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Abstract
Evapotranspiration (ET) is one of the most important processes in the hydrologic cycle, constituting the main respon-
sible for water losses at the surface. Several evapotranspiration models use information from surface temperature and
vegetation indices captured by remote sensors such as MODIS and LANDSAT to estimate the ETc value. The objective
of this study is to apply SSEBop model to estimate ETc of soybean in a field experiment under four water regimes, using
high-resolution multispectral and thermal images collected from remotely piloted aircraft (RPA). Surface temperature
and NDVI maps were generated as sources for evapotranspiration estimation. From a Python script, spatial variability
maps of ETc were generated at different phenological stages of the crop. The quality of the model for ETc estimates was
performed by comparing the modeling results with leaf transpiration data measured in the field using an infrared gas
analyzer, whose results showed a good correlation (R2 = 0.76). These results demonstrated the possibility of transferring
a model originally developed for processing low to medium-resolution satellite images to high-resolution spatial-tem-
poral images acquired by RPA with small adaptations in the original algorithm, generating great potential for new stu-
dies on an experimental and field scale.
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Estimativa da Evapotranspiração da Soja Pelo Modelo SSEBop Utilizando
Imagens de Alta Resolução Obtidas Por Aeronave Remotamente Pilotada

Resumo
A evapotranspiração (ET) é um dos mais importantes processos do ciclo hidrológico, constituindo-se o principal
responsável pelas perdas de água na superfície. Vários modelos de evapotranspiração utilizam informações da tempera-
tura da superfície e índices de vegetação captadas por sensores remotos tais como o MODIS e a série LANDSAT para
estimar o valor de ETc. O objetivo deste estudo aplicar o modelo SSEBop para estimativa da ETc da soja (Glicine max.
L) em um campo experimental submetida a quatro regimes hídricos, utilizando imagens multiespectrais e termais de alta
resolução coletadas com uso de aeronave remotamente pilotada. Mapas de temperatura da superfície e NDVI foram
gerados como fontes para a estimativa da evapotranspiração. A partir de um script em Python, mapas de variabilidade
espacial da ETc foram gerados para diferentes estádios fenológicos da cultura. A qualidade do modelo de estimativas de
ETc foi realizada comparando-se os resultados da modelagem com os dados transpiração foliar medida no campo
através de um analisador de gases por infravermelho, cujos resultados mostraram boa correlação (R2 = 0,76). Estes
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resultados demostraram a possibilidade de transferência de um modelo originalmente desenvolvido para processamento
de imagens de satélite de baixa a média resolução para imagens de alta resolução espaço temporal adquiridos por RPA a
partir de pequenas adaptações no algoritmo original, gerando um grande potencial para novos estudos em escala experi-
mental e de campo.

Palavras-chave: sensoriamento remoto, ARP, Glycine max L.

1. Introduction
The use of data from remote sensing has received a

significant increase in environmental studies over the last
few decades. Gradually, remote sensing techniques have
been improved and have become an important and indis-
pensable tool for the assessment and monitoring of natural
and human ecosystems (Thorp et al., 2004; Jianya et al.,
2008; Franco et al., 2013; Bounouh et al., 2017). In these
evaluation processes, images acquired by thermal, multi-
spectral and hyperspectral cameras transported by Remo-
tely Piloted Aircraft (RPA) have been used (Franco et al.,
2013).

In the particular case of agriculture, the use of spec-
tral images has improved the evaluation process under
controlled conditions, such as water stress conditions,
making the monitoring of this process much more efficient
and accurate, in addition to being a powerful tool for the
evaluation of cultivars already installed in production
fields (Sishodia et al., 2020). Over the years, science has
revealed different evidence that have contributed to the
development of methodologies currently used to estimate
real Evapotranspiration (ETa) from data collected by
remote sensing. ETa is an important variable of the water
balance since it corresponds to more than 50% of the pre-
cipitated water (Tucci, 2012). In addition, it is a complex
variable to measure, as it presents multiscale variability,
both spatial and temporal. In this context, the remote sen-
sing approach has been shown to be efficient in estimating
evapotranspiration (Karimi and Bastiaanssen, 2015; Paula
et al., 2019; Vale et al., 2022).

According to Allen et al. (1998), evapotranspiration
is the sum of the evaporation of water contained in the soil
surface with the transpiration of plants. In general, ETa
models can be categorized into two types: empirical meth-
ods and analytical methods. Analytical methods seek to
establish the physical processes and require data measured
directly and indirectly by remote sensing and surface
instruments, while empirical methods establish relation-
ships derived from data obtained by remote sensing with
data measured at the surface through statistical models
(Allen et al., 2007).

In the analytical approach, the models can be classi-
fied as one-layer or two-layer, where the main difference
is the separation of the surface energy flow into one or two
components, separating the calculation of the physical
processes that occur in the soil from those that occur in the
vegetation canopy. Although two-layer models are con-
sidered an evolution of one-layer models, one-layer
models are widely disseminated through different metho-

dologies that have been developed over time, such as Sur-
face Energy Balance for Land - SEBAL (Bastiaanssen
et al., 1998), the Mapping Evapotranspiration with Inter-
nalized Calibration - METRIC (Allen et al., 2007) and the
Surface Energy Balance System - SEBS (Su, 2002),
among others.

Another methodology to be mentioned and used in
this study is the Simplified Surface Energy Balance
Approach - SSEBop, developed by Senay et al. (2013).
This model determines the actual evapotranspiration of
crops under predefined boundary conditions for the sur-
face temperature where the latent heat flux reaches the
maximum and minimum gradients. It is a recent metho-
dology that sought to simplify the application of the pro-
cess. Like the other methods, it was also validated by
measurements using lysimeters (Senay et al., 2014). Sev-
eral studies have demonstrated the potential of the SSE-
Bop model in estimating evapotranspiration in the
evaluated locations (Senay et al., 2014; Singh et al., 2014;
Senay et al., 2016, Paula et al., 2019; Vale et al., 2022).
Although the SSEBop model has been successfully
applied using orbital sensors, there are still few studies
using these models in high-resolution space-time images
obtained by RPAs, especially for major agricultural crops.

Considering the Brazilian agricultural scenario, soy-
bean (Glycine max L.) is a crop that occupies a prominent
position in Brazilian agricultural production. The soybean
planted area in the country grew 4.5% compared to the
2020/2021 crop, occupying an area of 40, 950.5 thousand
ha. The estimated production for 2021/2022 crop was
124 million tons, with a reduction of 10.2% compared to
the previous crop due to adverse weather conditions in the
country's south at the end of 2021 (CONAB, 2021).

Given the importance of soybean crops and the rele-
vance of determining the water demand for crops, the
objective of this study is to apply the SSEBop model to
estimate evapotranspiration using multispectral and ther-
mal images obtained by an RPA in an experimental area
cultivated with soybean.

2. Materials and Methods
The work was carried out using part of the plant

phenotyping experiment for drought tolerance that takes
place annually in the experimental field of Embrapa Cer-
rados in Planaltina - DF. These experiments are carried out
with strict controls on materials and procedures. More
details on the construction of the phenotyping experiment
can be found in Pereira et al. (2021) and Tavares et al.
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(2022). Thus, the experimental field and the details of the
materials and methods that are directly linked to the
remote sensing part are briefly described to achieve the
objectives of this study.

2.1. Experimental field
The study was conducted at the Experimental Field

of Embrapa Cerrados, in Planaltina, DF (15°36’00.3” S,
47°42’46.1,” W and altitude 1006 m) (Fig. 1). Plant phe-
notyping experiments in this area are conducted annually
to select materials tolerant to water stress. Sugarcane, cof-
fee, wheat and soybean cultivars are evaluated in this area
(Pereira et al., 2021; Tavares et al., 2022; Silva et al.,
2022).

The climate of the region is Aw (Köppen-Geiger)
-Tropical type, with a well-defined dry period during the
winter (May to September) (Alvares, 2013). The average
annual rainfall in the region is 1542 mm, occurring mainly
between October and April (Climate-Data, 2020). The
weather data used in the experiment were collected
through the Embrapa Cerrados meteorological station,
150 m from the experiment. The accumulated precipita-
tion and average temperature for 2019 are shown in Fig. 2.
This climatic characteristic is ideal for carrying out the
experiment, given the prolonged dry period during the
development of the experiment.

The soil of the experimental area is classified as dys-
troferric Red Latosol (clay = 46 g kg-1, silt = 10 g kg-1 and
sand = 42 g kg-1) (Santos et al., 2018). Fertilization was
performed according to previous soil analysis and recom-
mendations for the crop. For fertilization, 300 kg ha-1 of
fertilizer formulated 04-30-16 (N, P2O5, K2O) was used.
In addition, phytosanitary treatments were conducted as
needed and following the recommendations for the crop.

The experimental design adopted was randomized
blocks in a split-plot scheme. In the plots, the six soybean

cultivars were tested (NA5909GR; M7190; BRS5980;
BRS7180; BRS7280; BRS7380), which are in the matura-
tion group between 6.9 and 7.3 and in the subplots the four
water regimes (19, 42, 73 and 100 % of crop evapo-
transpiration - ETc), with three replications. Sowing took
place on May 23, 2019, in a no-tillage system using 16
seeds per meter, deposited at a depth of 4 cm (Pereira
et al., 2021). Each experimental unit consisted of 36 culti-
vation lines of each cultivar, 5.0 m long, spaced 0.5 m
apart. Each water regime (WR) constituted an experi-
mental subunit of 5.0 m in length, formed by eight lines,
with a spacing of 0.50 m. The useful area comprised the
two central lines, discarding the borders and 0.5 m from
each end. Figure 3 presents a sketch of the experimental
area. The areas (1 m × 1 m) used to evaluate the aerial
images obtained in the study are highlighted. For the eva-
luations by image, the average of the pixels of the indi-
cated region were considered.

2.2. Irrigation management
The irrigation of the experiment was conducted

using an irrigation bar (Irriga Brasil model 36/46), 20 m

Figure 1 - Location of the study area (A- Planaltina, Distrito Federal, Brazil, B- Image of the location of the experimental area of EMBRAPA Cerrados in
July 2019 and C - Aerial image of the experiment with soybean genotypes cultivated under different water regimes.

Figure 2 - Climatological data for the year 2019.
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wide on each side, connected to a TurboMaq 75/GB self-
propelled engine with adjustable speed according to the
water regime to be applied. (Fig. 4A). This bar moves over
the entire experiment by applying the water depth that is
previously configured (Jayme-Oliveira et al., 2017). Irri-
gation is adjusted in two ways: by calibrating the flow of
the sprinklers and through the displacement speed.

The irrigation depth applied is measured at each irri-
gation through 18 collector cups with 8 cm in diameter
positioned immediately above the plants. These collectors

were distributed parallel to the line to the irrigation bar,
obtaining measurements every meter (Fig. 4 B). Immedi-
ately after irrigation, these collectors are emptied, and the
volume collected is noted. These notes, together with the
evapotranspiration calculated through data from the
meteorological station, guide the following irrigations.
Table 1 presents the irrigation depths and water regimes
(WR) during the soybean crop cycle. Figure 4C shows a
sketch of the irrigation bar and the differential irrigation
zones defined for the experimental samples.

Figure 3 - Sketch of the soybean experimental area showing the distribution of the water regimes (WR) and the evaluation areas (1m × 1m) used in the
image evaluations represented by the yellow squares.

Figure 4 - Irrigation system. (A), Differential irrigation bar, (B) Collectors for quantification of the applied irrigation depth and Sketch of the irrigation
bar showing the different irrigation sectors (C).
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The irrigation of the experiment was kept uniform
for 41 days after sowing (DAS) with an average replace-
ment of 120 mm of water. After this period, the sprinklers
were adjusted to a decreasing flow, producing an irrigation
gradient. The maximum level of irrigation applied was
calculated according to the Cerrado irrigation monitoring
program (Embrapa, 2016), which considers the climatic
data of the region, crop evapotranspiration and irrigation
schedule to calculate the amount of water needed, using an
efficiency of 90%. The irrigation frequency was approxi-
mately 5 days, according to the climatic conditions and
phenological stage of the crop.

2.3. Acquisition of the images
The images were captured using a remotely piloted

aircraft (RPA) DJI model M600 hexacopter (SZ DJI Tech-
nology Co.) with an autonomy of 30 min of flight and a
load capacity of up to 3 kg.

The multispectral images were acquired using a
multispectral sensor brand Micasense model RedEdge.
The sensor captures images in five spectral bands, called
Blue (range: 465-485 nm; width: 20 nm), Green (range:
550-570 nm; width: 20 nm), Red (range: 663-673 nm;
width: 10 nm), Red Edge (range: 712-722 nm; width:
10 nm), Near Infra-Red (NIR) (range: 820-860 nm; width:
40 nm)). It has a resolution of 1280 × 960 pixels for each
band. The images were recorded in 12-bit RAW format
(Micasense, 2020).

A FLIR DUO PRO R sensor (FLIR Systems, Dan-
deryd, Sweden) was used to acquire the thermographic
images: 730 × 480 spatial resolution, spectral response of
7.5 to 13.5 µm, uncooled microbolometer detector, 30 Hz
frame rate, thermal sensitivity of < 50 mK, accuracy of
5 °C or 5% (whichever is greater) at 25° and weight of
325 g. The camera was configured for the environmental
conditions at the time of image capture following the ther-
mography principles presented by Usamentiaga et al.
(2014), which include ambient temperature, imaging
object distance, plant emissivity, reflected temperature and
humidity. Thermographic images were saved in radio-
metric JPEG format.

Five flights were performed on 07/18, 07/25, 08/02,
08/12 and 08/21, 2019, between 10 am and 12 noon (GMT
+3). Two flights were performed: one for acquiring multi-
spectral images and another in sequence for the thermo-

graphic images. Both flights were planned using DJI GS
Pro software that allows creating a flight plan where the
aircraft travels through pre-defined points guided by the
GNSS system. The flight plans ensured that the capture
was done with a minimum side and frontal overlap of 75%
for the multispectral and 90% for the thermographic,
maintaining a flight line at 100 m above ground level for
the multispectral and 60 m for thermography.

2.4. Pre-processing of the images
The images collected by the cameras were imported

and processed using the Pix4D Mapper software (Pix4D,
Lausanne, Switzerland). Orthomosaics containing reflec-
tance (multispectral) or temperature (thermal) values were
computationally generated by the Structure from Motion
(SfM) photogrammetric technology. SfM works with the
automatic identification of similar features in a set of
overlapping images through a packet adjustment proce-
dure (Westoby et al., 2012). Considering overlapping ima-
ges, Pix4D Mapper calculates reflectance values for each
pixel of the orthomosaic using a weighted average of pix-
els in all original images that correspond to this specific
pixel but assigning more weight to images where the pixel
is more central. The image pixel value depends on several
factors, including sensor settings, sensor properties and
scene conditions (Olivetti et al., 2020).

For the multispectral sensor, radiometric corrections
are applied to improve data quality using camera para-
meters, irradiance and corrections through the calibration
panel. Along with these parameters, the software uses a
photo of a calibration panel captured at the beginning of
each flight and irradiance information collected by the solar
sensor for data normalization. Thus, it is possible to com-
pare the images captured in different lighting conditions.

Figure 5 presents in a simplified way the main pro-
cessing steps using Pix4D. The location of the captured
and imported images is shown in Fig 5A, followed by the
3D point cloud generated in Fig 5B, and finally, the cali-
brated orthomosaic in Fig 5C. The choice of software
adjustment parameters was made following information
provided by the software documentation and camera man-
ufacturer recommendations (Pix4D, 2020; Micasense,
2020).

The reflectance orthomosaics generated in Pix4D
were imported into the QGIS software, where the images

Table 1 - Irrigation depth applied in each water regime evaluated.

Water regime Irrigation depths applied (mm) / DAS Total

11 15 20 26 32 36 40 41 46 50 55 60 73 69 74 78 83 89 92 97 102

WR 1 (19.3%) 11.7 7.4 9.4 11.8 18.8 15.1 7.7 11.3 3.1 0.1 1 3.8 2.3 2.6 1.6 0 0.7 0 0 0 0 108.4

WR 2 (42.5%) 13.5 9.3 11.3 13.5 22 17.6 9.9 14.3 13.5 7.8 9.8 16.8 13 15.7 12..9 8 11.3 3.4 2.7 7.2 4.8 233.5

WR 3 (73.5%) 14.6 9.8 11.4 15.8 22.9 17.6 9.9 13.5 23.3 17.6 21 29 23.6 28.5 24.5 28 28.7 19.1 12.6 21.9 18.8 393.3

WR 4 (100%) 15.4 9.9 12.6 17.1 26.8 20.3 10.3 13 29.7 23.3 28.1 38.2 29.4 38.7 19.4 45.1 34.6 43.4 19.6 39.5 34.6 526.4
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were cropped to present only the area of interest contain-
ing the soybean genotypes. The NDVI vegetation index
was calculated using the QGIS raster calculator, with
Eq. (5) (Rouse et al., 1973).

For the georeferencing of all orthomosaics, five
ground control points were used, which were painted in
the shape of an arrow at the borders of the experimental
area. The QGIS image georeferencing tool was used for
the process, and the multispectral image from 07/25/2019
was selected as the location reference image. So all other
images were georeferenced based on the geolocation of
that image.

The thermographic images were also aligned and
transformed into orthomosaic using Pix4D, but with the
Thermal processing mode. The procedures and recom-
mendations described in the Pix4D software documenta-
tion (2019) and the calibration principles used by
Usamentiaga et al. (2014) and Casari et al. (2019) were
followed.

2.5. Evapotranspiration estimated by the SSEBop
model

To determine the evapotranspiration fraction (ETf)
by the SSEBop method, multispectral images in the visi-
ble, near infrared and thermal ranges, and local meteor-
ological data, were used. Unlike the original proposal of
the work by Senay et al. (2013), the images used were not
obtained by satellite but by a remotely piloted aircraft at
low altitude. The estimate of real evapotranspiration
through the SSEBop model (ETrSSEBop) is obtained by
multiplying the dimensionless evapotranspiration fraction
(ETf) for a scale factor (k) and by the reference evapo-
transpiration (ETo) calculated by the Penman-Monteith-
FAO method for grass, according to Eq. (1):

ETrSSEBop =ETf ·k·ETo ð1Þ

According to Senay et al. (2013), a value for k of 1.2
is indicated, equivalent to an aerodynamically rougher
surface than grass. However, this coefficient can be deter-
mined in the field, based on the vegetation of the area, or

validated/calibrated from water balance data. The fraction
of evapotranspiration in a pixel can be calculated by
Eq. (2), where Ts is the surface temperature of the pixel
observed by the thermographic image obtained by remote
sensing; Th is the estimated surface temperature of the
dry/warm boundary condition for the same pixel; and dT is
the temperature difference of the boundary conditions Tc
and Th (dT = Th - Tc) at each pixel. Values with negative
ETf are converted to zero, and their maximum value mea-
sure is restricted to 1.05. Senay et al. (2016) recommends
that pixels with the presence of clouds be disregarded
from the processing; however, as we are working with
images of low flight altitude and in a dry period, there is
no need to disregard these pixels:

ETf =
Th− Ts
Th− Tc

=
Th−Ts
dT

ð2Þ

The Tc value is calculated from the air temperature,
according to Eq. (3), where Tmax is the maximum air
temperature on the day of the evaluation, and c is a correc-
tion factor that relates Tmax and Ts on a well-vegetated
surface with good water availability. (Senay et al., 2016).

Tc= c× Tmax ð3Þ

where:

cpixel =
T sjNDVI ≥ 0:8ð Þ

Ta
ð4Þ

and NDVI is calculated by the equation:

NDVI =
NIR−Red
NIRþRed

ð5Þ

where Ts|NDVI ≥ 0.8 is the surface temperature where the
NDVI is greater than 0.8, and Ta is the air temperature at the
time of the evaluations. The temperature differential dT is
determined by solving the energy balance equation (Eq. (6))
for exposed and dry soil, representing the dry/warm boundary
condition. Where Rn is the net radiation in the study area, LE

Figure 5 - Simplified process for the construction of orthomosaics. (A) Position of captured and imported images. (B) Alignment of images by triangula-
tion. (C). Multispectral orthomosaic of the assay.
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is the latent heat; H is sensible heat; G is the heat flux in the
soil; μa is the density of air, Cp is the specific heat of air; and
rah is the aerodynamic drag for exposed, dry ground. Con-
sidering LE and G equal to zero, we have dT given by Eq. (7)
(Allen et al., 2007; Bastiaanssen et al., 1998).

Rn=LEþH þG≈H =
ρa·Cp·dT
rah

ð6Þ

dT =
Rn× rah
ρa×Cp

ð7Þ

The hot pixel condition Th is then calculated by
Eq. (8):

Th= Tcþ dT ð8Þ

After the alignment between the orthomosaics, the
images were imported by the script developed in Python
programming language to calculate the evapotranspiration
through the SSEBop model. To run the script, the Jupyter
notebook platform was used (Kluyver et al., 2016).
Figure 6 presents a flowchart of the SSEBop model imple-
mentation.

2.6. Meteorological data
The meteorological data necessary for the applica-

tion of the SSEBop model and for the determination of the
irrigation depth were obtained through the meteorological
station of EMBRAPA Cerrados, in Planaltina - DF, with
the following geographic location: 15°36’4.91” S, 47°-
42’48.47” W, being located 150 m from the study area.

The SSEBop model uses the FAO 56 Penman-Mon-
teith equation (Allen et al., 1998) to estimate the daily ETo
to determine the ETr, according to Eq. (8). The reference
evapotranspiration was calculated according to Eq. (9)

ETo=
0:408Δ Rn−Gð Þþ γ 900

tmedþ 273

� �
u2(es − ea)

Δþ γ 1þ 0:34u2ð Þ
ð9Þ

The processing of data from the meteorological sta-
tion and the calculation of ETo by the Penman-Monteith
FAO 56 method was performed using a code written in
Python using the reference equations.

2.7. Gas exchanges
To characterize the physiological variables of gas

exchange, an infrared gas analyzer IRGA model LI-

Figure 6 - Processing flowchart of the ETr estimate by the SSEBop model.
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7300XT (LI-COR, Inc., Lincoln, NE, USA) was equipped
with a measuring head measuring 2 × 3 cm and a Model
7300-02B LED artificial lighting system.

The relative humidity of the evaluation head was set
at 50-60%, light intensity at 1200 μmol m−2 s−1, block
temperature at 30 °C, flow at 500 μmol s−1 and the refe-
rence CO2 concentration was controlled at 400 ppm. The
following variables were evaluated: net CO2 assimilation
(A), stomatal conductance (gs) and transpiration rate (E).

During the soybean cycle, an evaluation was per-
formed 89 days after sowing (DAS). In each plot, three
evaluations were performed to quantify gas exchange. The
evaluations were performed on the central leaf of the fully
expanded trifoliate using physiologically mature soybean
leaves (Valdez et al., 2014).

3. Results and Discussions

3.1. Gas exchanges
Figure 7(A) shows the mean photosynthesis values

observed in all genotypes evaluated at 89 DAS. Figure 7
(B) presents the leaf transpiration rate and Fig. 7(C) pre-
sents the stomatal conductance values for the same date.

Treatments with 100% (WR4) and 73% (WR3) irri-
gation showed higher values of photosynthesis and tran-
spiration rate than treatments with lower water replace-
ment (WR2 and WR1), differing statistically by Tukey's
test. The WR4 and WR3 levels showed average photo-
synthesis of 25.23 and 23.59 µmol CO2 m2 s-1, respec-
tively, while the WR2 and WR1 levels showed averages of
12.19 and 4.47 µmol CO2 m2 s-1. This similar trend is
observed in the values of leaf transpiration rate, where the
highest levels present values of 6.77 and 5.90 H2O m2 s-1

for the RH4 and WR3 levels and 2.25 and 0.68 mmol
H2O m2 s-1 for WR2 and WR1 levels, respectively. The
reduction in photosynthetic rate, leaf transpiration rate,
and stomatal conductance (Fig. 7C) is expected as a func-
tion of water deficit because the uptake of CO2 is reduced
(Godoy Androcioli et al., 2020) and senescence induced
by water restriction (Munné-Bosch and Alegre, 2004).
Plants under water stress decreases photosynthesis due
stomatal closure, which reduces cells expansion, leading

to lower leaf elongation and as a consequence lower leaf
area, biomass accumulation and lower yield (Jones, 1990;
Parkash and Singh, 2020).

3.2. NDVI
The average values of NDVI for the experimental

plots (1 m × 1 m) are shown in Fig. 8. The time series
evaluated presents the highest value point for all water
regimes in DAS 63 due to natural senescence, which is
more expressive and accelerated for plants with lower
water depth replacement. The plots with irrigation depths
of 100% (WR4 and 73% (WR3) showed minor difference
between them when compared with the water depths of
19% (WR2) and 42% (WR1).

The behavior of the NDVI for the soybean cycle
with 100% (WR4) and 73% (WR3) of water replacement
followed the normal cycle of the culture, presenting in the
initial phase, an increase of the NDVI with the vegetative
development of the plants until reaching a maximum level
for the management conditions of the experiment when
there is greater leaf area and vegetative vigor, in which it
stabilizes for a period and later there is a decline indicating
physiological maturation. In the sectors with replacement
of 42% (WR2) and 19% (WR1) of evapotranspiration,
there was an early reduction of the index, if compared to
the replacement of 100% (WR4), indicating a stress beha-

Figure 7 - Gas exchanges. (A) Photosynthesis, (B) Leaf transpiration rate and (C) Stomatal conductance for the DAS 89 assessment.

Figure 8 - NDVI curves for different water regimes during the soybean
crop cycle.
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vior of the plants. This stress can be observed in Fig. 9 and
in the field with anticipation of the cycle, chlorosis, and
size reduction.

The use of NDVI through precision agriculture has
great application in agriculture because it is an non-inva-
sive methodology, and easy evaluation (Crusiol et al.,
2017) and can be used in the cultivation of irrigated soy-
bean, sustainable management of water resources. The
NDVI is sensitive to leaf pigments, especially the chlor-
ophyll content of the leaves; in addition, it correlates with
the photosynthetic rate, stomatal conductance, transpira-
tion and soybean productivity (Tavares et al., 2022) in
Future can replace physiological evaluations that are
laborious and time consuming. NDVI can estimate Leaf
area index, plant biomass and water stress (Tian et al.,
2017; Zhu et al., 2015; Silva et al., 2016),

In this work, the data obtained by gas exchange and
NDVI via remote sensing showed the same trends as gas
exchange, that is, the water regimes WR1 and WR2
showed the lowest gas exchange (Fig. 7) and the lowest
NDVI values, which may facilitate the use of this index in
areas under different water regimes.

3.3. Surface Temperature
The surface temperature is a crucial parameter for

determining evapotranspiration by the SSEBop model.
Figure 10 shows the surface temperature images collected
on the same dates as the NDVI. Figure 11 shows the graph
of the average temperature of the selected areas of the
experimental plots (1 m × 1 m) throughout the cycle and
in response to the evaluated water regimes.

An indicator of water stress in plants is the increase
in canopy temperature, measured using portable thermo-
graphic sensors (Bian et al., 2019; Casari et al., 2019).
Several studies concluded the existence of a significant
negative correlation between canopy temperature and
grain yield in plants under water deficit in the soil (Sirault
et al., 2009; Romano et al., 2011; Prashar et al., 2013;
Silva et al., 2023).

Analyzing the surface temperature of the soybean
canopy in response to the application of water regimes, it
is possible to observe a detachment between the curves in
the first evaluation, which indicates the beginning of water
stress in the sector with less irrigation. As the cycle pro-
gresses, there is an increase in surface temperature in the

Figure 9 - NDVI maps for soybean in response to different water regimes. Planaltina, DF, 2019.

Casari et al. 9



sectors with 19% (WR1) and 42% (WR2) of water repla-
cement in relation to the sectors with 73% (WR3) and
100% (WR4) of water replacement. The increase in tem-
perature in these regions is expected due to stomatal clo-
sure of the plants, which causes a decrease in the foliar
transpiration capacity and the consequent increase in tem-
perature (Silva et al., 2023). This control is an important
physiological property through which plants limit water

loss, causing reductions in stomatal conductance and, ge-
nerally, reducing gas exchange as a form of plant response
to several factors, including water stress (Paiva et al.,
2005; Silva et al., 2023). The values of stomatal con-
ductance (gs) as a function of the applied water regime are
presented in Fig. 7(C) confirm the stomata closure for the
more restricted water regimes. As the applied stress is
prolonged, there is also a reduction in the size of the
plants, with a decrease in leaf area and soil exposure in the
images, which further increases the temperature of the
microregion (Farooq et al., 2009). Canopy temperature is
also related to above-ground biomass production, water
use efficiency in plants and yield (Silva et al., 2023).

3.4. Evapotranspiration
Figure 12 shows the images of the daily evapo-

transpiration maps estimated by the SSEBop model along
the cycle obtained through the multispectral images and
surface temperature collected by ARP. Figure 13 presents
the graph with the estimated values of crop evapo-
transpiration throughout the cycle. As in the surface tem-
perature, there is a difference in the evapotranspiration of
the sectors with 19% (WR1) and 42% (WR2) of water
replacement in relation to the sectors with 73% (WR3) and

Figure 10 - Soybean canopy surface temperature maps in response to applied water regimes. Planaltina, DF, 2019.

Figure 11 - Soybean canopy surface temperature in response to applied
water regimes.
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100% (WR4) of the replacement of water. However, the
73% (WR3) and 100% (WR4) sectors remain without sig-
nificant changes between them, while the 19% (WR1) and
73% (WR2) sectors show greater differences in relation to
the material with 100% irrigation depth (WR4), which is
expected as a function of proportional irrigation.

The actual evapotranspiration estimated by SSEBop
was compared with the leaf transpiration rate (mmol m2

s-1). The estimated evapotranspiration in the DAS 90 eva-
luation showed a R2 = 0.76 with the leaf transpiration rate
obtained in the DAS 89 (Fig. 14). This comparison was
performed considering the weather stability observed
between the two days. The results indicate that the esti-
mated evapotranspiration was positively correlated with
the leaf transpiration measurements. Despite this correla-
tion, the comparison only with transpiration at a point in
time may not be the ideal method to determine the func-
tioning of the model. It is necessary to emphasize that the
ground truth considers only leaf transpiration, leaving
open the factor of evaporation of the evaluated micro-
region. Although the data explain part of the factors, the
study demonstrates the usefulness and functioning of the
SSEBop model with the use of high-resolution images in
research areas and production fields.

Regarding the variability found in the data obtained
remotely, it is believed that the high resolution of the sen-
sors can explain part of the variability found in the ana-
lyses, considering that the evaluation in different phenolo-

Figure 12 - Maps of real evapotranspiration estimated by the SSEBop model for soybean in response to the application of different water regimes. Pla-
naltina, DF, 2019.

Figure 13 - Actual evapotranspiration estimated by the SSEBop model
along the soybean cycle in response to the application of different water
regimes.
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gical stages or different levels of water stress ends up also
considering areas where canopy coverage is deficient or
have a smaller leaf area. This ends up exposing an amount
of soil and interfering with the evaluation of the numerical
value of the pixel. Despite this, it is also understood that
this soil interference is part of the physiological response
process of the plant to stress. Despite the variability found,
the estimated results compared with leaf transpiration
show that the SSEBop model using high-resolution ima-
ges has the potential to estimate evapotranspiration in
experimental areas. This model can be explored in future
experiments with different cultures and phenological
stages.

4. Final Remarks
The study evaluated the possibility of using high-

resolution multispectral and thermal images obtained by
RPAs to estimate evapotranspiration in an experimental
soybean field. Thermography and NDVI maps were gen-
erated as sources for estimating evapotranspiration. The
use of the SSEBop model through high-resolution images
is shown as a potential tool for water stress assessments in
soybean crops. This work obtained a good linear correla-
tion between estimated evapotranspiration and leaf trans-
piration. The results showed the possibility of transferring
a model originally designed for low to medium-resolution
images from remote sensing by satellites to high-resolu-
tion space-time images acquired by RPA, with small adap-
tations and generating great potential for scale-up field
studies. We encourage the development of more studies
using high-resolution images for different cultures and
phenological stages to support a more robust evaluation.
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