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Productivity and water demand of maize estimated by the modified
satellite Priestley-Taylor algorithm

Produtividade e demanda hidrica do milho estimado pelo algoritmo
de Priestley-Taylor modificado para satélite

Roberto Filgueiras'"; Everardo Chartuni Mantovani®; Daniel Althoff'; Santos
Henrique Brant Dias®; Fernando Frang¢a da Cunha?; Luan Peroni Venancio'

Abstract

The water demand of crops, as well as the relation of this variable to productivity and other important
factors related to the sustainable management of agriculture, makes it relevant to estimate parameters that
help in the most assertive and efficient decision-making in the agricultural environment. In this context,
the work aims to estimate the actual evapotranspiration (ETa), biomass (Bio), water productivity (WP)
and crop productivity (P), using the Landsat-8 satellite, through the Modified Satellite Priestley-Taylor
Algorithm (MS-PT). For this, ETa was estimated for maize culture irrigated by central pivots, using
the MS-PT with six images of Landsat-8, which were free of clouds. The ETa estimate was accurate in
the first 60 days after emergence (DAE) of the crop. Subsequently, the variables Bio, P, and WP were
estimated using the ETa and the assumptions of the Monteith (1972) model. Therefore, we sequentially
calculated the dry biomass, crop productivity and water productivity. ETa presented a high correlation
with Bio from the second image (06/10/2015), due to the canopy closure of the crop and, consequently,
the predominance of transpiration in the evapotranspiration phenomenon. The water productivity was
constant throughout the maximum vegetative stage until the reproductive phase R4 of the crop, verifying
in this interval the best efficiency in the conversion of water in biomass. From the obtained results, it is
verified that the set of algorithms used in the estimation of the parameters demonstrated the potential to
increase the capacity to handle agriculture in a more efficient, assertive and sustainable way.
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Resumo

A demanda hidrica das culturas, assim como a relagdo dessa com variaveis de produtividade ¢ outros
importantes fatores relacionados ao manejo da agricultura sustentavel, faz com seja relevante a
estimagao de parametros que auxiliam de modo assertivo ¢ eficiente a tomada de decisdo no ambiente
agricola. Nesse contexto, o objetivo desse trabalho foi estimar a evapotranspiracdo real (ETa), biomassa
(Bio), produtividade da agua (WP) e a produtividade da cultura (P), utilizando imagens do satélite
Landsat-8, por meio do algoritmo Priestley-Taylor modificado para satélite (MS-PT). Para isso,
estimou-se a ETa para a cultura do milho irrigado por pivos central, utilizando o MS-PT com seis
imagens do Landsat-8, as quais encontravam-se livre de nuvens. A estimativa da ETa foi acurada nos
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primeiros 60 dias apos a emergéncia (DAE) da cultura. Posteriormente, as variaveis Bio, P, e WP foram
estimadas utilizando a ETa e os pressupostos do modelo de Monteith (1972). A ETa apresentou alta
correlagdo com a Bio a partir da segunda imagem (10/06/2015), em funcdo do fechamento dossel da
cultura e consequentemente a predominancia da transpiragcdo no fendmeno de evapotranspiracdo. A WP
foi constante durante o maximo crescimento vegetativo até a fase reprodutiva da cultura denominada
R4, sendo verificado nessa amplitude de tempo a melhor eficiéncia da conversdo de 4gua em biomassa.
A partir dos resultados obtidos, verifica-se que esse conjunto de algoritmos utilizados para estimativa
dos parametros relacionados a produtividade do milho mostraram o potencial de crescimento que se tem
para melhorar a capacidade de como lidar com uma agricultura mais eficiente, assertiva e sustentavel.

Palavras-chave: Landsat-8. Evapotranspiracdo. Biomassa. Agricultura sustentavel. Manejo das

culturas.

Introduction

Knowledge of the water demand of crops, as
well as their relationship with productivity, is an
important indicator for the sustainable management
of agriculture, making it possible to maximize
efficiency in the use of available resources (FENG
et al., 2017b; TOUREIRO et al., 2017). Knowing
precisely these parameters makes the management of
agricultural properties more assertive and efficient,
both in terms of irrigation management (ADNAN et
al., 2017; FENG et al., 2017a) and in the selection
of the most appropriate cultivars for each situation.
Besides that, anticipated information is valuable for
production planning, management, and post-harvest
procedures (BERTOLIN et al., 2017).

Actual (ETa) has
been satisfactorily estimated with the use of

evapotranspiration

satellite images along with meteorological data
(CARRILLO-ROJAS et al., 2016). There are
numerous algorithms based on satellite images to
estimate this parameter, both physical and empirical
(ZHANG et al., 2016). Some of the well-known
algorithms are: SEBAL - Surface Energy Balance
Algorithm for Land (BASTIAANSSEN etal., 1998);
METRIC - Mapping EvapoTranspiration at high
Resolution with Internalized Calibration (ALLEN
etal., 2007); R-SSEB - Regional Simplified Surface
Energy Balance (ARAUIJO et al., 2017); two-layer
models (KUSTAS et al., 1996); SAFER - Simple
Algorithm for Evapotranspiration Retrieving
(TEIXEIRA, 2010); SSEBOP - Simplified Surface
Energy Balance (SENAY et al., 2016); and MS-PT
- Modified Satellite Priestley-Taylor (YAO et al.,

2013; ZHANG et al., 2017a).

Among the existing algorithms widespread in the
literature (SILVAetal.,2017),the MS-PTis presented
as an attractive alternative for ETa estimation. In
addition to simple execution, this algorithm has
the ability to partition evapotranspiration, that is,
compute separately transpiration and soil water
evaporation, characteristics that are not found
together in another model.

In the process of getting ETa, we obtain the
evapotranspiration fraction from the ratio of the
latent heat flux with the sum of the net radiation and
the soil heat flux. The evapotranspiration fraction
is also used in order to estimate the daily biomass
(BASTIAANSSEN; ALI, 2003; COAGUILA et
al., 2017), that is, the crop’s dry mass increase on
that day. The total dry biomass produced during the
cycle is estimated by integration of the daily biomass
obtained in the satellite overpass date, which can be
converted to crop yield using a harvest index and the
grain moisture at harvest time (BASTIAANSSEN;
ALI, 2003).

It is possible to generate many benefits for
irrigated agriculture with the implementation of
the MS-PT model. The biomass/evapotranspiration
ratio allows, for instance, the producers to list
which cultivars are most responsive to water.
This information can also be used as an important
environmental indicator (water footprint), given the
pressure to minimize the environmental impacts in
agricultural activities (MORILLO et al., 2015) and
to reduce water use conflicts.
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Besides that, if yield is accurately estimated
in advance, it is possible to optimize the crop
management activities, since it will be a fully
programmed and adequate operation for the crop
production (BERTOLIN et al., 2017; LOBELL et
al., 2015).

With the ability to couple satellite images and
algorithms, we show a potential alternative to
estimate parameters that can be useful for crop
irrigation management and productivity prediction.
In this context, the objectives of this work are
to estimate evapotranspiration, biomass, water
productivity and crop yield, utilizing the Landsat-8

images, along with the Modified Satellite Priestley-
Taylor Algorithm (MS-PT).

Material and Methods

The study was conducted in an area located in the
western part of the state of Bahia, Brazil, between
the pairs of projected coordinates X1 - 416,840; Y1
- 8,627,100 and X2 - 43,940; Y2 - 8,616,420, datum
WGS-84, UTM (Universal Transverse Mercator)
projection, zone 23 S (Figure 1). The area of study
refers to five central pivots, where the maize crop
was cultivated at the time of the study.

Figure 1. Location of the five central pivots (study area), in relation to Brazil, state of Bahia and the mesoregion of

western Bahia.

West region of Bahia
Babhia state
Brazil

The satellite data used in the research are from
Landsat-8, product C1 level 1, path/row 220/069,
collected by OLI (Operational Land Imager)
and TIRS (Thermal Infrared Sensor) sensors.
Landsat-8 has a spatial resolution of 30 meters for
the OLI sensor bands, with the exception of the
panchromatic band (15 meters), and 100 meters
for two bands from the TIRS sensor, that have 100
meters of spatial resolution (ROY et al., 2014).

S
( =
=

The actual evapotranspiration (ETa), biomass
(Bio), water productivity (WP) and productivity (P)
can be estimated with the bands 2, 3, 4, 5, 6, 7 and
10 of the Landsat-8. The wavelength amplitudes of
the electromagnetic spectrum of the bands used are
following: blue (0.450-0.515 um); green (0.525-
0.600 um); red (0.630-0.680 um); near infrared-
NIR (0.845-0.885 wm); Short Wavelength Infrared -
SWIR1 (1.560-1.660 um) and SWIR2 (2.100-2.300
um); and Long Wavelength Infrared B10 - Thermal
B10 (10.30-11.30 pum), respectively.
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During the maize crop cycle, which lasted from
09/05/2015 (beginning of the first planting - pivot
1) to 24/09/2015 (end of the cycle), six cloud-free
satellite images were obtained, which referred
to the following dates: 25/05/2015; 10/06/2015;

28/07/2015;
14/09/2015.

13/08/2015;  29/08/2015;  and

Table 1 shows the days after the emergence in
each central pivot for the images dates.

Table 1. Vegetative period of maize crop in different dates and central pivots.

Central Pivot/ 25/05 10/06 28/07 13/08 29/08 14/09
dates DAE*
1 9 25 73 89 105 121
2 6 22 70 86 102 118
3 5 21 69 85 101 117
4 3 19 67 83 99 115
5 2 18 66 82 98 114

* Days after emergence.

Methodology

The processing of the data was performed in a
given sequence (Figure 2), since some parameters
were necessary for the calculation of others. Thus,
the first operation performed was the preprocessing
of Landsat-8 images, that is, the conversion of digital

numbers to physical values (PONZONI et al., 2012)
and atmospheric correction by means of dark-object
subtraction methodology (CHAVEZ, 1988), with
the exception of the thermal band. Subsequently, the
daily ETa was calculated, following the assumptions
of the MS-PT model (YAO et al., 2013; ZHANG et
al., 2017a).

Figure 2. Methodological steps to estimate evapotranspiration, daily biomass, water productivity and crop production.

Landsat 8
images

IMeteorologicall
Station

APAR (Eq. 3) AETs (Eq.3) | | AETc (Eq.4)| | AETws (Eq.5) AETic (Eq. 6) Rs Bol ETo (Eq. 18)
MS-PT J
AET (Eq. 2) Rndaily

ETc
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After the estimation of ETa, the daily biomass
of the central pivots was calculated, using the
model proposed by (MONTEITH, 1972). Water
productivity was obtained by the ratio between
these two variables (COAGUILA et al., 2017), and,
finally, the daily biomass was integrated, finding
total productivity throughout the crop cycle.

Obtaining evapotranspiration - MS-PT

To obtain the evapotranspiration, the algorithm
based on the Priestley-Taylor equation was used,
which is denominated MS-PT, according to the
methodology presented in Yao et al. (2013) and
Zhang et al. (2017b). The model is based on
the experiences of the theoretical and practical
combination proposed by (PRIESTLEY; TAYLOR,
1972) that gave rise to the following latent heat flux
equation (Equation 1):

AETa=0 - (R, — G) (Equation 1)
is the latent heat flux, W m? a is the
nondimensional empirical coefficient (1.26); Ais the

where

derivative of the water vapor saturation function; Y
is the psychrometric constant; Rn is the balance of
radiation; and G 1is the heat flux in the soil.

In order to minimize the need for the
inclusion of meteorological parameters to obtain
evapotranspiration, Yao et al. (2013) modified the
original equation (Equation 1). The authors inserted
variables of vegetation indices (VIs) and apparent
thermal inertia (ATI), in addition to derived
variables, thus elaborating the MS-PT algorithm,
which is based on obtaining the actual latent heat
flux (AETa), according to Equation 2.

AETa=AETAAET +AET,+AET,. (Equation 2)
where AET is the latent heat flux related to the
evaporation of the unsaturated soil, in W m™
(Equation 3); AET, is the latent heat flux related to
canopy transpiration, in W m ™ (Equation 4); AET _

is the latent heat flux for saturated evaporation of the
wet soil surface, in W m™ (Equation 5); and AET_
is the latent heat flux related to the evaporation of
water intercepted by the canopy, in W m? (Equation
6). The AET is computed as follows:

AET=(1 — fye)fim otﬁ(Rns — G) (Equation 3)
where is the fraction of the wet surface, which is
calculated on the basis of the fourth power of the soil
moisture restriction (, which, in turn, is calculated
based on the apparent inertia of the temperature
(ATI), which can be simplified as the inverse of
the temperature range of the day (Equation 7); R
is the soil radiation balance, calculated according
to Equation 8; and G is the heat flux in the soil
(Equation 9). The AETc is computed as follows:

AET=(1—fye)f, fr o= (R,y)  (Equation 4)
where is the cover fraction, calculated according
to Equation 10; is the plant temperature restriction,
which is calculated according to Equation 11;
and R is the radiation balance of the vegetation,
calculated according to Equation 12. The ET__and
ET, are computed according to Equations 5 and 6

below:
AET s=fyet 0lﬁ(Rns -G) (Equation 5)
A .
AETjo=fyer 05 (Ruy) (Equation 6)

The estimate of the moisture restriction f_ is
necessary for the calculation of f , which enters
into the calculations of Equations 3, 4, 5 and 6. The
f  is computed according to the following equation:

DT
1

£ =ATI*= (_)r

o (Equation 7)

where DT is the amplitude of the diurnal temperature
relative to the day of the passage of the satellite
and DT __ the amplitude of the maximum diurnal
temperature in the interval, which was considered
constant in the equation, being assigned the value of
40 °C (YAO et al., 2013).
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The R , in W m2, is used in the partitions
referring to the latent heat fluxes of the soil (ET, and
ET ), this variable being estimated as follows:

Rys=R,(1 = 1) (Equation 8)

where R is the radiation balance, in W m™>,
which was calculated in this study according to
(BASTIAANSSEN et al., 1998). For the calculation
of R, it is necessary to calculate f, which can be
estimated by Equation 9.

_( NDVI-NDVIyi, )

fe= (NDVImax_NDVlmin (Equation 9)

As with the R , the G, in W m™ is estimated
for the latent heat flux partitioning relative to the
ground, being calculated by Equation 10.

G=0.18(1-f,)R,, (Equation 10)

where NDVI is the Normalized Difference
Vegetation Index (ROUSE JUNIOR et al., 1974),
with maximum and minimum values being
considered as 0.05 and 0.95, respectively, for
coverage fraction purposes (YAO et al., 2013).

For the estimation of ET, it is necessary to
calculate f, which can be estimated according to
Equation 11 below:

fT=exp [_ (Tmax—Topt)Z]

Topt (Equation 11)

with being the optimum temperature (25 °C).

In order to calculate the latent heat fluxes related
to vegetation partitioning (ET, and ), it is necessary
to estimate the R, which can be estimated according
to the following equation:

Ryv=R,f. (Equation 12)

Obtaining the daily biomass

After the calculation of, the daily biomass (Bio,
kg ha! d"), that is, the production of dry matter

per unit of area on the day of image acquisition
(BASTIAANSSEN; ALI, 2003; COAGUILA et al.,
2017), was estimated by Equation 13.

BIO= ¢, Ef APAR 0.864 (Equation 13)
where ¢ is the maximum efficiency in the use
of radiation, in MJ!, according to Bastiaanssen
and Ali (2003); Ef corresponds to the evaporative-
dimensionless fraction (Equation 14); and APAR is
called photosynthetically active absorbed radiation
(W m™2) (Equation 15) (BASTIAANSSEN; ALI,
2003).

AET
Ef=—2
R,—G

APAR = (1.26 NDVI - 0.16) (0.48 Rg) (Equation 15)

(Equation 14)

The determination of APAR was carried out from
a fraction of photosynthetically active radiation
(PAR), which takes into account the NDVI and Rg,
global solar radiation, in W m~ (TEIXEIRA et al.,
2015).

Obtaining crop yield and water productivity

The water productivity, in kg m™, was obtained
by the ratio between the biomass (BIO) and the
actual evapotranspiration (ETa) obtained by the
MS-PT. ETa was obtained by converting the from
Wm?tommd™'.

(Equation 16)

The estimated values of daily biomass were
integrated for the entire maize crop, resulting in
total biomass per cycle (BIO ), kg ha™ cycle™.
After obtaining these values, the crop yield (P, kg
ha!) was determined based on the methodology
proposed by Bastiaanssen and Ali (2003), according
to Equation 17.

_ BlOpa x IC
1-"Us

P (Equation 17)

where IC is the harvest index, dimensionless; and
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Us is the moisture on the wet basis of the grain
during harvest, decimal.

In the present study, the IC of 0.40 was
considered for maize (BASTIAANSSEN; ALI,
2003). We considered the maize moisture content
of 14% during harvest (AHRENS et al., 1998) and a
10% loss due to the harvest operation.

Validation

The ETa and total productivity data calculated
by MS-PT were validated with estimates of standard
FAO-56 (ALLEN et al., 1998) evapotranspiration
(ETc), and productivity attained in the field,
respectively. To calculate the ETc, the sequence
according to Equations 18 and 19 was used.

The data
downloaded, and the ETo was calculated using
the standard equation recommended by FAO-56
(ALLEN etal., 1998), which considers, as reference,
a surface cultivated with grass with a 0.12 m height,
aerodynamic resistance of 70 s m™! and albedo of
0.23 (Equation 18).

meteorological  station were

0,408 AR, —G)+7 —e,)

u2 (es
ET - t+273

’ A+vy(1+0,34u,)
(Equation 18)

where ET is the reference evapotranspiration, mm
d™'; R is the surface radiation balance, MJ m=>d™;
G is the heat flux in the soil, MJ m2 d'; t is the
mean air temperature, °C; u, is the wind velocity
at 2 m in height, m s'; e_is the vapor saturation
pressure, kPa; e, is the current vapor pressure of
the air, kPa; A is the slope of the saturation vapor

pressure curve, kPa °C™!; and vy is the psychometric
coefficient, kPa °C™'.

After the calculation of the ET , the Kc was taken
into consideration, according to Equation 19 below:

ETc=ET, K, (Equation 19)
Kc is the cultivation coefficient according to

FAO-56 for maize cultivation, along the different
phenological stages (ALLEN et al., 1998).

To evaluate the performance of these
methodologies, with respect to the estimates of ETa
and P, we used the following statistical metrics: root
mean squared error (RMSE) and mean bias error

(MBE), according to Equations 20 and 21.

RMSE= iZ?:l (Oi — Pi) (Equation 20)
MBE=:—1 i1 (01— Pi) (Equation 21)

where P, is the values predicted by the models and
O, are the observed values.

Results and Discussion

Figure 3 shows the spatial-temporal distribution
and the
evapotranspiration in all the central pivots of the

descriptive statistics of the actual
study area. It can observed that at the beginning
of the maize growing season, 25/05/2015, the
maize present in the five central pivots had a
low evapotranspiration demand. The reference
evapotranspiration estimated for this day was 3.6
mm, while the mean ETa of the central pivots was

2.31 mm.
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Figure 3. Actual evapotranspiration occurring in central pivots throughout the irrigated maize crop cycle.
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0 500 1000

The peak of the evapotranspiration demand of
maize grown in the central pivots occurred in the
image 0f28/07/2015, when the maize crop presented
the highest stage of vegetative development, with
73, 70, 69, 67, 66 days after emergence (DAE)
in pivots 1, 2, 3, 4 and 5, respectively. Besides
the crop being in full development stage, the
meteorological variables resulted in a high reference
evapotranspiration value, consequently resulting in
high water requirement for the crop (ALLEN et al.,
1998).

When analyzing Figure 3 on 10/06/2015, it is
noted that there is, in all central pivots, a greater
variability of ETa along the areas, which is
perceived in the boxplot and qualitatively through

the images. The cause of this heterogeneity may be
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related to several factors, such as crop development,
soil variability, and water management, among
others. However, the occurrence of heterogeneous
values with a well-defined triangular geometric
pattern may be related to the central pivot irrigation
efficiency in the application of water in the crop.

The onset of a senescence period of the crop is
evidenced by theabruptdropinthe evapotranspiration
rate, notable on dates 29/08 and 14/09 (Figure 3),
dates which the five center pivots already had 98 or
more days after emergence (Table 1).

It is observed in Figure 4 that the daily biomass
increase, as well as the evapotranspiration demand,
had the highest peak in July 28, 2015, decreasing
the increment after that date.
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Figure 4. Daily biomass production occurring in central pivots throughout the irrigated maize crop cycle.

25/05/2015 10/06/2015

28/07/2015

Biomass (kg ha'd™): 0 500 1000

8.00 92.75 177.50
36.25 121.00 205.75
64.50 149.25

234.00

The daily biomass production showed a direct
relationship to the evapotranspiration demand, that
is, the higher the water demand of the crop, the higher
the biomass production capacity. The analysis of the
relationship between ETa and biomass allows us to
verify that a crop that evapotranspirates in its full
potential will express the productivity with greater
relevance. Thus, the linear regression between ETa
and the biomass for the dates of images is presented
in Figure 5. This analysis shows a linear trend
between these variables during the phenological
crop cycle of the maize along the central pivots.
No linear relationship between evapotranspiration
demand and biomass production was found at
the first date of the image acquisition (r>=0.04)
(Figure 5A). Until this date, the crop was still
establishing itself in the areas, with 2 to 9 DAE, with
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predominance of soil exposed in the fields (Table 1).
Thus, the evaporation component was the one that
governed the evapotranspiration, not contributing
to the entry of CO, by the stomata of the plant
and, consequently, not producing photoassimilates
(ZHANG et al., 2017b). For the other dates, high
(r>>0.89)
biomass and ETa data were found.

determination coefficients between

Campos et al. (2018) established a relationship of
the coefficient of transpiration established by means
of vegetation indices with the biomass production
of maize and soybean, since there is a relationship
between vegetation indices and crop production.
These authors found coefficients of determination
(r?) 0f 0.94 to 0.96 for accumulated basal coefficient
and biomass production.

Semina: Ciéncias Agrdrias, Londring, v. 40, n. 6, suplemento 2, p. 2991-3006, 2019

2999



3000

Filgueiras, R. et al.

Figure 5. Relationship between ETa (mm d™') and Bio (kg ha™ d™!) along the dates of the images in the maize crop
cycle: A) 25/05/2015; B) 10/06/2015; C) 28/07/2015; D) 13/08/2015; E) 29/08/2015; F) 14/09/2015.
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Figure 6 shows the results of the tests to evaluate
the performance of the MS-PT algorithm on ETa
estimation of the maize crop. It was observed that
the largest discrepancies of the ETa, estimated by
the algorithm MS-PT, occurred in the last two dates
of the images used, that is, in the final portion of the
irrigated maize crop cycle. This discrepancy cannot
be accounted as an error as the standard FAO-56
estimate was used as the ground truth observation. It
is known that innumerable other factors in the field,
which are not perceptible in the standard method,
can lead to a decrease in the evapotranspiration rate,
this possibly being the fact that caused the fall of
the ETa, and that was detected through the satellite
images.
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In addition, Westerhoff (2015) analyzed the
errors caused by the estimation of FAO-56 standard
reference evapotranspiration caused by the insertion
of input data, since this is a methodology frequently
used to validate the estimates made with remote
sensing data. The analysis performed by this author
found that the ETo values calculated by Penman-
Monteith methods present uncertainties (10 to 40%)
that are more expressly caused by the errors in the
measurement of air temperature data, followed by
solar radiation.

Silva et al. (2018) estimated the

evapotranspiration using the SEBAL Model for
different land uses. These authors evaluated the
estimation of evapotranspiration using the FAO-
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56 standard methodology and presented errors less
than or equal to 1 mm d', validating the SEBAL
methodology in obtaining ETc.

Minacapilli et al. (2016) estimated the ETa with
precision, based on the triangle methodology and
the Priestley-Taylor equation, a procedure referred
to as the Time Domain Triangle Method (TDTM).

Figure 6. Validation of evapotranspiration data calculated by MS-PT with FAO-56 standard: A) RMSE - mm d'; B)

MBE - mm d ™.
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The WP obtained by the relationship between
daily Bio and ETa is shown in Figure 7. This index is
important for verifying the amount of water required
to produce one kilogram of dry biomass above the
ground of maize. It can be noticed that the behavior
of water productivity had been similar to the
already observed evapotranspiration and biomass
behavior, but the high productivity of the water
extends during the dates 28/07/2015, 13/08/2015
and 29/08/2015 (Figure 7). The decrease in the rate
of ETa was accompanied by a reduction in the Bio
increment of maize crops, a fact that caused water
productivity to remain similar at these three dates.
WP demonstrates how efficient the crop is in water
use. The higher the productivity per cubic meter of
water, the greater the efficiency of this crop. This
parameter serves as an important indicator to verify
which cultivar presents more efficient water use.

Coaguila et al. (2017) estimated the WP for
annual crops in a region of the state of Sdo Paulo,

MBE
0.5 1.5
.

0.0
™

days of images

Brazil, and found an average value of 4.08 kg m™®
throughout the year 2015. In the present study,
we found average values for the central pivots of
0.74, 2.71, 4.33, 4.33, 4.35 and 3.82 kg m™, on
25/05/2015, 10/06/2015, 28/07/2015, 13/08/2015,
29/08/2015 and 14/09/2015, respectively. In this
way, it is possible to affirm that the phenological
phases in which the crops showed to be more
efficient in the use of water extended from 66 DAE
(pivot 5) to 105 DAE (pivot 1). At that time, the
crop was between the tasseling phase (28/07/2015)
and the phenological phase R4 (29/08/2015),
characterized by pasty grains.

The total crop yield was derived from the daily
biomass estimated for the days of the images. For
this estimation, the following yields per hectare
(kg ha™') were obtained for the central pivots 1 to
5, respectively: 12,898.78; 12,492.09; 12,559.03;
12,509.55 and 12,401.85; where the values observed
in the field were: 11,853.60; 13,023.60; 12,410.40;
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12,489.60; 12,234.00. According to the results
obtained and field yield observed, the following
statistical metrics were: 532.20 kg ha! (RMSE) and

163.80 kg ha! (MBE), presenting a relative error of
1.32%, an estimate considered extremely accurate.

Figure 7. Water productivity of irrigated maize over the crop cycle in different central pivots.

25/05/2015 28/07/2015 13/08/2015

10/06/2015

Pivot |

Pivot 2

Pivot 3

Pivot 4

Pivot 5

WP (kg m*): 0

0.39 1.93 3.47
0.90 244 3.98
142 295 4.49

500 1000

Bertolin et al. (2017) estimated the yield of
irrigated maize for the same area of the present
study and obtained a relative error of —6.32% to
the 2016 harvest. In the prediction, These authors
used the relationship between NDVI (Normalized
Difference Vegetation Index) and field productivity,
requiring the occurrence of a historical database to
model an equation.

The search for estimates of more accurate
productivities through remote sensing is extremely
important, since conventional estimation techniques
are laborious and present errors that cannot be
measured, such as situations involving interviews
with farmers (MELO et al., 2008; RIZZI; RUDORF,
2007).
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Conclusion

The MS-PT algorithm was extremely efficient
from the initial phase (after emergence) to the
beginning of the reproductive stage of the irrigated
maize crop. After these phases, the assertiveness
of the algorithm was lower when compared to the
estimate of the standard FAO-56 ETc.

The evapotranspiration presented a direct
relation with the biomass increment for the date
10/06 (18 days after the emergence), a fact that
emphasizes the responsivity of the maize crop in
relation to the water.

The water productivity remained constant during
the maximum vegetative stage until reproductive
phase R4 (pasty grain).
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The combination of algorithms used to predict
the yield of irrigated maize presented high
potential, given the accuracy reached in estimating
productivity for irrigated maize crops.
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