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Abstract: Vegetation with an adequate supply of water might contribute to cooling the land surface
around it through the latent heat flux of transpiration. This study investigates the potential estimation
of evaporative cooling at plot scale, using soybean as example. Some of the plants’ physiological
parameters were monitored and sampled at weekly intervals. A physics-based model was then
applied to estimate the irrigation-induced cooling effect within and above the canopy during the
middle and late season of the soybean growth period. We then examined the results of the temperature
changes at a temporal resolution of ten minutes between every two irrigation rounds. During the
middle and late season of growth, the cooling effects caused by evapotranspiration within and above
the canopy were, on average, 4.4 K and 2.9 K, respectively. We used quality indicators such as
R-squared (R2) and mean absolute error (MAE) to evaluate the performance of the model simulation.
The performance of the model in this study was better above the canopy (R2 = 0.98, MAE = 0.3 K)
than below (R2 = 0.87, MAE = 0.9 K) due to the predefined thermodynamic condition used to estimate
evaporative cooling. Moreover, the study revealed that canopy cooling contributes to mitigating heat
stress conditions during the middle and late seasons of crop growth.

Keywords: canopy cooling effects; shading cooling; canopy-air temperature; energy balance; the
Penman–Monteith equation

1. Introduction

Global warming is raising the frequency and intensity of extreme weather events [1].
Regional temperatures are expected to increase more, and with greater variability, than
the mean global temperature [2], resulting in more intense and longer heatwaves [3].
Heatwaves have exerted a great deal of additional stress on ecosystems over the past
decade [4]. These extreme heat events can produce significant physiological consequences
for ecological systems [5,6] triggering mortality, abrupt demographic disruptions, and
ecosystem reconfigurations [7–9]. Heatwaves have a great effect not only on biodiversity,
but also on human health—increasing human discomfort, as well as reducing labour pro-
ductivity [10], which causes humans to seek cool spots for leisure under extreme heat.
Heatwaves also exacerbate reductions in crop productivity and yields, and impede live-
stock production, which further harms the agricultural economy [11]. Specific, localised
strategies to mitigate the negative impacts of heatwaves are therefore needed. Evaporation
is one traditional form of transforming sensible heat into latent heat, thereby cooling the
surrounding air. Plants transpire water for physiological reasons, and benefit from transpi-
ration’s temperature-reducing effect under high temperatures as a side effect. Abundant,
well-watered vegetation thus provides a cooling service through transpiration, including
for organisms in their vicinity. In large cities, water-transpiring vegetation of all kinds is one
of the building blocks for cooling down heat-ravaged areas [12]. However, for smaller cities
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and towns, and beneficiaries (including animals) in the rural areas, a landscape approach
may support the mitigation of heatwave effects.

Shading is a widely demanded service, in which radiation is converted into sensible
heat. The cooling effect of trees from shading is very limited at the macroscopic level, and
there is only a negligible difference between the albedo of the tree canopy and the ground
surface [13–15]. The cooling effect of trees from transpiration alters the energy balance of
the whole area on both local and regional spatial scales. Air temperatures inside larger
forest patches are significantly lower than in open agricultural land [16,17]. However, the
air temperature over open agricultural land also falls significantly after crops have been
irrigated [18–20], when the transpiration rate is at its maximum, due to the availability of
water. A landscape-wide approach to providing cool air for specific target areas thus relies
heavily on evapotranspiration, as well as the planting of trees, forest patches and crops in
positions that produce acceptable gross margins when being irrigated. Placing these on
the windward side of a target area (e.g., a large city) may be one constituent of a cooling
and ventilation concept in which wind can bring cool air in to replace the hot air that
emerges from overheated surfaces. However, at this stage, the contribution of irrigation to
the cooling of the surrounding air has not been much researched and quantifications of this
effect are rare.

The main source of surface overheating is reduced evapotranspiration (ET) [12]. In-
creasing the amount of vegetation with sufficient access to water is thus one method to
mitigate overheating [21,22]. The cooling effect of different types of green spaces, such
as trees and forest patches, is largely known [23]. Forests have the greatest potential to
mitigate the impact of heatwaves in the context of landscape design and urban planning.
The inclusion of tree strips in the agricultural landscape (agroforestry) is another emerging
option to increase the number of trees, driven by the potential for beneficial effects to crops
that grow underneath those trees. Lowering the temperature during extreme heat events
helps to reduce the crop’s evapotranspiration.

Since trees utilise a larger volume of soil moisture compared to annual grasses and
herbal plants, the cooling effect of irrigation relies on the supply of additional water for tran-
spiration. Water has a crucial role in photosynthesis, resulting in biomass growth and yield
formation. That would be the primary effect of irrigation. However, the enhanced transpi-
ration that comes with the additional water supply brings about cooling as a secondary
effect [24]. The air temperature over cropland falls significantly after irrigation [18–20].
However, it is largely unknown how irrigation contributes to cooling effects at different
spatial and temporal scales.

The most common method to evaluate the cooling effect of irrigation applies remote-
sensing techniques based on the land surface temperature (LST) retrieved from satellite
imagery [25,26]. Satellite-based thermal measurements at coarse spatial resolutions have
been available since the 1980s, but there is less data on high temporal frequency during
thermal regimes at the canopy level. Furthermore, crop model applications have focused
on the efficiency of the water supply. These models are fed by meteorological data, which
is usually measured 2 m above the surface. However, this data cannot deliver the precise
differences between irrigated and rainfed conditions in the context of heat-stress assess-
ment [27].

This study evaluates how irrigation affects near-surface temperature within and above
the canopy of a crop. This will allow us to quantify the cooling effect crops use to protect
themselves against heat damage and produce sufficient amounts of cool, mobile, near-
surface air that can contribute to cooling downwind target areas. We used measured data
from soybean fields with high temporal resolution at the field scale as samples to develop a
thermodynamic model; this model allowed us to quantify the cooling effect of irrigated vs.
non-irrigated croplands.
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2. Materials and Methods
2.1. Experiment Site

The experiment study site is located at the Leibniz Centre for Agricultural Landscape
Research (ZALF), in Müncheberg, Germany (52◦30′57.55′ ′ N, 14◦ 7′22.27′ ′ E, 59 m). The
study area is characterised by high temperatures during late spring and summer, with
frequent early-summer drought periods. For the period from 1981 to 2010, the mean annual
air temperature was 9.1 ◦C and summer temperatures were 17.6 ◦C. The mean annual
precipitation in this period was 553 mm, and the mean summer precipitation was 166 mm.
The site includes fields planted with soybean for this experiment. Field experiments took
place from 1 August to 1 September 2020. During the years 2017–2019, the mean annual
precipitation in this area was 476.1 mm, and the mean air temperature was 10.6 ◦C; during
the warm season (i.e., May, June, July, and August), the mean temperature was 18.3 ◦C. The
mean annual sunshine duration was 1055.5 h. A comparison of the weather parameters
(air temperature and relative humidity at 2 m height, along with soil surface temperature
at 5 cm and wind speed) during the summer of the years 2017 to 2020 are presented in
Figure 1.
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In our experiment, the initial stage and part of the development stage of the soybean
occurred in July, when the crops’ canopies nearly reached their full extent; the crops
experienced the rest of their development, the middle and late-season stages of growth, by
the end of August. We considered both crops in their late development and the mid-season
stages of their growth in our study.

The ground was even and the soil had a sandy texture (Eutric Cambisol). The ground-
water table was 12 m below the surface, and no drainage system was installed. The
experiments were conducted in one experimental block of 220 m2 for the soybean fields
under irrigation and non-irrigation. Irrigation areas of about 1.3 ha were watered by several
sprinklers. These sprinklers covered an area of 84 m × 3 m.

The irrigation schedule was based on a schedule developed at Hochschule Geisenheim
University (Geisenheim, Germany) for both horticulture and field-crop agriculture [28].
Irrigation was based on the cumulative daily water deficit between precipitation and the
specific crop potential evapotranspiration (PET). PET can be determined according to the
Penman–Monteith equation or based on the reference crop approach proposed by the Food
and Agricultural Organization of the United Nations (FAO) [29]. This experiment used
the Penman–Monteith equation. The total irrigation water amount of the experiment was
120 mm. The amount of water for each irrigation was approximately 20 mm for half of each
plot. Table 1 summarises the irrigation date and depth of the water for each research field
during the development, middle, and late season of the growing stage.

Table 1. Irrigation dates and depths during the growing stages, August 2020.

Crop Soybean

Date & time 4 August
12:58:00

5 August
6:34:00

11 August
11:02:00

14 August
9:48:00

20 August
10:23:00

26 August
6:31:00

Depth (mm) 20 20 20 20 20 20

2.1.1. Micrometeorological Observations

During the experimental period, when soybean was in the developmental and mid-
season stages of its growth, the crop height changed rapidly. The experimental sites were
equipped with sensors for recording the temperature and relative air humidity above
(120 cm above the ground) and under each crop’s canopy (on the ground). The canopy-air
temperature of the crop was obtained through double points on two sides of each plot
with irrigated and non-irrigated features. Air temperature and relative air humidity of the
canopy (above and beneath) were processed every 1 min by a data logger. A weather station
was located 150 m to the north of the experimental plots, which recorded meteorological
variables including air temperature, relative air humidity, wind speed, and air pressure (at
2 m above ground) at 10-min intervals.

The data logger (TFD 500; Temperatur–Feuchte–Datenlogger) was attached to wooden
stakes located directly above the canopy (120 cm from the ground, Figure 2) to measure
the temperature and relative air humidity (RH) of the canopy with 1-min resolution. Next
to each stake, there was another data logger on the ground to record data beneath the
crop’s canopy. The sensors have a precision of ±0.3 ◦C for temperature and ±3.0% for RH.
Sensors were shielded by two layers of white plastic bowls with pores around the wall
to prevent direct radiation influence whilst still ensuring ventilation. To account for any
spatial variability of temperature and humidity above and below the canopy, four locations
were set up 3.8 m apart lengthwise and 10 m apart by width in each representative plot
(Figure 2).
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2.1.2. Ancillary Data

In this experiment, we considered leaf area index (LAI) as one of the few variables that
describe the distribution of optical properties of the canopy structure. The LAI is defined
as integrating the leaf area density over the canopy height [30].

Leaf area index (LAI) was measured indirectly, using the SS1 SunScan Plant Canopy
Analysis System (DeltaT Devices, Cambridge, UK). These LAI measurements took place
between July and August on a weekly basis. Two plots, each with two irrigated and non-
irrigated subplots, were demarcated on the soybean field. For each sensor, two additional
points near the sensor were randomly measured in the field. Measurements were made,
generally on bright days, during early July and late August. The measurements were
used specifically to support the analysis for determining the growth stage of the soybean.
This measurements later in this study helped us to detect the different growing stages of
the soybean. Besides this, the canopy temperature was monitored by a thermal imaging
camera (Komerci ELEKTRONIKHANDEL Wärmebildkamera HT-18, München, Germany)
to provide essential information about both the water stress and growing stages of the
soybeans in this study.

The thermal imaging camera recognises temperature differences, localises them pre-
cisely, and documents them by simultaneously recording digital and infrared images. It
combines infrared thermal imaging technology (infrared sensor with 220× 160 px) with sur-
face temperature measurement in real time. The images, with a resolution of 35,200 pixels,
have an accuracy of 2 K on a scale from −20 ◦C to 300 ◦C.
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2.2. Modelling the Air Temperature Differences under Adiabatic Processes

This part of the study, the equation recommended in the FAO-56 Guidelines [31] is
used to estimate reference crop evapotranspiration based on climate data at ten-minute
intervals. The Python “Pyeto” library [32] was used to calculate meteorological parameters
from climate data, which were then used to calculate the reference evapotranspiration. The
FAO expressed the “full form” of the Penman–Monteith equation as follows:

ET =
∆(Rn − G) + ρacp

(es−ea)
ra(

∆ + γ
(

1 + rs
ra

))
ρwλ

(1)

Nevertheless, the only factors affecting reference evapotranspiration are climatic
parameters, and the Pyeto library provides numerous functions to estimate missing meteo-
rological data. Here, we applied the measured air temperature and relative humidity in the
constant height above and within the soybean’s canopy to estimate its evapotranspiration.
The energy for evaporation comes from the sensible and latent heat that makes water
evaporate from the soil and migrate to the air-water content. Through this adiabatic pro-
cess, the specific enthalpy remains constant; the sensible air temperature is reduced and is
compensated by latent heat gain. This study considers the area under the canopy’s ambient
as a system in which no heat or mass can be transferred out of the canopy. The impacts of
wind below the canopy would be negligible compared to those above the canopy.

The specific enthalpy of moist air is a function of temperature and the mass of water
vapour per unit of dry air:

h = 1.006T + x(1.86T + 2501), (2)

where h is the specific enthalpy [kJ kg–1], T is the air temperature [◦C], and x is the mass of
water vapour in the given air volume [kg kg–1]. The maximum mass of water vapour in
the air depends on the of the air vapour temperature, which is estimated by the saturation
pressure of water vapour at the given temperature [33].

pS(T) = 0.6108× exp
(

17.27× T
T + 237.3

)
(3)

x = 0.622ϕps
(T)

(p− ϕps(T))
(4)

where ps is the saturation vapour pressure, p is the atmospheric pressure of moist air, mWS
is the maximum saturation humidity ratio of air [kg kg–1] and ϕ is relative humidity (%).

Under an adiabatic process, the enthalpy remains constant. Since the enthalpy is a
function of temperature and mass of water vapour, the water mass increases after evapo-
transpiration (Equation (1)). To maintain the equilibrium of the equation (Equation (5)), the
air temperature after evapotranspiration (Tc) must decrease.

h(T, x) = h(Tc, x + ET) (5)

The Molliar diagram [34] is an ideal tool to evaluate air conditions as well as changes
in air conditions. It illustrates the state of the adiabatic process before and after evapotran-
spiration (Figure 3).
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During each irrigation period, the water content of the air will increase, and the mass
of water within the boundaries of the closed system can increasingly reduce the ambient
temperature. Under the canopy, with no water stress from the soil, the additional water due
to evaporation increases the air-water content and causes a reduction in air temperature
due to the previous adiabatic condition. Modelling this process to estimate Tc (Equation (5))
is feasible as long as the crop has no water stress (e.g., in the irrigated area of the field).
In this experiment, we used measured air temperature and relative air humidity under
the crops’ canopies in both irrigated and non-irrigated areas. The measured values in the
non-irrigated areas were used as model inputs to simulate air temperature changes in the
irrigated area (Tc). We were then able to compare the results of the model to the measured
values from the irrigated areas to evaluate the accuracy of the model.

The experiment started after the crops had already passed this stage and started their
development stage. During the respective development stage, the results of the model were
only investigated for the warmest hours, when the temperature started to rise (10:00) in
the morning and started to decrease in the evening (20:00). To improve the selection of the
warming hours, we also considered the largest discrepancy of the relative air humidity for
both irrigated and non-irrigated areas during this period.
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The statistical analysis was conducted using the differences in the diurnal temperature
observed in the field and temperature simulated by the model at a resolution of ten minutes.
To evaluate the model results, we used statistical indexes, mean absolute error (MAE), and
coefficient-of-determination metrics (also known as R-squared values). High R2 values and
low MAE values would demonstrate the acceptable performance of the model, indicating
that the model simulations of a predefined thermodynamic process were close to the actual
observations.

3. Result
3.1. Above the Canopy

The recording of data above the canopy began on 1 June, the initial stage of growth
(ground cover of less than 10%), and continued until the end of August. From that data,
the six days of irrigation were omitted as they did not meet the predefined experimental
conditions. In the resulting data set, the average temperature in the irrigated site was 0.3 K
lower than in the rainfed site. Our model simulation showed 0.2 K differences. During the
growing stage, when the crops’ canopy had developed, the average diurnal air temperature
in both areas increased by 3.2 K in the field, but the difference was relatively stable (0.2 K),
while the model estimated a 0.4 K increase.

The wind speed during the recording period was highly variable and was generally in
the range of 2.6 m s−1 in the afternoon and 3.7 m s−1 in the morning. This is considered a
“light breeze” according to the Beaufort wind scale (see Figure S1 in the supplementary
data for more details). The model results for MAE and R2 for both development and mid-
season stages are presented in Table 2 individually, and in more detail in the supplementary
material (Table S1).

Table 2. The performance indicators of R2 and MAE in evaluating the model predictions of the
temperature above the canopy of an irrigated soybean crop during the middle and late-season stages.

Growing and Mid-Season Stage Late-Season Stage

Date R2 MAE[K] Date R2 MAE[K]

1 August 2020 0.93 0.61 15 August 2020 0.95 0.52
2 August 2020 1.00 0.11 16 August 2020 0.90 0.56
3 August 2020 1.00 0.13 17 August 2020 0.98 0.31
4 August 2020 0.96 0.31 18 August 2020 0.93 0.27
5 August 2020 0.91 0.57 19 August 2020 0.99 0.17
6 August 2020 0.91 0.70 20 August 2020 1.00 0.10
7 August 2020 0.99 0.32 21 August 2020 0.99 0.18
8 August 2020 0.99 0.31 22 August 2020 0.98 0.26
9 August 2020 1.00 0.23 23 August 2020 0.99 0.17

10 August 2020 1.00 0.09 24 August 2020 1.00 0.08
11 August 2020 0.93 0.62 26 August 2020 0.94 0.37
12 August 2020 0.88 0.75 27 August 2020 0.98 0.28
13 August 2020 0.96 0.53 28 August 2020 0.99 0.30
14 August 2020 0.99 0.19 29 August 2020 0.99 0.20

30 August 2020 0.99 0.43

During the development and mid-season stages of growth, the model simulations
were slightly different on average, with MAE = 0.3 K and R2 = 0.98. The model had the
same performance during the late-season stage of growth. In general, the average diurnal
temperatures above the canopy in the middle and late season stages were 30.8 ◦C and
25.3 ◦C, while the model estimations were 30.3 ◦C and 25.0 ◦C respectively.

Before the first irrigation, the average temperature at the irrigated site during the
hottest hours was 0.2 K lower than at the non-irrigated site. The first irrigation round
included two irrigation times; one was at midday on 4 August, and another was in the early
morning on 5 August (Figure 4). In the five days following until the second irrigation, the
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recorded temperature above the canopy showed 0.1 K cooler values than the non-irrigated
treatment; however, the model estimated a cooling effect of 0.3 K on the irrigated site.
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During the mid-season stage, with three rounds of irrigation, the average air tem-
peratures above the canopy in the irrigated and rainfed sides were 30.6 ◦C and 30.8 ◦C,
respectively. The model estimated 0.5 K lower in the irrigated areas with a medium accu-
racy (MAE = 0.3 K and R2 = 0.98). Throughout the irrigation round, relative humidity (RH)
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above the canopy in the non-irrigated areas barely changed compared to the non-irrigated
ones—a maximum of 3% and a minimum of 0.5%.

3.2. Under the Canopy

There were no measurements below the canopy during the initial stage of growth.
The data under the canopy was recorded in August when the crops had entered their
development, middle and late-season stages. On 4 and 5 August, the crops had their first
and second irrigations with the same amount of water (20 mm). Before the first irrigation
in this stage, the average diurnal temperature under the canopy was 3.1 K cooler in the
irrigated sites, while the model simulation was 3.9 K. The irrigation regularly took place
every four to five days. In days with irrigation, the crops’ ET was influenced by the
additional water. Therefore, data from those days were omitted from our data set. In the
resulting data, the average diurnal temperature differences in the irrigated area during the
middle and late-season stages were 3.9 K and 2.7 K lower than the rainfed area, while the
model estimations forecasted 4.9 K and 3.3 K, respectively. The average relative humidity
of each period before irrigation changed between 5.7% and 14.4%. The performance of the
model is presented in Table 3.

Table 3. The performance indicators R2 and MAE evaluate the model predictions of the temperature
above the canopy of an irrigated soybean crop during the middle and late-season stages.

Growing and Mid-Season Stage Late-Season Stage

Date R2 MAE [K] Date R2 MAE [K]

1 August 2020 0.67 2.31 15 August 2020 0.72 1.57
2 August 2020 0.88 0.56 16 August 2020 0.75 1.84
3 August 2020 0.88 0.46 17 August 2020 0.94 0.74
4 August 2020 0.51 2.26 18 August 2020 0.73 0.51
5 August 2020 0.17 4.29 19 August 2020 0.96 0.50
6 August 2020 0.60 2.31 20 August 2020 0.54 1.93
7 August 2020 0.93 0.77 21 August 2020 0.75 1.62
8 August 2020 0.94 0.81 22 August 2020 0.93 0.33
9 August 2020 0.95 0.78 23 August 2020 0.75 1.21

10 August 2020 0.97 0.58 24 August 2020 0.90 0.83
11 August 2020 −0.16 4.97 26 August 2020 0.87 0.26
12 August 2020 0.18 5.73 27 August 2020 0.98 0.27
13 August 2020 0.48 3.52 28 August 2020 0.99 0.27
14 August 2020 0.94 0.30 29 August 2020 0.97 0.36

30 August 2020 0.97 0.39

However, the recorded data in the field during the hottest hours before the first
irrigation indicated differences of 3.1 K, while model results indicated 4.0 K. The model
performance for days without irrigation was high (R2 = 81.2% and MAE = 1.1 K). Before the
second irrigation, the observed and simulated differences of both sides were 4.0 K and 4.5 K,
respectively (R2 = 96.1% and MAE = 0.7 K). Before the last irrigation in the mid-season
stage on 15 August, the values for both observation and simulation were 4.8 K and 6.5 K,
respectively (R2 = 71.0% and MAE = 1.8 K).

In general, the model’s performance on days with irrigation was lower than on the
days without irrigation (on average R2 = 51.0%, MAE = 2.3 K) (see Table S2 for more details).
For days with no irrigation, the air temperature simulated by the model was between 0.06 K
and 1.6 K lower than the air temperature observed in the field (R2 changed in the range of
71.0% to 96.0% and MAE changed in the range of 0.7 K to 1.8 K).

Figure 5 shows the results of the estimated temperature and humidity compared to
the recorded data in the irrigated area for the days between the first and second irrigations
(for the whole irrigation period, see Figures S2–S5 in the Supplementary Material).
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3.3. LAI and Thermal Images

Here, results from the LAI helped us to recognise different stages of the crops in the
field, and the thermal images could prove that the impacts of the cooling effect of crops
in the irrigated and rainfed areas correspond to the crop’s stage of growth. The average
LAI in the areas with regular irrigation and no water stress were higher (1.9) than in the
non-irrigated areas (0.6), see Tables 4 and 5. On 4 August, the soybean crop passed the
initial stage and began the mid-season stage, when the crop’s canopy had its maximum
level of development, and the LAI reached its highest value. On 15 August, the crop entered
the late-season stage, when the LAI of the soybean had already decreased in both irrigated
and non-irrigated areas (Table 5).

Table 4. The average measured LAI at four points (irrigated and non-irrigated; soybean) in the field.
The LAI for each crop represents the average of two points that were both located on one side of the
field.

Date Not Irrigated Irrigated

4 August 2020 1.8 2.4
11 August 2020 1.2 1.8
19 August 2020 1 1.6

Table 5. The average measured crop height [cm] at four points (irrigated and non-irrigated; soybean)
in the field. The crop height for each point represents the average of three other points around the
point.

Date Not Irrigated Irrigated

4 August 2020 47.8 60.5
11 August 2020 48.7 64.8
19 August 2020 59.5 60.3

In addition to the LAI of the soybean crop under the no-water stressed condition, the
height of the crop decreased after passing the developmental stage on 15 August (Table 5).

The absolute temperature of the soybean crop captured by thermal camera on the
irrigated area during the initial and mid-season stages was 1.1 K and 2.5 K lower than in
the other area. On 19 August, one of the days in the late-season stage, this difference fell to
0.3 K (Table 6).

Table 6. The average absolute temperature [◦C] from pictures captured using the thermal camera at
four points (irrigated and non-irrigated; soybean). The value for each point represents the average of
three to six absolute points around the sensors.

Date Not Irrigated Irrigated

31 July 2020 22.6 21.5
4 August 2020 26.5 24.0

18 August 2020 22.1 21.8
26 August 2020 22.9 21.1

Details of the measured LAI, crop heights, and absolute temperature captured by the
thermal camera are provided in the supplementary material (Tables S3–S5) individually for
all spots for both areas (with and without irrigation).

4. Discussion
4.1. The Cooling Effect above the Canopy

Converting natural vegetation to irrigated agriculture can have a profound impact
on local temperature, specifically on the average and maximum temperature during the
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warm months [35]. Only a few works have evaluated the physical–mathematical model
and dynamic simulation for calculating ETc in high resolution along with the main influ-
encing parameters that have to be considered. Moreover, finding suitable equipment and
methodologies are other obstacles for long-term measurements of the cooling effect [36].

This study applied a physical–mathematical method based on a specific thermody-
namic process to estimate the confounding trend of temperature under and above the
soybean’s canopy during the warm period between two irrigation practices. During the
growing stage, the model performed more poorly and predicted lower differences the
closer it came to irrigation events. In other words, the differences between observed and
simulated temperatures were high during times of irrigation. This trend recurred in the
first two days after irrigation, but it receded in the following days when no additional
water existed in the air.

The model results above the canopy during the initial and mid-season stages were
quite the opposite. In the initial stage, the vegetation cover was less than 10% and both
areas were under quite similar conditions. The air above the canopy played a role as an
adiabatic system, in which energy remained contained. The model performance for this
stage of growth was quite good. The canopy-air temperature was influenced by wind,
radiation, and the height of sensors. As a consequence, the model simulation can explain
only a part of the cooling.

In the next growth stage, the vegetation cover in the irrigated areas became denser
and higher (Tables 4 and 5), which influenced the canopy’s temperature. The temperature
differences caused air movement specifically on a small scale such as our plot, in addition
to the existing light breeze in the region (Figure 1). The model indicated a negligible cooling
effect above the canopy at the field scale when we considered the atmosphere above the
canopy as an adiabatic system.

4.2. The Cooling Effect below the Canopy

In spite of numerous studies that have considered the cooling effects of irrigation on
the canopy level, only a few specifically explored evaporative cooling below and above
the canopy. Canopies prevent solar radiation from reaching the ground, thus reducing
the heat storage underneath, and importantly the intercepted energy increases the latent
heat flux somewhat. This reduces the air temperature during the daytime. At such a
fine scale (i.e., in the field), any explanation of the below-canopy cooling effect needs to
incorporate biological, micrometeorological, and edaphic factors [20]. Our study only
considered micrometeorological factors, rather than biological and soil factors.

Effective physical control of irrigation depends on the possibility of estimating tran-
spiration rates, which can be estimated from contemporary weather data [37]. In this study,
irrigation helped to keep the soil wet enough and ensure that water supply was never
a limiting factor in crop growth. Unlike the negligible cooling effect above the canopy
during the middle and late-season stages of growth (0.2 K to 0.5 K, respectively), the cooling
effect under the canopy was estimated to be 4 K to 5 K for both stages. In principle, the
model showed no acceptable performance during the experimental period, either on days
with irrigation (or one day after that) or on rainy days. In those days, additional water
was transferred into the system. The error of the model on days without irrigation is
due to water being intercepted on the plant surface from previous irrigation events. In
this experiment, the interception error impeded the model result on the respective day of
irrigation and the day after.

The maximum temperature changes occurred on days with irrigation (or the following
days) that did not follow the aforementioned hypothetical condition. The model performed
the poorest on those days. The minimum cooling effect occurred when the air-water vapour
capacity in both the irrigated and non-irrigated areas were similar. This condition usually
occurred a long time after the individual irrigation events, and the model performance
consequently improved.
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4.3. Model Limitations

Different kinds of plants may have different transpiration rates, which are also in-
fluenced by crop characteristics, environmental aspects, and cultivation practices. In the
initial stage of growth, soil loses lots of water because of relatively little coverage of the
soil surface; however, once the crop is well-developed, transpiration becomes the main
process [29,38]. This amount of water increases the air-water content under the canopy,
which the model does not account for when estimating the temperature.

The vegetation cover and ground cover changed continuously during the growing
period, which meant that the crop coefficient (Kc) varied. The crop coefficient is represented
in the crop coefficient curve as the transpiration component of ET. Three values are required
for Kc to describe and construct the crop coefficient curve: those during the initial stage
(Kc ini), the mid-season stage (Kc mid), and at the end of the late-season stage (Kc end) [29]. In
this study, we applied only Kc of the mid-season stage for the mid-season and late-season
stages of growth.

5. Conclusions

During the warm months of the year, and particularly in the hottest hours, the temper-
ature above and under the canopy of soybean plants with an adequate water supply was
cooler than non-irrigated areas at the plot scale. The nonlinear relationship of the vertical
temperature gradient above and under the canopy is defined by a complex interaction
of micrometeorological, biological, and soil-related factors. It is essential in landscape
management to consider the feedback among vegetation, soil temperature, air temperature,
and air-water content when designing a strategy to provide cooling services.

We introduced a physics-based model to estimate an evaporative cooling effect above
and under the crop’s canopy. At the field scale, we were limited to using sets of meteoro-
logical data. Our results nevertheless serve to indicate how regular irrigation that prevents
the risk of water stress for crops serves the ecosystem management at field scale, with
knock-on effects for the soil ecosystem and biodiversity. With this model, we are now
able to assess the potential cooling effect of crop irrigation as a possible contribution to
a cooling-service design at the landscape scale. In this study, we applied the model to
soybeans and it appears to perform well with that crop. We suspect that the model with its
thermodynamic aspect would be generally applicable for other crop types, using their crop
coefficient. While evapotranspiration is specific to the crop, the model as such can be used
without specific changes to estimate the evaporative cooling effect.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w14030319/s1, Table S1: The average daily temperature (simulated and observed) and relative
air humidity above the canopy during the initial and advanced stages of growth (July and August
respectively) on irrigated and non-irrigated sides. MAE and R2 were used to evaluate the model
simulation. Table S2: The average daily temperature (simulated and observed) and relative humidity
below the canopy during the advanced growth (August) period in irrigated and non-irrigated sides
of the field. MAE and R2 were used to evaluate the model simulation. Table S3: The average of
measured LAI at four points (irrigated and non-irrigated/ soybean) in the fields. The LAI for each
crop represents the average of three points that were around the specific point. Table S4: The average
of measured crop height (cm) at four points (irrigated and non-irrigated/soybean) in the fields. The
CH for each point represents the average of three other points around the point. Table S5: The
average absolute temperature captured by thermal camera in four points in each field (irrigated and
non-irrigated/ soybean). Figure S1: Hourly atmospheric conditions over the daytime (10:00 h to
20:00 h) air temperature (◦C), Relative air humidity (%), surface temperature (◦C), and Wind speed
(m.s−1) for the year 2020 during the data collection periods, August. Figure S2: The air temperature
(A) and relative air humidity (B) at 10-min resolution between 10:00 h and 21:00 h above the canopy
during days between the second and third irrigation practices. Figure S3: The air temperature (A)
and relative air humidity (B) at 10-min resolution between 10:00 h and 21:00 h above the canopy
during days between the third and fourth irrigation practices. Figure S4: The air temperature (A) and
relative air humidity (B) at 10-min resolution between 10:00 h and 21:00 h above the canopy during

https://www.mdpi.com/article/10.3390/w14030319/s1
https://www.mdpi.com/article/10.3390/w14030319/s1


Water 2022, 14, 319 15 of 16

days between fourth and fifth irrigation practices. Figure S5: The air temperature (A) and relative
air humidity (B) at 10-min resolution between 10:00 h and 21:00 h above the canopy during days
between fifth and sixth irrigation practices.
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