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ABSTRACT: The north-easternportion of Sdo Paul&tate is highlighted by large areas cultivated with
sugar cane. Considering thdaed usechangesa MODIS productwas coupled with agrometeorological

data for quantification of the energgnd vater balance components, along the year of 2012. Two
management types were considered, harvest with and without burRorgbothmanagementypes, the
fraction of net radiaton (f used as | atent heat f 1l ux ( o Ethe, ran
sensible heat flux (H) was between 0.13 and.OWith burnt harvest sugar cane, the crop usetd 5%

less and% more of the available energy for, respectively, evapotranspiration (ET) and heating of air. For
soil moistureconditions analysegshemo-hydrological indicesvere applied, evidencing some situations
where120 mm ofirrigation water should be beneficial for yieldjuring the periodrom July to October

The main results of this researalethe quantification of the energy and water beéanomponents on a
large scale anthe influence of the sugar cane harvest managements seettthanges processes and the
supplementary irrigationeeds
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BALANCO SDE ENERGIA E DE AGUA POR SENSORIAMENTO REMOTO NA CULTURA
DA CANA-DE-ACUCAR NO ESTADO DE SAO PAULO, BRASIL

RESUMO: A porgéo nordeste do Estado de Sao Paulo destapalas grandes areas cultivadas com-cana
de-acglcar. Considerandsmstasmudancasie uso da terfaum produto MODIS foi usado em conjunto com
dados agrometeorolégicas para a quantificagdo dos componentes dos balancos de deeégiaaao
longo do ano de 2012. Dois tipos de manejo foram considerados, colheita da cana com e sefaraeima.
ambos ogipos demanejg a parcela do saldo de radiacéde)(Bsada como fluxos de calor latensk),
variou de 0,27 a 0,87, enquanto que aquela para o fluxo de calor sensivel (H) esteve entred),C8m 0,7
gueima na colheita a cultura usatg5% menos &% mais da energia disponivel para, respectivamente, 0s
processos de evapotranspiracéo (ET) e para aquecimento do ar. Para andlises dasdmndgdade do
solg um indice termo hidricas foram aplicad®, evidenciando algumas situacdes de beneficios de
irrigac6es suplementares para a produgéoperiodode julho a outubra Os principais resultadaao a
guantificacdo dos components dos balancos de energia e de d4gua em larga @sdaffu@ncia dos
manejos de colheita dallturanas trocas energéticasenecessidadeda irrigacasuplementar

PALAVRAS -CHAVE: saldo de radiacao, fluxo de calor latente, fluxo de calor sensivel
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INTRODUCTION

In the northeastern region of Sdo Paulo State, rapid land use changes are ocdunimgthe
last decadesThis State is highlighted witmore than 5% of the Brazilian areas cultivated wistugar
cane which are approximately 8,500,000. lktighlights are for thgrowing regionof Ribeiréo Preto.

In this regionthe crophave optimum natural conditions for its development; a warm angevitd
with high levels of solar radiation during the growth stage, followed by a dry and colder period during
the phases of maturation and harvestii&zet al., 2007)

Nowadays, thebeneficial ecological aspects of ethanol from sugar dawincreasd its
cultivation, which in turncanraise the competition for land and for water. The effects of ethanol
production from agricultural crop® areas previously habited by natural vedetatcan be more
prejudicial than fossiluel in relation to greenhouse gas emissiora@ioneet al., 2008; Sharlemann
et al., 2008)However, the expansion of areas with sugar cane in the-eastern side of Sdo Paulo
has caused replacement of pasture, citrus, grainsa@feke, which had already replaced the natural
vegetation(Rudorf, et al.,, 2010). This expansion can affect thergyand waterbalance by
increasing the greenhouse gases emissioesi( al., 2011).

AndersonTeixeira et al. (2012) reported that bioenergy crops such sugar cane can alter the local
climate by increasing thdatent heat fluxesconsequently redireg air temperature close to the
canopies. Loari et al. (2011), analysing remote sensing data from satellites, concluded that the
deforestation of the Brazilian scrublafor cattle and soybean cropaised the air temperatuyre
however when these last crepvere replaced by sugar cahe thermal conditionseduced again.

The difficulties to measure the energy fluxes from mixed -&gasystems by field experiments
make remote sensing by satellite images a valuable application and its use for this s @dhsaty
been done in different climate regions (Anderson et al., 2012; Pégas et al., 2013; Teixeira et al., 2013).
Considering the simplicity of application, the SAFER (Surface Algorithm For Evapotranspiration
Retrieving) algorithm fothe energybalance quantificatiowas developed. This model together with
net radiation (R estimations allow the determination o
sensible (H) heat fluxes (Teixeira et al, 13D

The objective of the current research waspply SAFER together with MODIS images and a
net of agrometeorological stations for quantification of the famgde energyand waterbalance
components ithesugar cane cultivated with burnt and not burnt hannsstiethe growing regions in
the nath-easernside of Sao PaulBtate, Brazil. The resultsan subsidize criteria for poliajecisions
when aiming a rational water resources management in conditions of fast replacement of natural
vegetation specidsy this crop The success of thmodelling here may give more confidence for the
test and validations in otheugar canenvironments, which probably will need only calibrations of
the original equations.

MATERIAL AND METHODS

Figure 1 shows the location of the netagfometeorological statismnd the burnt and not burnt
harvest sugar canes in therthreastern side ddao Paulo (SP) State, Southeast of Brazil.
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Figure 17 Location ofthe sugar cane growing regioasd agrometeorologicatations used for the
interpolation processes in Sao Paulo (SP) State, Southeast of Bradiréfswith no harvestburn
(green)management (Bandcrops withharvesturn (redymanagementC).

MODIS is an on board sensor of Terra platform, withspéctral bands, acquired at 3 spatial
resolutions (250, 500 an o) the Geflebtand@roduEtd®@D13IQhfer s ur f
16 daysduring 2012was used anthe bands 1 and 2, with a spatial resolution of 250m eeracted

a,=a+ba, +ca,

(1)

w h e & n dardxhe reflectances for the bands 1 and 2 from MODIS satellite measurements, and a,
b, and c e regression coefficientsonsidered agsespectively0.08, 0.41 and 0.1dTeixeira et al.,

2013)

For the energyand waterbalance components estimations, the Normaliz&ifference
Vegetation Index (NDVI) was an input, because it is a measure of the amount of vegetation at the

surface:

a, -a
NDVI = @ Py
a P2 +ta Py

(2)

wherelz a n ¢y Wepresent the planetary albedo over ranges of wavelengths in the near infrared
(MODIS band 2) and red (MODIS band 1) regions of the solar spectrum, respe(teizlira et al.,

2013)

Aiming to improve the spatial resolution in the mmnt research, instead of using the thermal
band (120 m), Tin the current study was estimated with only teé (band 2and infraredband 1)
spectral regionstogether with weather datd was acquiredas a residual in the radiation balance

eguation:

R, =RS®-a,RS®- esT, +e,;sT,’

3)

whereRS Z  asram@ redpectively the daily values of the incident solar radiation and mean air
temperaturefrom the agrometeorologicaitations R, is the daily net radiationyy and U, are
respectively the surface and

108 W mi2K4).

o andu, were calculated as following

€ =a,INNDVI +b,

€= aa(' Ints)ba

a Baoltomam lcenstantc(5.68 mi s s

(4)
()
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w h e gisthethort wavaransmissivity calculated astheratioRSZ t o t he inci dent
the top of the atmospheric; ang &, a and k are regression coefficients taking @96, 1.00, 0.94
and 0.10 according to Teixeiet al.(2013).

The Slob equation for acquiring the daily values gfiRdescribed as:

R, =(l- a,)RS®- at, (6)

where the regression coefficienwas obtained throughout its relation with(Teixeiraet al, 2013).
Having calculated the input parameters for the SAFER algorithm, the daily ET was estimated
with ETo daily data forthis time-scale:

ET ey o & (7)
ET, g ?ZOND\A%

where d and e are regressions coefficients, which for the navdstern side of S&o Paulo were
considered 1.0 and0.008, respectively (Teixeira et al., 2013).

Transforming ET into energy units, the | aten
then the sesible heat flux (H) estimated as the residual in the energy balance equation, neglecting the
soil heat flux (G) for this time scaf€eixeira et al., 2013)

H=R,- |E (8)

As soil moisture indices, the evaporative fraction (EF) and a water indicator (WI) were used:

IE

Ef=1E 9
R, 9)

wi=— (10)
ET

where P is precipitatiofiom the agrometeorological statioastimescale of 16 days.

The indicator represented by Eqg. 10 enables the characterization of the water component
of the climate, taking into accountetlinput and output of water from and to thegar canes
indicating the potential moisture availability in their root zones. Low WI values mean natural
water deficiencies and the degree of irrigation needs.

RESULTS AND DISCUSSION
Weather conditions
Energy balance partition depends on the atmospheric demand and soil moisture, which in turn

are conditioned by solar radiation (RSZ) and
variation of RSZ, ETO and P sugdr canepixdis intthe study agea.r o f
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Figure 21 Seasonal total values of reference evapotranspiratios) €68 precipitation (P), together
with the average dail y v a lnthessigarccdne arahucirig the yedr ofs ol ar
2012 in the northeastern side of S&o Paulo State

R S Zepresents the main source for teergyand waterbalance. Its values were lower
between the day of the year (DOY) from 144 to {M2y i June) around 0.3 MJ m? day*, period
close tothe winter slstice in the South hemisphefenvo picksoccurredDQOY betweerDOY 32 and
96 (Februaryi April) and from DOY 256 t336 (Septembei December)averagingl5.6 MJ m? day
! whenthe sun is near the zenith posit@inthe sugar cane growing regiohgher R S during these
last period contributed targesatmosphere demasd

EToand P in Figure 2 represent the totals for each 16 aayssponding tthe time scale from
theMODIS product usedAlthough the largest Elvalues occurring at the end of thear, reaching to
4.4 mmday* from DOY 272 to 288 (Septembei October) the variations along the year is not so big
when comparing with the corresponding ones for P. The patipdswith ETo lower than2.0 mm
day*! were from DOY 144 to 160(May i June) Considering P as the natural input in the water
balance, much strong variation along the year were verified, with the highest ia0eam from
DOY 001 to 016January) while between for DOY between 208 and 286ly i September)P was
less than 1 mm for this tirrecale

Taking the difference between P andh&$ acrudemeasure of water availabilignd the period
of 16 days in the sugar cane growing regidhs climatic water balance was quantifiguating 2012.
Thelargewater excesses (P > ETBappenedn Januaryduring theDOY from 001 to 01§96 mm)
andin Decembefrom DOY between 336 and 3%25 mm), while the highestlimatic water deficit (P
i ETO < 0) reached unti53 mm month' from August to SeptembeDQY 240 to 25§. As the
different stagesof sugar canerop happen throughout the yedahe need osupplementaryrrigation
(S) is evident, which should be based on crop water requirements. Modellirgpéhgyand water
balanceduring thesedifferent stages of the crap the first step and the challenge for the researchers
when aiminga sustainable activityThe second one is related to the extension services for
disseminating theneasurement toolsith sufficient accuracy.

Remotesensing parameters

Figure 3 presents the spatial distribution of the model input paranfetetee sugar cane
growing regionghrough the year of 2018 the northeastern side of Sao Pal(#eP)State.
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Figure 3 7 Spatial distribution of the model input remote sensing paraméierthe sugar cane
growing regions of Séo Paulo (SP) State, Seat$t of Brazil, for specific days of the year (DAK)
2012 (A) surface albeddW; (B) surface temperatufelo; and (C)Normalized Difference Vegetation
Indext NDVI.

DOY: 096- 112 DOY: 144- 160 DOY: 192- 208 DOY: 288- 304

DOY: 240- 256

Most b pixel valuesstayed in the rangfom 0.11 to 0.23 with the highest values observed
from DOY 001 to 064Januaryi March)and between DOY 240 and 36Rugusti December)while
the lowest one®ccurringfrom DOY 096 to 208(April T July). This variationis a resultof the
apparent movement &un al ong the year, proportiThesugarg di f
cane areawere extracted bysing the masks fdmarvesmot burnt (NB) and brnt (B) harvest When
comparing these areas with those for the growing regiont was r espectively o
valuestill 12% higherin October (DOY 288 304) and6% lowerfrom August to September (DOY
2407 256). The differencesould be relatedifferent soil moisture conditions (Li et al., 2006;
Teixeira et al., 2008, Teixeira et al., 2013)

To affects the available energy, interfering in the long wave radiation baiewagisét drives
the emitted long wave radiatiovia StefarBoltzman equation (Teixeira et al., 2008he most
frequentT, valuesfor the sugar cane growing areasrebetween 30D and 313.5 KFigure 3B) The
lowest ones happened between DOM and208 (May i July), while the highest thermalonditions
were between DOY 8B and 352Octoberi December) In general, the periods with the highest T
coincidel wi t h t hose wi t(see Figue 2)Fa thggNBsand BRsBgar cane areas,
reductiors of 0.6 and 07 K in January (DOY 001 to O16&yererespectively observeevhen compared
with values fromthe growing regios Althoughwith small magnitude, teethermaldifferencesare
in agreement with Andersereixeira et al. (2012

The variation of NDVI valuesin the sugar cane growing regioafongthe year is evident
(Figure 3C) The pixel values stayed in the range from 0.20 to 0.88 with the highest ones observed
from DOY 001 to 12 (Januaryi April), while the lowest ones happeneetween DOY 240 and04
(Augusti Octobe) whentotal P values were lower than 1 mniThere is a time lag for the lower
val ues i noandeld Thesmallestpixeloamplitude isalso verifiedduring this periodwhen
after the rainy period, the soil in the root zones is unifordnlyin the mixed agra&cosystms what
can be seen by the brown colour in the Figure B@racting NB and B sugar cane areas from the
growing regiols therewere NDVI increases andeductionsalong the year, however considering the
annual scale, there were no differences for NB managg while for Bone thevaluewas2% higher.

The seasonal behaviour of the averaged pixel values of the model remote sensing input
parameters weralsoanalysednly for NB and Bareaghrough the year of 2012 (Figure 4)
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Figure 47 Meanpixel values(16 days)of the model input remote sensing parameitetse not burnt
(NB) and burnt (B)harvestsugar cane areas, in the growing regions of the tgarsherrside ofSao
Paulo (SP) Statim 2012 (A) surface albeddo; (B) surface temperatuieTlo; and(C) the Normalized
Difference Vegetatioindexi NDVI.

The averagéh pixel values ranged from 0.16 to 0.19, for boti® and BmanagementsThe
largestdifferencesbetween themverein Octoberfrom DOY 288 to 34, when reached td2%, being
thehighvalues for theNB managemenffigure 4A) This means that tHéB harvest managementll
reflect more solar radiation, contributirigr lowering the available energyo the crop.Taking the
annual average, sugar cane areas with NB management presgae=d3% higher than those under B
management.

The majority meanT, pixel values were in the range from 292.0 K to 303.3 Klifference
until 0.4 K between the two management typess observed from DOY 320 to 33Blovemberi
December) with the highest values f&dB managemenfFigure 4B) Although small, these thermal
differences can be significaobnsideringthe emitted longvave radiationin large crop areas.The
high To for NB managemenuill also contribute toeducethe availabke energy to the crop.

Considering theseasonahveragesugar can@&DVI pixel values,they were between 0.43 and
0.74(Figure 4C) The lowest ones happened during the periods kthrain amountswhich induced
a natural water deficit (see Figure 2).relation to the management types, during the first semester,
NB presented a little higher values, while for the second semester this siinataed However,
considering the whole perip8 management hasugar candDVI mean valued% higher.As the
sugar canes are in the same thehmdrological conditions, bably, the management types
influenced the proportion of red and infraredflectivity.

Energy balancecomponents

Figure 5 shows the trend of the energy balance compofuergslected periodalong the year
of 2012 br the sugar cane growing regianghe northeasterrside ofSao Paulo Stat&P)
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Figure 51 Spatial distribution of the energy balance components in the sugar cane growing regions of
Séao Paulo (SP) State, for specifiaysof the year (DOY)in 2012 (A) net radiatiod Rp; (B) latent
heat fluxi aE; and (C) sensible heat flib+.
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