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Abstract: Temporal and spatial resolution of satellite images are coarse and cannot provide the
real-time, meter-scale resolution monitoring required in many applications, such as precision
agriculture. Since high resolution thermal infrared data provide one means to observe canopy
temperature variance, we developed an algorithm (three-temperature model, 3T) to estimate
transpiration rate at meter-scale pixels and detected transpiration variation for soybean under
different upper irrigation limits: No irrigation, 35% of field capacity (FC), 55% of FC, and 75% of FC,
denoted as Wy, Wy, W, and W3, respectively. The spatial patterns of the transpiration rate indicated
that heterogeneity is common in farmland. Transpiration rates in the wet treatment (i.e., W3) were
consistently higher than that in the dry treatment (i.e., Wy). Transpiration rates reached peak values at
around 12:30-14:30 and most of values showed that W3 > W5, > W1 > Wy, with 0.91 mm /h, 0.89 mm /h,
0.79 mm/h, and 0.62 mm/h during the reproductive period, respectively. In general, the transpiration
rate of soybean increased with increasing irrigation quantities. With a higher irrigation total, soil
water content increased gradually, and then the transpiration rate increased. Although land surface
temperature decreased by only 8.57 K (Kelvin), 6.33 K, and 5.47 K, respectively, the transpiration rate
increased by 78%, 60%, and 40%, respectively, for the W3, W, and W treatment compared with the
W) treatment. The magnitude of transpiration change is greater than that of canopy temperature,
but both parameters are strongly interrelated with each other through a non-linear correlation.
Heterogeneity of canopy leaf temperature and transpiration is mainly due to physical and biological
interactions. Understanding transpiration rate and canopy temperature heterogeneity under different
irrigation treatments can not only help in scheduling irrigation, but also in enhancing water utilization
efficiency in irrigated agriculture. The real-time monitoring of crop transpiration at meter-scale is of
great importance for large irrigation systems, especially for precision irrigation, and will have great
application prospects in the near future.

Keywords: transpiration; three-temperature model; thermal infrared remote sensing; canopy
temperature; different irrigation; soybean

1. Introduction

Agriculture in water stressed and arid environments is maintained through irrigation. In order to
effectively manage water resources in these areas, it is necessary to optimize the use of irrigation water
by reducing water losses [1]. Evapotranspiration (ET, soil evaporation (E) + vegetation transpiration
(T)) is a critical component in the water cycle and the energy flow between the land surface and
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atmosphere, and it plays an important role in hydrology and ecology. Evapotranspiration accounts for
approximately 60% of annual land precipitation on a global basis [2] and about 80-90% of consumptive
water use for crop production in semi-arid regions [3]. For irrigated agriculture, the amount of water to
be irrigated needs to be determined based on actual transpiration. Hence, it is essential to estimate how
much water is transpired by a crop for better allocation of water resources and improving water-use
efficiency in the irrigated agriculture.

However, it is not easy to estimate actual crop transpiration because it varies as it is affected not
only by micrometeorological factors but also by stomatal aperture. A number of researchers in several
fields such as remote sensing (RS), geography, hydrology, ecology, and agriculture have been studying
evapotranspiration [4-11]. The conventional field-based evapotranspiration measurement techniques
(i.e., eddy covariance, Bowen ratio, weighing lysimeter, stem sap flow gauge) are constrained to
relatively a small scale compared with remote sensing technology. With the development of remote
sensing technology, different methods have been proposed to estimate evapotranspiration through
satellite remote sensing, which have proven to be useful for estimating ET at the regional and global
scales [12-14]. From remote sensing estimation, ET can be separated pixel by pixel. Although remote
sensing-based methods have significant advantages over conventional methods in obtaining large-scale
distributed data at various spatial and temporal resolutions, the complexity of these methods varies [15].
A number of algorithms such as the Surface Energy Balance Algorithm for Land (SEBAL) [16] and
the Atmosphere-Land Exchange Inverse (ALEXI) model [17] rely on meteorological variables such as
wind speed, air temperature, and vapor pressure. Satellite based remote sensing ET is limited by an
infrequency of observations as a result of cloudiness and orbital schedules. Besides, satellite images do
not provide meter-scale resolution data required in many applications, such as ecosystem restoration
and precision agriculture [18]. Additionally, the low temporal resolution and coarse spatial resolution
of satellite imaging might introduce significant error due to subpixel heterogeneity [19]. Consequently,
it is difficult to quantitatively characterize differences at meter pixels in farmland.

Following the development of thermal infrared imaging techniques, there are increasing
applications for remote sensing. With its high resolution, airborne remote sensing can bridge the
gaps between ground-based measurement and satellite remote sensing estimation [20], and this
technique has been applied to estimate soil evaporation (E) at the field-scale [21]. Egea et al. [22]
assessed a crop water stress index derived from aerial thermal imaging and infrared thermometry
in super-high-density olive orchards. Banerjee et al. [23] used thermal imaging of a wheat crop
canopy to estimate leaf area index under different moisture stress conditions at the 1 m scale.
The thermal imaging technique is mature for high-resolution applications and has been widely
used for evapotranspiration estimation. However, most remote sensing ET algorithms include some
parameters with large spatial-temporal heterogeneity and difficulty in remote sensing inversion, such as
aerodynamic and surface resistances [24]. Ershadi et al. [24] assessed the impact of parameterization
choice on model performance, where a number of commonly used formulations for aerodynamic and
surface resistances were substituted into the different formulations in their studies. Qiu et al. [25]
developed a three-temperature model (3T model) to estimate evapotranspiration and its partition,
where the required input parameters to estimate transpiration were net radiation, surface temperature,
and air temperature [26,27]. Various studies showed that the 3T model could accurately estimate
evapotranspiration and its partition under different conditions [28-32]. Tian et al. [33] estimated
transpiration from 16 types of typical vegetation in the upper and middle reaches of the Heihe River
Basin in Northwestern China using this method and showed that the 3T model is not only simple to
use, but also accurate. However, in the previous studies based on the 3T model, net radiation was
mainly estimated using some empirical parameters, which could introduce some uncertainty. With this
empirical estimation, the differences in crop transpiration under different irrigation treatments at
meter pixels in farmland are not quantitatively characterized.

Compared with previous studies based on 3T models, the 3T model used in this study not only
has the following strength advantages: Pixel-by-pixel calculation, high spatial-temporal resolution,
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fewer input parameters, and simplicity to use, but also overcomes the problem mentioned above
by observing net radiation. This will further simplify the application and improve the accuracy of
the model. In addition, we have high data frequency for a long time period. The objectives of this
research were to (1) determine and quantify the difference of crop transpiration of soybean under
different irrigation treatments at meter pixels in an arid region; and (2) investigate the heterogeneity of
canopy temperature and transpiration of soybean under different irrigation treatments, which would
be beneficial for irrigation management.

2. Materials and Methods

2.1. Experimental Site

The experiment was conducted at Shiyanghe Experimental Station for Water-saving in Agriculture
and Ecology, China Agricultural University, located in Wuwei City, Gansu province of northwest
China (37°52' N, 102°50" E, altitude 1581 m, Figure 1). The experimental site has a typical continental
climate, with a mean annual temperature of 7.8 °C, and annual precipitation of 164 mm. The mean
annual pan evapotranspiration is about 2000 mm, with an arid index of 15-25. The average annual
sunshine duration is 3000 h with 150 frost free days. The groundwater table is 40-50 m below the
ground surface. The soil texture is sand loam, with a mean dry bulk density of 1.40 g cm 3 and a mean

volumetric soil water content at field capacity of 0.30 cm?® cm 3.
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Figure 1. Location of the experimental site.

2.2. Field Measurements

The field experiments were conducted during the reproductive stage of soybean in 2017.
The soybeans were sowed by the way of mulch-covered hole sowing with three replications in
randomly distributed plots of 3 m x 6 m. The plant to plant distance was 15 cm and row to row
distance was 50 cm. We chose the local soybean variety Longhuang No.2 as the research object,
and four upper irrigation limits (UIL) were designed under mulched drip irrigation. They were no
irrigation, 35% of field capacity (FC), 55% of FC, and 75% of FC, which were set as Wy, W1, Wy, and
W3, respectively. The soybeans were irrigated about every ten days, and the lower irrigation limits
(LIL) were the average soil water content of 0-100 cm soil layer one day before the next irrigation,
which was determined by a gravimetric method after collecting the soil samples from every 20 cm
layer through soil drills. During our experiment, soybeans were irrigated on 28 July and 7 August, and
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the depth of the designed moisting soil layer was 100 cm. The relevant irrigation parameters during
the experiment were shown in Table 1.

Table 1. The relevant irrigation parameters during the experiment.

Irrigation LIL UIL Irrigation Treat ¢ Irrigation UIL LIL Irrigation
Amount (mm) (%) (%) Date reatment - pate (%) (%)  Amount (mm)
0 No irrigation Wo No irrigation 0
20.79 8.42 10.50 w, 10.50 8.22 22.84
32.69 13.23 16.50 28 July W, 7 August 16.50 12.93 35.67
44.88 18.01 22.50 Ws 22.50 17.79 47.15

UIL: The upper irrigation limit; LIL: The lower irrigation limit. Both UIL and LIL are volumetric water content. Wy,
Wi, Wy, and W3 represented the four UILs, which were no irrigation, 35% of field capacity (FC), 55% of FC, and
75% of FC, respectively.

The high-resolution ground based thermal infrared remote sensing data were taken with
the infrared thermal imager (Fluke IR Flex Cam TiX620, Fluke Crop., Everett, WA, USA). The
measuring wave-length of the thermal camera was 7.5-14 um, and its resolution was 640 x 480
pixels, with a sensitivity of 0.05 °C and an accuracy of £ 2 °C. The distance between the crop and
the camera was about 2 m, and the angle between the canopy and the camera was about 45°. Field
observation was carried out from 22 July to 18 August, 2017. The thermal images were taken every
two hours from 8:30 to 18:30 on each clear sunny day, each image was taken three times and the best
quality images were selected for the study. As transpiration usually constitutes the larger portion of
evapotranspiration in arid regions, we only concentrated on transpiration in this research. To estimate
transpiration with the 3T model, in addition to the canopy temperature obtained from the thermal
imager, air temperature was collected at the nearby automatic meteorological station (Hobo, Onset
Computer Corp., Bourne, MA, USA) which was approximately 100 m from the soybean field and
calculated and stored 15 min averages, and net solar radiation of the soybean and imitation soybean
were continuously measured by the CNR4 four-component radiometer (Kipp & Zonen, Delft, The
Netherlands) of the Bowen ratio system which was about 10 m from the soybean field.

2.3. Estimation of Transpiration Based on 3T Model

The foundation of the 3T model is a surface energy balance equation that can be described as:
AET=R, - G—-H 1)

where, AET is the latent heat flux, A is the latent heat of vaporization with 2.45 x 10° W m—2 mm !
and ET is the evapotranspiration (ET = E + T). R, is the net radiation, G is the soil heat flux, and
H is the sensible heat flux. All units are in W m~2. It should be emphasized that we only focus
on the energy balance of the canopy using Equation (1). In the canopy covered area, the incident
radiation is intercepted by the canopy so that partitioning of energy at the soil surface is relatively
insignificant. In addition, with the closure of the canopy and the surface coverage, evaporation from
canopy shadowed soil is generally very low, so it is reasonable to ignore G on a daily basis. Therefore,
the energy balance at the vegetation surface can be expressed as:

AT =Ry, — H, )

where, AT is the latent heat flux of the vegetation; R, . and H, are, respectively, the surface net radiation
and the sensible heat flux of the vegetation; all units are the same as above. H, referred to in Equation (2)
can be calculated by the following equations [34,35]:

_ pCy(Te — Tp)
Ta

H. 3)
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where, p is the air density in kg m 3, C, is the specific heat at constant pressure (M] kg1 °C), T.is
the surface temperature of the canopy (K), T; is the air temperature (K), and r; is the aerodynamic
resistance (s m 1), the diffusion resistance of the air layer.

Aerodynamic resistance (r,) is affected by a number of factors and cannot be remotely measured.
In order to solve this problem, we introduced a green leaf-shaped piece of paper near the observed
vegetation as an imitation canopy, which has zero transpiration (AT = 0). As there is no significant
change in the atmospheric conditions around the imitation canopy, we assume that the aerodynamic
resistance and air temperature of the surrounding vegetation are the same as those of the imitation
canopy (1 ~ 7a,cp, Ta = Ty,cp) [34,36]. For imitation leaf, AT = 0, according to Equation (2), Ry,¢p = H,.
Combining Equations (2) and (3), we find that:

_ PCp(Te — Ta)

Rn,cp = H,= 7’7 (4)
a

then r,; can be calculated by Equation (5):

_ PCp(Tep — Ta)

s
‘ Rycp

©)
where, Ty and Ry, are, respectively, the surface temperature and net radiation of the imitation canopy.
The subscripts “a”, “c”, and “cp” represent the air, canopy, and the imitation canopy. By combining
Equations (2), (3), and (5), AT can be estimated as:

T. — T,
AT = Rn,c - Rn,cpﬁ- (6)
cp a

where all units are the same as above, and for this meter-scale research, we set R, . = Rn,cp/ and then
Equation (6) can be simplified as:
Tep —Te
AT = Rye. | 22— @)

TC/P - Ta

In addition to T, and T, obtained by thermal infrared camera, air temperature was measured
by the nearby HOBO automatic meteorological station, and net solar radiation was continuously
measured by the CNR4 four-component radiometer of the Bowen ratio system. A more detailed
description of the model can be found in Qiu et al. [26,27,34], Xiong et al. [37] and Tian et al. [33].
As the major input parameters were canopy temperature, the imitation canopy temperature, air
temperature, and net solar radiation, and all the parameters were easy to obtain, the 3T model has
been proven to be able to estimate the transpiration of various plants [26,34,36-39], and was also well
simulated in the adjacent inland river basin Heihe Basin which has the similar climate [33]. Given
the structure of the article and the good performance of the model in former research, details such as
model validation are not highlighted in this research.

3. Results

3.1. Results of Field Measurements

During the daytime, the air temperature of the experimental site experienced a single peak curve
change. As shown in Figure 2, at 8:30, the air temperature was relatively low (about 15-20 °C). After that, the
temperature began to rise; it reached its peak (about 23-34 °C) at about 14:30 or 16:30, and then it gradually
declined until evening. The temperatures on the 22 July and 25 July were relatively low. Net solar radiation
had the same pattern as air temperature. Around 08:30, the value was positive (around 10 W m~2—Watt
m~2: the solar radiation energy that incidents vertically on per square meter in one second.); it reached the
peak (300-900 Wm2) at 12:30 or 14:30, and then it declined in the afternoon and became negative in the
evening. The radiation values for the 22 July and 6 August were relatively low.
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Figure 2. Daytime variation of temperature and net solar radiation measured during the experimental days.
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Visible-light images (Figure 3) and high-resolution thermal infrared remote sensing images
(Figure 4) of soybean under four different irrigation treatments for the growth period of 2017 were
obtained, respectively. A total of 1368 thermal infrared images were obtained. Given the limited space
available, the highest transpiration rate was at about 12:30, so only the images obtained at this moment
were shown in Figures 3-5. From these 640 x 480 pixel resolution images, soil, crops, and other things
can be clearly identified. Combined with the supervised classification methods of ENVI 4.8 software
(ENVI Visual Information Solutions, Boulder, CO, USA), crop, soil, and other landscape characteristics
were classified, but we only chose the crop regions as the regions of interest, and then the estimated
transpiration in these pixels were counted.

(c) (d)

Figure 3. Visible-light images of soybean under different irrigation treatments ((a) Wy, (b) W1, (c) W,
and (d) W3 represented the four UlILs, which were no irrigation, 35% of field capacity (FC), 55% of FC
and 75% of FC, respectively. UIL: The upper irrigation limit) obtained with the infrared thermal imager.
The images were taken at 12:30 on 5 August, 2017.
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(0) (d)

Figure 4. High-resolution thermal infrared remote sensing data of canopy temperature under different

irrigation treatments ((a) Wy, (b) Wy, (c) W3, and (d) W3 represented the four UILs, which were no
irrigation, 35% of field capacity (FC), 55% of FC and 75% of FC, respectively. UIL: The upper irrigation
limit. LST: Land surface temperature) obtained at 12:30 on 5 August, 2017.
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() (d)

Figure 5. Spatial variation of instant transpiration rates under different irrigation treatments ((a) Wy,
(b) W1, (c) Wy, and (d) W3 represented the four UILs, which were no irrigation, 35% of field capacity
(FC), 55% of FC and 75% of FC, respectively. UIL: The upper irrigation limit; T: Instant transpiration
rate) at 12:30 on 5 August, 2017.

3.2. Monitoring Spatial Change of Land Surface Temperature and Transpiration Rate

3.2.1. Spatial Change of Land Surface Temperature

From Figure 4 we can clearly see that the land surface temperature (LST) not only experienced
large changes for soybean under different irrigation treatments, but also had large spatial variation for
soybean in the same treatment (especially the changes that occurred between the soil and canopy in
Figure 4a). As shown in Figure 4, with increasing irrigation totals, the amount of canopy with a low
temperature increased, and the average temperatures of soybeans under the treatment of Wy, W1, Wy,
and W3 decreased gradually, which were 306.88 K, 303.16 K, 301.93 K, and 300.13 K, respectively. With
the increased irrigation totals, the surface temperatures at 12:30 on August 5th decreased by 6.75 K,
495K, and 3.72 K, respectively, for the treatment of W3, W3, and Wy, compared with the treatment of
W)y. For soybeans treated with the same irrigation amount, the temperature of the soil for W treatment
was the highest, at about 337 K, however, the canopy temperature was relatively low, about 40 K lower
than the soil temperature. The canopy temperature of the other three treatments also changed greatly,
for example, some canopies ranged from 297 K to 300 K, and some other canopies were 307-315 K,
which indicated that the heterogeneity from land surface was very common and this method could
clearly distinguish this kind of difference at the meter scale.



Agronomy 2019, 9, 8 10 of 18

3.2.2. Spatial Change of Transpiration Rates

The instant spatial distribution of transpiration rates at 12:30 of the soybeans with four different
irrigation treatments (Wo, W1, Wy, W3) were presented in Figure 5. Results demonstrated that, like
the spatial distribution of LST, transpiration rate had also experienced great spatial changes, and the
distribution of transpiration rates was not uniform. For example, transpiration was 0.0-0.6 mm/h
in some canopies, and 1.0-1.2 mm/h in some others canopies at 12:30, which also indicated that
heterogeneity was very common. However, compared with the spatial distribution of LST, it is found
that the canopy with high temperature had a small transpiration rate. Additionally, transpiration
rates in the wet treatment (i.e., W3) were consistently higher than that in the dry treatment (i.e., Wp).
The corresponding mean transpiration rate for the treatment of Wy, W1, W5, and W3 were 0.79 mm/h,
0.84 mm/h, 0.87 mm/h, and 1.01 mm/h, respectively, at 12:30 on 5 August, 2017. With the higher
irrigation amount, soil water content increased gradually, and then the transpiration rate increased.
With the increased irrigation total, transpiration increased by 0.22 mm/h, 0.08 mm/h, and 0.05 mm/h,
respectively, for the treatment of W3, W5, and W1, compared with the treatment of W

3.3. Monitoring Temporal Change of Land Surface Temperature and Transpiration Rates

3.3.1. Temporal Change of Land Surface Temperature

Figure 6 displays the temporal changes of LST for soybean during the experimental period.
Changes of daily LST showed that most of them experienced a single peak curve change, which was
similar to the changes of temperature and net solar radiation, that is, starting in the morning and
increasing rapidly, and then declining toward the evening. The LST reached peak values at around
12:30-14:30 and most of the values showed that W3 < W, < W1 < Wj. The midday LST of four
irrigation treatments ranged from 292 K to 320 K, the value was not only affected by meteorological
conditions, but also related to irrigation amount. The maximum peak values for the treatment of
Wy, W1, W, and W3 occurred at around 14:30 and were detected as 320.01 K, 313.64 K, 311.62 K,
and 307.30 K, respectively. The canopy temperature decreased after irrigation and increased gradually
with water consumption.

From the daytime variation of the average LST during the reproductive period in Figure 7, it is
clearly shown that the average LST of soybean under different irrigation treatments has a single peak
curve, with peak values around 14:30, and the peak values were about 308.61 K, 303.14 K, 302.28 K, and
300.04 K, respectively, in the Wy, W1, W5, and W3 treatment. Obviously, the mean LST experienced
great decrease with the increase of irrigation, and the canopy temperature difference for the treatment
of W3 and W( was around 8.57 K.

3.3.2. Temporal Change of Transpiration Rates

Figure 8 displays the temporal change of transpiration for soybean during the experimental
period. The changing trend of daily transpiration of soybean treated with different irrigation quantities
was basically the same as that of the corresponding LST. The time when transpiration rate reached its
peak was also basically the same as that of LST, which was about 12:30-14:30, but the changing law of
transpiration rate especially for peak value was opposite to the LST, most of which were W3 > W, >
W1 > Wy. The peak value and peak shape differ depending on the amount of water through irrigation
and the irrigation time. The transpiration rate reached peak value within 1-3 days after irrigation
and then had a slight decline as time passed, which indicated that a lag effect existed in transpiration.
The peak transpiration of soybean under four irrigation treatments ranged between 0.07 mm/h and
1.44 mm/h, and the maximum peak values for Wy W1, W5, and W3 occurred at about 14:30 and were
detected as 1.05 mm/h, 1.17 mm/h, 1.37 mm/h, and 1.44 mm/h, respectively. The transpiration rate in
W) treatment occasionally appeared as a “midday depression” phenomenon, and the daily changing
trend was a bimodal curve.
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Figure 6. Daytime variation of the instant land surface temperature (LST) averaged over each thermal image for soybean under different irrigation treatments.
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Figure 9. Mean daytime variation of the average instant transpiration rate (T) under different irrigation treatments averaged over the experimental days.
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From the daytime variation of the average transpiration rate during the reproductive period in
Figure 9, we can draw the same conclusion as before, that is, the transpiration rate showed that W3 >
W, > W; > W), and in general, the transpiration rate of soybean increased alongside the increase of
irrigation amount. Another difference from LST was that the average transpiration peaks of soybeans
with Wy, W1, W5, and W3 treatment occurred at about 12:30 with 0.62 mm/h, 0.79 mm/h, 0.89 mm/h,
and 0.91 mm/h, respectively, which was earlier than that of LST. The average transpiration rates for
Wo, W1, W,, and W3 treatment at 14:30 were 0.50 mm/h, 0.70 mm /h, 0.80 mm/h, and 0.89 mm/h,
respectively. We can find that average transpiration rates for the W3, Wy, and W treatment increased by
0.39 mm/h, 0.30 mm/h, and 0.20 mm/h compared with Wy treatment at 14:30 during the experiment.
This means it increased by 78%, 60% and 40%, respectively, while the LSTs decreased by 8.57 K, 6.33
K, and 5.47 K, correspondingly. These results indicated that irrigation can significantly change the
transpiration rate of soybean.

4. Discussion

Detecting how much water is transpired by a crop canopy is critical for better allocating
water resources and for scheduling irrigation [40-42]. The conventional field-based transpiration
measurement techniques and most remotely sensed models rely heavily on ground-based auxiliary
measurements, and many parameters are hardly obtained accurately [15]. Furthermore, because of
the low temporal and coarse spatial resolution of satellite images [18], it is difficult to quantitatively
characterize the heterogeneous differences in farmland. As a result of these issues, we used a simple
method to estimate crop transpiration rate at meter pixels. This method has three advantages. The
first is that it eliminates aerodynamic resistance by introducing an imitation leaf temperature Ty,
which heavily reduces some of the uncertainties. The second advantage is that it requires a minimum
amount of inputs which are easy to obtain. The necessary inputs are T, Ty, T, and net radiation.
All the inputs can be directly measured or estimated from other measure data for ground-based
measurements, so it has great potential for use in developing countries where ground information is
scarce. The third is that the transpiration rate is calculated pixel by pixel. Remotely sensed surface
temperature can provide a measure of the surface from a few cm? with a hand-held thermometer to
about several km? from certain satellites [43], so this method provides a bridge between large-scale
and point observation.

Comparing and contrasting the spatial variations of canopy temperatures and transpiration rates,
we found that heterogeneity was prevalent among them, and the instant transpiration rates at 12:30 on
5 August for soybean (Figure 5) were negatively correlated with canopy temperatures (Figure 4). For
example, transpirations in W treatment were 0.0-0.6 mm/h in some canopies, and 1.0-1.2 mm/h in
some others, while corresponding canopy temperatures were 307-315 K and 297-300 K, respectively.
Transpiration rates in the wet treatment (i.e., W3) were consistently higher than that in the dry
treatment (i.e., Wy), but for canopy temperature, the changing law was opposite. With the increase
of total irrigation from Wy to W3, the LSTs at 12:30 on 5 August decreased by 1.80 K, 3.03 K, and
6.75 K in turn, while the transpiration rates increased by 0.05 mm/h, 0.08mm/h, and 0.22 mm/h,
respectively. With the higher irrigation amount, soil water content increased gradually, and then
the transpiration rate increased, which led to a reduction in the canopy temperature, and produced
a cooling effect. Bonfils and Lobell [44] compared temperature trends in irrigated areas with those
in nearby non-irrigated areas, and also showed that irrigation decreased summertime maximum
temperature by 2-3 K, or irrigation induced a cooling of 1 K in maximum growing season temperatures
in irrigated areas. Kueppers et al. [45] found that irrigated crops cooled an irrigated area by 3.7 K in
August and 1.6 K year around. Differences in the magnitude of the irrigation cooling effect between
different studies can be partly explained by differences in how irrigation was modeled, and how much
water they added through irrigation. These indicated that irrigation can significantly change the field
micro-climate and promote transpiration of soybean.
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In fact, according to many other studies [46-54], we can conclude that heterogeneity of canopy
temperature mainly results from physical and biological interactions, which are affected by climatic
conditions (such as wind, temperature, vapor-pressure deficit, relative humidity, long wave radiation,
and the angle of radiation incident on the leaf surface), environmental conditions (soil temperature
at 2 cm depth, soil moisture, adjacent objects, and solar height), canopy structure complexity (leaf
inclination distribution frequency, size, shape, and position), canopy parameters (canopy albedo,
emissivity, and stomatal resistance) and ecosystem functions (evapotranspiration and photosynthesis).
Among these studies, the result of Smith and Carter [47] showed that the temperatures of needle-leaf
were closer to air temperature than that of broad leaves, and needle leaves usually remained within
4-8 K of air temperature, whereas Jones [48] reported that sunlit broadleaves might be 10-15 K
higher than air temperatures. Kim et al. [49] found that leaf temperature was non-linearly related to
air temperature, and the relationship between mean leaf temperature and net ecosystem exchange
during the afternoon was closer than that of air temperature, which was mainly driven by the strong
correlation between tissue temperature and photosynthesis and respiration. Han et al. [50] proposed
that sunlit leaves received more direct radiation than shaded leaves of the canopy, and had higher
temperature than that of shaded leaves, and Tan et al. [53] also found that the temperature at the top
of canopy was always higher than that in the middle of canopy, indicating the effect of shading on
temperature within the canopy.

The temporal transpiration and LST changes under different irrigation treatments (Figures 6-9)
for soybean are almost all single peak curves, and they reached the peak values at around 12:30-14:30.
Most of the transpiration rates were shown as W3 > W, > W1 > Wy, with average peak values of 0.89
mm/h, 0.80 mm/h, 0.70 mm/h, and 0.50 mm/h at 14:30 during the experiment, respectively; and most
LSTs were shown as Wy > W1 > W, > W3, with the corresponding average peak values of 308.61 K,
303.14 K, 302.28 K, and 300.04 K, respectively. That means that although LSTs decreased by only 8.57 K,
6.33 K, and 5.47 K, respectively, the transpiration rates increased by 78%, 60%, and 40%, respectively,
for the W3, W3, and W treatment compared with W treatment. In addition to the comprehensive
effects of the various factors mentioned above, the biggest influencing factor for transpiration rate
in this study is the irrigation amount. Under the same background, with the increase of irrigation
amount, crops rarely suffer from water stress and grow better (such as having a denser canopy), so they
have higher canopy transpiration rates and latent heat fluxes which finally resulted in more heat lost,
therefore, the transpiration cooling effect is obvious, and then presented lower canopy temperatures.
Irrigation can promote crop transpiration, and the magnitude of transpiration change is greater than
that in canopy temperature, accounting for the lag effect.

To some extent, variations of transpiration rates directly reflect the ability of crops to regulate
water loss and their ability to adapt to dry or wet environments [33], which is closely related to canopy
temperature. Canopy temperature can be used to calculate a crop water stress index and stomatal
conductance index, which can detect drought stress and support irrigation scheduling [41,42,54].
Therefore, evaluation of transpiration and canopy temperature is of great significance for monitoring
plant water status and scheduling irrigation and understanding the crop transpiration and temperature
under different irrigation schedules. Using high-resolution thermal infrared remote sensing data can
not only help for scheduling irrigation, but also in enhancing water utilization efficiency of irrigated
agriculture. Additionally, the spatial and temporal resolution is coarser in satellite imagery [18],
which means this kind of real-time monitoring of crop transpiration at meter scale is of great importance
for large irrigation systems, especially for precision irrigation, and will have great application prospects
in the future.

5. Conclusions

This paper introduced a method (3T model + high resolution thermal infrared remote sensing)
to estimate transpiration rates of plants at meter-scale pixels. We applied the method to soybean
under different irrigation treatments. It was found that: (1) Heterogeneity was very common for
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transpiration rate, its distribution was not uniform at meter-scale, and the temporal variation of
transpiration for the soybean under different irrigation treatments mostly had a single peak around
12:30-14:30, and most values showed that W3 > W, > W; > W), that is, the increase of irrigation
water increased transpiration rate, and the transpiration rate in the wet treatment was consistently
higher than that in the dry treatment. (2) Although LSTs decreased by only 8.57 K, 6.33 K, and 5.47
K, respectively, the transpiration rate increased by 78%, 60%, and 40%, respectively, for the W3, W,
and W treatment compared with the Wy treatment. The magnitude of transpiration change is greater
than that of the canopy temperature, both parameters are strongly interrelated with each other, but they
are non-linearly correlated. (3) Heterogeneity of canopy leaf temperature is mainly due to physical and
biological interactions, which are affected by climatic conditions, environmental conditions, canopy
structure complexity, canopy parameters, and ecosystem functions. Under the same background, with
the increase of irrigation amount, the transpiration cooling effect is obvious, which then presents
a lower canopy temperature.
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