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Abstract 
This study evaluated the performance of the SAFER and METRIC algorithms to estimate the actual 
evapotranspiration (ETa) of irrigated tomato crops for industrial processing in the south-central region of 
Goiás, Brazil. The research was conducted in eight tomato-producing areas using center-pivot irrigation 
during the 2018 and 2019 harvests. Landsat 8 OLI/TIRS satellite images (temporal resolution of 16 days) 
helped estimate ETa through the SAFER e METRIC models compared with FAO methods, using the single 
crop coefficient (Kc) of the FAO-56/Embrapa and the soil water balance (BHS) method based on statistical 
indices. The analyzed algorithms presented spatiotemporal variations for ETa during the tomato crop cycle 
for industrial processing. The maximum evapotranspiration estimated by SAFER was 5.20 mm d-1, and by 
METRIC was 5.00 mm d-1. The algorithms were accurate compared with the standard methods, mainly the 
FAO using Embrapa’s Kc. The mean squared error was lower than 0.59 mm d-1 for SAFER and lower than 
0.73 mm d-1 for METRIC. The ETa estimated by both models in the vegetative and fructification phases was 
lower than the mean absolute error of 0.24 mm d-1 compared with the standard methods. The SAFER 
model showed higher agreement with standard practices than the METRIC model, with an index between 
0.64 and 0.99. This study demonstrated that algorithms may effectively estimate ETa in tomato crops for 
industrial processing in the analyzed region. 
 
Keywords: Center pivot. Geoprocessing. Solanum lycopersicum L. Water management. 
 
1. Introduction 
 

Using water resources for agriculture tends to increase with population growth due to the 
characteristics of the new agricultural frontiers and the decreased reliability of natural supplies (Pires et al. 
2016; Petropoulos et al. 2018). This growing water usage prompts the need for integrated and participative 
solutions to manage drainage basins and mainly efficient and rational water use for irrigation (Saccon 
2018; Singh 2018). 

Hence, reliable estimates of the hydrological cycle's components, such as crop water requirements, 
are essential for efficient irrigation systems and hydrological models (Allen et al. 1998; Pires et al. 2016). 
Estimating crop water requirements through meteorological monitoring by evapotranspiration (ET) and 
single crop coefficient (Kc) is among the most traditional and frequent irrigation management practices. 
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However, the logistic challenges and high installation costs of some standard methods to determine ET and 
spatiotemporal variability from the dependence on these soil and vegetation characteristics allow ET 
estimation only in small areas. That makes climate monitoring an obstacle for irrigation management 
(Allen et al. 1998; Wagle et al. 2019). 

Thus, remote sensing to estimate ET becomes promising for irrigation management. It estimates 
the actual evapotranspiration (ETa) of crops on a large spatiotemporal scale according to the origin of 
images, regardless of the crop, phenological phase, and crop system. Remote sensing is also an alternative 
for regions with difficult access and missing data due to high machinery costs (Singh 2016; Zhang et al. 
2016; Dias et al. 2021). 

Some models have excelled in estimating ETa by satellite images in agriculture (Venancio et al. 
2020; Xue et al. 2020). Among them are the Two-Source Energy Balance (TSEB) (Norman and Becker 1995), 
Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al. 1998), Mapping Evapotranspiration 
at high Resolution with Internalized Calibration (METRIC) (Allen et al. 2007), Simple Algorithm For 
Evapotranspiration Retrieving (SAFER) (Teixeira 2010; Teixeira 2012), and Operational Simplified Surface 
Energy Balance (SSEBop) (Senay et al. 2016). However, algorithm selection and whether remote sensing 
perceives alterations among crops, regions, and water availability remain to be studied. 

The METRIC model uses reference evapotranspiration (ETo) from meteorological data to calibrate 
sensible heat flux and extrapolate instantaneous values into daily values. This cold pixel calibration absorbs 
errors from the radiation balance and soil heat flux, eliminating the need for advanced atmospheric 
corrections of soil temperature and albedo (Allen et al. 2007). Nevertheless, this model is limited by the 
need to identify pixels in extreme water conditions in the image to calculate the sensible heat flux. When 
this calculation is made incorrectly, it may cause evapotranspiration estimation errors (Khand et al. 2017; 
Elkatoury et al. 2019). 

The SAFER model is based on ETa and ETo ratio modeling, measured by the Penman-Monteith 
equation (Teixeira 2012; Teixeira et al. 2013). This model does not require identifying anchor pixels. It 
estimates ET with agrometeorological data from stations, whether automatic or conventional (Teixeira et 
al. 2013), even though it needs calibrating coefficients a and b to measure ET/ETo (Venancio et al. 2021). 

Tomatoes (Solanum lycopersicum L.) are the most widespread vegetable produced worldwide after 
potato crops. They are relevant to human health because they are a source of lycopene, which prevents 
diseases and heart conditions (Breksa et al. 2015). 

Brazil is the eighth largest tomato producer for industrial processing (1.45 million tons), ranking 
behind countries such as the United States, China, Italy, and Spain, with 11.43, 5.18, 4.84, and 2.95 million 
tons, respectively (WPTC 2020). Goiás is Brazil’s largest producer of tomatoes for industrial processing, 
showing relevance to Brazilian agribusiness (IBGE 2019). 

The tomato plant is one of the most demanding in terms of water, with a mean consumption 
between 300 and 650 mm. Its cultivation in Goiás is entirely irrigated (Feb-Oct), mainly using a center 
pivot, making irrigation management essential for crop success (Marouelli et al. 2012). However, it is 
usually performed inadequately (Marouelli and Silva 2006; Basílio et al. 2019). Thus, empirical irrigation 
management studies are needed to verify the efficiency and modernization of the productive system. 

Therefore, this study evaluated the SAFER and METRIC algorithm performances in estimating the 
ETa of tomatoes for industrial processing with center-pivot irrigation in the south-central region of Goiás, 
Brazil. 
 
2. Material and Methods 
 
Study area and crop data 
 

The study was conducted in five areas (Figure 1), with three having two repeated crops of tomato 
production for industrial processing with center-pivot irrigation in Goiás. The locations were Palmeiras de 
Goiás (16°41'45" S, 49°53'05" W, 670 m), Anápolis (16°26'18" S, 48°50'18" W, 1002 m), Silvânia (16°45'57" 
S, 48º40'05" W, 960 m), Gameleira de Goiás (16º22'43" S, 48º37'11" W, 975 m), and Piracanjuba 
(17°32'24" S, 48°56'29" W, 690 m). The study occurred during the 2018 and 2019 harvests. The Köppen-
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Geiger classification defines the region's climate as Aw – tropical, with dry winters and rainy summers, 
average annual precipitation of 1500 mm, and an average annual temperature of 23.4°C (Kottek et al. 
2006; Cardoso et al. 2014). 

 

 
Figure 1. Localization of the studied areas, emphasizing the installation site of soil moisture sensors and 
rain gauges: Palmeiras de Goiás (16°41'45" S, 49°53'05" W, 670 m), Anápolis (16°26'18" S, 48°50'18" W, 

1002 m), Silvânia (16°45'57" S, 48º40'05" W, 960 m), Gameleira de Goiás (16º22'43" S, 48º37'11" W, 975 
m), and Piracanjuba (17°32'24" S, 48°56'29" W, 690 m). 

 
The predominant soil of the studied regions was dystrophic Red Latosol (Oxisol) (EMBRAPA 2013). 

Table 1 describes the technical descriptions of the tomato crops for industrial processing in the analyzed 
areas. 

 
Table 1. Technical description of the tomato crops for industrial processing in the analyzed areas. 

Location Area (ha) Hybrid Transplanting  Harvest System* 

Anápolis 50 N-901 05/15/2018 09/18/2018 NT 
Palmeiras de Goiás 25 N-901 06/05/2018 09/22/2018 NT 
Palmeiras de Goiás 25 N-901 06/17/2019 10/07/2019 NT 
Piracanjuba  50 N-901 05/23/2019 09/24/2019 CT 
Piracanjuba  50 CRV-2909 03/26/2019 07/15/2019 CT 
Silvânia 50 N-901 08/05/2018 09/13/2018 CT 
Silvânia 50 H-9553 05/26/2019 09/12/2019 NT 
Gameleira de Goiás 25 CRV-6116 05/23/2018  09/13/2018  NT 

*CT: Conventional tillage, NT: No-tillage. 

 
Landsat 8 images 
 

The study used images from the OLI/TIRS orbital sensors onboard the Landsat 8 satellite, with a 
multispectral spatial resolution of 30 m, thermal resolution of 100 m, and temporal resolution of 16 days of 
the orbit/point 221/72 and 222/72, Landsat Collection 1 Level 1. It also applied images of the digital 
elevation model (DEM) obtained by the Shuttle Radar Topography Mission (SRTM) of the areas of interest. 
Both image sets were collected from the image gallery of the United States Geological Survey (USGS, 
2020). The area located in Anápolis presented an image overlay, which reduced the temporal resolution to 
8 days. Images with clouds were discarded. 
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Description of the METRIC model 
 
The METRIC model used the methodology described by Allen et al. (2005), Allen et al. (2007), and 

Allen et al. (2011). The ETa is estimated as the surface energy balance residue using Eq. 1: 
                                                         LE = Rn - G - H                                                                                  (1) 

where LE is the latent heat flux - energy wasted in the evapotranspiration process (W m-2), Rn is the net 
radiation (W m-2), G is the soil heat flux (W m-2), and H is the sensible heat flux in the air (W m-2). 

Eq. 2 measures net radiation (Rn): 
                               Rn = RS↓ - αRS↓  + RL↓ - RL↑ - (1-ε0) RL↓                                                    (2) 

where Rn is the net radiation (W m-2), RS↓ is the shortwave radiation input (W m-2), α is the surface albedo 
(dimensionless), RL↓ is the longwave radiation input (W m-2), RL↑ is the longwave radiation output (W m-

2), and ε𝑜 is thermal surface emissivity (dimensionless). 
Eq. 3 estimated soil heat flux (G): 

                                  
G

   Rn
= Ts (0.0038 + 0.0074 α).(1 - 0.98NDVI4)                                                       (3) 

where G is the soil heat flux (W m-2), Ts is the surface temperature (°C), α is the surface albedo, NDVI is the 
normalized difference vegetation index, and Rn is the net radiation (W m-2). 

Sensible heat flux (H) was measured with the following aerodynamic heat transfer using equation 
Eq. 4: 

H = ρair Cp
 dT 

rah
                                                                            (4) 

where ρair is air density (kg m-3), Cp is specific air heat (1004 J K-1 kg-1), 𝑑𝑇 is the temperature difference 
between two heights - 𝑧1 (0.1 m) and 𝑧2 (2 m), and rah is the aerodynamic resistance for heat transfer (s m-

1). 
In the METRIC model, the Calibration using Inverse Modeling at Extreme Conditions (CIMEC) 

applied to the energy balance internally adjusts rah and dT values (Bastiaanssen et al. 1998; Allen et al. 
2007). This calibration is based on the linear relationship between dT and Ts in two extreme conditions, 
i.e., between two anchor points. The cold anchor pixel is mainly represented by well-irrigated areas and 
soil entirely covered by vegetation. The maximum evapotranspiration is supposedly equivalent to the 
reference evapotranspiration multiplied by a constant coefficient. The hot pixel is mainly represented by 
areas in dry conditions, with little or no vegetation (exposed soil) and evapotranspiration close to zero 
(Allen et al. 2005; Allen et al. 2007). 

Considering the latent heat flux, each pixel is calculated when the satellite passes over the area, 
and they are converted into instantaneous evapotranspiration (Eq. 5): 

ETinst.= 3600 
LE

λ ρw

                                                                          (5) 

where ETinst is instantaneous ET (mm h-1), LE is the latent heat flux consumed by ET (W m-2), ρw is water 
density (1000 kg m-3), 3600 is the conversion time from seconds to hours, and 𝜆 is the latent heat of 
vaporization (J kg-1) measured by Eq. 6: 

λ = (2.501 - 0.00236(TS - 273.15) x 106                                                    (6) 
Fractional reference evapotranspiration (ETrF) is measured using the data of the meteorological 

station close to the studied area (Eq. 7): 

 ETrF= 
ET inst

ETo
                                                                              (7) 

where ETinst is instantaneous evapotranspiration (mm h-1), and ETo is the reference evapotranspiration 
when the satellite passes over the area (mm h-1). 

Eq. 8 measured actual evapotranspiration obtained by METRIC (ETa - ETMETRIC) : 
                                                               ETMETRIC = ETrF. ETo                                                                (8) 

where ETrF is fractional reference evapotranspiration, and ETo is reference evapotranspiration - FAO 56 
(mm d-1). 
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Description of the SAFER model 
 

The SAFER model used the methodology described by Teixeira (2010), Teixeira et al. (2012), and 
Teixeira et al. (2017). Eq. 9 calculated surface albedo values: 

αo = 0.7* αtop + 0.06                                                                   (9) 

where αo is the surface albedo, and αtop is the upper atmosphere albedo. 
Eq. 10 measured the surface temperature: 

To =1.11 x Tbright - 31.89                                                            (10) 

where Tbright is determined by Eq. 11: 

Tbright=

1321.08

ln(
774.89
L10 + 1

)
+

1201.14

ln(
480.89
L11+1

)

2
                                                              (11) 

where L is the radiance of thermal bands 10 and 11. 
Eq. 12 measured the normalized difference vegetation index (NDVI): 

NDVI= 
(IVP - V)

IVP + V
                                                                   (12) 

where IVP is the near-infrared band reflectance, and V is the red band reflectance. 
Eq. 13 calculated the instantaneous values of the ET/ETo relationship: 

ET

ETo
= exp [a + b (

To

αo x NDVI
)]                                                         (13) 

where αo is the surface albedo, To is the surface temperature (°C), ETo is reference evapotranspiration (mm 
d-1) by the Penman-Monteith method - FAO-56, and "a" and "b" are coefficients with values equal to 1.0 
(Teixeira et al. 2013; Hernandez et al. 2016) and -0.008 (Teixeira, 2010), respectively. 

Eq. 14 determined actual evapotranspiration by the SAFER model (ETa – ETSAFER): 

                                                               ETSAFER = 
ET

ETo
. ETo                                                                   (14) 

where ETo is reference evapotranspiration - FAO 56 (mm d-1). 
Pixels were selected using the ETa value (SAFER and METRIC) within the center-pivot area so that all 

images analyzed during the tomato crop cycle had equivalent locations. The control pixels were located in 
a 120m radius from the moisture sensor batteries installed in the studied area. 

 
Soil water balance 

 
Soil water storage measurement used the Simpson rule (Libardi, 2012), following Eq. 15: 

                              ARM = ∫ θ (Z)dZ = 
Z

3

L

0
  (θ0 + 4θ1 + θ2)                                                                 (15) 

where ARM is soil water storage, Z is the effective depth of the root system, and θ is soil water content (m3 
m-3) obtained through FDR soil moisture sensors (EC-5 of Decagon Devices), calibrated following Sena et al. 
(2020), in depths of 0.1 (θ0), 0.3 (θ1), and 0.5(θ2) m, and connected to a Decagon Devices datalogger EM-
50. 

The ∆ARM was determined by the difference in soil water content values obtained at the initial and 
final times of each period and expressed by Eq. 16: 
                            ∆ARM = ⌊θf - θi⌋L =  Af - Ai                                                                                       (16) 
where Af and Ai are the final and initial accumulated water storages, respectively. 

Three FDR sensor batteries were installed in each analyzed area. The selected points for analyzing 
the current evapotranspiration estimate were close to sensor locations. 

 
Reference evapotranspiration and single crop coefficient 

 
The Penman-Monteith FAO standard method (Allen et al. 1998) determined ETo, and the necessary 

meteorological data was obtained through automatic meteorological stations installed at a 50m radius in 
each studied area. The single crop coefficient (ETFAO) (Allen et al. 1998) was determined using the 
coefficients recommended by Embrapa, the Brazilian Agricultural Research Corporation (ETEmbrapa) 
(Marouelli et al. 2012), according to the crop system (conventional or no-till) used in the studied area, as in 
Table 2. 
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Table 2. Tomato single crop coefficient (Kc) according to FAO and Embrapa. 
Development stage Kc FAO Kc Embrapa

 
CT Kc Embrapa NT 

Initial 0.6 0.80 - 0.90 0.35 - 0.45 
Vegetative 1.15 0.55 - 0.65 0.40 - 0.50 

Fructification 0.70 - 0.90 1.00 - 1.11 0.95 - 1.05 

Maturation 0.6 0.25 - 0.35 0.25 - 0.35 

CT: Conventional tillage, NT: No-tillage. 

 
Statistics 
 

The models were evaluated through linear regression analysis. They were statistical indicators, 
coefficient of determination (R²) (Eq. 17), Willmott index of agreement (d) (Willmott et al. 1985) (Eq. 18), 
mean absolute error (MAE) (Eq. 19), and mean squared error (MSE) (Eq. 20). 

 

R2=1- [
∑ (Ei - Oi)

2

∑ (|Ei-O|+|Oi-O|)
2]  (17) 

d = 1- [
∑ (Ei-Oi)

2

∑ (|Ei-O|+|Oi-O|)
2] 

(18) 

MAE=
1

N
∑|Oi-Ei|  

(19) 

MSE =
1

n
 ∑(Oi − Ei)

2 
(20) 

where Oi is the observed value (ET determined by the FAO, Embrapa, and the BHS method) in mm d-1, Ei is the value estimated by the SAFER 
and METRIC algorithms in mm d-1, O is the mean of observed values in mm d-1, and n is the number of observations. 

 
3. Results 
 

Figures 2, 3 and 4 present the spatiotemporal distribution of ETa for the tomato crops measured by 
the SAFER (ETSAFER) and METRIC (ETMETRIC) algorithms in the studied areas in 2018 and 2019. 

ETSAFER and ETMETRIC values acquired from Landsat 8 images during the tomato crop cycle varied 
according to the development stage and cultivated area. 

ETa values were more uniform throughout the areas studied by the SAFER than the METRIC 
algorithm, suggesting higher reliability in the SAFER model. 

ETSAFER and ETMETRIC values were lower in all areas at the beginning of the cycle with little vegetation 
cover, during seedling establishment, at the end of the cycle when tomato plants begin the senescence 
stage, and at the beginning of harvesting compared with the vegetative and fructification phases of tomato 
crops for industrial processing. The METRIC algorithm values were lower than SAFER for these low 
evapotranspiration phases. 

The no-till farming areas presented a lower discrepancy in evapotranspiration values during the 
beginning of the cycle with the standard methods than conventional farming areas. Adequate amounts of 
straw covering the soil alters the soil-water-atmosphere relationship, especially at the start of the cycle, 
when the crop’s leaf area index does not entirely cover the soil (Warreen et al. 2014). 

Xue et al. (2020) measured the ETa of tomato crops for industrial processing using orbital images, 
noting the underestimation of ETMETRIC at the beginning of the cycle. The same authors attributed this 
behavior to the influence of exposed soil and the underestimated average net radiation when empirical 
equations measure it by resizing instantaneous evapotranspiration for ETa. 

In another perspective, low evapotranspiration values at the beginning of the crop cycle may occur 
because Kc varies with high water evaporation. 

SAFER and METRIC models usually estimate higher evapotranspiration values during the vegetative 
phase (flowering onset) and the beginning of fructification. Maximum ETSAFER and ETMETRIC values were 5.2 
mm and 5.0 mm d-1 (Figure 2.6), respectively, corresponding to the crop period with higher vigor - the 
vegetative stage of fructification. 
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Anápolis, 2018 

 
Palmeiras de Goiás, 2018 

 

Figure 2. Spatiotemporal distribution of evapotranspiration for tomato crops for industrial processing 
measured by the SAFER (ETSAFER) and METRIC (ETMETRIC) models in Anápolis-GO and Palmeiras de Goiás-GO, 

in 2018. 
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Silvânia, 2018 

 

 
Silvânia, 2019 

 
Palmeiras de Goiás, 2019 

Figure 3. Spatiotemporal distribution of evapotranspiration for tomato crops for industrial processing 
measured by the SAFER (ETSAFER) and METRIC (ETMETRIC) models in Silvânia-GO, in 2018, and Silvânia and 

Palmeiras de Goiás-GO in 2019. 
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Piracanjuba, 2018 

 

 
Piracanjuba, 2019 

 

 
Gameleira de Goiás, 2019 

Figure 4. Spatiotemporal distribution of evapotranspiration for tomato crops for industrial processing 
measured by the SAFER (ETSAFER) and METRIC (ETMETRIC) models in Piracanjuba-GO in 2018/2019, and in 

Gameleira de Goiás-GO in 2019. 
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Despite their similarities, the data of phases II and III of tomato crops for industrial processing 
showed lower ETMETRIC and ETSAFER values than ETBHS, ETFAO, and ETEmbrapa. 

The most significant differences for ETa measured by the SAFER model were 0.48 mm d-1 compared 
with ETEmbrapa, 0.68 mm d-1 compared with ETFAO, and 0.85 mm d-1 compared with ETBHS. As for the METRIC 
model, ETa differences were 0.77, 2.08 and 1.53 mm d-1 compared with ETEmbrapa, ETFAO, and ETBHS, 
respectively. In both cases, the algorithms underestimated crop evapotranspiration (ETc). 

Tables 3, 4 and 5 present statistical indices for estimating ETSAFER and ETMETRIC values compared with 
FAO, Embrapa, and BHS methods, respectively. The findings indicate that SAFER and METRIC can estimate 
the evapotranspiration of tomato crops for industrial processing, as they show good correction, 
agreement, and low error. 

 
Table 3. Statistical analysis for evapotranspiration values obtained by the SAFER and METRIC models 
compared with ETFAO. 

Location Model MSE MAE d 

Anápolis – 2018 SAFER 0.088 0.262 0.88 
METRIC 0.279 0.431 0.72 

Palmeiras de Goiás – 2018 SAFER 0.165 0.308 0.83 
METRIC 0.331 0.455 0.71 

Palmeiras de Goiás – 2019 SAFER 0.388 0.324 0.86 
METRIC 0.716 0.536 0.74 

Silvânia – 2018 SAFER 0.452 0.337 0.87 
METRIC 0.621 0.453 0.82 

Silvânia – 2019 SAFER 0.586 0.541 0.64 
METRIC 0.730 0.611 0.57 

Piracanjuba – 2018 SAFER 0.063 0.156 0.91 
METRIC 0.134 0.234 0.83 

Piracanjuba – 2019 SAFER 0.033 0.113 0.92 
METRIC 0.061 0.165 0.88 

Gameleira de Goiás – 2019 SAFER 0.157 0.212 0.76 
METRIC 0.235 0.318 0.72 

MSE = Mean squared error (mm d-1); MAE = mean absolute error (mm d-1); r = correlation coefficient; d = index of agreement. 

 
 
Table 4. Statistical analysis for evapotranspiration values obtained by the SAFER and METRIC models 
compared with ETEmbrapa. 

Location Model MSE MAE d 

Anápolis – 2018 SAFER 0.021 0.113 0.97 
METRIC 0.081 0.252 0.90 

Palmeiras de Goiás – 2018 SAFER 0.011 0.057 0.99 
METRIC 0.049 0.161 0.95 

Palmeiras de Goiás – 2019 SAFER 0.008 0.059 1.00 
METRIC 0.136 0.264 0.96 

Silvânia – 2018 SAFER 0.054 0.163 0.99 
METRIC 0.148 0.280 0.96 

Silvânia – 2019 SAFER 0.030 0.081 0.98 
METRIC 0.068 0.144 0.94 

Piracanjuba – 2018 SAFER 0.013 0.061 0.98 
METRIC 0.038 0.139 0.94 

Piracanjuba – 2019 SAFER 
0.008 0.058 0.98 

METRIC 0.016 0.085 0.97 

Gameleira de Goiás – 2019 SAFER 0.012 0.052 0.97 
METRIC 0.056 0.158 0.91 

MSE = Mean squared error (mm d-1); MAE = mean absolute error (mm d-1); r = correlation coefficient; d = index of agreement. 
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Table 5. Statistical analysis for evapotranspiration values obtained by the SAFER and METRIC models 
compared with ETBHS. 

Location Model MSE MAE d 

Anápolis – 2018 SAFER 0.055 0.153 0.89 
METRIC 0.172 0.330 0.74 

Palmeiras de Goiás – 2018 SAFER 0.124 0.277 0.86 
METRIC 0.222 0.423 0.78 

Palmeiras de Goiás -2019 SAFER 0.179 0.211 0.93 
METRIC 0.431 0.426 0.84 

Silvânia – 2018 SAFER 0.052 0.161 0.99 
METRIC 0.132 0.256 0.96 

Silvânia – 2019 SAFER 0.210 0.334 0.77 
METRIC 0.287 0.404 0.67 

Piracanjuba – 2018 SAFER 0.111 0.249 0.83 
METRIC 0.185 0.326 0.76 

Piracanjuba – 2019 SAFER 0.010 0.076 0.98 
METRIC 0.029 0.129 0.95 

Gameleira de Goiás – 2019 SAFER 0.040 0.134 0.92 
METRIC 0.087 0.209 0.87 

MSE = Mean squared error (mm d-1); MAE = mean absolute error (mm d-1); r = correlation coefficient; d = index of agreement. 

 
ETSAFER and ETMETRIC correlated better overall with ETEmbrapa than with ETBHS and ETFAO. The SAFER 

model showed MSE values between 0.01 mm and 0.59 mm d-1, 0.02 mm d-1 compared with ETEmbrapa, 0.24 
compared with ETFAO, and 0.09 mm d-1 compared with ETBHS. The MAE for the analyzed areas were lower 
than 1, 0.008 mm d-1 compared with ETEmbrapa, 0.28 mm d-1 compared with ETFAO, and 0.19 mm d-1 

compared with ETBHS. 
The METRIC model also satisfactorily estimated the ETa of tomato crops for industrial processing, 

with a maximum MSE of 0.73 mm d-1 and MAE of 0.61 mm d-1 for the analyzed areas. The low ETa values at 
the beginning and end of the cycle (as mentioned for the studied models) increased MSE, MAE, and the 
statistical coefficients compared with ETFAO, as the initial and final Kc used in this method are inadequate 
for this study area. 

The "d" index of agreement varied between 0.64 and 0.99 for SAFER and 0.57 and 0.97 for METRIC. 
Both algorithms presented a lower index of agreement for the cultivated area in Silvânia in 2018. 

The correlation coefficient (r) and the confidence index (c) also confirmed the algorithms' 
satisfactory performance in measuring the ETa of tomato crops for industrial processing. 

One disadvantage of using satellite images in agriculture is their limitation regarding the revisit 
frequency within the crop cycle and the interference from clouds in imaging analyses. Thus, the fewer 
images (samples) may decrease the models' precision and accuracy of evapotranspiration measurements. 

The low MSE and MAE values confirm the high r values and demonstrate a high linear statistical 
dependence between the analyzed variables and the high coefficient of determination (R²) (Figure 5). 

The performance of SAFER and METRIC algorithms regarding the growth stages of processing 
tomato demonstrate that the vegetative (Phase II) and fructification (Phase III) stages present higher 
analogies of ETSAFER and ETMETRIC with ETc estimated by BHS, FAO, and Embrapa (Figure 6). The coefficient of 
determination considering both evapotranspiration estimation models obtained overall means of 0.67, 
0.89, 0.96, and 0.58 for Phases I, II, III, and IV, respectively. 

In phase I, the METRIC model presented a lower MSE of 0.136 mm d-1, MAE of 0.292 mm d-1, and d 
of 0.74, classifying it as "sufferable" (Table 6). In phase II, SAFER presented minimum MSE and MAE values 
of 0.046 and 0.142 mm d-1, respectively. 

Regarding phases II and III, the correlation coefficients and indices of agreement varied between 
0.89 and 0.99. The SAFER and METRIC models in phase IV showed indices of agreement between 0.52 and 
0.95. That confirms that the algorithms did not accurately measure evapotranspiration at the beginning 
and end of the tomato crop cycle, thus underestimating such value. 

The SAFER model performed better than the METRIC model in measuring ETa. The ETMETRIC values 
were lower than the ETa values measured by SAFER, which, in turn, underestimated the ETEmbrapa, ETFAO, and 
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ETBHS results. One of the main differences between the algorithms is that METRIC requires "anchor" pixels 
in the same area with extreme thermo-hydrological conditions to measure ETa, thus limiting its application. 
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Figure 5. Continued. 
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Figure 5. Straight line 1:1 comparing the evapotranspiration measured by SAFER (ETSAFER) and METRIC 
(ETMETRIC) models with FAO (ETFAO), Embrapa (ETEmbrapa), and soil water balance (ETBHS) standard methods. 
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Figure 6. Straight line 1:1 comparing the evapotranspiration measured by SAFER (ETSAFER) and METRIC 
(ETMETRIC) models with FAO (ETFAO), Embrapa (ETEmbrapa), and soil water balance (ETBHS) standard methods 

regarding the development phases of tomato plants. 
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Table 6. Statistical analysis for evapotranspiration by the SAFER and METRIC models compared with the 
ETFAO, ETEmbrapa, and ETBHS methods regarding the development phases. 

Model   MSE MAE d 

Phase I 

  FAO 0.187 0.372 0.72 
SAFER  Embrapa 0.046 0.165 0.89 
  BHS 0.286 0.496 0.63 

  FAO 0.341 0.533 0.58 
METRIC  Embrapa 0.136 0.292 0.74 
  BHS 0.470 0.658 0.52 

Phase II 

  FAO 0.091 0.230 0.94 
SAFER  Embrapa 0.046 0.142 0.97 
  BHS 0.087 0.233 0.94 

  FAO 0.156 0.316 0.91 
METRIC  Embrapa 0.105 0.272 0.93 
  BHS 0.128 0.297 0.92 

Phase III 

  FAO 0.068 0.207 0.98 
SAFER  Embrapa 0.029 0.135 0.99 
  BHS 0.039 0.167 0.99 

  FAO 0.178 0.345 0.95 
METRIC  Embrapa 0.099 0.267 0.97 
  BHS 0.116 0.298 0.97 

Phase IV 

  FAO 0.972 0.755 0.59 
SAFER  Embrapa 0.006 0.051 0.95 
  BHS 0.129 0.212 0.85 

  FAO 1.384 0.982 0.53 
METRIC  Embrapa 0.084 0.242 0.89 
  BHS 0.317 0.438 0.70 

MSE = Mean squared error (mm d-1); MAE = mean absolute error (mm d-1); r = correlation coefficient; d = index of agreement. 

 
4. Discussion 
 

This study verified an ability to simulate the spatial variability of evapotranspiration (ET) during a 
cycle in a given area based on other studies using SAFER (Santos et al. 2020; Mussi et al. 2020) and METRIC 
(Poças et al. 2014; Khand et al. 2017; Oliveira et al. 2018) algorithms. 

Teixeira et al. (2013) also reported uniformity in actual evapotranspiration (ETa) values across 
scientific areas by the SAFER algorithm compared to METRIC while verifying the application of the SAFER 
and SEBAL algorithms. The authors also found that SEBAL presented this alteration to measure ET. 

ETSAFER and ETMETRIC values at the start of the cycle and harvesting are often the lowest when 
measuring crops' ET using satellite images (French et al. 2015; Sales et al. 2016; Sales et al. 2017; Althoff et 
al. 2019; Souza et al. 2020). That may be due to exposed soil at the beginning and end of the cycle, which 
interferes with the determination of vegetation indices (NDVI, SAVI, and IAF), one of the input factors for 
measuring ET by remote sensing (Filgueiras et al. 2019; Venancio et al. 2020; Venancio et al. 2021). 

No-tillage areas present lower ET discrepancies at the beginning of the cycle than those with 
conventional cultivation. That is because adequate amounts of straw covering the soil alters the soil-water-
atmosphere relationship, especially at the start of the cycle when the crop's leaf area index does not 
entirely cover the soil (Warreen et al. 2014). 

ETSAFER and ETMETRIC remained relatively high and uniform until the end of this phase due to the crop 
establishment in the area, also reported by Teixeira et al. (2013). 

Marouelli et al. (2012) found that crop evapotranspiration (ETc) increases in phases with more 
vegetative development and decreases until the tomato’s physiological maturation phase. High 
evapotranspiration values measured by satellite images were found in the fructification phase of corn 
crops (Althoff et al. 2019; Santos et al. 2020) and the fully developed phase in sugar cane (Mussi et al. 
2020) and common bean (Sales et al. 2017) crops. 
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ETMETRIC and ETSAFER values during phases II and III of tomato cultivation for industrial processing 
were lower than ETBHS, ETFAO, and ETEmbrapa values. Sales et al. (2017) reported a similar result for tomato 
crops for industrial processing using the SAFER algorithm. 

ETa values were low at the beginning and end of the cycle for the analyzed models, making the 
initial and final single crop coefficient (Kc) misleading. Liu et al. (2019) also described that measuring 
evapotranspiration in crop extremes interferes with a model's relative error. 

Reyes-Gonzáles et al. (2020) compared ETa in corn crops measured by METRIC with ETa determined 
by an actinometer, finding a difference of 1.4 mm d-1

. They attributed this variation mainly to the high wind 
speed when the satellite passed over the area and the satellite’s underestimation of this influence while 
determining ET. Nevertheless, METRIC demonstrated good agreement and a high coefficient of 
determination while measuring ETa. 

The SAFER algorithm also presented satisfying statistical results for estimating the ET of sugar cane 
(Mussi et al. 2020; Souza et al. 2020), common bean (Sales et al. 2016), corn (Althoff et al. 2019), and 
tomato for industrial processing, with errors lower than 1 mm d-1 (Sales et al. 2017). Thus, SAFER may be 
applied to different cultures. 

SAFER seemed promising for measuring the ETa of tomato crops, presenting sensibility to variations 
in tomato plant conditions. This method provides variations over time and a low cost to obtain 
information, potentially aiding irrigation management (Souza et al. 2020) without discarding the need for 
meteorological stations close to the areas of interest and equation parameter adjustments (Teixeira et al. 
2013). 

However, the cultivated area may not have extreme pixels due to the unwanted incidence of 
exposed soil or, conversely, when hot pixels are not easily located after irrigation (Jaafar and Ahmad 2020) 
or when the analyzed areas are small and homogeneous. The presented extreme pixels (cold and hot) may 
be invalid (Xue et al. 2020). 

Nevertheless, the SAFER model requires the "a" and "b" regression coefficients to recover ETa, as 
recommended by Teixeira et al. (2013). These empirical coefficients may decrease algorithm efficiency, 
potentially varying according to the region and soil use. Venancio et al. (2021) applied the SAFER algorithm 
with coefficients of 1.8 and 0.008, verifying weak performance in measuring ET in irrigated corn crops in 
the Brazilian semiarid region. Still, the calibration of new coefficients (a = 0.32 and b = - 0.0013) enhanced 
algorithm performance for ET measurement. 
 
5. Conclusions 
 

The SAFER and METRIC algorithms can measure the ETa of tomato crops for industrial processing 
with center-pivot irrigation in south-central regions of Goiás. These algorithms were more accurate than 
FAO, BHS, and Embrapa methods to measure ETc. The SAFER and METRIC models showed a lower mean 
absolute error of 0.24 mm d-1 in the vegetative and fructification phases. SAFER presented better statistical 
performance than METRIC; however, both underestimated the evapotranspiration of tomato crops for 
industrial processing. 
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