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Abstract
The need for reliable evapotranspiration (ET) estimates has prompted the introduction of new methodologies. This study 
aimed at studying the ET of a processing cassava field (13°6′39" S, 39°16′46" W, 154 m asl) in a tropical climate in Bahia, 
Brazil, under rainfed conditions from April to August 2019 by means of micrometeorological and remote sensing methods. 
The combination of surface renewal analysis and energy balance (SREB) demonstrated its potential to accurately determine 
the crop ET once calibrated against eddy covariance measurements of H. Remote sensing techniques were also applied with 
the METRIC and SAFER algorithms. Due to frequent cloud cover in the area, only three Landsat images from overpasses 
in May and June could be used. High agreement in terms of crop ET was found between the surface and the remote sensing 
methods. For the three images processed, METRIC and SAFER were 8.6% and 26.4% higher than SREB, on average. Among 
the proposed regression models (M1, M2, and M3) for estimation of processing cassava ET, M3 showed a better adjustment 
with the highest coefficient of determination (r2 = 0.952) and lowest error (RMSE = 0.205 mm day−1). In the M3 model, 
ET/Rn was expressed as a function of the NDVI/LAI ratio. These three biophysical parameters, Rn, NDVI, and LAI, can 
routinely be determined from image processing for field applications in water management at the studied region. Therefore, 
with a limited set of variables, this approach can be satisfactorily applied using data collection methodologies that provide 
enhanced temporal and spatial resolution.

1  Introduction

In Brazil, cassava is grown all over the country. In 2017, 
the cultivated area encompassed 1.4 million hectares, with 
yields ranging from 9.8 to 21.9 tons ha−1 and a national 
average of approximately 15 tons ha−1 (Embrapa, 2018). A 
recent survey from IBGE (Brazilian Institute of Geography 
and Statistics) indicated, for the 2020/2021 season, an area 
of 1.32 million hectares and a production of 19.7 million 

tons of roots. Cassava is predominantly grown under rain-
fed conditions, yet its yield can double when subjected to 
irrigation (Coelho Filho 2020).

High-quality meteorological data is imperative for accu-
rate evapotranspiration (ET) estimates (Allen 1996), with 
ET representing a critical variable at the surface-atmosphere 
interface for quantifying water consumption of agricultural 
crops and natural vegetation. ET, by itself, is a complex 
hydrological process and its determination require reliable 
instrumentation and skilled personnel not only to adequately 
deploy the sensors and operate them but also to analyze the 
data. Methods for ET determination generally fall into three 
categories: mass balance (e.g., weighing lysimeters), energy 
balance (e.g., Bowen ratio) and aerodynamic methods (eddy 
covariance).

Although these techniques may generate "accurate" ET 
estimates within a homogeneous area, their extrapolation 
to a broader scale is impeded by the inherent land surface 
heterogeneity, the intricate nature of hydrological processes, 
and the requisite for an array of surface measurements and 
land surface parameters (Jensen and Allen 2016). The energy 
balance method (Rn = LE + H + G), for example, offers a 
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mathematically straightforward solution when focused on 
determining the latent heat flux (LE). However, the H com-
ponent (sensible heat flux) poses significant challenges for 
its measurement or estimation. Determination of H has been 
commonly made with the eddy covariance technique (Burba 
2013; Perez-Priego et al. 2017; Cao et al. 2018; Foltýnová 
et al. 2019;) and the surface renewal analysis, as originally 
proposed by Paw et al. (1995). Since then, surface renewal 
analysis has been extensively used for finding H in energy 
balance studies over many vegetated surfaces (Hu et al. 
2018; McElrone et al. 2013; Parry et al. 2019).

Currently, a wide spectrum of approaches based on sat-
ellite observations has been developed for ET and water 
management studies in conjunction with traditional ground-
based monitoring techniques. A landmark to make satel-
lite products operational is the SEBAL algorithm (Surface 
Energy Balance Algorithm for Land) (Bastiaanssen et al. 
1998a, b), which was followed by others models like SEBS 
(Su 2002) and METRIC (Mapping ET with high Resolu-
tion and Internalized Calibration) (Allen et al. 2007a, b). 
Teixeira, (2010) proposed a simplified approach with the 
SAFER algorithm (Simple Algorithm For Evapotranspira-
tion Retrieving) for solving the energy balance from vegeta-
tion indices and surface temperature data.

The present report is part of larger study that was con-
ducted on a field of processing cassava aiming at evaluating 
the exchange of heat and water vapor between the surface 
and the atmosphere. It is recognized the existence of a sig-
nificant gap of information on cassava water requirements 
which can prevent the implementation of any irrigation 
scheduling approach for root yield optimization. In order 
to reach our goals in quantifying the cassava ET, sensors 
needed by the surface renewal analysis and eddy covariance 
were deployed. Additionally, satellite products were used 
to develop a simplified remote sensing procedure, resulting 
in an alternative method that demands a reduced amount of 
surface data.

2 � Material and methods

2.1 � Description of the experimental site

Fieldwork was conducted at the Novo Horizonte Farm 
(13°06′39"S, 39°16′46"W, 154 m asl), State of Bahia, Brazil. 
The farm belongs to a private company specialized in grow-
ing cassava cultivars for starch production as well as other 
food products. The region's climate is transitional between 
Af (tropical without dry season) and Am (monsoon tropical), 
according to the Köppen system (Alvares et al. 2013). The 
average annual temperature is around 24 ºC, with an average 
of 70% for the annual relative humidity.

Table 1 lists the fast-response and slow-response sensors 
taken to the field for data collection. The main criterion for 
choosing a spot in the area for positioning the tower was to 
ensure sufficient upwind fetch. Micrometeorological meth-
ods usually demand a minimum fetch size for the measure-
ments to be representative. The cassava field where the tower 
was deployed was around 19 ha of total area. The maximum 
upwind fetch (SSE direction) was not less than 500 m and 
a minimum of 80 m of the same crop was identified in all 
other directions from aerial images taken with an unmanned 
aerial vehicle.

Two CR1000 dataloggers (Campbell Scientific) were 
used to collect data. This was done at 10 Hz frequency for 
the fast response sensors, while with the low response sen-
sors data were collected at every 10 s. Within the datalogger, 
data were then integrated to 30-min interval and used to 
solve the energy balance equation.

2.2 � Determining the energy balance components

2.2.1 � Sensible heat flux

The sensible heat flux density was determined by two meth-
ods: (1) the surface renewal analysis (SR) and (2) the eddy 

Table 1   Fast and slow response 
instruments installed in the 
experimental plot

Instrument Model Manufacturer Height or 
depth (cm)

Measured parameter

Fast response sensors
3D sonic anemometer 81,000 RM Young 230 Wind velocity com-

ponents and sonic 
temperature

Fine-wire thermocouple FW3 (ϕ 76 µm) Campbell Scientific 180 Air temperature
Slow response sensors
Net radiometer NRLite Kipp & Zonen 270 Net radiation
Pyranometer SPLite Kipp & Zonen 270 Solar radiation
Heat flux plate HFP01 Hukseflux 8 Ground heat flux
Soil thermocouple TCAV Campbell Scientific 2 and 6 Soil temperature
Soil moisture meter GS1 Decagon Devices 4 Soil moisture
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covariance technique (EC). The second was used as a refer-
ence for calibrating the first. Shortly, the surface renewal 
analysis requires measurements of rapid fluctuations of air 
temperature, typically in the range of 2 – 10 Hz, with a sin-
gle unshielded fine-wire thermocouple. These measured 
fluctuations are then used to calculate the temperature ramp 
amplitude, which is one of the main inputs for H calculation 
according to Eq. 1. In the present study, the measurements 
were made at 10 Hz frequency.

where: HSR is the sensible heat flux after calibration (W 
m−2); H' is sensible heat flux before calibration (W m−2); α 
is a calibration factor; ρ is the air density (kg m−3); cp is the 
specific heat of air at constant pressure (J kg−1 °C−1); A is 
the ramp amplitude (°C); 1 / (d + s) is the ramp frequency 
(s−1); and z is the height of air temperature measurement 
(m).

Snyder et al. (1996), Mekhmandarov et al. (2012) and Hol-
werda et al. (2021) used statistical moments and the Van Atta 
(1977) structure-functions to calculate A and (d + s) charac-
teristics of the mean ramp. This procedure was also adopted in 
the present reasearch. With the values ​​of A and (d + s), 30-min 
average values ​​of H' were calculated within the datalogger 
according to Eq. 1. A calibration of H’ against a reference is 
recommended to correct for unequal heating or cooling from 
the soil surface to the measurement height (top of the air 
parcel) (Snyder et al. 1996; Zapata and Martínez-Cob, 2001, 
2002). As a first approximation, α was set equal to 1.

The mean ramp amplitude (A) is estimated by solving the 
following set of equations for real roots (Eq. 2 to 4).

where: p and q are constants; Sn is the Van Atta structured 
function as given in Snyder et al. (1996); and r is the time 
lag. The time lag is calculated as the ratio of a sample lag (j) 
between data points and data gathering frequency (f) (Snyder 
et al. 1996).

Once the ramp amplitude was known, the inverse of the 
ramp frequency (d + s) was calculated according to Eq. 5.

In the second method, H was obtained using the eddy 
covariance technique according to Eq. 6.

(1)HSR = � ⋅ H
�

= �

[

�cp
A

d + s
z
]

(2)A3 + pA + q = 0

(3)p = 10 ⋅ S2(r) −
S5(r)

S3(r)

(4)q = 10 ⋅ S3(r)

(5)d + s = −
A3

⋅ r

S3(r)

where: HEC is the sensible heat flux (W m−2) from eddy 
covariance; ρ is air density (kg m−3); cp is specific heat of 
air at constant pressure (J kg−1 °C−1); w′ is the instantane-
ous deviation of the vertical wind speed around the mean 
(m s−1); and T′ is the instantaneous deviation of the sonic 
anemometer temperature around the mean (°C).

As previously mentioned, the EC method was used to cal-
ibrate the SR analysis, and the actual calibration coefficient 
α was obtained as the slope of a linear regression through the 
origin where HEC (Y-axis) was plotted against H′ (X-axis) 
(Shapland et al. 2012a b). After obtaining α, the calibrated 
sensible heat flux HSR was obtained according to Eq. 1.

2.2.2 � Ground heat flux

The soil heat flux represents the energy exchange between 
the surface and the subsurface layers and it was calculated 
according to Eq. 7.

where: G is the soil heat flux (W m−2); G8 is the heat flux 
measured at 8 cm below the surface (W m−2); Ts(i) and Ts(i-1) 
are the mean soil temperatures (oC) above the plate at the 
beginning and end of the time interval Δt (1800s), respec-
tively; zs is the installation depth of the heat flux plate (m); 
and Cs is the soil heat capacity (J m−3 °C−1) calculated with 
Eq. 8.

where: ρs is the soil density (1.30 Mg m−3); θ is the soil 
moisture (m3 m−3); and 2.65 is the particle density (Mg 
m−3).

2.2.3 � Latent heat flux

The latent heat flux (W m−2) was obtained as a residual 
of the energy balance (Eq. 9) and it represents the energy 
exchange associated with the transfer of water from the 
evaporating surface.

2.3 � Reference Crop Evapotranspiration

In this study, REF-ET v. 4.1 (Allen, 2015) was used to cal-
culate daily ETo via the FAO56 Penman–Monteith model as 
given in Eq. 10. Meteorological data from a regional weather 
station located at about 30 km southeast of the experimental 

(6)HEC = �cp w
�T �

(7)G = G
8
+ Cs

(

Ts(i) − Ts(i−1)

Δt

)

zs

(8)Cs = 2.01 ⋅ 10
6
�s∕2.65 + 4.19 ⋅ 10

6
�

(9)LE = Rn − G − H
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site was used as input in Eq. 10. This station is part of the 
network of INMET, the Brazilian National Institute of 
Meteorology.

where: ETo is the reference crop evapotranspiration (mm 
day−1); Rn is in MJ m−2 day−1; G is in MJ m−2 day−1 and 
where G = 0 for 24-h time steps; Δ is the declination of the 
saturation vapor pressure curve (kPa °C−1); u2 is the wind 
speed at 2 m height (m s−1); T is the mean air temperature 
(°C); es is the saturation vapor pressure in the atmosphere 
(kPa); ea is the actual vapor pressure (kPa); and γ is the psy-
chrometric constant (MJ kg−1).

2.4 � Crop coefficient

The determination of the crop coefficient of the processing 
cassava over the measurement period was calculated as the 
ratio between crop ET (ETc) and ETo, according to Eq. 11.

where: Kc is the mean crop coefficient (dimensionless) and 
ETc is the crop ET (mm day−1).

2.5 � Remote sensing of evapotranspiration

Images from the Landsat–7, Landsat–8, and CBERS–4A sat-
ellites were used to estimate the crop ET during the meas-
urement period by means of the METRIC and the SAFER 
models as well as regression equations adjusted to the exper-
imental data.

2.5.1 � Crop ET with METRIC

The METRIC algorithm, as proposed by Allen et al. (2007a, 
b) is a model derived from the first version of SEBAL. In 
this model, a series of calculations at pixel level is performed 
to solve the energy balance equation for ET. METRIC was 
primarily developed for estimating ET from irrigated crops 
in Southern Idaho, USA.

The METRIC model has been extensively used in ET and 
water management studies of a large spectrum of crops in 
different parts of the world (Folhes et al. 2009; Pôças et al. 
2014; Tasumi 2019; Ortega-Salazar et al. 2021). A detailed 
comparison between SEBAL and METRIC, where the char-
acteristics and applications of both models are highlighted 
can be found in Allen et al. (2011).

The net all-wave radiation in our METRIC implementa-
tion was calculated with Eq. 12.

(10)ETo =
0.408Δ

(

Rn − G
)

+ �

(

900

T+273

)

u
2

(

es − ea
)

Δ + �

(

1 + 0.34u
2

)

(11)Kc =
ETc

ETo

where: Rn is in W m−2; αo is the surface albedo (dimension-
less); SWi is the incoming flux of shortwave radiation (W 
m−2); LWi is the incoming flux of longwave radiation (W 
m−2); LWo is the outgoing flux of longwave radiation (W 
m−2); and εo is the surface emissivity (dimensionless).

The soil heat flux was calculated according to Eq. 13, 
where the ratio G/Rn is a function of surface temperature, 
surface albedo (αo), and a vegetation index.

where: G is in W m−2; Rn is in W m−2; Ts is the surface tem-
perature (K); and NDVI is the normalized vegetation index 
(dimensionless). Calculation of NDVI is made with spectral 
radiances at shortwave bands of satellite images.

The sensible heat flux was calculated following a one-
dimension, aerodynamic, temperature-gradient based 
equation for heat transport at the surface-atmosphere 
interface (Eq. 14).

where: H is in W m−2; ρ is the air density (kg m−3); cp is the 
air specific heat at constant pressure (1004 J kg−1 K−1); dT 
(K) is the temperature difference between two near-surface 
heights (z1 and z2); and rah is the aerodynamic resistance to 
heat transport (s m−1).

In Eq. 14 there two unknowns, rah and dT, and there-
fore, an explicit solution is not possible. METRIC 
uses an iterative procedure based on two anchor pixels 
(“cold” and “hot”), where reliable values for H can be 
estimated, and solve for dT that satisfies Eq. 14 given 
the aerodynamic roughness and wind speed at a given 
height. Buoyancy effects on rah are taken into account 
by means of the Monin–Obukhov length (L) that is used 
to define stability conditions of the atmosphere in the 
iterative process.

In order to estimate dT at each pixel of the image, MET-
RIC assumes a linear relationship between dT and Ts of 
that particular pixel (Eq. 15).

where: a and b are empirically determined constants for a 
particular image, calculated based on the “cold” and “hot” 
pixels, for which a value for H is known.

The final step of the algorithm is to calculate the amount 
of water transferred from the surface at the moment of sat-
ellite overpass. Therefore, an instantaneous value ET is 
determined according to Eq. 16.

(12)Rn =
(

1 − �o

)

SWi + LWi − LWo −
(

1 − �o

)

LWi

(13)

G

Rn
= (Ts − 273.15)

(

0.0038 + 0.0074�o

)[

1 − 0.98(NDVI)4
]

(14)H = � ⋅ cp ⋅
dT

rah

(15)dT = b + a ⋅ Ts
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where: ETinst is the instantaneous ET rate (mm h−1), 3600 
converts seconds to hour, and λ is the latent heat of vaporiza-
tion (J kg−1), which is a function of pixel temperature (Ts).

The next step in the METRIC implementation is the 
calculation of the reference ET fraction (EToF) as given in 
Eq. 17. The EToF is defined as the ratio of ETinst (Eq. 16) 
to ETo (Eq. 10) at the time of the image, this one calculated 
with weather data from a nearby weather station presented 
in the area covered by the satellite image.

METRIC extrapolates ET from instantaneous (overpass 
time) values to daily values (Eq. 18) by assuming a constant 
EToF during the day.

where: ET24 is the surface evapotranspiration (mm day−1); 
EToF is the reference ET fraction (dimensionless), and ETo24 
is the daily refence crop ET (mm day−1).

2.5.2 � Crop ET with SAFER

The SAFER model originally presented by Teixeira (2010) 
is also based on remote sensing data, but it takes another 
approach compared to METRIC, in the sense that ET in 
SAFER is not obtained as the residual of the energy bal-
ance equation. The only remote sensing parameters used in 
SAFER are surface albedo, surface temperature, and the nor-
malized vegetation index (NDVI). Equation 19 is the final 
step in the implementation of the SAFER algorithm.

where: ET is the surface ET (mm day−1); ETo is the refer-
ence crop ET (mm day−1) calculated with Eq. 10; a and b 
are calibration coefficients; αo is the surface albedo (dimen-
sionless); Ts is the surface temperature (oC); and NDVI is the 
normalized vegetation index (dimensionless).

In the present paper, ​​1.0 was used for the coefficient a 
in Eq. 18 (Hernandez et al. 2014; Coaguila et al. 2017) and 
-0.008 for the coefficient b (Teixeira, 2010). Then, the ratio 
(ET/ETo) was multiplied by the FAO56 Penman–Monteith 
ETo to obtain the current crop evapotranspiration (ETc).

This model has been calibrated and applied to diferentes 
regions of Brazil (Hernandez et al. 2014; Teixeira et al. 
2015a, b, c). It has also recently tested with different ver-
sions of the PM equation based on the several combinations 
of missing weather data (Santos et al. 2020).

(16)ETinst = 3600
LE

�

(17)EToF =
ETinst

ETo

(18)ET
24

= EToF ⋅ ETo
24

(18)
ET

ETo
= ���

[

a + b

(

Ts

�o ⋅ NDVI

)]

In the SAFER implementation, the NDVI was obtained 
from spectral radiances at shortwave bands while αo and 
Ts were estimated from linear regressions (Eq. 19 and 20).

where: αTOA is the planetary albedo (dimensionless) and Tsat 
is the surface temperature at the thermal band of satellite 
image.

2.5.3 � Proposed models for processing cassava ET 
estimation

This part presents a set of simplified models obtained through 
nonlinear regression routines within the XLSTAT analysis tool 
for Excel (Lumivero Inc). The basic idea behind the formulation 
of these proposed models (Eq. 21, 22, and 23) was to derive a 
crop ET calculation procedure that could be operational and 
sufficiently reliable at local level in the processing cassava farm 
as well as in regions whose climate pattern is similar.

The variables selected as input to the models (NDVI, 
Rn, Ts, and LAI) have been extensively demonstrated to be 
associated with ET modelling over agricultural fields (Allen 
et al. 2007a, b; Teixeira, 2010) and natural vegetation (Sun 
et al. 2011).

where: a1, a2, a3, b1, b2, b3, and c are regression coefficients; 
ET is the cassava crop ET (mm day−1); Rn is in W m−2; LAI 
is the leaf area index (dimensionless); and Ts is in K.

All data used to adjust the above proposed models were 
obtained from the respective raster of each variable derived 
from satellite images while implementing the METRIC 
model. A two-step procedure was taken to adjust the mod-
els. Initially a set of pixels were sampled at different geo-
graphical coordinates across the raster images of the input 
variables with the aid of a 4.7-m resolution land-use map of 
the area (Fig. 1B) developed from a Planet satellite product 
(L15-0800E-0948N, June 2019) which was obtained from 
the Planet Labs website (www.​planet.​com) (Fig. 1A). The 
second step consisted in sampling with an independent set 
of pixels for model validation.

Table 2 shows the quantitative of classes and the number of 
pixels used in calibrating and validating the models.

(19)�o = 0.61�TOA + 0.08

(20)Ts = 1.00Tsat − 20.17

(21)M1 ET = exp
{

a ⋅ exp
[

b
(

NDVI

Rn

)

+ c
]}

(22)M2
ET

Rn
= exp

[

a + b
(

NDVI

Ts

)]

(23)M3
ET

Rn
= exp

[

a + b
(

NDVI

LAI

)]

http://www.planet.com
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For areas classified as agriculture/pastures, a more signifi-
cant number of pixels were used in both steps of model formu-
lation. The other quantities were divided based on the quality 
of the images of different dates to obtain a reasonable range of 
input variables (LE, Rn, Ts, NDVI, and LAI).

3 � Results and discussion

3.1 � Energy Balance Components

Measurements of soil and atmospheric parameters in the 
cassava field spanned from April to August of 2019. During 
the months of May and June, during the vegetative stage, the 

Fig. 1   Original Planet satellite image (A) and the derived land use map (B) for pixel selection within the experimental area

Table 2   Land use classes and number of pixels sampled for calibra-
tion and validation of models M1, M2, and M3 for estimating pro-
cessing cassava ET

Class Area (ha) Fraction (%) Pixels for 
model cali-
bration

Pixels for 
model 
validation

Bare soil 995.38 14.71 20 25
Agriculture 2871.26 42.43 180 200
Forest forma-

tion
1879.01 27.76 50 20

Water 406.75 6.01 30 20
Grassland 615.38 9.09 20 35
Total 6767.78 100 300 300
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crop covered the highest percentage of ground surface. Due 
to this, energy balance data from this period is emphasized 
under low and high cloud cover to exemplify the partitioning 
of the available energy.

The diurnal variations of these components for May and 
June are shown in Fig. 2. For this period, the maximum LE 
values were 460.56 W m−2 and 332.45 W m−2 observed on 
05/03/2019 and 06/16/2019, respectively. From the data on 
global solar radiation (Rs), days (13/05 and 17/06) differ-
ent from those mentioned above were identified, these have 
high cloudiness, whose LE values represent the lowest for 
the period, 180.34 and 65.23 W m−2. For 05/13/2019 and 
06/17/2019, the sensible heat fluxes were practically equiva-
lent to the heat flux into the soil, which indicates that there 
was less energy available to heat the air and the soil and that 
90% of Rn was used for the process of losing water to the 
atmosphere, which agrees with Jensen and Allen (2016) and 
Gao et al. (2020).

A daily average of G was negative for both dates, 
05/03/2019 and 06/16/2019, as observed in Fig. 2. There-
fore, all the heat was released to the ground. The opposite 
situation occurred on the dates 05/13 and 05/17 when the 
most significant portion of Rs was not converted into LE, 
which represented about 17.45% and 14.34%, corresponding 
to an evaporative fraction [EF = LE/Rs) around 56.72% and 
51.95%, respectively. For 05/03/2019 and 06/16/2019, the 
highest available energy resulted in evaporative fractions of 
79.64% and 69.22%, respectively.

Figure 3 shows the relationship between components 
of the energy balance in the processing cassava field from 
hourly averages of the data collected in the experimental 
area.

Figure 3A shows the relationship between soil heat flux 
(G) and net radiation (Rn). During the entire data collection 
period, which coincided with the vegetative phase of the 
cassava crop, the degree of ground cover was visually sig-
nificant, especially because measurements started when the 
plants had an average height of 60 cm and a predominance 
of cloudy days. The average value found for the G/Rn ratio 
was only 6%, which is explained not only by the soil cover of 
the crop but also by the proliferation of weeds, considering 
that the crop was planted under rainy conditions. In addi-
tion to the change in soil water content, the type of cover is 
responsible for variations in soil heat flux.

Figure 3B shows the relationship between the sensible 
heat flux obtained via the eddy covariance method and the 
net radiation Rn. The average H/Rn ratio with this method 
was around 23%, indicating that most of the available energy 
was used for water evaporation, since LE/Rn ratio was 
around 71%, considering that the crop was conducted under 
rainfall conditions. Historically, the period from March to 
September is the wettest in the region, with over 70% of 
annual precipitation concentrated in these months.

From the point of view of partitioning of available energy 
for sensible heat flux, the values presented are consistent 
with those found by Lima et al. (2011) in research carried 
out with cowpea beans in dry conditions. The H/Rn ratio 
found by the authors ranged between 0.23 and 0.34. In a 
work field involving different types of soil coverages and 
associated with the cultivation of cassava, Attarod et al. 
(2005), using the Bowen ratio method, verified that at the 
closure of the energy balance, the LE/Rn ratio was 0.72 in 
periods with high water availability and 0.54 in periods of 
low water availability. According to Zhou et al. (2011), this 
high LE/Rn ratio is expected because without water restric-
tion and with a high LAI (current crop phase, 150 DAP), 
there is an increase in transpiration, thus contributing to 
higher LE/Rn values and vice versa.

In an area of irrigated cotton during a period of high-
water availability, Bezerra et al. (2015) found that the LE/
Rn ratio was 0.70, with the highest values occurring when 
the soil was wetter. In their work, the authors verified that 
for two consecutive years (2008 and 2009), the G/Rn ratios 
were 10%, and for H/Rn, they were 17% in 2008 and 16% 
in 2009. Gao et al. (2020) compared evapotranspiration and 
energy partition related to vineyards main biotic and abiotic 
controllers using different irrigation methods. The authors 
found that the LE/Rn ratio was 0.75, H/Rn 0.13, and G/Rn 
equal 0.12.

Similar values for another crop, beans, were reported 
by Lima et al. (2005), whose LE/Rn ratio was 0.71. Neves 
et al. (2008), in the opposite condition of water availability, 
when quantifying the energy balance components in cowpea 
beans, found mean values of LE/Rn equal to 0.21, mainly 
due to the low water availability throughout the crop cycle.

Fig. 2   Hourly partition of energy balance components for different 
days in May and June for cloudy and clear sky conditions
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3.2 � Evapotranspiration of the processing cassava 
field

In the calibration of the surface renewal analysis for H esti-
mation (HSR) a value of 0.96 was found for the calibration 
coefficient (α) as given in Eq. 1, with values ranging from 
0.86 to 1.05 for all conditions of atmospheric stability.

The daily ET of processing cassava estimated with the 
energy balance based on H from the surface renewal analysis 
(HSR) and eddy covariance technique (HEC) is represented 
in Fig. 4. The ET values ​​for both methods of H derivation 
ranged from 0.7 to 4.3 mm day−1 with a total of 154.5 mm 
considering the entire measurement period made with the 
EC system and 160.0 mm obtained via the SR analysis. 
These totals express a daily difference of 0.09 mm day−1. 
The RMSE for the entire period was in the order of 
0.185 mm day−1.

The mean value of Kc from ETEC was, on average, in the 
order of 0.95, while the Kc calculated with ETSR was 0.92 
(Fig. 5). For the May and June period of 2019, the plants 
were with 150 DAP (days after planting), and Kc values ​​for 
the period are consistent with those presented by Attarod 
et al. (2005) for a dryland cassava cultivation in Thailand. 
Recent data on cassava Kc in the eastern Bahia was reported 
by Coelho Filho (2020) whose values of Kc are compatible 
with those presented here; for a similar period, the average 
Kc was 0.98.

Under the argument of improving a methodology that 
would facilitate the estimates of crop coefficient, Koyo et al. 
(2020) used the NDVI to derive Kc for a cassava area in 
Benin, whose estimated values ​​were based on those stand-
ardized by the FAO-56 (Allen et al. 1998). At the end of 
the final stage (210 DAP), the Kc estimated via NDVI had 
a higher value when compared to the FAO Kc for the same 
stage. Throughout the growth cycle, even for the periods of 
the first 20 days and between 60 and 150 DAP, during which 
the Kc of FAO-56 had constant values, ​​that were similar to 
the present study, in the order of 0.98 in the root production 
stage.

3.2.1 � Crop ET based on the remote sensing techniques

Table 3 shows the values ​​of processing cassava ET from 
all surface (EC and SR) and remote sensing (METRIC and 
SAFER) methods. Compared to the surface methods the ET 
values obtained with the METRIC model were quite low, 
in the order of -0.316 and -0.180 mm for the EC and SR 
methods, respectively.

The tendency of overestimation of ET data is confirmed by 
other reports (González-Dugo et al. 2012; González-Piqueras 
et al. 2015). According to Bastiaanssen (2000), within the energy 
balance and when they involve remote sensing techniques, the 
heat flux in the soil (G) is one of the main products that produce 

Fig. 3   Relationship between the net radiation (Rn) and the energy 
balance components (G, HEC and LEEC)
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estimation errors, mainly when no map and ground cover are 
used. When not well identified, the type of coverage leads to 
unreliable estimates. As Boegh and Soegaard (2004) reported in 
a study carried out in Denmark, they combined NOAA AVHRR 

data with the meteorological parameters generated by the weather 
forecast model to estimate ET. They pointed out that the method 
performed well under dense vegetation and favorable soil mois-
ture conditions. However, the authors concluded that a correction 
must be made for dry regions for the decrease in ET caused by 
the difference in air temperature and vegetation surface tempera-
ture. It is worth noting that a use and coverage map helps refine 
the results and insert a local estimation methodology based on 
this information.

3.2.2 � Adjusted and validated models for crop ET estimation

Figure 6A represents the direct relationship between ET 
and the NDVI/Rn ratio that expresses the influence of the 
degree of coverage on the available energy in the system. 

Fig. 4   Correlation between the 
processing cassava ET using the 
eddy covariance (ETEC) and the 
surface renewal analysis (ETSR) 
for May and June

Fig. 5   Variation of process-
ing cassava Kc obtained with 
SR analysis and EC sensible 
heat flux in the energy balance 
method

Table 3   Processing cassava crop ET from surface (EC and SR) and 
remote sensing (METRIC and SAFER) methods

Satellite overpass date EC SR METRIC SAFER
ET (mm day−1)

05/24/2019 3.55 3.89 4.08 4.87

06/09/2019 2.21 2.17 2.55 2.93
06/25/2019 2.58 2.68 2.87 3.25
Mean 2.78 2.91 3.17 3.68
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Figures 6B and 6C show the linear relationships between 
the ET/Rn ratio (which represents how much Rn was used 
for latent heat fluxes) and two other essential ratios, the 
NDVI/LAI, representing the relationship between vegeta-
tion vigor and the leaf area index and the NDVI/Ts then 
named by Karnieli et. al. (2010) from (Land Surface Tem-
perature/NDVI) which has been used in various applications 
associated with surface water and energy balances. It is also 
associated with moisture availability and canopy resistance, 
indicating vegetation stress and soil water stress, which was 
previously reported by Gillies et al. (1997).

Table 4 presents the adjustment coefficients for the mod-
els observed in Fig. 7. The determination coefficients in 
Figs. 6B and C are satisfactory (R2 > 0.90). The model pro-
posed in Fig. 6A was the one with the smallest R2, followed 
by the highest RMSE in the order of 0.413 mm and 0.259 
and 0.205 mm for the models in Figs. 6B and C, respectively. 
Despite the small number of valid images, the deviations 
are caused by some ET sensitivity analysis errors in remote 
sensing studies, as reported by Teixeira (2010) in a similar 
analysis.

The model expressing ET/Rn as a function of the NDVI/
LAI ratio (M3) showed the smallest error in the estimate of 
ET compared to the one that uses the NDVI/Ts ratio (M2) 
for the overpass date of 06/29/2019 deviations of 0.33 and 
0.16 mm and -0.30 to 0.020 mm. In this scenario in the 
spatial analysis, the model predicted, at worst, 70% of the 
estimates. These differences in the values ​​of the deviations 
are mainly due to the variation of the LAI values, consider-
ing that the METRIC model predicts a maximum value of 
LAI in the order of 6. The insertion of this methodology 
with drones, associated with reduced and higher flight height 
spatiotemporal resolution, can reduce this deviation through 
a more accurate LAI with a wider range of values.

Focusing on NDVI data, a greater refinement in the quan-
tities regarding negative values ​​(water bodies or exposed 
soil) can vary the correlation of correct answers since the 
proposal is to compose a model for areas with vegetation 
cover. The vegetation cover responds with NDVI values ​​
ranging from 0.09 to 0.96, depending on its architecture, 
density, and moisture; therefore, the highest NDVI values ​​
are associated with areas of vegetation with greater vigor. 
Parallel to this analysis, using SAVI allows for a more robust 
analysis, given the high values ​​of NDVI, while the numeri-
cal quantities of SAVI represent the same surface targets. 
However, with a different refinement, the denser the veg-
etation the better is the performance by the SAVI index is 
in distinguishing vegetation with high photosynthetic vigor 
from areas of bare soil.

For the model that expresses ET/Rn as a function of the 
NDVI/Ts ratio, on the overpass date of 06/09/2019, the devi-
ations ranged between -0.45 and -0.185 mm and -0.37 to 
-0.016 mm for the overpassing date of 06/29/2019, respectively. 

The uniformity of the cultivation area (whether at nutritional 
or soil moisture level) of cassava is responsible for the low 
variation in surface temperature, and this limits the model's 

Fig. 6   Plot of regression models M1, M2, and M3 for estimation of 
processing cassava ET
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performance to a specific temperature range since if Ts does 
not very much, the NDVI/Ts term will underestimate the ETc/
Rn ratio. Of course, it is necessary to include other types of 
surfaces when creating the model, followed by a land use map, 

updated regularly. Girolimetto and Venturini (2013) found that 
this relationship (NDVI/Ts) can be inversely correlated with a 
crop moisture index. Nevertheless, another study showed that 

Table 4   Coefficients of M1, 
M2, and M3 regression models 
for estimation of processing 
cassava crop evapotranspiration

Parameter Model Coefficients R2 RMSE
(mm)

a b c

ETc M1 exp
{

a ∙ exp
[

b
(

NDVI

Rn

)

+ c
]}

14.516 2597.203 1.531 0.748 0.413

ETc/Rn M2 exp
[

a + b
(

NDVI

Ts

)]

-1.066 106.216 - 0.911 0.259

ETc/Rn M3 exp
[

a + b
(

NDVI

LAI

)]

-0.796 -0.321 - 0.952 0.205

Fig. 7   (a) Original Planet satellite image (A); (b) Total evapotranspiration a processing cassava field
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it is related to the rate of surface evapotranspiration (Liu; Yao; 
Wang, 2017; Dijke et al. 2019; Alves et al. 2020;).

Figure 7 presents the total estimated ETc maps for the cas-
sava cultivation area. Conversely, significant ETc rates were esti-
mated in cassava production fields. The total evapotranspiration 
by remote sensing simplified (M3) for the period study, ranging 
from 152 to 180 mm with an average of 160.01 mm, provides an 
overview of water consumption by the crop during this specific 
timeframe. This average can serve as a useful benchmark for 
estimating the water requirements of cassava and for designing 
appropriate irrigation systems.

The output map generated by through Simplified RS Evapo-
transpiration (M3) model demonstrates the advantages of utiliz-
ing such products for deriving 24-h evapotranspiration estimates 
for processing cassava crop. This research has significantly 
enhanced estimation processes by integrating a simplified model 
with an atmospherically corrected image of evapotranspiration 
over a 24-h period. Depending on factors such as the type of for-
est and land cover, the crop stage, and the specific empirical rela-
tionships utilized, traditional input parameters used for rough-
ness assessment (such as NDVI, Ts and LAI). This highlights 
the importance of advanced models like METRIC, SAFER and 
other methods, in facilitating remote sensing-based estimation 
of evapotranspiration for cassava crop, underscoring the need 
for accurate and comprehensive approaches in agricultural water 
management.

4 � Conclusions

The application of combined surface renewal analysis and 
energy balance (SREB) at the evaporating surface to study 
the water consumption of a processing cassava field was car-
ried out. Once calibrated against eddy covariance measure-
ments of H, the SREB method demonstrated its potential to 
accurately determine the crop ET under rainfed conditions 
in the eastern region of Bahia, Brazil.

Besides the micrometeorological methods, remote sens-
ing techniques were also applied with the METRIC and 
SAFER algorithms. Due to frequent cloud cover in the area, 
only three Landsat images from overpasses in May and June 
could be used. High agreement in terms of crop ET was 
found between the surface and the remote sensing methods. 
For the three images, METRIC and SAFER were 8.6% and 
26.4% higher than SREB, on average. Such results demon-
strate the potential of remote seeing methods for crop ET 
and water resources management in the study area.

Among the proposed regression models (M1, M2, and 
M3) for estimation of processing cassava ET, M3 showed a 
better adjustment with the highest coefficient of determina-
tion (r2 = 0.952) and lowest error (RMSE = 0.205 mm day−1). 
In the M3 model, ET/Rn was expressed as a function of the 
NDVI/LAI ratio. These three biophysical parameters, Rn, 

NDVI, and LAI, can routinely be determined from image 
processing for filed applications in water management. 
Therefore, with a limited set of variables, this approach can 
be satisfactorily applied using data collection methodologies 
that provide enhanced temporal and spatial resolution.
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