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ABSTRACT

Wheat (Triticum aestivum) is the second most produced cereal in the world, and has major importance in the global
agricultural economy. Brazil is a large producer of wheat, especially the Rio Grande do Sul state, located in the south of
the country. The purpose of this study was to analyze the estimation of biophysical parameters — evapotranspiration
(ET), biomass (BIO) and water productivity (WP) — from satellite images of the municipalities with large areas planted
with wheat in Rio Grande do Sul (RS). The evapotranspiration rate was obtained using the SAFER Model (Simple
Algorithm for Retrieving Evapotranspiration) on MODIS (Moderate Resolution Imaging Spectroradiometer) images
taken in the agricultural year 2012. In order to obtain biomass and water productivity rates we applied the Monteith
model and the ratio between BIO and ET. In the beginning of the cycle (the planting period) we observed low values for
ET, BIO and WP. During the development period, we observed an increase in the values of the parameters and decline at
the end of the cycle, for the period of the wheat harvest. The SAFER model proved effective for estimating the
biophysical parameters evapotranspiration, biomass production and water productivity in areas planted with wheat in
Brazilian Southern. The methodology can be used for monitoring the crops' water conditions and biomass using satellite
images, assisting in estimates of productivity and crop yield. The results may assist the understanding of biophysical
properties of important agro-ecosystems, like wheat crop, and are important to improve the rational use of water
resources.
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1. INTRODUCTION

Wheat (Triticum aestivum) is the second most produced cereal in the world, and has major importance in the global
agricultural economy. Brazil is a large producer of wheat, especially the Rio Grande do Sul state, located in the south of
the country. This winter grass is highly susceptible to weather and climate conditions. It is grown under an intercropping
system with soybean and maize, during summer, and depends on the annual variations in amounts produced by the
previous crop. The most traditional growing area, the Southern Region, does not have a dry season, and the excessive
humidity is favorable to the occurrence of diseases, late frosts (in the spring, coinciding with the silking of wheat) and
hail, which are the main climate-related limitations [1]. Brazilian wheat-adaptation regions have already been
determined, and are described as homogeneous regions and grouped by municipalities. In Brazil, wheat is grown in the
South, Southeast and Midwest regions [2].The national wheat production is not enough for domestic consumption, and
there is a deficit of 5.8 million tons, ie. there is a strong dependence on foreign markets.
The Ministry of Agriculture estimates an annual increase of 1.31% in wheat production by 2020, and a consequent
reduction in imports. Researches indicate that it is essential to discuss the progress made in improving the agronomic
performance of wheat to increase yield and improve efficiency in the use of environmental resources.

Remote sensing using satellites is an efficient tool for these estimates, providing spatiotemporal information, location
and stage of different agro-ecosystems [3] . The high correlation between the spectral bands and biophysical parameters
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enables mapping and quantifying BIO on a large scale [4]. Landsat satellite images have been used for biomass estimates
in the Sao Francisco [3] and Amazon [5] basins.

The SAFER (Simple Algorithm for Evapotranspiration Retrieving) algorithm for retrieving ET has been developed and
validated using field data and Landsat images applied to irrigated crops and natural vegetation in the Brazilian semiarid
conditions [6-7]. One of the SAFER model's advantages is that data from both automatic and conventional agro-
meteorological stations can be used, which enables a wider temporal evaluation of BIO and ET. A second biophysical
model was also developed for the estimation of the surface resistance to water fluxes (r;) on a large scale, which
established threshold values which are useful for classifying the vegetation into irrigated crops and natural vegetation
[8].

Faced with the variability in yield and economic importance of cereal crops, the purpose of this study is to analyze
estimates of biophysical parameters of wheat crops for development and productivity monitoring using satellite images
and meteorological data, along with the SAFER algorithm [7].

2. MATERIAL AND METHODS

The study area consists of wheat production municipalities in the state of Rio Grande do Sul, Southern Brazil (Figure 1).

For this study, we used daily data from agrometeorological stations provided by Brazilian National Institute of
Meteorology (INMET — Instituto Nacional de Meteorologia), and processed MODIS (Moderate Resolution Imaging
Spectroradiometer) data, product MOD13Q1, reflectance bands 1 (a1) and 2 (02), with a spatial resolution of 250 m and
a temporal resolution of 16 days. The satellite images selected correspond to the wheat agricultural calendar in the
region, between June (planting) and November (harvest), year 2012, totaling 11 images. The SAFER[7] (Simple
Algorithm for Retrieving Evapotranspiration) model was applied to obtain evapotranspiration and biomass rates. To
obtain the water productivity rate we applied the Monteith model and the ratio between BIO and ET. The results have
been extracted for the Rio Grande do Sul state land-use mask, available by Brazilian Institute of Geography and Statistics
(IBGE).
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Figure 1. Location of the Rio Grande do Sul state, Brazilian Southern region (shaded area).

For the surface albedo (ow) calculations the reflectance values from the bands 1 and 2, extracted from the MODIS
product MOD13Q1, with a time scale of 16 days were used, insuring a spatial resolution of 250 m for all water
productivity parameters [9]:

o, =a+bo, +ca,

()

where o1 and oz are the reflectance values for the bands 1 and 2 from MODIS satellite measurements, and a, b, and ¢ are
regression coefficients obtained comparing these measurements with field data [10,11], thus including the atmospheric
effects through the radiation path. Their values found for the Brazilian semiarid conditions were, respectively, 0.08, 0.41
and 0.14.

For the surface temperature (To), the thermal radiation balance equation was applied [12]:
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where R and Taare respectively the daily values of the incident solar radiation and mean air temperature at the

agrometeorological stations, Rnis the daily net radiation, ea and es are respectively the atmospheric and surface

emissivities, and o is the Stefan-Boltzmann constant (5.67 x 10-s W m-2 K-4).

esand ea were calculated as follows [13-14] :

gg =agInNDVI +bg 3)

b
gy =a, +(Intg)™
(4)
where 1sis the short-wave transmissivity calculated as the ratio of Ra to the incident solar radiation at the top of the

atmosphere, and as, bs, aa and ba are regression coefficients taken as 0.06, 1.00, 0.94 and 0.10 according to [14].

Daily Rn can be described by the 24-hour values of net shortwave radiation, with a correction term for net longwave
radiation for the same time-scale [14]:

R,= (1 — Uy )RG A Tgy

(%)
where aiis the regression coefficient of the relationship between net long wave radiation and tsw on a daily scale. Because
of the thermal influence on longwave radiation via the Stephan Boltzmann equation, a previous study investigated
whether the variations of the aicoefficient from Eq. 6 could be explained by variations in 24 hours Ta[14]:

a;=dL, - e

(6)
where d and e are regression coefficients found to be 6.99 and 39.93 respectively for the Brazilian Northeast conditions.
The SAFER algorithm is used to model the instantaneous values of the ratio ET/ETo, which is then multiplied by ETo
from the weather stations to estimate the daily ET large-scale values:

I ETO
ET ={exp f+g 0 ano
ET, agNDVI 5 o

where ETois the map of reference evapotranspiration from the 34 weather stations (Figure 1) calculated by the Penman-
Monteith method [33] and f and g are the original regressions coefficients, 1.9 and - 0.008 [14], respectively. The
correction factor (ET0ano/5) was applied, where ETOyear is the annual grids of reference evapotranspiration for Rio Grande
do Sul state in 2012, and 5 mm is the value of ETOyear for the period of modelling in the original semi-arid region. The
evaporative fraction (Er) is included to take into account the soil moisture effects, and is defined as the latent heat flux
(AE) divided by the available energy, which in turn is the difference between Rnand soil heat flux (G):

_AE
2R 8
®)
where AE is obtained by transforming ET into energy units, with all energy terms considered in MJ m-2 day-1 in the
SAFER algorithm.
For the daily G values, the equation derived by [13] was used:
G
R ag exp(bgotg )
n (9)

where aG and be are regression coefficients found to be 3.98 and -25.47 respectively.

R daily values were used to estimate the large scale Photosynthetically Active Radiation (PAR) for the daily time-scale:
PAR=hR (10)

where h = 0.44 is the constant of the regression equation found under the Brazilian conditions that reflects the portion of

Ra that can be used by leaf chlorophyll for photosynthesis [15].

The values of Absorbed Photosynthetically Active Radiation (APAR) can be approximated directly from PAR:

APAR=f,, . PAR (an
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The factor frar is estimated from the NDVI values [16, 17]:
fpag =iNDVI+j

(12)
The coefficients i and j of 1.257 and -0.161, respectively, reported for a mixture of arable crop types [17] were
considered and the BIO is quantified as:
BIO=¢,,,,E;APAR 0.864

(13)

where emax is the maximum light use efficiency, which depends on whether the vegetation is ¢3 or c4 species, and 0.864
is a unit conversion factor [15, 16].
In the current research, the water productivity (WP) assessments are done in terms of ET [15]:

WP:BIO

ET (14)
Subsequently, the ET average values have been extracted according to the cropping mask of Rio Grande do Sul state, the
scale of which is 1:100.000.

3. RESULTS AND DISCUSSION

Figures 2, 3 and 4 show the spatial distribution of evapotranspiration (ET), biomass (BIO) and water productivity (WP)
daily values for wheat production municipalities in the Rio Grande do Sul state, on June 26, August 13, September 30,
and November 1, 2012. These dates have been selected because of the developmental stage of the wheat cycle.

Based on the agricultural areas of southern Brazil occupied by wheat fields at the beginning of the cycle, the average ET
Vagues obtained were 1.17 = 0.46 mm d”'. BIO presented average values of 34.28 + 21.03 kg m™ and 2.64 + 0.77 WP kg
m”.

Along the development of the wheat, the biophysical parameters' variability may be observed over the cycle. The
biophysical parameters were higher at mid-cycle, which is related to the crop's maturation period, therefore there is a
higher loss of water to the atmosphere in the form of evapotranspiration, a higher biomass production and a higher water
productivity, as it can be seen in the ET, BIO and PA values, which correspond to 2.59 + 0.68 mm.d”', 100.46 + 39.05 kg
m~ and 3.72 + 0.63 kg m™, respectively.

At the end of the crop cycle and harvest time, there was a reduction in the biophysical parameters, with an ET average
around 1.27 + 0.89 mm.d”', a BIO average around 33.04 +32.03 kg m?, and a WP 2.07 + 0.81 kg m™, respectively.

The values have been extracted according to the cropping mask of the Rio Grande do Sul state, the scale of which is
1:100.000.

The average daily ET of wheat production areas at the planting period (June 26, 2012) was 1.99 + 0.61 mm.d’.
At the development stage of wheat (August 13), the average ET was 2.60 + 0.57 mm.d'. At harvest (September 30), we
observed an ET daily average of 1.28 + 0.63 mm.d™’.
The average BIO wheat production municipalities in Southern Brazil ranged around 72.36 + 34.55 for the planting
period, with increased values of biomass in the crop-development period (August 13) of around 102.79 + 34.86 mm.d"'.
During the harvest period, the average biomass was around 3272 + 2344 mm.d’.
The average WP ranged around 3.41 £ 0.78 (June). In August 13, the WP was around 3.83 + 0.57 mm.d”', and at the
cycle's end, the WP was around 2.22 + 0.69 mm.d ™.

The low evapotranspiration values at the beginning and the end of the cycle are due to fact that wheat is a winter crop,
and is in agreement with the time when incident radiation fluxes, and consequently the air temperature, are the lowest in
the year. Thus, there is high soil moisture, but not enough to promote high rates of evapotranspiration. This result is in
agreement with the normal climatological provided by the Brazilian National Institute of Meteorology (INMET), which,
for the month of August, is equal to 43 mm.month™, and corresponds to an average of 1.38 mm.d"'. As we mentioned
previously, the highest average evapotranspiration value was 1.41 mm.d"' and occurred in August. The results
corroborate with others studies at same region [18] when applying the SEBAL algorithm over the same period of the
year in the state of Parana, Southern Brazil.

Zwart et al. (2010) [19] have applied the method for mapping water productivity of wheat around the world and obtained
a range of 0.52 to 1.42 kg.m™ [20]. The SEBAL algorithm was used to quantify the spatial variation of crop yield,
evapotranspiration (ET) and water productivity (WP) using NOAA/AVHRR and Landsat satellite images. The results
were validated using irrigated wheat in Mexico. The water productivity (WP) average in the Yaqui Valley, Mexico, was
1.37 kg.m™, and can be considered high when compared to other irrigation systems around the world where the same
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methodology was applied. The highest average WP was found in the Nile Delta of Egypt (1.52 kg.m™), Kings County
(CA), USA (1.44 kg.m™) and Oldambt, Netherlands (1.39 kg.m ).
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Figure 2. Spatial distribution of daily evapotranspiration (ET) during the agricultural year (2012) for wheat, in Rio Grande do Sul,
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Figure 3. Spatial distribution of biomass production (BIO) during the agricultural year (2012) for wheat, in Rio Grande do Sul,
Brazilian Southern region.
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Figure 4. Spatial distribution of water production (WP) during the agricultural year (2012) for wheat, in Rio Grande do Sul,
Brazilian Southern region.

Evapotranspiration, biomass and water productivity present higher values in the middle of the crop's development cycle,
therefore there is a higher loss of water to the atmosphere in the form of evapotranspiration, and a higher biomass and
water productivity rate on August 13, which are related to the crop development period. Evapotranspiration estimation
methods generally enable obtaining data on a local scale. However, regions with heterogeneous surfaces with different
types of soil and vegetation present quite different evaporation rates, which cannot be perceived in traditional estimation
methods. Remote sensing allows the estimation of evapotranspiration over large areas, as a function of biophysical
characteristics obtained at each pixel. Another major advantage of the use of satellite imagery in estimating
evapotranspiration on a regional scale is that the amount of water consumed in the evapotranspiration process can be
detected without the need for quantification of other hydrological parameters, such as soil moisture.

4. CONCLUSIONS

The SAFER model proved effective for estimating the biophysical parameters evapotranspiration, biomass production
and water productivity in areas planted with wheat in Rio Grande do Sul. Therefore, the method may be used for the
monitoring of crop water conditions and biomass using satellite images, thus assisting in estimates of productivity and
crop yield. The results may assist the understanding of biophysical properties of important agro-ecosystems, like wheat
crop, and are important to improve the rational use of water resources.
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