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ABSTRACT

Surface temperature (Ts) is a determining factor to obtain energy balance parameters,
being relevant to understand the influence of this variable on the estimation of
evapotranspiration. Thus, the objective of this study was to simulate errors in Ts
estimation to verify the consequences of actual evapotranspiration (ETa) estimated by the
SAFER (Simple Algorithm for Evapotranspiration Retrieving) model. For this, an image
of the Landsat-8 satellite was used to induce errors from 0.2K to 10K in the variable Ts,
allowing verifying the consequences in the ETa data. After the estimations of Ts and ETa,
the quantitative consequences and dynamics of Ts impact on the ETa data were verified
along the different land uses in the study area. The results showed that the precise
estimation of Ts is essential to obtain ETa accurately. The image of ETa errors presented
the highest relative errors on the surface with exposed soils and with high Ts values.
However, the highest residuals of ETa images occurred on the surfaces with milder Ts
and higher evapotranspiration rates (irrigated surfaces).

INTRODUCTION

Evapotranspiration is a key factor for determining
the water balance and water demand for crops (Sanchez et
al., 2008; French et al., 2015). The correct estimation of this
parameter is essential for increasing the productivity of
irrigated agriculture (Allen et al., 2007; Alemu et al., 2014).

Remote sensing is a viable alternative for the spatial
estimation of evapotranspiration, assisting in decision-
making at levels of agricultural plots (Bastiaanssen et al.,
1998a; Allen et al., 2007; Teixeira, 2010). For the
spatialized evapotranspiration information to become a
differential, it is necessary to know how accurate the
estimation of this variable is (Djaman et al., 2016;
Petropoulos et al., 2016, 2018), besides being relevant the
knowledge of the influence of intermediate variables on the
evapotranspiration phenomenon.

However, the estimation of evapotranspiration
requires that the sensor on board the satellite can capture
information emitted from the surface and relative to the
electromagnetic  spectrum of the thermal infrared
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(Bastiaanssen, 2000; Li et al., 2013; Jimenez-Bello et al.,
2015). This spectrum is necessary to estimate the surface
temperature, a parameter required in the calculation of
evapotranspiration (Bastiaanssen, 2000; Teixeira, 2010;
Santos et al., 2011; Li et al., 2013; Andrade et al., 2014,
Teixeira et al., 2015; Coaguila et al., 2017).

Several models can estimate the actual
evapotranspiration (ETa) by means of satellite images, for
example, the models SEBAL — Surface Energy Balance
Algorithm for Land (Bastiaanssen et al, 1998a;
Bastiaanssen et al., 1998b; Bhattarai et al., 2017), METRIC
— Mapping EvapoTranspiration at high Resolution with
Internalized Calibration (Allen et al., 2007), and SAFER —
Simple Algorithm for Evapotranspiration Retrieving
(Teixeira, 2010).

Methodologies in the SEBAL and METRIC models
require spectral data from the thermal region to calculate
surface temperature (Ts) and, consequently, find radiation
balance, soil heat flux, sensible heat flux, latent heat flux,
evaporative fraction, and ETa (Liou & Kar, 2014). The
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SAFER model is based on a simpler parameterization, in
which Ts is already used in the calculation of the
evapotranspiration fraction (r) and then ETa estimation.

However, due to the simplicity of the SAFER model
and its high applicability potential in irrigation management
consultancies, it is important to know more about the
sensitivity that the ETa estimated by this model has as a
function of Ts. It is a fact that there are models more
sensitive to surface temperature errors than others are, such
as two-source models (Zhang et al., 2016).

Given the importance of estimating ETa in typical
regions of irrigated agriculture, coupled with the unanimity
of models in using Ts to predict ETa, and considering that
Ts is a key parameter in estimating evapotranspiration (Hain
& Anderson, 2017), it is relevant to know how possible
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errors in Ts estimation can affect the estimation of
evapotranspiration. This study aimed to simulate errors in
Ts estimation to verify the consequences generated in ETa
estimated using the SAFER model.

MATERIAL AND METHODS
Study area

The study area used to carry out the simulation is
located in the western region of Bahia State, municipality of
Séo Desidério, at the pairs of geographical coordinates X1-
414,315; Y1-8,630,725 and X2-441,619; Y2-8,613,014,
Datum WGS-84, UTM (Universal Transverse Mercator)
projection, zone 23 S (Figure 1), totaling an area of
approximately 500 km?.

0 5 10 km

[

FIGURE 1. Study area used to simulate the sensitivity of actual evapotranspiration to the surface temperature in relation to the

western mesoregion of Bahia State and Brazil.

An image from the satellite Landsat-8 Collection 1,
Level 1 processing, orbit/point 220/069, from March 6,
2015, was used to perform this simulation. This image was
acquired on the platform maintained by the United States
Geological Survey (USGS) called EarthExplorer. The
meteorological data were acquired through an automatic
station (Davis, Vantage Pro Plus, Hayward, CA) present in
the study area. The data collected from this station were
relative humidity (%), wind speed (m s!), solar radiation
(W m?), and mean, maximum, and minimum temperatures
(°C). These data were used to calculate the reference
evapotranspiration (ETo), which was used to estimate ETa
using the SAFER model. ETo was estimated according to
the Penman-Monteith equation, recommended as standard
by the FAO-56 bulletin (Allen et al., 1998).

After estimating ETo, ETa was estimated using
images. ETa estimation was divided into stages: image
preprocessing, calculation of intermediate variables
(SAFER variables) of the model, and ETa estimation by the
SAFER methodology.

Image preprocessing

Before the estimation of evapotranspiration by the
SAFER algorithm, a radiometric conversion (Ponzoni et
al., 2012) and atmospheric correction were performed
Chavez Jr (1996).

The radiometric conversion consists of the
conversion of digital numbers (DN) of the pixel to physical
values of radiance and reflectance. The conversion was
performed for each band of the image obtained by the
Landsat-8 satellite (Equation 1) (Ariza, 2013).

Li=ML Q_,+ AL ()
Where:
LA is the top-of-atmosphere radiance (W m2 sr ! um™);

M. is the specific multiplicative (gain) factor for
each band;

Ar is the specific additive (offset) factor for each
band, and

Qcal is the quantized and calibrated standard product
pixel value (DN). Gain and offset are values
provided by the image metadata file.

The conversion of radiance to reflectance (pA) of the
images obtained by the OLI sensor (bands 2 to 7) were
performed according to [eq. (2)] (Allen et al., 2002; Teixeira
et al., 2015).

Tt L;L dz
pP ESUN, cosZ (2)
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Where:

pp is the  top-of-atmosphere  reflectance
(dimensionless);

ESUN, is the solar exoatmospheric irradiances
corresponding to each band of the OLI instrument
(Wm?pum™);

Z is the solar zenith angle (radians), and

d is the Earth-Sun distance (astronomical unit).

The methodology called Dark Object Subtraction
(DOS), proposed by (Chavez Jr, 1988), using the Semi-
automatic Classification plugin (Congedo, 2016) through
QGIS 2.8 (QGIS Development Team, 2017) was used to
mitigate the effects of the atmosphere.

SAFER variables

The spectral radiance of band 10 was converted into
top-of-atmosphere brightness temperature (Tpri) using the
thermal constants provided by the image metadata file
(Equation 3).

ThE) ©)

Thi is the top-of-atmosphere brightness temperature (K);

K1 is the thermal constant specific for the band (W
m 2 st um™), and

K2 is the thermal constant specific for the band (K).

The methodological procedure of Teixeira et al.
(2017) to obtain the required parameters was used to
calculate evapotranspiration by the SAFER method. The
required parameters are planetary albedo (Equation 4),
surface albedo (Equation 5), surface temperature (Equation
6), and normalized difference vegetation index (NDVI)
(Equation 7). The bands B2 to B7, which correspond to the
spectra of blue (B2, 0.45-0.51 pum), green (B3, 0.53-0.59
um), red (B4, 0.64-0.67 um), near infrared (B5, 0.85-0.88
um), short wavelength infrared 1 (B6, 1.57-1.65 um), short
wavelength infrared 2 (B7, 2.11-2.29 pum) were used to
calculate the planetary albedo.

Otop™ Z(COL Py ) (4)
0p=0.61 oy, + 0.08 5)
Ty=1.07T,; —20.17 (6)
NDVI =285 P84 (7)
PBs T PB4
Where:

Oop 18 the planetary albedo (dimensionless);

. is the ratio between the quantity of short-wave
radiation received from the sun at the top of the
atmosphere in a given range and the sum for all
bands used for oo (dimensionless);

ao is the surface albedo (dimensionless);
Ty is the surface temperature;

pss is the reflectance over the wavelength ranges in
the near-infrared region of the solar spectrum, and

pB4 1s the reflectance over the wavelength ranges in
the red region of the solar spectrum.

Reflectances listed above refer to bands 5 and 4 for
the Landsat-8 satellite, respectively. The ratio ®, was
obtained using [eq. (8)]:
= ESUNyj

TESUNy;

®)

A

Where:

> ESUNA,; is the sum of short-wave solar radiation in all
bands at the top of the atmosphere (W m™2 pm™), and

ESUNM, is the solar irradiation in band 1.

Actual evapotranspiration — ETa

After obtaining the variables, the SAFER algorithm
was used to model the ratio between the actual and reference
evapotranspiration (ETa/ETo) at the time of satellite pass
over the area (Equation 9), being this ratio named 1:

I =exp [(x+[3 (—TO )] )

agXNDVI
Where:

a and B were 1.8 and —0.008 °C™!, respectively, as
suggested by Teixeira et al. (2013) for semi-arid
conditions.

The calculation of actual evapotranspiration is
independent on the user’s knowledge regarding land use or
the crop used in the field since the ratio r allows inferring
on the crop coefficient. After obtaining r, ETo obtained by
the FAO-56 method (Allen et al., 1998) was multiplied by
the resulting image of [eq. (9)], resulting in the daily actual
evapotranspiration of SAFER (ETa), as shown in [eq. (10)]:

ETa=r*ETo (10)
Where:

ETa is the actual evapotranspiration obtained by the
SAFER algorithm (mm d!).

Because the objective was to analyze the influence
of Ts on ETa, we needed to re-estimate ETa for the different
errors added in the Ts image, as detailed in the next section.

Methodology of error addition in Ts

The following errors were added in the Ts image to
verify the influence of Ts on the sensitivity of ETa estimated
by SAFER: 0.2, 0.5, 1, 2, 3, 4, 5, and 10 K. Errors were
incrementally added in Ts to analyze the impact they cause
on the different surfaces of the study area.
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Therefore, eight Ts images were generated with the
increment of the mentioned errors. After error addition, ETa
were estimated using Ts information with errors. This
procedure was performed to analyze the residuals between
ETa without error and ETa with error addition in Ts.

Analysis of ETa sensitivity under the influence of
surface temperature

The relative percentage error between ETa estimated
with Ts errors and ETa estimated without Ts errors was
calculated to evaluate the sensitivity of ETa data under the

422500
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influence of positive errors on Ts. Also, the residuals
between ETa estimated with errors and ETa without error
addition were calculated.

RESULTS AND DISCUSSION

The behavior of NDVI estimated for the day of
analysis is shown in Figure 2. NDVI shows the dynamics of
vegetation vigor and hence allows inferring with the spatial
behavior of Ts and ETa.

432500
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FIGURE 2. NDVI for the study area on March 6, 2015.

NDVI (Figure 2) showed that the region presented
areas with a predominance of vegetation in its pixels, which
was evidenced by high NDVI values (above 0.74). NDVI
also showed a high amplitude in its values, which allowed
the analysis of the influence of Ts on ETa in the most
different terrestrial surfaces (amplitude of 0.18 to 0.93 of
NDVI values). For Figure 2, regions with NDVI values of
0.18 to 0.36 represent exposed soils and areas with straw.
NDVI values close to 0.36 to 0.55 represent plots with crop
in development and crops in the senescence processes.
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Figures 3A and B show the images of Ts and ETa,
respectively, estimated by the SAFER model on March 6,
2015. These images are free from purposive errors, serving
as a basis for the following discussions. Figure 3A shows
that Ts has an amplitude ranging from 296 K to 312 K. Sites
with lower temperatures are linked to those with higher
evapotranspiration values, the reverse being true (Figures
3A and 2B) since the more intense the evaporation
phenomenon is, the higher the latent heat transfer and thus the
surface cooling (Li et al., 2013; Jimenez-Bello et al., 2015).
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FIGURE 3. Surface temperature (Ts) (A) and actual evapotranspiration (ETa) (B) for the study area on March 6, 2015.
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By increasing the positive error in the Ts product,
center pivot regions, which had a behavior similar to cold
pixels, now have characteristics of a region with low
humidity. Therefore, these regions resembled a hot pixel
behavior, being the estimation of evapotranspiration
underestimated (Bastiaanssen, 2000; Teixeira et al., 2009;
Machado et al., 2014; Bhattarai et al., 2017).

According to Allen et al. (2002), the cold pixel
should be selected to represent an agricultural area that
presents vegetation with closed canopy and well irrigated,
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with sensible heat flux considered zero. This condition is
adequate for the center pivots of the study area, for the date
when the image was captured. In addition, the hot pixel can
be described as an agricultural area of exposed soil, low
humidity, and where the latent heat flux is considered zero.

The relative percentage error in which Ts allowed
estimating ETa in the study area was analyzed to know the
regions significantly affected by the addition of Ts errors
(Figure 4).

422500

432300

422500 432500

422500
M

0 5 10 15 20 km
I ..
Datum WS 84

Projection UTM zone 238

FIGURE 4. Relative percentage error of the actual evapotranspiration with the following error addition (+) in the surface
temperature: 0.2 K (A), 0.5K (B), 1 K(C),2 K (D), 3K (E), 4 K (F), 5 K (G), and 10 K (H).
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Figure 4 shows that the most affected regions in
relative percentage to ETa are regions with a high Ts and
predominance of exposed soils (low NDVI values). These
regions presented lower intensity evapotranspiration as they
already fit the characteristics of regions for selecting hot
pixel, as previously defined (Bhattarai et al., 2017).

In interpreting Figure 4 and analyzing the
occurrences of dynamics of relative errors deepening the
energy balance process, it is verified that a positive error in
Ts estimation leads to a reduction in the available energy in
the system, i.e., in the surface radiation balance. It is due
mainly to the Stefan-Boltzmann Law equation, which
determines that a body emits long-wave radiation
proportional to the fourth power of its temperature
(Angelini et al., 2017). Thus, if an error occurs in Ts, it will
be raised to the fourth power in the estimation of long-wave
radiation emission. The overestimation in long-wave
radiation results in a lower radiation balance, and hence,
there will be an underestimation of the energy available to
perform the other physical and biological processes of the
energy balance equation.

When analyzing Figure 4 and performing a
reflection on the theory of soil heat flux (energy balance), it
is perceived that it is raised with an increase in Ts. Soil heat

28

flow increases mainly because the temperature of this
surface is considered higher as it is the portion of the energy
balance equation responsible for soil heating by conduction.
The empirical equation developed by Bastiaanssen (2000)
demonstrates in mathematical terms that this relation is true.

The analysis of relative errors of Figure 4, starting
from theoretical reasoning on sensible heat flow, showed
that it should also increase as Ts increases caused by the
added errors. This finding is true since this phenomenon
represents the energy expended in the energy balance for air
heating near the surface, which occurs by convection. The
additional positive error in Ts causes the temperature
gradient to rise, distancing the surface temperature (Z1)
from the air temperature near the surface (Z2), causing the
surface to increase in a heat loss rate to the atmosphere due
to this difference. The analysis of the sensible heat flow
equation in SEBAL (Bastiaanssen et al., 1998b; Allen et al.,
2002), showed this occurrence in algebraic terms.

However, the fact that the relative error was higher
in regions with low ETa rates does not mean that these
surfaces are the most affected by surface temperature errors.
Figure 5 shows the absolute residuals of ETa caused by
different errors added in Ts product.

Engenharia Agricola, Jaboticabal, v.39, special issue, p.23-32, sep. 2019



Sensitivity of evapotranspiration estimated by orbital images under influence of surface temperature 29

422500

432500

8622000 8629000

8615000

422500 432500

8622000 8629000

8615000

422500 432500

8622000 8629000

8615000

8622000 8629000

8615000

230

FIGURE 5. Residual between the simulated evapotranspiration with positive surface
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temperature errors and

evapotranspiration without error addition: additions of 0.2 K (A), 0.5 K (B), 1 K (C), 2 K (D), 3 K (E), 4 K (F), 5 K (G), and

10 K (H) in the surface temperature.

By observing Figure 5 and relating it to Figure 3,
residuals in millimeters were more accentuated on surfaces
that have higher evapotranspiration values, such as the
center pivots located in the study area. Most of these center
pivots were on the crop at advanced development stages at
image time. It highlights the importance of accurately
estimating Ts, as the estimation of evapotranspiration is
usually processed for irrigated crops.

Figure 6 shows the histograms of residuals of ETa

caused by different errors in Ts estimations. In this case, the
mean errors in the images were 0.034 (0.2 K), 0.084 (0.5
K), 0.165 (1K), 0.317 (2K), 0.455 (3 K), 0.582 (4 K), 0.698
(5 K), and 1.148 mm d™! (10 K). Considering that the
reference evapotranspiration in the study area by the
Penman-Monteith method (Allen et al., 1998) was of the
order of 3.37 mm d™! on March 6, 2015, the estimation in
the surface temperature error caused a significant impact in
obtaining ETa.
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FIGURE 6. Histograms of residuals between the actual evapotranspiration without and with error addition in the surface
temperature: additions of 0.2 K (A), 0.5 K (B), 1 K (C),2 K (D), 3 K (E), 4 K (F), 5 K(G), and 10 K (H) in the surface temperature.

A significant frequency of points with residuals from
1.7 to 2.3 mm d ! was observed when analyzing the extreme
right tail of the histograms in Figure 6, focusing on Figure
6H. These points are related to center pivots that present
ETa in the order of 4.5 to 5 mm d™' (Figure 2B).

Figure 7 shows, through boxplot graphs, the
descriptive statistics of the residual of ETa for the different
intensities of errors applied to the Ts product, which allows
verifying the effects that Ts errors caused on ETa of the
surface of the study area.
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FIGURE 7. Descriptive statistics of the different residuals generated in the actual evapotranspiration for the different intensities

of the surface temperature error.
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After analyzing the results, it is perceived that
accurately estimating Ts is essential for reliable estimations
of evapotranspiration. Small errors in Ts may lead to large
errors in the magnitude of evapotranspiration of the surface
depending on the land use present in it. This fact was
perceived through a qualitative analysis of NDVI (Figure 2)
with images of ETa errors caused by the additional Ts errors
(Figures 4 and 5).

Thus, if the intention is to manage irrigation with
orbital data, attention should be given to the coherent Ts
estimation, being important to analyze the estimation
calculations before continuing to obtain ETa.

CONCLUSIONS

The surface temperature has a considerable influence
on the ETa data estimated by satellites, being important that
this variable be correctly estimated for an assertive
evapotranspiration demand.

Residuals with higher magnitudes in ETa in the
study region are present on surfaces that have higher daily
ETa values.

The relative percentage error in the studied region is
higher on surfaces that have lower evapotranspiration,
usually in regions with high Ts.
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