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Abstract: An analysis of the crop microclimate is essential for assessing the climate’s appropriateness
for cultivation. Here, the Bowen ratio (BR) was used to characterize the energy balance in an
irrigated wheat field in a hot, arid environment in Sudan. The hourly BR was calculated using
micrometeorological data, including net radiation (Rn) and soil heat flux (G), observed in the 2021-
2022 and 2022-2023 growing seasons (December-March) and used to compute hourly daytime
latent heat (LE) and sensible heat (H) fluxes during the days before and after irrigation. In both
seasons, the observed significant evaporative cooling effect of irrigation led to a daily maximum
temperature difference of 2.5-5.7 °C between the wheat field and a nearby meteorological station in
a non-vegetated desert area. The energy balance calculation results showed that LE was dominant
over H and G. Because BR tended to be negative, H was negative; thus, LE was larger than Rn
because of sensible heat advection from the surrounding area. Further, a decrease in G after irrigation
indicated an alteration in the soil’s thermal properties. These results provide insights into the
micrometeorological response of irrigated wheat to a hot, arid environment and useful information

EuTaedc:tfgsr for understanding soil-plant-atmosphere interactions in hot, dry environments.
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Environment of Sudan. Atmosphere 1. Introduction
2024, 15, 18. https:/ /doi.org/ Climate change is becoming an increasingly pressing issue, and its impact on agricul-
10.3390/atmos15010018 ture has been found in various regions to affect land suitability for cultivation and crop
productivity [1]. The challenge posed by climate change is particularly severe in hot, dry

environments, which are prone to water scarcity and heat waves that can harm crops.
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dry environments where temperatures are rising because of climate change, it has become
increasingly important to grasp how evaporative cooling might affect wheat grown under

irrigation. This effect can act as a shield against heat stress, thereby mitigating adverse
impacts on crop reproductive processes [9,10]. Moreover, this cooling effect can lead to
This article is an open access article  €Nhanced water use efficiency [11] by creating a microclimate with a reduced evaporative
distributed under the terms and  10Ss of moisture from the soil and by fostering atmospheric conditions more conducive to
conditions of the Creative Commons ~ €Vapotranspiration.

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

Attribution (CC BY) license (https:// Irrigation significantly affects the energy balance at the crop canopy surface such that
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from the land to the atmosphere via transpiration and evaporation, and, thus, the latent
heat flux (LE) also increases, which absorbs energy from the atmosphere and cools the
crop microclimate [10,12,16]. Irrigation can also affect the canopy surface albedo, which
is the amount of solar radiation reflected back into the atmosphere [16]. A well-watered
crop field tends to have a larger leaf area index, which, in turn, increases the absorption
of solar radiation by the crop; this increased absorption results in elevated transpiration
and decreases the available energy for warming the air [17]. Irrigation can also influence
transfers of heat from the surface to the atmosphere through conduction and convection,
that is, the sensible heat flux (H). Previous studies have shown that irrigation reduces H,
which lowers the air temperature [10,16,18].

Several studies have demonstrated that irrigation can significantly affect the local
climate by modifying water and energy budgets. In fact, irrigation can cool the area
surrounding an irrigated field [19-21] because increased soil moisture enhances the thermal
conductivity and heat capacity of the soil [22]. Tang et al. (2022) [23] studied the effect of
sprinkler irrigation on winter wheat and showed that LE was higher during the daytime and
lower at night under irrigation compared with under non-irrigated conditions. Consistent
seasonal changes observed in evapotranspiration and heat fluxes have been attributed
to the expansion of irrigated cropland and, thus, the cooling effect of irrigation [24,25].
Moreover, Siebert et al. [26], who conducted a study in Europe, reported that irrigation
can reduce heat stress. In addition, when they modeled the crop yield without considering
this effect, the effect of heat stress on yield was amplified. However, the incorporation of a
localized cooling effect in climate—crop modeling remains a major challenge, particularly
when upscaling from the leaf to plant to canopy in the landscape. The evaporative cooling
effect of irrigation depends on several factors, including the crop type, the background
climate, and the irrigation method used. The different water requirements and transpiration
rates of different crops can affect the cooling effect [16]. Moreover, the effectiveness of
irrigation in inducing cooling may be influenced by background climate conditions, such
as the availability of water, and the action of other cooling mechanisms, such as ground
surface shading (crop density).

The analysis of the microclimate is essential for assessing the appropriateness of the
atmospheric environment for crops [27] because it facilitates a granular examination of
energy partitioning between sensible heat (transferred through the air) and latent heat
(resulting from evapotranspiration) over crop fields. These parameters (LE and H) are often
quantified using the Bowen ratio (BR) [28], which is a foundational metric in microme-
teorological analysis. This approach offers a robust framework for comparing cultivars,
particularly in high-temperature environments [29]. Moreover, such an examination can
reveal how vegetation profoundly influences the local microclimate by actively modulating
energy exchange.

Sudan produces wheat under irrigation in a hot, dry environment that has been
classified into International Maize and Wheat Improvement Center (CIMMYT)’s Wheat
Breeding Mega-Environment 5 [30], and the northern part of the country, which is situated
in a hot desert climate zone, is particularly arid. Therefore, the main objective of this
study was to characterize the energy balance of wheat grown under irrigation in the hot,
arid environment of northern Sudan. The specific objectives were to (i) compare the air
temperature between a wheat field and the surrounding arid expanse, (ii) quantify the
components of the energy balance, and (iii) clarify the effect of irrigation on the energy
balance. This study is one of the first to investigate the modification of a wheat microclimate
via irrigation at the field level in a hot, arid environment.

2. Materials and Methods
2.1. Field Experiments

The study was conducted during the dry season (November—April) at the Dongola
Research Station of the Agricultural Research Corporation (19.1370° N, 30.4595° E) in
a major wheat-producing area of northern Sudan (Figure 1), where wheat cultivation
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depended on irrigation due to the absence of rainfall. Field experiments were carried
out during two growing seasons: 2021-2022 and 2022-2023. In 2021-2022, the field was
270 m long in the north-south direction and 180 m wide, and in 2022-2023, it was 290 m
long and 200 m wide. Before planting, land preparation was conducted by harrowing and
leveling. For the experiments, the wheat cultivar Imam was used. Imam is a commercial
cultivar introduced by CIMMYT (Attila) that has become popular in dry environments
like Sudan, which is known for its semi-prostrate growth habit and late maturation [31].
In the study field, the crop rows were spaced 0.2 m apart in the north—south direction,
and the seeding rate was 120 kg ha~!. The date of sowing was 25 November 2021-2022
and 2 December 2022-2023. Immediately after the sowing, the field was flood-irrigated
at a rate of 40-50 mm per irrigation, and it was subsequently irrigated every 9 to 26 days
for a total of 9 or 10 times each season. The soil in the field is substantially sandy clay
loam with a pH of 8.0; its texture is sandy clay loam at a depth of 0-30 cm and silty clay
loam at 30-60 cm, and the organic matter deficiency is significant (<5%); remarkably, the
nitrogen and phosphorus contents are low [32]. Thus, a Diammonium phosphate fertilizer,
25kg N ha~! and 28 kg P ha~!, was evenly applied to the field prior to the sowing, and an
additional 56 kg N ha~! of urea split into two parts was applied during the second and
fourth irrigations. The same agronomic management was carried out in both seasons as
per the recommendations of the Agricultural Research Corporation of Sudan.
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Figure 1. The location of the experimental field of wheat grown under irrigation in Dongola, Sudan,
shown on Sentinel-2 satellite-based Normalized Difference Vegetation Index (NDVI) maps acquired
on 1 March in 2022 and 2023.

2.2. Data Collection and Processing
2.2.1. Micrometeorological Data

A micrometeorological station was installed in the center of the field with more
than 130 m of fetch in the northward direction to measure air temperature (T), relative
humidity, net radiation (Rn), soil heat, soil moisture, and wind speed (WS) and direction.
The temperature and humidity were measured at a height of 2 m and at the canopy level
with HMP155 probes (Vaisala Oyj, Vantaa, Finland) in forced-ventilation shelters. Rn was
measured at a height of 2 m with a net radiometer (NR-LITE2, Kipp & Zonen B.V., Delft,
The Netherlands). The soil heat flux (G) was measured at a depth of 5 cm with a self-
calibrating soil heat flux plate (HFP01SC-L, Hukseflux, Delft, The Netherlands). The depth
of the plate was checked periodically after irrigation to ensure that the soil cover above the
plate had not been eroded during the flooding. The soil moisture profile was measured at
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depths of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 m with a SoilVUE10 sensor (Campbell Scientific Inc.,
Logan, UT, USA). The soil heat flux and soil moisture sensors were installed 0.7 m away
from the station. Wind speed and direction were measured with Wind Sentry anemometers
and vanes (3002-47A, R M. Young Co., Traverse, MI, USA), which were installed at a height
of 2 m and at the canopy level on the windward side of the station. The heights of the
sensors for temperature, humidity, and wind speed and direction installed at the canopy
level were periodically adjusted to the canopy surface. The data were collected with a
high temporal resolution: readings were taken every second, then averaged and stored at
10 min intervals by a datalogger (CR1000X, Campbell Scientific Inc., Logan, UT, USA). The
micrometeorological measurements were begun on 6 February 2022 and on 17 January 2023
during the first and second growing seasons, respectively, and they ended on 31 March in
both seasons.

2.2.2. Calculations of Latent and Sensible Heat Fluxes

The Bowen ratio (BR), the ratio of H to LE, was used to calculate both fluxes (in W m’z)
over the field as follows:
LE = (Rn—G)/(1+BR) (1)

H = BR(Rn—G)/(1+ BR) )

where Rn and G are also expressed in W m~2. BR, which is defined as the ratio of the tem-
perature and water vapor pressure gradients above an evaporative surface, was calculated

as follows:
BR = H/LE = y(AT/Ae) 3)

where y (kPa °C~1) is the psychrometric constant and AT (°C) and Ae (kPa) is the vertical
differences in the air temperature and atmospheric water vapor pressure, respectively,
above the canopy. LE, H, and BR were calculated with the 10 min interval data and then
averaged over the main daytime hours of 8:00 to 16:00 local time (from hours 8 to 15) on
one day before and one day after the irrigation. The vapor pressure (e) was calculated from
the relative humidity and air temperature [33].

2.2.3. Meteorological Data

The 2 m temperature data from the micrometeorological station were compared with
daily maximum temperature data for the surrounding non-vegetated environment recorded
at the Dongola meteorological station (19.167° N, 30.483° E) and obtained from the Sudan
Meteorological Authority. The Dongola meteorological station is located about 4 km away
from the experimental field.

2.2.4. NDVI

The Normalized Difference Vegetation Index (NDVI) was used to capture vegetation
dynamics (green canopy cover) during the growing season. The NDVI is computed
as follows:

NDVI = (NIR — Red)/ (NIR + Red) (4)

where NIR and Red are the reflectance values in the near-infrared and red spectral bands,
respectively. The Google Earth Engine was utilized to process European Space Agency
Sentinel-2 satellite imagery with a spatial resolution of 10 m x 10 m (https://sentinels.
copernicus.eu/web/sentinel /home, accessed on 26 July 2023). Grid data averaged over
areas of 200 m x 90 m (2021-2022) and 210 m x 95 m (2022-2023) in the central part of the
experimental field were used as representative NDVI values.

2.3. Statistical Analysis

Crop growth was analyzed in terms of the NDVI during the first half (1st to 15th
day) and the second half (16th day to the end) of each study month. Then, the NDVI from
December to April was compared between the two growing seasons using an unpaired
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t-test. The daytime irrigation cooling effect during the observation period was evaluated
by comparing daily maximum temperatures between the micrometeorological station and
the nearby meteorological station using a paired t-test. The significance level for the t-tests
was set at 0.05. The effect of irrigation on each component (Rn, LE, H, and G) of the energy
balance was assessed via linear regression analysis; that is, the value of each component
on the days after irrigation (y) was regressed against that of the days before irrigation (x).
In this study, the regression line forced through the origin (with no intercept) was applied
to estimate the slope (3), as follows [34]:

B=Y xy /Y % )
i=1 i=1

where n is the number of data points. When 3 was higher than unity (i.e., > 1), the flux was
determined to have increased after irrigation, whereas 3 < 1 meant that it had decreased.
The coefficient of determination for the no-intercept regression (R?) was calculated using
the residual sum of squares and the corrected total sum of squares as follows [34]:

n n

RP=1-Y (y; - 5?1)2/2(}’1 ~5) (6)

i=1 i=1

where § comprises the estimated values from the no-intercept regression equation (=fx),
and y is the mean of the observed values. All statistical analyses were performed with R
language version 4.3.1, Vienna, Austria [35].

3. Results
3.1. Crop Growth

Crop growth was estimated from the seasonal change in the NDVI (Figure 2). In the
initial stage (December) of the 2021-2022 season, the NDVI was low (around 0.05) in the
first half of the month and increased immediately after sowing up to 0.13 at the end of the
second half. As the wheat field approached full canopy development in January, which is the
late vegetative growth phase, its vegetative cover became more vigorous; the NDVI ranged
from 0.27 to 0.36 in the first half of the month and increased sharply to 0.45 in the second
half. In February, which is the early reproductive growth phase, the wheat field reached the
heading and flowering stages, and the NDVI was stagnant, ranging between 0.27 and 0.30
in the first half of the month and between 0.25 and 0.30 in the second half. In March, which
is the beginning of the maturity stage, the NDVI decreased from 0.30 in the first half of the
month to 0.11 in the second half, as the critical grain-filling stage began. In April, the mean
NDVI values during the first half (0.09) and the second half of the month (0.08) reflected a
trend toward senescence. This discernible decline observed across the wheat field resulted
from a reduced green canopy and marked the end of the growing season.

Similarly, in the 2022-2023 season, the mean NDVI values in December (0.04 in the
first half and 0.12 in the second half of the month) (Figure 2) were low because the wheat
crop was not yet sown or still in the early vegetative phase. The NDVI started to increase in
January; the mean values were 0.29 in the first half and 0.36 in the second half of the month
when the crop reached full canopy cover and the end of vegetative growth. The NDVI
did not differ in December and January between the two seasons (p > 0.05). In February,
the NDVI started to gently decrease from the peak, and then it sharply decreased from
0.31 in the first half of March to 0.18 in the second half as the crop reached the maturity
stage. In April, a further decrease in the NDVI was observed; the mean values were 0.12 in
the first half of the month and 0.09 in the second half. In both the first and second half of
February and the first half of March, the NDVI was significantly higher in 2022-2023 than
in 2021-2022 (p < 0.05). A difference between the seasons was also observed in the first
half of April (p < 0.05).
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Figure 2. Seasonal changes in Sentinel-2 satellite-based NDVI values of the irrigated wheat field in
Dongola, Sudan, in the 2021-2022 and 2022-2023 growing seasons.

3.2. Evaporative Cooling Effect

The wheat field exhibited a noteworthy cooling trend during each growing season.
In the 2021-2022 season, daily maximum temperatures observed at a height of 2 m were
lower at the micrometeorological station than at the nearby Dongola meteorological station
(Table 1, Figure 3); this difference indicated the modification of the microclimate in the
wheat field. In the first half of February, the mean temperature showed a significant cooling
effect of 2.5 °C on average (p < 0.05). In both the first and second half of March, the wheat
field experienced further cooling (p < 0.05); during these periods, the mean temperature in
the field was 5.3 °C and 2.5 °C, respectively, which was lower than in the surrounding area.

Table 1. Summary of daily maximum, minimum, and mean temperatures at the micrometeorological
station (2 m level) of the irrigated wheat field and its nearby meteorological station in Dongola, Sudan.
SD denotes standard deviation.

Period Micrometeorological Dongola Meteorological Temperature Difference
Season Month of Station in the Wheat Field (°C) Station (°C) Q)
Month Max Min Mean SD Max Min  Mean SD Max Min  Mean
February Second 28.5 21.7 254 1.9 31.8 24.4 27.9 1.9 3.3 2.7 25
2021-2022 March First 34.8 22.5 29.8 44 36.8 30.5 35.1 1.7 2.0 8.0 53
March Second 39.2 23.7 30.0 4.0 36.5 28.6 325 2.3 -2.7 4.9 2.5
January Second 32.7 24.0 27.8 2.2 28.3 21.1 25.1 2.5 —44 -29 =27
February First 30.0 20.9 249 2.7 321 29.6 30.6 0.7 21 8.7 5.7
2022-2023 February Second 30.7 221 27.3 2.5 30.6 23.4 28.0 2.5 —0.1 1.3 0.7
March First 35.6 27.5 319 24 36.9 344 35.4 0.7 13 6.9 35
March Second 36.2 28.6 31.8 2.3 35.4 28.2 32.3 2.5 -0.8 0.4 0.5

In the 2022-2023 season, temperatures were also lower in the wheat field than in the

surrounding area (Table 1, Figure 3). The wheat field showed a significant cooling effect
of 5.7 °C and 3.5 °C in the first half of February and in March, respectively (p < 0.05).
However, no significant cooling effect was observed in either the second half of January or
in February or March (p > 0.05).
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Figure 3. Seasonal changes in daily maximum temperature between the micrometeorological station
(2 m height) in the irrigated wheat field and the nearby Dongola meteorological station in the

(A) 2021-2022 and (B) 2022-2023 seasons.

3.3. Seasonal Changes in Micrometeorological Parameters

Figure 4 shows the seasonal changes in the 10 min air temperature (T), water vapor
pressure (e), net radiation (Rn), soil heat flux (G), and wind speed (WS). T at the canopy level
was generally lower than at a height of 2 m during the daytime (hours 8-15) throughout the
measurement periods. In both seasons, a large (4 °C) difference between the two heights
was observed in March; the maximum 2 m temperature during March reached 39.4 °C in the
2021-2022 season and 36.6 °C in the 2022-2023 season. In contrast, vapor pressure (e) was
higher at the canopy level than at a height of 2 m. WS at a height of 2 m was high during
the daytime, averaging 3.4 m s~ 1 in both seasons, and the maximum WS was observed
in February. The wind direction was generally northerly (in all cases between northeast
and northwest). In both seasons, Rn increased sharply in the morning, peaked around
midday (to a maximum of 749 W m~2 in 2021-2022 and 767 W m~2 in 2022-2023), and then
decreased in the afternoon. G was negative in the early morning and late afternoon, and its
peak was observed around midday (maximum of 83 W m~2 in 2021-2022 and 155 W m 2

in 2022-2023).
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Figure 4. Seasonal changes in (A) air temperature (T), (B) water vapor pressure (e), (C) net radiation
(Rn), (D) soil heat flux (G), and (E) wind speed (WS) in the irrigated wheat field in Dongola, Sudan,
in the 20212022 and 2022-2023 seasons. The temperature, vapor pressure, and wind speed were
measured at both a height of 2 m and at the canopy level.

3.4. Energy Balance

The Bowen ratio (BR) was mostly negative throughout the growing season (92.2%
and 93.1% of the time in 20212022 and 2022-2023, respectively); it was lower in the early
morning and in the late afternoon than around midday, and it tended to decrease after
irrigation (Figure 5). The soil moisture content was constant during the days before and
after irrigation, but it was higher after irrigation than before irrigation. In both seasons,
LE was higher than Rn during most daytime hours, particularly when the crop canopy
was fully developed in late February to early March (Figure 5). The difference between LE
and Rn was larger on the days after irrigation than on the days before irrigation. Because
of the negative BR, H was also negative and large; thus, energy was transferred from the
atmosphere to the canopy, particularly in the afternoon. In contrast, H tended to be low
early and late in the season (late January, early February, and late March). With regard to



Atmosphere 2024, 15, 18

9 of 14

Energy flux (Wm™2)

1100 1
700 A
300 1
-100 1
=500 A
1100 1
700 1
300 1
=100 1
-500 A
1100 A
700 A
300 1
-100 1
=500 1
1100 1
700 A
300 1
-100 1

(A)

=500 -

Before

the partition of energy for evapotranspiration, in the 2021-2022 season, the radiation-driven
(= (Rn — G)/LE) and air-driven (= —H/LE) parts of LE decreased from 0.95 to 0.85 and
increased from —0.05 to —0.14, respectively, after irrigation (averaged over hours 10-13 on
the four days). In the 2022-2023 season, (Rn — G)/LE decreased slightly from 0.88 to 0.86,
but —H/LE increased considerably from —0.08 to —0.33.

(B)
After Before After

P T b=t B4

coooco
[SISFN YN

18 January 2023

20 February 2022 07 February 2022
i
7
>
o000

ok
13 February 2023

VWC

[s2]
N S
% A A > A 82 ii
T J - ~ 6 2
s 1 & R e 104 8
@ 2 =
= m—a—-—@w W 0.0 §
g PR T ~
o~
o™ [s2]
A, ] iy 98 ]
i/ﬁ—\a\\n ~ | s "’k N 2 [0% ¢
BE 5% 3
- - a 1 ¢ oo-%-0- -, —o._._._._.__._. -

8 910111213141516 8 9 10111213141516 8 910111213141516 8 9 10111213141516

Hours Hours
.- BR -~ H -+ Rn
Parameters

-+ G - LE =~ VWC20

Figure 5. Daytime (hours 8 to 15) changes in the Bowen ratio (BR), energy balance components
(net radiation (Rn), latent heat flux (LE), sensible heat flux (H), and soil heat flux (G)), and soil
moisture content averaged over depths of 0.1 m to 0.2 m (VWC20) on the days before and after
irrigation in the wheat field in Dongola, Sudan, in the (A) 2021-2022 and (B) 2022-2023 growing
seasons. The irrigation dates are shown to the right of the panels.

Figure 6 shows the relationships of the energy balance components averaged over
hours 8-15 between the days before and after the dates of irrigation. Strong positive
relationships were observed for Rn (R? = 0.78), LE (R? = 0.92), H (R? = 0.70), and G
(R? = 0.89) between the days before and after irrigation. Rn showed no change after
irrigation; the regression line had a slope (3) of one and lay on the 1:1 line. LE increased
after irrigation; the regression line had a slope greater than one and was plotted above the
1:1 line. H also increased after irrigation because the regression line had a slope greater
than one. G decreased after irrigation because the slope of the regression line was much
less than one.
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Figure 6. Relationships between the energy balance components averaged over hours 8-15 on the
days before and after irrigation in the wheat field in Dongola, Sudan: (A) net radiation (Rn), (B) latent
heat (LE), (C) sensible heat (H) and (D) soil heat (G). The linear regression analyses used the combined
data of the 2021-2022 and 2022-2023 seasons, but the irrigation on 7 February 2022 was excluded
because no data were available for hours 8-10 before irrigation.

4. Discussion

Seasonal changes in the NDVI reflect the dynamic nature of crop growth and develop-
ment. As shown in this study, particularly in February and the first half of March (Figure 2),
the variations in the NDVI indicate a strong relationship between crop growth stages
and environmental factors such as heat stress, drought stress, and biotic stress [36—40].
Our study found differences in the NDVI between two growing seasons that might be
attributable to variations in the growth environment. In both seasons, however, the typical
change in the NDVI consistently depicted a healthy canopy because the field was fully
irrigated. This finding aligns with those of previous studies that highlight the positive effect
of irrigation on crop health and productivity [10,20,41]. Variations in the energy balance
components during the growing season (Figure 5) could be attributed to a seasonal change
in the canopy size (i.e., NDVI) because an increased leaf area has been reported to alter
energy fluxes above a canopy [17].

A localized cooling effect generated by well-watered cropland was observed in the
study area (Dongola, Sudan), with variations in the magnitudes of cooling across different
growth stages (Table 1, Figure 3). The most pronounced cooling effect observed was a
difference of over 5 °C from the late vegetative to the early reproductive stages; as a result,
the wheat was grown under relatively cooler conditions than the surrounding environment.
Many previous studies reported a similar cooling effect [19-21,24], but our study is one of
the first to report micrometeorological observations that demonstrate irrigation cooling
in a hot desert region where sensible heat advection occurs. The shield against heat
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stress provided by a cooling microclimate is critical for preserving crop reproductive
processes [42]. In addition, microclimate modifications are associated with enhanced water
use efficiency because they reduce the evaporative loss of moisture from the soil and
foster atmospheric conditions that are more conducive to evapotranspiration [43]. These
findings underline the vital role of irrigation in mitigating the adverse impact of heat stress
and improving overall crop health in arid regions. In deserts, this microclimate cooling
is known as the oasis effect, which is attributed to a combination of factors, including
increased evapotranspiration, shading from dense vegetation, and the presence of water
bodies [44-52].

The comparison between the energy balance components, particularly the latent
heat flux (LE) and sensible heat flux (H), between the days before and after irrigation
(Figures 5 and 6) provides valuable insights into crop performance. The hot, dry conditions
before irrigation caused a significant portion of the energy to be allocated to evapotranspi-
ration (i.e., LE), and this energy allocation was efficient for transpiration and, therefore,
crop growth. However, the decrease in the negative Bowen ratio (BR) after irrigation
indicated the increased allocation of H to evapotranspiration. This energy reallocation
emphasizes the importance of irrigation in maintaining optimal crop conditions in hot
arid environments. In addition, the relative stability of BR throughout the growing season
shown in this study indicates an absence of soil moisture stress [53]. It also indicates that
LE exceeds net radiation (Rn) because of sensible heat advection from the surrounding
environment [11,54]. The increase in Rn after irrigation on 20 February 2022, 20 March 2022,
and 22 February 2023 (Figure 5) might be attributable to changes in albedo or increases in
the water vapor caused by the increased soil moisture [55].

Another critical facet of this study involves the soil heat flux (G) and its relationship
with the soil environment. Our study demonstrated that G was lower during the main
growth period (from the late vegetative to the early reproductive stages) and higher during
the initial (early vegetative) and maturity (late reproductive) stages (Figure 5). A similar
result was reported in a hot environment in India in the humid subtropical climate zone [56].
Also, the distinct change in G observed following each irrigation event (Figure 6) is pri-
marily attributable to alterations in the soil moisture content and, therefore, the thermal
properties of the soil [57]. This dynamic interaction reflects the role of soil as a mediating
factor in the energy balance of a flood-irrigated wheat field. Interestingly, the response
of wheat to high soil temperature is different between cultivars [58], indicating that the
thermal environment of the soil is important for cultivar improvement in hot arid regions.

5. Conclusions

The energy balance of wheat grown under irrigation in the hot, arid environment
of Sudan was investigated during two growing seasons. An evaporative cooling effect
was observed as a significant difference in air temperature between the field and the
surrounding desert area. This difference increased after the crop reached full canopy cover
because LE was the dominant component of the energy balance over the other components,
which were H and G. This dominance of LE stabilized the BR during the daytime; thus,
growing conditions were favorable and abiotic stress due to a soil moisture deficit did
not occur. Furthermore, the negative of the BR due to sensible heat advection during the
growing period in the study area meant that H was negative and, hence, LE was larger
than Rn. Our study thus provides insight into the use of micrometeorological analysis to
quantify the response of irrigated wheat to a hot, arid environment. As global temperatures
continue to rise as a result of climate change, the irrigation cooling effect will become more
crucial in wheat-producing areas in hot, dry environments. The findings of this study
will, therefore, be useful for understanding soil-plant-atmosphere interactions in such
environments.
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