20 cm apart for each plant on
16-mm inside-diameter laterals, with one per two cucumbers.
The emitters operated at a pressure of 100-150 kPa and
were controlled using a bypass arrangement.

During the experimental period, the leaf temperature
(°C), air temperature (°C), relative humidity (%), solar
radiation (W.m'z), soil moisture content (%), soil electrical
conductivity (EC) (dS.m™), and soil temperature (°C) were
measured using the sensor suites. The canopy temperature
(T;) was determined using an infrared thermometer (CT-
300-232, Diwell, Korea), and its specifications were as
follows: temperature range, from -30°C to 300°C; operating
temperature, from 20°C to 70°C; resolution 0.1°C; accuracy,
+2%; and input voltage, 5 V. The thermometer was also
connected to a data logger (WP700, Mirae sensor, South
Korea). The canopy temperature was measured on a single,
healthy, upper canopy and fully sunlit leaves of the three
plants and then averaged. The soil water level in each
plot was monitored by a frequency-domain reflectometry
(FDR) sensor (FDR, WT2000, Mirae sensor, Korea) for
each 0.10-m soil layer during the growing season. The
canopy temperature and soil moisture content were measured
from the same set of plants. A weather station was mounted
at the center of the greenhouse to measure all weather-
related parameters. All data collections were made at 1-h
interval from March 29 to May 19, 2014.

Results and Discussion

The individual weather parameters were continuously
collected and averaged as 524 ppm for CO,, 275 W.m™
for solar radiation, 20°C for air temperature, and 78% for
relative humidity. Daily routine irrigation was conducted
in the morning around 7:00 am, and the daily amount of
irrigation ranged from 500 to 800 mL per plant, depending
on the crop and weather status (optimal irrigation). In the
under- and over-irrigated cases, the ranges of water applied
were 150-240 mL and 1,000-1,600 mL, respectively. During

Soil sensor

Data logger

Fig. 1. Schematic of the experimental setup.
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Fig. 2. Response of canopy and soil factors to a change in the
imgation treatment

the day, the plants experienced daily maximum water stress
between 1:00 pm and 4:00 pm.

The response of soil moisture contents was rapid and
positive as the drip irrigation system operated. Usually, the
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Fig. 3. Relationships between temperature differences and

VPD under inigation treatments (left: under-inigated, Middle:
optimally-imrigated, and right: over-irrigated)

leaf and soil temperatures in the field is dynamic on a
diurnal scale, and the soil EC is directly proportional to
the irrigation event (Fig. 2). The growth of the under-
irrigated cucumber showed the most sensitive response to
the soil moisture content, followed by those of the
over-irrigated and optimally irrigated cucumbers. In the
middle of the data collection, leaks on the drip irrigation
system occurred and was repaired (the measurement points
were from 300 through 350). Therefore, misleading data
were collected and resulted in no difference among the
irrigation treatments.

Fig. 3 shows the cucumber condition under three different
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water stresses, where the steeper slope of the regression
curve between the canopy-air temperature difference and
VPD from the optimally irrigated plot (slope = -3.65)
implies a greater effective canopy diffusion resistance
relative to those that prevail in the under-irrigated (slope
= -2.26) and over-irrigated (slope = -2.68) plots. Thus,
more transpiration cooling occurred under less stressful
circumstances. This study showed that cucumber became
stressed in both under- and over-irrigation treatment.
The degree of difference among the irrigation treatments
was not noticeable compared with our expectation. This
result can be explained by the following facts: 1) the
plastic greenhouse investigated in this study was built on
a layer in the paddy fields and surrounded by them. The
major soil texture of paddy fields is clay soil (mentioned
earlier) has poor infiltration. Even though the bottom of
the greenhouse was covered with plastic mulching material,
movement of soil water underneath still occurred and
linked between paddies and 2) the under- (30%), optimal-
(100%), and over-irrigation (200%) treatments were not
significantly different to visualize the effects on the canopy
temperature, soil moisture content, soil EC, and soil
temperature. However, the relationship between the canopy-
air temperature difference and VPD clearly showed that
cucumbers in the optimally irrigated condition grew better
than those in the under- and over-irrigated conditions.

Conclusion

Effective irrigation management can increase marketable
agricultural yield while reducing production costs by
conserving water, energy, and even fertilizer (FAO, 2012).
Therefore, this study has introduced an indirect sensing
method using infrared thermometer to provide useful data
for decision-making on precision irrigation.

The three irrigation treatments, namely, under-, optimal-,
and over-irrigation treatments, clearly showed that cucumbers
experienced the different levels of water stress. A real-time
change in the canopy-air temperature was used to quantify
and evaluate the crop water status. Negative correlations
between the difference in the canopy-air temperature and
VPD were realized as follows: under-irrigation (slope =
-2.26, R? = 0.82), optimal-irrigation (slope = -3.65, R? =
0.89), and over-irrigation (slope = -2.68, R® = 0.86).

This study revealed that infrared estimation of canopy
temperature could play a role as an efficient and strategic
factor for crop water-stress control and smart water manage-
ment against water scarcity and climate change. In addition,
continuous measurement must be performed and integrated
with meteorological data and remote sensing to obtain
spatial water stress data to calculate the CWSI of cucumbers.
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