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Abstract: Environmental control in greenhouse horticulture is essential for providing optimal con-
ditions for plant growth and achieving greater productivity and quality. To develop appropriate
environmental management practices for greenhouse horticulture through sensing technologies
for monitoring the environmental stress responses of plants in real time, we evaluated the relative
value of the stomatal opening to develop a technology that continuously monitors stomatal aper-
ture to determine the moisture status of plants. When plants suffer from water stress, the stomatal
conductance of leaves decreases, and transpiration and photosynthesis are suppressed. Therefore,
monitoring stomatal behavior is important for controlling plant growth. In this study, a method for
simply monitoring stomatal conductance was developed based on the heat balance method. The
stomatal opening index (SOI) was derived from heat balance equations on intact tomato leaves, wet
reference leaves, and dry reference leaves by measuring their temperatures in a growth chamber and
a greenhouse. The SOI can be approximated as the ratio of the conductance of the intact leaf to the
conductance of the wet reference leaf, which varies from 0 to 1. Leaf temperatures were measured
with infrared thermometry. The theoretically and experimentally established SOI was verified with
tomato plants grown hydroponically in a greenhouse. The SOI derived by this method was consistent
with the leaf conductance measured via the porometer method, which is a standard method for
evaluating actual leaf conductance that mainly consists of stomatal conductance. In conclusion,
the SOI for the continuous monitoring of stomatal behavior will be useful not only for studies on
interactions between plants and the environment but also for environmental management, such as
watering at plant production sites.
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1. Introduction

In greenhouse horticulture, various environmental control techniques are used to
provide an optimal environment for plant growth to improve plant yield and quality. In
particular, in advanced greenhouse horticulture, there is a trend toward more sophisti-
cated environmental control using cutting-edge technologies such as information tech-
nologies. As production systems become highly optimized, low-cost technology, which
uses high-temporal-resolution biological information to predict future productivity with
high precision and avoids or reduces the risks of poor productivity, is emerging [1]. For
example, deep learning approaches for imaging plant stress status in greenhouse horticul-
ture have been introduced [2,3]. This trend makes it possible to efficiently maintain the
optimal environmental conditions necessary for plant growth, such as rooting medium
moisture, temperature, humidity, light intensity, and CO2 concentration. By making full use
of advanced environmental control technology, we can increase the yield of high-quality
agricultural products, leading to a stable supply of these products. In addition, it is possible
to optimize the amount of water and fertilizer used, preventing the runoff of excess water
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and fertilizer that become wasted resources and contributing to reducing production costs.
Thus, environmental control techniques in greenhouse horticulture are essential for provid-
ing optimal conditions for plant growth and achieving greater productivity and quality.
Advances in these technologies are expected to further develop greenhouse horticulture
and contribute to sustainable food production. Resource use efficiency, cost performance,
and the vulnerability of value yield and quality of production are three key indices for
assessing and improving the sustainability of plant production [4].

Recent integrated environmental control systems utilize computers to comprehen-
sively and centrally manage equipment within greenhouses, allowing users to check the
environment inside the greenhouse and remotely control equipment from their smart-
phones. The introduction of environmental control technology greatly contributes to
improving agricultural productivity but requires initial investment. Costs vary greatly
depending on the type and scale of the technology being introduced and the facility’s
conditions. Additionally, even after implementation, operational costs related to system
maintenance and updates will be incurred. This includes electricity consumption costs and
regular maintenance costs.

In recent years, progress has been made in the development of environmental control
technologies that can be introduced at a low cost, and to improve productivity [5]. It
is important to provide technologies at a price range that can be easily introduced by
small-scale farmers.

In greenhouse horticulture, more precise environmental control is now possible
through the use of technology that monitors plant responses to provide optimal conditions
for plant growth [6,7]. This technology allows us to understand the physiologically active
state of plants, such as photosynthesis and transpiration, in real time and the resulting
growth process and to use this feedback to automatically control environmental conditions.
Recently, sensing technologies that can visualize the environmental stress responses of
plants in real time [8–12], as well as compact, low-power, and low-cost sensing technologies,
have been developed to measure environmental elements.

Traditionally, skilled growers have used experience and visual information to obtain
information from plants and control the environment optimally to produce high-quality,
high-yield plants. To scientifically optimize such plant production, it is important to use
sensors to measure the physiological responses of plants and use that information for
control. Considering environmental factors as input variables and plant responses as
output variables, we must optimize environmental factors by feeding back the results of
measurements of plant responses affected by environmental factors.

The stomatal opening is important for understanding the dynamics of transpiration
and photosynthesis [13,14]. By opening their stomata, plants absorb CO2 and perform photo-
synthesis. When there is no stress and the stomata are opening, transpiration occurs actively
through the stomata, facilitating the absorption of water and nutrients from the roots. This
allows plants to grow healthily. The stomatal aperture is regulated by sensitive environ-
mental conditions such as light intensity, drought stress, and CO2 concentration [15,16].
This allows plants to adapt to changing environmental conditions. Especially under dry
conditions, the stomata close to prevent water loss by sensing the internal moisture sta-
tus of leaves and adjusting stomatal apertures accordingly. This allows for optimal gas
exchange and water retention to respond to environmental stress. In this way, plants can
grow healthily by adjusting their stomatal opening according to environmental conditions.
Conversely, understanding the behavior of the stomatal opening leads to understanding
the environmental response of the plant’s physiological activity, which is important for
environmental control in greenhouse horticulture.

Vialet-Chabrand and Lawson evaluated the stomatal conductance of wheat leaves
theoretically and experimentally using the temperatures of intact leaves and reference
aluminum plates with tiny holes for evaporation and without evaporation [17] and assessed
stomatal behavior in a dynamic environment [18]. In the present study, a method for simply
monitoring stomatal aperture as relative stomatal conductance at plant production sites
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was developed based on the heat balance method. This method is expected to continuously
evaluate the relative value of the stomatal opening at a low cost to contribute to appropriate
environmental management, such as watering, based on the moisture status of plants in
greenhouse horticulture.

2. Materials and Methods
2.1. Theoretical Outline for Determining the Stomatal Opening Index (SOI)

In general, when plants are exposed to water stress due to water absorption suppres-
sion, the stomatal aperture of leaves decreases, and transpiration and photosynthesis are
suppressed. Therefore, monitoring stomatal behavior is important for controlling plant
growth, especially through environmental control based on understanding plant responses.

The transpiration rate is well known as a function of stomatal conductance [19], and
the leaf temperature is also well known as a function of stomatal conductance [20]. Leaf
temperatures measured with the infrared thermometry method are often used to estimate
stomatal conductance [21–25]. Thermography, often used in conjunction with other image
sensors and data mining techniques, is critical for enabling more automated, accurate, and
sustainable agriculture. Pineda et al. reviewed the state of the art in thermography from
the perspective of biotic stress detection [26].

As an index of stomatal conductance, the stomatal opening index (SOI), which is
the relative stomatal aperture, was determined. The SOI was derived from heat balance
equations on intact, wet reference, and dry reference leaves.

The heat balance of a leaf is generally calculated via the following equation:

R − H − λ E = R − cp gHa(TL − Ta)− λ gvL
es(TL)− ea

pa
= 0 (1)

The temperatures of the intact (TL), wet reference (TW), and dry reference (TD) leaves
were obtained from Equation (1), as shown below.

TL = Ta +
R − λ gvL

es(TL)−ea
pa

cp gHa
(2)

TW = Ta +
R − λ gvW

es(TW)−ea
pa

cp gHa
(3)

TD = Ta +
R

cp gHa
(4)

Using Equations (2)–(4), the ratios of surface temperature differences are expressed
by Equations (5) and (6). Here, it is assumed that heat transfer is mainly carried out
by convection and that the boundary layer conductance gHa values of intact leaves, dry
reference leaves, and wet reference leaves are equal.

TD − TL

TD − TW
=

gvL
gvW

× es(TL)− ea

es(TW)− ea
(5)

es(TW)− ea

es(TL)− ea
≃ TW − TX

TL − TX
(6)

Finally, the value obtained from Equation (7) is the SOI. The SOI, which is the ratio
of the temperature difference between the intact and reference leaves, is the ratio of the
conductance of the intact leaf to the conductance of the wet reference leaf, and it varies
from 0 to 1. A larger value of the SOI indicates a greater degree of stomatal aperture, as
shown in Figure 1.

TD − TL

TD − TW
× TW − TX

TL − TX
≃

gvL
gvW

= SOI (7)
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Figure 1. Conceptual diagram of the relationship between the SOI and stomatal opening.

2.2. Verification of the Thermal Image Camera including Setting Values of Emissivity

In this study, a thermal image camera (TH9100, Nippon Avionics Co., Ltd., Yokohama,
Japan) was used to measure the surface temperature (Figure 2). However, the correct
interpretation of thermal data requires corrections related to the environmental and mea-
surement conditions. Before using a thermal image camera, which is more susceptible to the
effects of factors other than the measurement object compared to thermocouples, we con-
ducted a comparison test with thermocouples. When the water temperature was changed
by adding cold or hot water containing black paint to a Styrofoam container (450 mL),
the water temperature was measured using a thermal image camera and compared with
the measured value using thermocouples (0.1 mm in diameter), which are considered to
indicate the correct temperature.
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Next, the emissivity must be set when obtaining the surface temperature from thermal
images via a thermal image camera, but the actual emissivity varies somewhat depending
on the type of target surface. Therefore, we examined the surface temperature of each type
of leaf by changing the emissivity set value of the thermal image camera in the range of 0.6
to 1.0 in steps of 0.05. The emissivity was adjusted by comparing the measured temperature
with the value obtained using thermocouples.

2.3. Examination of Materials Used for Measurement as Reference Leaves

The wet reference leaf was made of paper (0.26 mm in thickness), and each leaf was
cut into 4 × 4 cm pieces. The emissivity of the reference leaves was close to that of the intact
leaves (approximately 0.95). Since black body paint is hydrophobic and cannot absorb
water if the same treatment is applied to filter paper as a wet reference leaf, we tested the
method of coloring filter paper through the following experiment.

Five types of paper sheets colored black with watercolor paint, Indian ink, or water-
based dye (Cold A52, Dylon Japan Co., Ltd., Tokyo, Japan), water-based ink, and commer-
cially available black Japanese paper were examined. The surface temperatures of seven
specimens were measured 20 min after irradiation at 400 W m−2 under halogen lamps.
The specimens were placed on nylon threads (0.1 mm in diameter) that were stretched at
10 mm intervals. Wet reference leaves were moistened with ion exchange water (W29-A1,
TRUSCO NAKAYAMA Co., Tokyo, Japan) 20 min before the experiment started.

The surface temperatures of dry reference leaves and intact leaves of tomato plants
(Lycopesolicon esculentum Mill., cultivar ‘Momotaro’) grown in pots in a greenhouse were
also measured and compared. The dry reference leaf was an aluminum plate (0.4 mm in
thickness). The surface of the plate was painted with black body paint (THI-1B, Okitsumo
Co., Ltd., Nabari, Japan: emissivity 0.96).

2.4. Radiation Reflectance, Transmittance, and Absorption of Reference and Intact Leaves

The index used in this study was calculated based on the heat balance on the surfaces of
the materials, so their absorption rates must be confirmed. The reflectance of each material
was measured using a spectrophotometer (PS-300-S, Apogee Instruments Inc., North Logan,
UT, USA), as shown in Figure 3. The transmittance was measured by placing the sensor
on the lower surface of the leaf. The values obtained by subtracting the reflectance and
transmittance values from 1.0 were taken as the absorptance.
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2.5. Effects of Environmental Factors on SOI Determination

The radiation energy input to leaves is an important factor influencing leaf temperature.
Leaf conductance also greatly influences leaf temperature through sensible heat and latent
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heat exchanges between the leaf and the surrounding atmosphere, and this conductance
is greatly influenced by wind speed [27,28]. To evaluate the effectiveness of the SOI, we
compared the transpiration rate measured simultaneously with the SOI when changing the
radiation flux and wind speed.

Tomato plants were used as the plant material. Plants were grown in a growth chamber
for one week after cutting and then hydroponically cultured for one month using Otsuka
House A formula half-strength nutrient solution (EC: 1.5 dS m−1). The experimental
measurements were conducted in a wind tunnel-type growth chamber. In the experiments,
the roots of the plants were placed in a polypropylene container (510 mL) containing the
culture solution, a hole was made to allow the stem to pass through, and the lid was sealed
to prevent evaporation from the water surface.

The SOI and transpiration rate were simultaneously measured and compared. The
temperature of each leaf used to calculate the SOI was measured using a thermal image
camera. The wet reference leaves were maintained in a moist state by continuously supply-
ing water via the capillary action of a nonwoven fabric connected to a small water reservoir.
The transpiration rate was determined using the weighing method and was derived from
the change in weight of the whole system, including the plant and nutrient solution per
unit of time due to transpirational water loss divided by the leaf area.

2.5.1. Radiation Flux

We used halogen lamps to vary the radiation flux at the SOI measurement surface to
30, 330, and 740 W m−2. The SOI and transpiration rates were measured simultaneously
10 min after reaching a steady state.

2.5.2. Wind Speeds

In the wind tunnel-type growth chamber, after the transpiration rate of the plant body
stabilized, the wind speed decreased in the order of 0.3, 0.4, 0.6, 1.0, 1.5, and 2.0 m s−1.
The SOI and transpiration rates were measured simultaneously 15 min after reaching a
steady state.

2.6. Evaluation to Confirm the Effectiveness of the SOI in a Greenhouse

To confirm the effectiveness of the SOI in various environments at the production
site, the SOI was verified experimentally with tomato plants grown hydroponically in a
greenhouse. The wet reference leaf made of a black paper sheet and the dry reference leaf
made of a black aluminum plate were placed near an intact representative tomato leaf,
as shown in Figure 4, so that the incident irradiance and other environmental conditions
on each leaf were mostly the same. Leaf temperatures were measured with a thermal
image camera. The measurement day was clear, the temperature inside the greenhouse
was 25–37 ◦C, the water vapor pressure deficit was 5–50 hPa, and the irradiance varied
from 0 to 700 W m−2. The wind speed ranged from 0.1 to 0.8 m s−1.
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Leaf conductance of the intact leaf was measured just after the measurement of leaf
temperature. Leaf conductance was measured via the ventilated leaf chamber method with
a porometer (Li-1600, LI-COR Co., Lincoln, NE, USA).

3. Results and Discussion
3.1. Verification of the Thermal Image Camera including Setting Values of Emissivity

A high correlation was observed between the water temperatures measured by ther-
mocouples and those measured by thermal image cameras (Figure 5). The effects of the
emissivity values set in a thermal image camera on the surface temperature readings dif-
fered among the intact leaves, dry reference leaves, and wet reference leaves (Figure 6), but
no effect on the SOI was detected (Figure 7).
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When the actual surface temperature is measured by using a thermal image camera,
the emissivity must be set carefully. However, since the SOI is a relative value, it is not
considered necessary to accurately adjust the set value of emissivity when determining
the SOI. It was confirmed that there was no problem in using a thermal image camera for
SOI measurements.

3.2. Examination of Materials Used for Measurement as Reference Leaves

Paper sheets colored with the water-based dye showed the lowest temperature
(Figure 8). The mechanism of dyeing using dyes is to chemically bind the dye to the
fibers, so it is possible to dye even the inside of the fibers while maintaining the spaces
between the fibers. The other colored materials used in this experiment were solid pigment
particles that partially filled the spaces between the fibers, which reduced the water holding
capacity among the fibers and suppressed evaporation. It was confirmed that water-based
dyes are suitable for coloring wet reference leaves for SOI measurements. Therefore, we
used paper sheets colored black with water-based dye for wet reference leaves to simulate
well-transpired leaves.
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Figure 8. Surface temperatures of different types of wet reference leaves made of paper, intact leaves,
and dry reference leaves after 20 min under light irradiation conditions.

3.3. Radiation Reflectance, Transmittance, and Absorption of Reference and Intact Leaves

The results are summarized in Table 1. Since the absorption rate of dry reference
leaves was greater and thus the temperature was higher than that of tomato leaves and wet
reference leaves, the SOI might be overestimated compared with the ideal conditions. By
using reference leaves that have radiation characteristics closer to those of intact leaves, the
degree of stomatal aperture could be estimated more accurately.
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Table 1. Radiation reflectance, transmittance, and absorption of intact leaves, dry reference leaves,
and wet reference leaves.

Radiation Intact Leaves Dry Reference Leaves Wet Reference Leaves

Reflectance (%) 10.7 1.6 7.7
Transmittance (%) 27.0 0.0 23.9

Absorption (%) 62.3 98.4 68.4

3.4. Effects of Environmental Factors on SOI Determination
3.4.1. Radiation Flux

The air temperature during the experiment was 25 ◦C, and the water vapor saturation
deficit was 15.0 hPa. The wind speed was 1.0 m s−1. The SOI increased logarithmically
with respect to the radiation flux between 0.16 and 0.85, and the transpiration rate also
changed similarly (Figure 9). The SOI and transpiration rate were strongly correlated
when measured under variable radiation flux conditions, as shown in Figure 10. It should
be noted that as the radiation flux increased from 30 to 330 W m−2, the SOI increased
significant by approximately four times. This method is primarily aimed at application
inside greenhouses. The radiation flux varies temporally and spatially inside greenhouses
especially due to structural flames and plant stands. When monitoring the SOI, it is
necessary to ensure that each sample leaf is evenly irradiated. The response of the SOI
to radiation flux must be further investigated especially under conditions in which solar
radiation fluctuates significantly over short periods of time.
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3.4.2. Wind Speeds

During the experiment, the air temperature was 25 ◦C, the water vapor saturation
deficit was 15.4 hPa, and the irradiance was 600 W m−2. In this experiment, the transpira-
tion rate increased between wind speeds of 0.3 m s−1 and 0.6 m s−1 and then decreased
as the wind speed increased (Figure 11). Photosynthesis was promoted with increasing
wind speed, reaching a maximum at wind speeds of 0.5–0.6 m s−1, and then it gradually
decreased, especially under higher water vapor saturation deficit and higher irradiance
conditions [14]. The SOI and transpiration rate were strongly correlated when measured
under variable wind speed conditions, as shown in Figure 12.



AgriEngineering 2024, 6 1344

AgriEngineering 2024, 6, FOR PEER REVIEW  10 
 

 

must be further investigated especially under conditions in which solar radiation fluctu-
ates significantly over short periods of time. 

 
Figure 9. Effect of radiation flux on the SOI and transpiration rate measured in a growth chamber. 

 
Figure 10. Relationships between transpiration rates and the SOI measured in a growth chamber. 

3.4.2. Wind Speeds 
During the experiment, the air temperature was 25 °C, the water vapor saturation 

deficit was 15.4 hPa, and the irradiance was 600 W m−2. In this experiment, the transpira-
tion rate increased between wind speeds of 0.3 m s−1 and 0.6 m s−1 and then decreased as 
the wind speed increased (Figure 11). Photosynthesis was promoted with increasing wind 
speed, reaching a maximum at wind speeds of 0.5–0.6 m s−1, and then it gradually de-
creased, especially under higher water vapor saturation deficit and higher irradiance con-
ditions [14]. The SOI and transpiration rate were strongly correlated when measured un-
der variable wind speed conditions, as shown in Figure 12. 

Figure 10. Relationships between transpiration rates and the SOI measured in a growth chamber.
AgriEngineering 2024, 6, FOR PEER REVIEW  11 
 

 

 
Figure 11. Effect of wind speed on the SOI and transpiration rates measured in a growth chamber. 
Error bars indicate standard deviations (n = 3). 

 
Figure 12. Relationships between transpiration rate and SOI measured at variable wind speeds 
measured in a growth chamber. Error bars indicate standard deviations (n = 3). 

The airflow is mostly stable in closed greenhouses. However, there will be airflow 
fluctuations in greenhouses having side or roof windows opening, or air circulation fans 
working. In such an environment, it is necessary to ensure that each sample leaf is in the 
same airflow condition. 

3.5. Evaluation to Confirm the Effectiveness of the SOI in a Greenhouse 
Diurnal changes in the SOI were measured in the tomato culture greenhouse. The 

SOI ranged from 0.7 to 0.8 from 06:00 to 13:00, then decreased, and finally approached 0.1 
at sunset (Figure 13). Leaf conductance showed a similar diurnal change. 

The SOI and leaf conductance were strongly correlated (Figure 14). The SOI esti-
mated via this method was consistent with the leaf conductance measured via the porom-
eter method, which is a standard method for evaluating leaf conductance that mainly con-
sists of stomatal conductance. 

Figure 11. Effect of wind speed on the SOI and transpiration rates measured in a growth chamber.
Error bars indicate standard deviations (n = 3).

AgriEngineering 2024, 6, FOR PEER REVIEW  11 
 

 

 
Figure 11. Effect of wind speed on the SOI and transpiration rates measured in a growth chamber. 
Error bars indicate standard deviations (n = 3). 

 
Figure 12. Relationships between transpiration rate and SOI measured at variable wind speeds 
measured in a growth chamber. Error bars indicate standard deviations (n = 3). 

The airflow is mostly stable in closed greenhouses. However, there will be airflow 
fluctuations in greenhouses having side or roof windows opening, or air circulation fans 
working. In such an environment, it is necessary to ensure that each sample leaf is in the 
same airflow condition. 

3.5. Evaluation to Confirm the Effectiveness of the SOI in a Greenhouse 
Diurnal changes in the SOI were measured in the tomato culture greenhouse. The 

SOI ranged from 0.7 to 0.8 from 06:00 to 13:00, then decreased, and finally approached 0.1 
at sunset (Figure 13). Leaf conductance showed a similar diurnal change. 

The SOI and leaf conductance were strongly correlated (Figure 14). The SOI esti-
mated via this method was consistent with the leaf conductance measured via the porom-
eter method, which is a standard method for evaluating leaf conductance that mainly con-
sists of stomatal conductance. 

Figure 12. Relationships between transpiration rate and SOI measured at variable wind speeds
measured in a growth chamber. Error bars indicate standard deviations (n = 3).



AgriEngineering 2024, 6 1345

The airflow is mostly stable in closed greenhouses. However, there will be airflow
fluctuations in greenhouses having side or roof windows opening, or air circulation fans
working. In such an environment, it is necessary to ensure that each sample leaf is in the
same airflow condition.

3.5. Evaluation to Confirm the Effectiveness of the SOI in a Greenhouse

Diurnal changes in the SOI were measured in the tomato culture greenhouse. The SOI
ranged from 0.7 to 0.8 from 06:00 to 13:00, then decreased, and finally approached 0.1 at
sunset (Figure 13). Leaf conductance showed a similar diurnal change.
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The SOI and leaf conductance were strongly correlated (Figure 14). The SOI estimated
via this method was consistent with the leaf conductance measured via the porometer
method, which is a standard method for evaluating leaf conductance that mainly consists
of stomatal conductance.
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The SOI tended to increase logarithmically with increasing solar radiation flux
(Figure 15). This tendency was similar to the results of the growth chamber experiment
(Figure 9). Under the same solar radiation flux, the SOI was lower in the afternoon than in
the morning (Figure 15). This finding was consistent with the usual phenomenon in which
the stomatal aperture decreases and thus leaf conductance decreases in the afternoon [29].
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4. Conclusions

There was no problem in using a thermal image camera for SOI measurements. It was
found that water-based dyes are suitable for coloring wet reference leaves. The SOI was
confirmed to be an indicator of leaf conductance. The SOI estimated by this method was
consistent with the leaf conductance measured by the standard porometer method.

It was confirmed that the SOI is an indicator of stomatal conductance and thus tran-
spiration and photosynthesis ability. Since this method is primarily aimed at application
inside greenhouses, the airflow is mostly stable in closed greenhouses, but the radiation
flux fluctuates significantly. The response of the SOI to radiation flux fluctuations must be
further investigated.

Thermography is a powerful tool for detecting water stress in plants suffering from
water shortage in various cases [30–33]. Our method is also expected to use continuous
monitoring of the stomatal behavior of plants for detecting water stress in greenhouses
and fields. The monitored data will be useful not only for studies on interactions between
plants and the environment but also for controlling the environment, such as watering in
plant production sites. The SOI, including leaf temperature data, is also a valuable indicator
of the physiological state of plants in response to both biotic and abiotic stressors.

By using thermocouples instead of thermal image cameras for surface temperature
measurements, a simpler and lower-cost system can be established. By arranging them at
multiple points, it is possible to address the environmental responses of plants that differ
depending on their location inside the greenhouse.

Advances in plant response monitoring technology have made environmental control
in greenhouse horticulture more precise and efficient. These technologies can contribute to
improving yields and stabilizing the quality of produced plants through understanding the
health status and growth process of plants in real time and providing optimal environmental
conditions. It is expected that further advances in technology will enable even more precise
and lower-cost environmental control by using this method.
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