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RESUMO

Devido as caracteristicas geopoliticas do Brasil, a obtencéo de estimativas agricolas
confidveis é de fundamental importancia para o pais proporcionando a manutencao
do equilibrio entre oferta e demanda na cadeia produtiva de alimentos. Os Estados
do Mato Grosso e Rio Grande do Sul sdo dois grandes produtores de soja no Brasil,
ocupando a primeira e a terceira posicdo respectivamente, e apresentam
caracteristicas climaticas e ecoregionais bem diferenciadas. Tipicamente, dados de
imagens dos satélites Terra do programa EOS-MODIS (Earth Observing System-
Moderate Resolution Imaging Spectroradiometer), e dos satélites NOAA (National
Oceanic and Atmospheric Administration) tém sido utilizadas em aplicacbes do
monitoramento do ciclo de desenvolvimento das culturas e estimativa da producao
agricola. Em busca da estruturacdo de modelos de carater progndstico, inteiramente
baseados em dados de sensoriamento remoto, este estudo visa explorar a
combinacdo entre o EVI (Enhanced Vegetation Index - ou indice de vegetacéo
realcado), produto MOD13Q1-V005 e a LST (Land Surface Temperature — ou
Temperatura da Superficie Terrestre), produto MYD11A2-V005 na estimativa da
produtividade da soja. Nesse sentido, o objetivo nesta Tese foi aprofundar o
conhecimento sobre os efeitos conjugados do estresse hidrico e da ocorréncia de
temperaturas elevadas no dossel da vegetacdo como contribuicdo ao avanco dos
modelos espectrais de estimativa da producdo. A abordagem inicial foi desenvolver
um modelo espectral acoplado CM (Coupled Model) a partir do MCDA (MODIS Crop
Detection Algorithm — ou Algoritmo de Deteccédo de Area Agricola por MODIS) e do
MPDM (MODIS Productivity Detection Model — ou Modelo de Deteccdo de
Produtividade da Soja por MODIS), que utilizam apenas dados EVI como variaveis
de entrada. Os resultados do modelo acoplado de estimativa da produgéo foram
comparados com dados provenientes do IBGE (Instituto Brasileiro de Geografia e
Estatistica) e de precipitacdo ocorrida proveniente do INMET (Instituto Nacional de
Meteorologia), entre 2001 e 2011 para os Estados do Mato Grosso e Rio Grande do
Sul. Os dois Estados apresentaram tendéncias semelhantes com aderéncia aos
dados oficiais em nivel estadual e municipal. Para o Mato Grosso o modelo acoplado
CM, obteve estimativas de R?=0,96 e RMSD=47.878 toneladas em nivel municipal.
Testes de validacao adicionais foram realizados na safra 2006, utilizando dados de
campo, em que se obteve R?*=0,88 e RMSD=104 toneladas. Para o Rio Grande do
Sul foi obtido R?=0,91 e RMSD=10.841 toneladas em nivel municipal. Na analise da
relacdo entre LST sobre o dossel da vegetacdo agricola e produtividade, Mato
Grosso e Rio Grande do Sul apresentaram respostas divergentes. O Mato Grosso
apresentou uma relacdo matematica direta entre LST-dossel e produtividade, com
R%*=0,60 e RMSD=6,2%. No Rio Grande do Sul foi observado uma relacédo
matematica inversa, com R?=0,73 e RMSD=17,8%. Os resultados mostram que a
quantidade da precipitacdo acumulada, no periodo da safra de verdo, desempenha
papel fundamental na manutencdo do equilibrio da demanda evaporativa quando
ocorrem temperaturas elevadas sobre o dossel da vegetacéao.

Palavras-chave: Sensoriamento remoto. Temperatura da superficie. Produtividade.
Modelo espectral. Soja. Climatologia.



ABSTRACT

Reliable agricultural estimates are important for most countries, and crucial for Brazil,
due to its geopolitical characteristics derived from a vast territory. Good estimates
ensure a balance between offer and needs inside the food chain production. The
States of Mato Grosso and Rio Grande do Sul are large soybean producers, ranking
first and third respectively in Brazil, and present quite different climatic and ecological
characteristics. As an alternative to conventional estimation methods, soybean crops
have been monitored and grain production estimated using Remote Sensing data
with sources as EOS-MODIS (Earth Observing System-Moderate Resolution Imaging
Spectroradiometer) from Terra satellite and also from the NOAA (National Oceanic
and Atmospheric Administration) satellites. This work aimed to the development of
forecasting models completely based in Remote Sensing data, by integrating
information on EVI (Enhanced Vegetation Index), product MOD13Q1-V005, and LST
(Land Surface Temperature), produto MYD11A2-V0O05, to estimates of soybean yield.
More precisely, the objective of this work was to advance the knowledge on the
superposed effects of water stress and high temperatures on the vegetation canopy,
as a contribution to the development of spectral models for production estimates. The
starting approach was to develop a coupled spectral model (CM - Coupled Model),
from the MCDA (MODIS Crop Detection Algorithm) and from the MPDM (MODIS
Productivity Detection Model), which use only EVI data as input variables. The
production estimates, as results of this Coupled Model, were compared with similar
data from IBGE (Instituto Brasileiro de Geografia e Estatistica) and matched with
records on precipitation from INMET (Instituto Nacional de Meteorologia) between
2001 and 2011 for Mato Grosso and Rio Grande do Sul States. For both States the
application of the coupled model produced results close to the official data at state
and county levels. For Mato Grosso, correlations of CM with official data were
R?=0.96 and RMSD=47,878 metric tons at county level. Additional validation tests
were performed for the 2006 crop, using field data, producing R?=0.88 and
RMSD=104 metric tons. For Rio Grande do Sul results were R?*=0.91 and
RMSD=10,841 metric tons at municipality level. In the analysis on the relationship
between canopy LST and yield, Mato Grosso and Rio Grande do Sul presented
opposite results. Mato Grosso showed a direct mathematical correlation between
canopy LST and vyield, with R?=0.60 and RMSD=6.2%. For Rio Grande do Sul an
inverse mathematical expression was derived, with R*=0.73 and RMSD=17.8%.
These results show that the accumulated precipitation during the summer crops is
crucial to maintain a balance of the evaporative demand when the vegetation canopy
is exposed to high temperatures.

Key-word: Remote sensing. Surface temperature. Yield. Spectral model. Soybean.
Climatology.
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1 INTRODUCAO

O monitoramento e 0 gerenciamento agricola tém um papel importante frente
ao aumento da demanda por produtos agricolas e as incertezas quanto as
flutuacbes das condicbes ambientais. Na primeira década do terceiro milénio,
intensas flutuacdes das condigBes agrometeoroldgicas causaram efeitos severos na
producdo de alimentos e na economia, em especial no sul do pais. Geralmente as
culturas mais afetadas foram as de soja e milho, sendo que na safra da soja em
2005, no Rio Grande do Sul, a producdo apresentou uma reducdo de 75% na
producdo de grdos, quando comparada a safra de 2003 (IBGE, 2012). Liu e Kogan
(2002), em uma anadlise da producdo brasileira utilizando imagens de satélite,
salientam que mesmo com clima geralmente favoravel na maior parte das areas de
cultivo ocorrem grandes variagcdes na producdo agricola de um ano para outro. No
Estado do Rio Grande do Sul (RS) a frequéncia e a intensidade das chuvas, no
periodo que vai da semeadura até a colheita, tém sido variaveis e frequentemente
sao insuficientes para o pleno desenvolvimento da cultura (MATZENAUER et al.,
2002). A grande variabilidade interanual da precipitacdo, verificada principalmente
em funcdo dos fenémenos El Nifio e La Nifia, € o principal fator responsavel pelas
oscilagcbes de produtividade na regido sul (FERREIRA, 2010), sendo que as culturas
mais afetadas geralmente sdo as da soja e do milho (FONTANA et al.,, 2002) na
safra de verdo. Entretanto, a ocorréncia de altas temperaturas e ondas de calor,
associadas ou ndo a ocorréncia de estiagem, vem ganhando interesse em
publicacdes cientificas (BATISTTI; NAYLOR, 2009) devido a necessidade de
caracterizagdo da vulnerabilidade e sustentabilidade dos processos agricolas
(GUSSO, 2013). Lobell e Asner (2003), analisando um periodo de 17 anos entre
1982 a 1998, observaram que a perda de produtividade das culturas agricolas de
verdo nos Estados Unidos da América (EUA) esteve associada ao aumento das
temperaturas durante o periodo de desenvolvimento da safra, indicando a ocorréncia
de stress térmico sobre as culturas. Em um panorama de risco na producao de
alimentos em decorréncia de flutuacées do clima, parametros fisicos da superficie
terrestre como disponibilidade hidrica e evapotranspiracdo devem sofrer alteracdes
nas préximas décadas (SIQUEIRA et al.,, 2000; PETERSON; STOTT; HERRING,
2012) restringindo as condicdes de evolucdo dos cultivos e a producédo (LOBELL et
al., 2008; NELLEMANN et al., 2009). Como resultado, distor¢cdes e incertezas nas
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politicas agricolas devem acentuar perdas e estabelecer barreiras para o
financiamento agricola (FAO, 2011), pela imprevisibilidade de politicas agricolas
governamentais que tem maior influéncia na volatilidade dos precos nos paises do
que as flutuacbes do mercado internacional (NELLEMANN et al., 2009). Desta
maneira, o desenvolvimento de metodologias simplificadas para o monitoramento
das condi¢cbes de evolucdo dos cultivos proporciona uma caracterizacdo mais
detalhada sobre a vulnerabilidade e sustentabilidade da agricultura no Brasil
(GUSSO et al., 2013). Tais desenvolvimentos sdo necessarios frente a probabilidade
e intensidade da ocorréncia de altas temperaturas (WHEELER et al., 2000), para a
elaboracdo de prognosticos mais precisos (LOBELL; ASNER, 2003), e no aumento
da capacidade de gerenciamento na producdo das commodities agricolas
(SCHLENKER; ROBERTS, 2009; GUSSO et al,. 2013). Tipicamente, dados de
imagens dos satélites Terra e Aqua do programa Earth Observing System -
Moderate Resolution Imaging Spectroradiometer (EOS-MODIS) tém sido aplicados
no monitoramento e modelagem de processos bioclimaticos, de ciclos de
desenvolvimento das culturas, e em estimativa da producéo agricola (HUETE et al.,
2002; SHIMABUKURU; MAEDA; FORMAGGIO, 2009; GUSSO et al., 2012). O
potencial cientifico destes dados proporciona uma analise continuada de parametros
representativos das condic¢des fisicas da superficie terrestre, e tem um vasto campo
de aplicacbes no monitoramento de parametros agrometeorolégicos (GUSSO;
FONTANA; GONCALVES, 2007; LIU; KOGAN, 2002; KOGAN, 2001). Também
oferecem maior agilidade frente aos dados meteorolégicos pontuais, obtidos por
instrumentos em abrigos meteorologicos ou por estacdes automaticas que,
freqientemente estdo incompletos ou nédo disponiveis para uma avaliagdo em tempo
habil (NICACIO, 2008; KOGAN, 2002). Trabalhos recentes tém evidenciado o efeito
da ocorréncia de temperaturas elevadas sobre a queda de produtividade das
principais commodities agricolas, como soja, milho e algoddo. Estudos com séries
temporais de dados de satélites tém evidenciado que os danos causados as plantas,
com diminuicdo do desenvolvimento da cultura, podem estar associados a
vulnerabilidade frente & ocorréncia de ondas de calor (NEMANI; RUNNING, 1997;
LIU; KOGAN, 2002; SCHLENKER; ROBERTS, 2009; GUSSO, 2013). Prejuizos na
produtividade da soja ocorrem mesmo quando as temperaturas médias atingem
apenas um ou dois graus acima do ideal para a cultura (LOBELL; ASNER, 2003;
SEDIYAMA, 2009), seja pela reducdo na atividade fotossintética no dossel da
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vegetacdo em situacdo de estresse térmico (BOARD; KAHLON, 2007; CARMO-
SILVA et al., 2012), seja pelo aumento da demanda evaporativa (HOPE et al, 1986;
NEMANI; RUNNING, 1997), ou pela alteracdo na duracdo do periodo de
florescimento (RODRIGUES et al., 2001). Mesmo tendo sido observado que o
periodo de florescimento é mais sensivel a temperatura do que ao estresse hidrico
(LIU; KOGAN, 2002; BOARD; KAHLON, 2007; CRAUFURD; WHEELER, 2009;
BATISTTI; NAYLOR, 2009; CARMO-SILVA et al., 2012), os impactos de ondas de
calor na produtividade ainda ndo sdo bem conhecidos (SALVUCCI, 2008;
MEERBURG et al., 2009; SCHLENKER; ROBERTS, 2009). Com base nos conceitos
analisados anteriormente, a hipotese que norteia esta Tese esta fundamentado na
possibilidade de relacionar duas variaveis de monitoramento das condi¢cdes de
desenvolvimento da vegetacdo LST e EVI, com a produtividade, conforme as
seguintes premissas:

Premissa da area - E possivel identificar e quantificar segmentos de area com
presenca de cultivo da soja com base em caracteristicas do perfil de
desenvolvimento descrito pelo EVI e de maneira independente das condicbes de
desenvolvimento da cultura (Apéndice A; Apéndice C e Apéndice F);

Premissa agrometeorologica — A produtividade da cultura de um determinado
segmento de &rea esta associada as flutuacdes do total de precipitacdo acumulada
ocorridos no desenvolvimento da safra. A Premissa agrometeorologica desempenha
papel fundamental pois afirma a relacdo entre o vigor da vegetacdo exibido pelo
indice de vegetacdo e a produtividade (Apéndice B).

Premissa do ciclo de desenvolvimento - Existe correlagdo entre o vigor
vegetativo exibido pelo indice de vegetacdo EVI e a produtividade da cultura da soja
de maneira que o EVI pode ser considerado um agente integrador das condicfes do
ciclo de desenvolvimento por meio de uma relagdo mateméatica direta. Considera-se
ainda o perfil de desenvolvimento da safra como funcdo do EVI. Dessa maneira, a
area calculada abaixo da curva, e acima de zero, € proporcional a produtividade
maxima da cultura, de modo que em cada safra diferentes condi¢cdes de
desenvolvimento da cultura sdo descritas por diferentes perfis do EVI, varrendo
diferentes areas em janelas de tempo iguais (Apéndice D).

A partir da estruturacdo das premissas basicas, as hipéteses propostas que

devem ser testadas séo as seguintes:
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Hipotese 1 — E possivel estabelecer uma relacdo matematica entre as
flutuagbes da LST-dossel em torno da média, representativa do dossel da
vegetacao, associada com flutuacbes da produtividade;

Hipotese 2 - Existe uma correlag&o inversa universal entre a LST-dossel e as
condi¢cdes de desenvolvimento da cultura da soja exibida pelo EVI.

1.1 Objetivos
1.1.1 Objetivo Geral

A partir da formulacdo das hipoteses iniciais da presente Tese, 0 objetivo
geral € investigar a relagdo entre a temperatura no dossel da vegetacdo e a
produtividade na cultura da soja no Rio Grande do Sul, utilizando dados dos

sensores MODIS a bordo dos satélites Terra e Aqua.
1.1.2 Objetivos Especificos

1° Investigar a relacdo entre o desenvolvimento da vegetagcédo da soja com
base nos dados do EVI, e a produtividade da soja no Rio Grande do Sul,

2° Desenvolver meétodo espectral de estimativa da producdo da soja
(espectral acoplado), com base nos dados de indice de vegetacao EVI;

3° Investigar as escalas (espaciais e temporais) de ocorréncia de
temperaturas sobre o dossel da vegetacdo no Estado e sua distribuicdo
espacial,

4° |nvestigar a relacdo entre a ocorréncia de temperaturas elevadas e o
desenvolvimento da vegetacéo da soja no Rio grande do Sul;

5° Analisar o impacto da ocorréncia de temperaturas elevadas no dossel da
vegetacdo em areas agricolas sobre a produtividade.
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2 REFERENCIAL TEORICO

Para o entendimento desta proposta de Tese, é necessaria uma revisdo da
caracterizacao das variaveis LST e EVI, quando representativas das condi¢cbes
de desenvolvimento da cultura e que estdo associadas as flutuacbes da

produtividade.

2.1 Combinacéo da LST com EVI

No Brasil, a maioria das cultivares adaptadas para as condi¢des locais
apresentam um ciclo entre 90 e 150 dias (SEDIYAMA, 2009). No Mato Grosso,
calendéario predominante de plantio da soja vai do inicio de setembro a meados
de outubro, segundo o zoneamento agricola de menor risco climatico para
diferentes solos, regides e cultivares (MAPA). No Rio Grande do Sul, o calendario
predominante de plantio da soja vai do final de outubro a meados de dezembro,
segundo o zoneamento agricola de menor risco climatico para diferentes solos,
regides e cultivares (CUNHA et al., 2001; BRASIL, 2010), normalmente atingindo
o periodo da floracdo em meados de fevereiro (PINTO; FONTANA, 2011). A LST-
dossel entre 25 °C e 35 °C, quando a inducéo floral é 6tima, sdo as temperaturas
mais frequentemente mencionadas como as condi¢cOes ideais para a soja, tendo
uma média ideal para seu desenvolvimento préximo a 30 °C (BOARD; KAHLON,
2007; SEDYIAMA, 2009; SCHLENKER; ROBERTS, 2009; KHAN et al., 2011).

Em geral, as plantas tém a capacidade de manter o conteudo de agua nos
tecidos independentemente da temperatura, quando a umidade € suficiente, no
entanto, altas temperaturas prejudicam severamente essa tendéncia quando o
suprimento de agua é limitado (MACHADO; PAULSEN, 2001). Basicamente, as
condicOes biofisicas da superficie terrestre determinam as temperaturas do solo e
da vegetacdo assim como da temperatura do ar préxima a superficie do solo
(GOWARD; XUE; CZAJKOWSKI, 2002; OUAIDRARI et al., 2002).

Em sistemas agricolas tdo homogéneos como em campos de cultivo,
mesmo quando as condi¢cfes de disponibilidade hidrica ndo séo limitantes para o
crescimento e desenvolvimento das plantas, a radiacdo incidente também afeta a

capacidade dos estbmatos para transpiragao, alterando a relacdo entre calor
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sensivel e calor latente (NEMANI; RUNNING, 1997; SANDHOLT; RASMUNSSEN,;
ANDERSEN, 2002; KHAN et al., 2011).

A ocorréncia de estresse por temperaturas elevadas durante o periodo de
floracdo e formacdo das vagens (R1-R5) afeta o niumero de sementes (GIBSON;
MULLEN, 1996), e esta fortemente associada as variagcdes na produtividade
(BOARD; KAHLON, 2007), tendo efeito cumulativo no desenvolvimento da
vegetacdo (GUSSO et al.,, 2013). Dessa maneira, o uso combinado da LST e
indice de vegetacdo supbe uma relacdo matematica inversa entre vigor
vegetativo e a resposta termal caracteristica do dossel (HOPE et al, 1986;
SANDHOLT; RASMUNSSEN; ANDERSEN, 2002; GUSSO, 2013), iniciando
processo de estresse térmico com perda de produtividade quando ocorrem
temperaturas elevadas que este limite (SCHLENKER; ROBERTS, 2009).
Entretanto, indices de vegetacao, tipicamente fundamentados na relagdo entre
bandas posicionadas das regides do vermelho e infravermelho préximo, ndo séao
bons indicadores do estresse hidrico, pois a vegetacdo pode permanecer verde,
apos o estresse hidrico inicial (SANDHOLT; RASMUNSSEN; ANDERSEN, 2002,
SIMS et al., 2008) com pouca ou nenhuma alteracdo detectavel pelo EVI. Goetz
(1997) salienta esta caracteristica observando que existe um periodo minimo de
resposta entre a diminuicdo da disponibilidade hidrica e alteracdo dos valores do
indice de vegetacdo, mas uma resposta mais imediata é dada pelo aumento da
temperatura do dossel, como efeito de reducdo na disponibilidade hidrica. Neste
sentido, mesmo quando o indice de vegetacdo ainda sinaliza uma caracteristica
tipica da vegetacdo verde, uma sensivel reducdo na disponibilidade hidrica
promove o fechamento dos estdmatos, o que ocasiona uma reducdo na
capacidade das plantas em reter a energia solar incidente por meio de absor¢cao
(KHAN, M.; ASGHER; KHAN, N., 2013), afetando também a capacidade da
realizacdo da fotossintese e ocasionando perda do potencial de produtividade
(SALVUCCI; CRAFTS-BRENDNER, 2004). Em resposta a baixa circulacdo de
agua na estrutura interna (mesofilica) da vegetacdo, a temperatura do dossel
aumenta rapidamente (GOETZ, 1997). J4 na situacdo oposta, em que
predominam superficies bem umidas e com boa disponibilidade hidrica, a relacéo
entre indice de vegetacdo e LST-dossel esta mais diretamente relacionada a
umidade da superficie, pelo aumento da inércia térmica do solo (FRIEDL; DAVIS,
1994).
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Alguns trabalhos ja exploraram uma relacédo entre indices de vegetagéo e o
comportamento térmico da superficie obtido por dados de sensoriamento remoto
(e.g., NEMANI et al., 1993; GOETZ, 1997; LAMBIN; EHRLICH, 1995,
SANDHOLT; RASMUNSSEN; ANDERSEN, 2002; KOGAN et al., 2004). Alguns
destes estudos tém sido desenvolvidos sobre firmes bases tedricas (e.g. MORAN
et al.,, 1994), enquanto outros ainda estdo fortemente fundamentados em
parametrizacdes empiricas com imagens de satélite obtidas por sensores
colocados em oOrbita (e.g. SANDHOLT; RASMUNSSEN; ANDERSEN, 2002;
KOGAN, 2002; KOGAN et al.,, 2004). Entretanto, abordagens cientificamente
robustas devem estar mais fundamentadas na representatividade das condigcdes
fisicas de desenvolvimento da vegetacdo, que permita um entendimento mais
amplo do processo, do que meramente em ajustes estatisticos (SINCLAIR;
SELIGMAN, 2000).

A LST-dossel tem efeito direto sobre a capacidade de realizacdo da
fotossintese e, entre o0s principais impactos que sao promovidos por altas
temperaturas, o efeito sobre a fotossintese é o mais importante porque inibe o
crescimento da planta afetando sua produtividade (SALVUCCI; CRAFTS-
BRANDNER, 2004; BOARD; KAHLON, 2007; GUSSO et al., 2014a). Vérios
autores (SALVUCCI; CARFTS-BRENDNER, 2004; SALVUCCI, 2008; KHAN, M.;
ASGHER; KHAN, N., 2013) tém investigado o processo de inibicdo da
fotossintese de plantas do tipo C3 (soja e trigo), como uma consequéncia da
dependéncia da molécula RuBisCO (ribulose 1,5-bisfosfato carboxilase/
oxigenasse) as condi¢des de temperatura do ambiente.

Em geral, para plantas do tipo C3, a capacidade de tolerancia ao estresse
térmico envolve a manutencdo da capacidade de aumentar a demanda
evaporativa para evitar o sobreaquecimento do dossel (MACHADO; PAULSEN,
2001). A Figura 1 mostra uma representacéo grafica da resposta das plantas C3

ao estresse térmico.
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Figura 1 - Representacdo esquemética da atividade fotossintética de plantas do tipo
C3 e C4 em funcao da temperatura e luminosidade sobre o dossel
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Fonte: Adaptado de Board e Kahlon, (2007).

O fechamento dos estdmatos é a resposta mais imediata da planta ao
estresse hidrico minimizando a perda de &gua pela evapotranspiracdo, mas
principalmente, reduzindo o fluxo de CO,. Desta diminuicdo decorre uma severa
limitacdo da taxa de realizacdo da fotossintese em funcéo da baixa afinidade natural
da enzima Rubisco pela assimilagdo do CO, (SALVUCCI; CRAFTS-BRANDNER,
2004; KHAN, M.; ASGHER; KHAN, N., 2013). A transpiragéo reduzida em condi¢des
de aquecimento e incidéncia de radiagcdo direta ocasiona a diminuicdo da
capacidade de resfriamento da folha elevando a temperatura, o que
consequentemente leva ao estresse térmico. Adicionalmente, a fotossintese é
extremamente sensivel mesmo a ocorréncia de estresse térmico moderado por estar
associado entre outros fatores a uma instabilidade da molécula Rubisco, em
associacdo a outros processos que, em Uultima analise, evitam a denaturacdo da
molécula Rubisco, mas que como efeito, reduzem a atividade fotossintética da planta
(SALVUCCI; CRAFTS-BRANDNER, 2004; SALVUCCI, 2008; KHAN, M.; ASGHER;
KHAN, N., 2013). A partir da influéncia do estresse térmico e dos efeitos
biogeoquimicos sobre a vegetacdo, decorre que, a formagdo das vagens esta

associada aos eventos de estresse predominantes que ocorrem antes do periodo da
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floracdo, mas o enchimento de grdos e a maturacdo sdo sensiveis ao estresse

causado por temperaturas elevadas durante o desenvolvimento (KHAN et al., 2011).
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3 MATERIAIS E METODO

Na presente Tese, a proposta € ampliar o entendimento sobre os efeitos da
ocorréncia de temperaturas elevadas sobre o dossel da vegetacao da cultura da soja
(LST-dossel) em termos quantitativos. Isto permitird que posteriormente a variavel
LST-dossel possa ser incluida no modelo espectral acoplado Coupled Model (CM)
que considera o MODIS Crop Detection Algorithm (MCDA) desenvolvido para o Rio
Grande do Sul, por Gusso et al. (2012), conforme Apéndice C também adaptado
para o Estado do Mato Grosso em Gusso et al. (2014a), conforme Apéndice F e o
MODIS Productivity Detection Model (MPDM). MCDA e MPDM resultam no CM
desenvolvido por Gusso et al. (2013) conforme Apéndice D, para estimativa da
produtividade. Tal abordagem, teve como objetivo principal estabelecer uma relacao
matematica simplificada entre indice de vegetacdo e estimativa da produtividade e
producdo da soja. Dessa maneira, o desenvolvimento desta Tese foi elaborado em
trés partes, como segue:

Na primeira parte, item 3.1, conforme os Apéndices A, C, D e F, séao
apresentados os resultados obtidos com o desenvolvimento e adaptacdo do modelo
acoplado CM de estimativa da producéo para os Estados do Mato Grosso e Rio
Grande do Sul. Embora tais desenvolvimentos também sejam parte dos resultados,
estes foram mantidos na se¢cdo Materiais e Método, pois comp&em a fundamentacao
desta Tese.

Na segunda parte, item 3.2, como continuidade dos resultados apresentados
Apéndice I, foi realizada uma investigagcao mais aprofundada da relacéo entre LST e
EVI sobre area de intensa producdo da soja, no periodo de desenvolvimento da
cultura das safras 2003 a 2012.

Na terceira parte, item 3.3, conforme desenvolvimentos nos Apéndices
Apéndice B, E, F, G e H, sdo apresentados os resultados da andlise na avaliagdo
regional, na relacdo entre LST-dossel na vegetacdo da cultura da soja, EVI,

precipitacdo acumulada e produtividade.
3.1 Area de Estudo e Area de Validacdo do Modelo Acoplado

Os Estados do Mato Grosso e Rio Grande do Sul sdo dois grandes
produtores de soja no Brasil e ocupam a primeira e a terceira posicao,
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respectivamente, mas exibem caracteristicas climaticas e ecoregionais bem
diferenciadas.

O Estado do Mato Grosso responde por mais de 30% da producéao da soja no
Brasil e € o maior produtor do pais (IBGE, 2012). No Estado do Mato Grosso,
localizado na fronteira sul da Amazobnia, as areas de cultivo da soja passaram de
aproximadamente 100.000 ha, no final da década de 1970 para mais de 6.000.000 ha
em 2011 (CONAB, 2012). Este processo de expanséo levou o Estado a ser o maior
produtor de soja do Brasil. Nos anos 2000, praticas agricolas intensivas como a
implementacdo de uma segunda safra ap0s a safra principal, tem sido amplamente
utilizadas de maneira a obter o melhor aproveitamento das condi¢cdes mais favoraveis
ao cultivo, isto é, o periodo chuvoso. Atualmente, o Mato Grosso tem uma area
agricola de soja maior que 6 milhdes de hectares em 141 municipios. O calendario de
semeadura para soja vai do inicio de setembro ao final de novembro, sendo o periodo
otimo para plantar em outubro, com base no zoneamento agricola para os solos, as
regides, e as cultivares (MAPA). O clima predominante é tropical superamido (Af) com
periodos secos (KOPPEN, 1948). A precipitagdo acumulada anual é em média de
1610 mm (INMET, 2009), com periodo seco. Tipicamente, a precipitagdo acumulada
neste periodo, que compreende a safra de verdo, é 2491 mm com desvio padrao 414
mm (INMET, 2009). A temperatura média anual é 24,5 °C, mas ocorrem maximas
absolutas elevadas em janeiro com 37,6 °C, com 37,1 °C em fevereiro, e 36,1 °C em
marco (INMET, 2009). A principal caracteristica agricola é a disponibilidade de chuvas
favoravel a safra de verdo no periodo critico ao desenvolvimento da vegetacao.

O Estado do Rio Grande do Sul responde por quase 15% da producao
brasileira de soja e € o terceiro produtor do pais (IBGE, 2012). O Estado tem uma
area de cultivo da soja maior que 4 milhdes de hectares em 497 municipios. O
calendario preferencial de semeadura para soja vai do inicio de outubro a meados
de dezembro (MAPA), normalmente atingindo o periodo da floracdo em meados de
fevereiro (PINTO; FONTANA, 2011). O clima predominante é subtropical imido (Cfa
e Cfb) com quatro estacbes bem definidas (KOPPEN, 1948). A precipitagéo
acumulada anual é relativamente bem distribuida ao longo do ano com média de
1594 mm (INMET, 2009) e sem periodo seco, especialmente na metade norte do
Estado, onde o cultivo da soja é dominante. Tipicamente, a precipitacdo acumulada
neste periodo, que compreende a safra de verdo € 647 mm com desvio padrdo 106

mm (INMET, 2009). A temperatura média anual € 18,1 °C, mas ocorrem maximas
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absolutas elevadas em janeiro com 42,2 °C, 39,6 °C em fevereiro, e 38,7 °C em
marco (INMET, 2009). A principal caracteristica agricola € a ocorréncia de periodos
de estiagem durante as safras de verdo, mas a ocorréncia de temperaturas elevadas
vem ganhando interesse. A Figura 2 mostra a area estudada, os Estados do Mato

Grosso e Rio Grande do Sul. A Figura 2 mostra a area de estudo.,

Figura 2 - Area de estudo: Estado do Rio Grande do Sul e a area de validacéo,
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Fonte: Elaborada pelo autor.

Este segmento avaliou o desempenho do modelo acoplado CM para as
estimativas de producdo de culturas, antecipadamente ao periodo da colheita, na
avaliagdo da relacdo entre o indice de vegetacdo e a produtividade, usando dados
EVI do sensor MODIS. No calculo da produgdo, a estimativa precisa da area
ocupada pela cultura da soja desempenha papel importante. O método de estimativa
de area utilizado foi o MCDA desenvolvido por Gusso et al. (2012) conforme
Apéndice C. A Figura 3 mostra o fluxograma de classificacdo de areas de soja. As
estimativas de producgao resultantes, nos Estados do Mato Grosso (dados néo
publicados) e Rio Grande do Sul (GUSSO et al., 2013) foram comparados as

estatisticas agricolas oficiais do Instituto Brasileiro de Geografia e Estatistica (IBGE)
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e da Companhia Nacional de Abastecimento (CONAB) nas escalas estaduais,

municipais e de lavoura.

Figura 3 - Fluxograma de classificacdo de areas de soja baseada em imagens
MODIS/EVI (Adaptado do Apéndice C)
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Fonte: Elaborada pelo autor.

Para a realizacdo desta primeira etapa, os dados utilizados foram os

seguintes:

a) dados EVI de 2000 a 2011 derivados de sensor MODIS a bordo do satélite
Terra, produto MOD13Q1 cole¢ao-5, para o Mato Grosso (Tiles H11V09,
H11V10, H12V09, H12V10, H13V09 e H13V10) e para Rio Grande do Sul
(Tiles H13V11 e H13V12);

b) dados de altimetria proveniente do Shuttle Radar Topografy Mission
(SRTM) foram utilizados para gerar um mapa de declividade, com 90
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metros de resolugdo espacial, de modo a excluir as areas improprias para
mecanizacao agricola (declividade > 15%));

c) dados climatologicos da precipitacdo (1961-1990), provenientes do Instituto
Nacional de Meteorologia (INMET), durante o periodo de setembro a
fevereiro, foram utilizados para identificar as caracteristicas de
disponibilidade hidrica nos dois Estados;

d) estatisticas agricolas anuais de producdo da soja, em nivel estadual e
municipal para o Mato Grosso e Rio Grande do Sul, foram utilizados para
comparar e avaliar os resultados (IBGE, 2012);

e) estatisticas agricolas anuais de producdo da soja, em nivel estadual, para
0 Mato Grosso e Rio Grande do Sul, foram utilizados para comparar e
avaliar os resultados (CONAB, 2012);

f) dados de campo (area de cultivo, producdo e cultura) foram obtidos da
safra 2006, quando vérias fazendas foram visitados, durante trabalho de
campo realizado em 2007 ao longo BR163 (ARVOR et al., 2011).

Os resultados obtidos nesta etapa, com base nas estimativas do modelo
acoplado de producdo, mostram o potencial desta metodologia, tanto ao nivel
estadual, municipal e lavoura, para fornecer informacédo espacial antecipada ao
periodo da colheita da soja. Os resultados mostram a correlacdo R? e o desvio
médio quadrado Root Mean Square Deviation (RMSD) na comparacédo geral ao nivel
municipal nas 11 safras estudadas. No Estado do Rio Grande do Sul, a comparacao
geral nas estimativas municipais obteve correlacdo, com R?*=0,91 e RMSD=10.841
toneladas. A producdo de soja em comparacdo com as estimativas do IBGE e
CONAB, no nivel estadual para o Mato Grosso e Rio Grande do Sul, de 2001 a
2011, é apresentada nas Figuras 4 e 6. Estimativas em nivel municipal séo
apresentadas nas Figuras 5 e 7.
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Figura 4 - Comparacao da producao estimada pelo modelo acoplado (CM) e dados
IBGE e CONAB, nas safras 2001 a 2011 no Estado do Rio Grande do Sul
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Fonte: Elaborada pelo autor.

Figura 5 - Comparacao entre todas as estimativas municipais da producéo obtidas
do IBGE e do MPDM, em cada ano-safra, de 2001 a 2011, Rio Grande do Sul
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Fonte: Elaborada pelo autor.

A validacdo do modelo acoplado CM, para o Estado do Mato Grosso obteve

estimativas de R*=0,96 e RMSD=47.878 toneladas. Testes de validacéo adicionais

foram realizados utilizando dados de campo por meio de 211 areas de lavoura de

soja visitadas no Mato Grosso (variando entre 45 e 225 hectares), na safra 2006 em
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que se obteve R?=0,88 e RMSD=104 toneladas. A Figura 8 apresenta a validacdo

com dados de campo no Mato Grosso.

Figura 6 - Comparacao da producao estimada pelo modelo acoplado (CM) e dados
IBGE e CONAB, nas safras 2001 a 2011 no Estado do Mato Grosso
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Fonte: Elaborada pelo autor.

Figura 7 - Comparacao entre todas as estimativas municipais da producéo obtidas
do IBGE e do MPDM, em cada ano-safra, de 2001 a 2011, Mato Grosso
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Figura 8 - Comparacéo entre a producédo estimada pelo modelo acoplado e observada
em 211 areas de soja referente aos talhdes visitados, em 2006, no Mato Grosso
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Fonte: Elaborada pelo autor.

3.2 Segunda Parte: estudo da distribuicdo da LST e EVI em regiao de alta

densidade agricola

Nesta etapa, como continuidade do trabalho apresentado no Apéndice B, em
que foi estudada uma area de intensa producao da soja, no norte do Estado Rio
Grande do Sul, buscou-se testar simultaneamente a relagdo da LST e EVI com a
produtividade da soja, conforme proposto nas Hipéteses 1 e 2. Pois a associacao
direta entre EVI e produtividade foi observada no Item 3.1. Dessa maneira, os dados
de temperatura da superficie terrestre LST, representativos do dossel da vegetacéo
(LST-dossel) e indice de vegetacdo EVI do més de fevereiro, foram combinados e
analisados em nivel de pixel, com resolucdo espacial de 1000 metros, em graficos
de dispersao cobrindo somente a area de intensa producédo da soja. Nesta etapa da
pesquisa foram utilizados os seguintes dados:

a) dados do indice de vegetagcdo, produtos MOD13Q1-V005, colegédo 5,
obtidos a partir dos dados do sensor MODIS satélite Terra, em
composicOes de 16 dias e com passagem em hordrio anterior ao meio-dia
local (Tiles H13V11 e H13V12);

b) dados de LST, produtos MYD11A2-V005, colecdo 5, obtidos a partir dos

dados do sensor MODIS a bordo do satélite Aqua, por fazer a passagem
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proximo ao horario de maxima temperatura, no inicio da tarde em
composicdes de 8 dias (Tiles H13V11 e H13V12);

c) base de dados vetorial municipal do IBGE;

d) precipitacdo acumulada dos meses de outubro a fevereiro, das safras de
2003 a 2012 obtidos da Fundagédo de Amparo a Pesquisa Agropecuaria do
Rio Grande do Sul (FEPAGRO/INMET). A Figura 9 mostra a area de

intensa producéo de soja no Rio Grande do Sul.

Figura 9 - Area de estudo no Rio Grande do Sul mostrando a regido de intensa

producdo da soja na andlise inicial e a distribuicdo das 16 estagbes meteoroldgicas
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Fonte: Elaborada pelo autor.

E importante notar que os dados LST foram agrupados em composicéo de 32
dias cobrindo o periodo do més de fevereiro, a partir do dia juliano DOY 033 (entre 2
de fevereiro e 5 de marco), tipicamente associado ao periodo da floragdo no Rio
Grande do Sul. Estes foram obtidos do produto MYD11A2, que corresponde a
composi¢cdo de médias de oito dias, conforme distribuido pela NASA. Os dados de
indice de vegetacdo EVI, também agrupados em composicdes de 32 dias, foram
obtidos pela combinag&o de duas composi¢cdes de 16 dias.
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Foram usados mapas interpolados de precipitagdo acumulada de outubro a
fevereiro de cada safra, para comparagdo com a distribuicdo da nuvem de pontos,
entre 2003 e 2012, obtidos do INMET.

A geracdo de dados espaciais interpolados foi obtida por meio da aplicacéao
do método de kriging (esférica/ordinaria) que € baseada na tendéncia de
variabilidade do valor das amostras e da distancia entre elas (JIAN-GUO; MASON,
2009). A metodologia kriging destaca-se em especial por ser um método efetivo
guando os dados a serem interpolados sdo esparsos, aplicando-se perfeitamente a
situacdo encontrada no presente trabalho, no qual um namero reduzido de estacdes
meteorolégicas estava disponiveis. Foram gerados mapas interpolados de
produtividade e precipitacdo para analise em relacédo as imagens de LST e EVI.

Para cada municipio, foi obtido o centroide ao qual foi atribuido o valor de
produtividade do municipio e, em seguida, geradas as médias regionais. Os dados
de precipitacdo foram obtidos por meio da distribuicdo suavizada da precipitacéo
obtida do periodo de outubro a fevereiro de cada safra, entre 2003 e 2012, obtidos
do INMET. Os mapas de cada safra foram comparados ao mapa interpolado com 33
estacdes pluviométricas obtido das Normais Climatologicas. Os dados de
produtividade de cada safra foram comparados as médias obtidas do IBGE, de 2003
a 2012.

3.3 Terceira Parte: analise regional de distribuicdo da LST e da produtividade

Nesta etapa, buscou-se testar a Hipotese 2, pois uma relagdo matematica
inversa entre LST-dossel e EVI, foi observada para o Estado do Rio Grande do Sul
no item 3.2, o que corrobora a Hipdtese 1. A area estudada inicialmente foi o
territdrio do Rio Grande do Sul (RS) com 496 municipios, agrupados em dez regides
definidas pela Empresa de Assisténcia Técnica e Extensdo Rural (EMATER) de
maneira a evitar a influéncia do efeito escala presente na andlise pixel-a-pixel. O
periodo analisado foi os meses de outubro a fevereiro das safras de 2003 até 2012.

Dados dos 496 municipios foram agrupados pelas areas administrativas
regionais da EMATER. E importante observar que a andlise dos desvios, decorrente
dos mapas suavizados, foi realizada somente sobre as &reas mapeadas como
cultivo de soja, entre 2003 e 2012. Também é importante notar que os dados LST

foram agrupados em composicfes de 32 dias. Estes foram obtidos do produto



27

bY

MYD11A2, que corresponde a composicdo de médias de oito dias, conforme
distribuido pela NASA. Os dados de indice de vegetacdo EVI também foram
agrupados em composicOes de 32 dias, pela combinacdo de duas composi¢cdes de
16 dias. A Figura 10 mostra a area de estudo. A avaliacdo da produtividade em
relagdo a precipitagdo e a LST-dossel ficou restrita a areas de cultivo da soja,
reduzindo ao maximo o efeito de suavizacdo do EVI por outros tipos de cobertura

gue nédo da vegetacao da soja.

Figura 10 - Area de estudo, Estado do Rio Grande do Sul e regionais EMATER
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Fonte: Elaborada pelo autor.

No periodo entre as safras de 2003 e 2012 houve trés ocorréncias de
estiagens nas safras de verdo de 2004, 2005 e 2012, que afetaram a produtividade
em diferentes niveis de intensidade. Nesse sentido, varios niveis de informacao
aliados aos dados de satélite foram aplicados de maneira a configurar
adequadamente a distribuicdo espacial das grandezas evolvidas, conforme segue:

a) dados do indice de vegetacdo EVI obtidos do sensor MODIS a bordo do
satélite Terra, o produto MOD13Q1-colecéo 5, foram utilizados na selegéo
das areas agricolas e posterior andlise da temperatura sobre o dossel da
vegetacdo (LST-dossel). Neste estudo, os dados EVI em 250 metros

também sao utilizados como dados de entrada para o algoritmo de



28

estimativa de area de soja MODIS Crop Detection Algorithm (MCDA) na
selecdo dos pixels representativos sobre &reas de cultivo agricola com
soja. Na colecao 5, o EVI € obtido por uma composi¢cdo de maximo valor
Maximum Value Composite (MVC) associada aos menores angulos de
visada do imageamento (DIDAN; HUETE, 2006). O EVI é representativo do
vigor da vegetacgdo, por estar fundamentado na reflectancia caracteristica
do dossel da vegetacdo, e foi desenvolvido de maneira a minimizar os
efeitos de contaminacdo da reflectancia residual do solo e da influéncia
atmosférica em observagbes feitas por satélites (HUETE et al., 2002;
JUSTICE et al., 2002). Este produto esta inserido no produto MOD13Q1-
V005 que é estruturado como uma combinacdo das melhores medidas
radiométricas e geométricas dos pixels que formam a imagem na
composicdo de 16 dias. A equacdo que calcula o valor de EVI é dado por:
2.5 * (Nir - Red) / (Nir + 6 Red - 7.5 Blue + 1), onde Nir, Red, e Blue séo as
reflectancias superficiais corrigidas atmosfericamente das bandas de
deteccdo posicionadas sobre as faixas do infravermelho préximo, do

vermelho e do azul respectivamente (HUETE et al., 2002);

b) dados de temperatura da superficie terrestre Land Surface Temperature

(LST) produto MYD11A2, colegcdo-5 do sensor Moderate-Resolution
Imaging Spectroradiometer (MODIS) a bordo do satélite Aqua do més de
fevereiro, tipicamente associado ao periodo da floracdo no Rio Grande do
Sul (PINTO; FONTANA, 2011), foram utilizados para a obtencdo das
médias e derivagdo dos desvios da temperatura sobre o dossel nas safras
de 2003 a 2012. Os dados de LST do satélite Aqua foram escolhidos por
serem coletados durante a passagem da tarde, momento do dia em que
sao registradas as maiores temperaturas;

Normal Climatologica, utilizada na parametrizacdo do modelo para localizar
espacialmente as areas com maior disponibilidade hidrica no periodo das

safras de verdo e seus desvios;

d) dados de precipitacdo ocorrida no RS, obtidos do Instituto Nacional de

Meteorologia (INMET) para a analise dos desvios em relagdo a Normal

Climatoldgica;
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e) dados estatisticos oficiais e histéricos de area ocupada, obtidos do IBGE,
foram utilizados para comparagdo com a variabilidade na produtividade da
soja;

f) dados estatisticos oficiais e histéricos da producdo de soja e area

municipal, do IBGE, para geracéo dos dados de produtividade municipal.

Os produtos MODIS séo extraidos pelo aplicativo MODIS Reprojection Tool
(MRT) que permite aos usuarios ler e converter arquivos de dados no formato
distribuido pela NASA (HDF-EOS) e especificar um recorte geografico e o conjuntos
de dados/produtos especificos. Este aplicativo também permite executar a
transformacdo para um diferente sistema de coordenadas e projecédo cartografica
(NASA, 2011). Os produtos EVI e LST sé&o distribuidos em formato de 16 bits e &
necessario converté-los para os valores de indice de vegetagcdo e temperatura. Para
a obtencéo da area de cobertura do Estado do Rio grande do Sul o MRT realiza um
processo de mosaicagem de dois recortes de imagens (Tiles H13V11l e H13V12)
com base em um gedide de Datum WGS84. Apds o processamento dos dados de
imagens pelo MRT o EVI deve ser escalonado para valores entre -1 e 1. Os dados
LST séao inicialmente escalonados para uma distribuicdo em valores de temperatura
em Kelvin. Apos estes procedimentos iniciais, todas as imagens foram reprojetadas
segundo a Projecdo Cénica de Albers para Calculo de Areas Iguais, pois existe a
necessidade de uma maior precisdo espacial ao serem aplicadas metodologias
auxiliares de estimativa de area da soja em ambos o0s produtos.

Assim, os dados da LST sao representativos das médias maximas das
temperaturas ocorridas no periodo de 32 dias a partir do dia juliano 033 do produto
MYD11A2 (de 2 de fevereiro até 6 de marcgo) tipicamente associado ao periodo da
floragcdo, em acordo com o calendéario agricola médio da cultura da soja no Rio
Grande do Sul (PINTO; FONTANA, 2011).

A delimitacdo adequada da éarea agricola é necessaria, pois buscamos
analisar principalmente o comportamento da LST representativa da temperatura
sobre o dossel da vegetacdo agricola de soja. Desta maneira, o levantamento da
area da cultura da soja foi obtido pela aplicacdo do MODIS Crop Detection Algorithm
(MCDA), desenvolvido por Gusso et al. (2012), e calculado para cada ano-safra. A
geracdo do mapa de cultivo da soja para as dez diferentes safras foi realizado

considerando uma composi¢do que é um resultado da combinagcédo de cada um dos
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mapas de area estimada das safras entre 2003 e 2012. O mapa obtido com esta
composicdo média inclui todos os pixels selecionados como soja em que sua
identificacdo como area de soja ocorre pelo menos duas vezes, nas dez safras
conforme mostra a Figura 11. Assim, os dados derivados das Normais
Climatolégicas de precipitacdo normal, precipitagdo ocorrida, LST e produtividade da
soja também sédo representativos de areas onde houve cultivo da soja pelo menos
duas vezes no periodo estudado. Tal procedimento resultou em um mapa com 5,37
milhdes de hectares, o que corresponde a uma area 37,7% maior que a area media
de soja ocupada pela cultura no periodo entre 2003 a 2012, com aproximadamente
3,9 milhdes de hectares (CONAB, 2012).

Figura 11 - Mapa de area de soja obtido com aplicacdo do MCDA compondo as
safras 2003 a 2012
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4 RESULTADOS

Os resultados obtidos na presente Tese sao apresentados em forma de
artigos anexados nos apéndices A, B, C, D, E, F, G e H por ordem de aplicacéo.

Conforme pode ser verificado, os resultados de Gusso et al. (2014a),
conforme Apéndice E, e Gusso et al. (2014b), conforme Apéndice G, obtidos no
Rio Grande do Sul, sugerem que a disponibilidade hidrica € condi¢cdo necessaria
e desempenha papel fundamental, mas n&o suficiente para maiores
produtividades. Adicionalmente, foi observado a ocorréncia de LST-dossel abaixo
da média conjugada com precipitacdo acumulada acima da média, o que favorece
maior produtividade, também observado por Ferreira, (2010). Nesse sentido,
nota-se que perdas na produtividade podem ser amplificadas quando ocorre a
conjugacao de altas temperaturas no dossel da vegetacdo com estiagem, apds o
inicio do periodo de florescimento no Estado do Rio Grande do Sul.

No Rio Grande do Sul, essa relacdo inversa est4d associada ao
sobreaquecimento da vegetacdo, o0 que promove um aumento da demanda
evaporativa, levando ao estresse hidrico. Os resultados sugerem que a influéncia
de temperaturas elevadas no dossel da vegetacdo € reduzida quando a
disponibilidade hidrica é maior que a média regional. Tal influéncia é reforcada na
analise dos resultados obtidos sobre o Estado do Mato Grosso, onde se observa
uma relacdo direta das variagcdes da LST-dossel associadas com elevacdo da
produtividade (GUSSO et al., 2014d), conforme Apéndice H. No Estado do Mato
Grosso, o regime hidrico, em geral, compreende uma disponibilidade hidrica
maior que no Rio Grande do Sul.

A precipitacdo acumulada nos principais meses de cultivo, entre outubro e
fevereiro no Rio Grande do Sul € 647 mm com desvio padrdo 106 mm (INMET,
2009). No Mato Grosso, a precipitagcdo acumulada nos principais meses de
cultivo, entre setembro e janeiro é 2491 mm com desvio padrdo 414 mm. Nesse
sentido, o aumento da demanda evaporativa promovida por sensiveis elevacdes
da temperatura média, ndo resultam em estresse hidrico, o que favorece a cultura
em ultima anélise.

Uma inspecéo visual na distribuicdo do EVI em funcédo da LST demonstra o
deslocamento do conjunto de pontos em decorréncia das condi¢cbes

agrometeorolégicas predominantes. Tal caracteristica foi utilizada na presente
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Tese a fim de verificar a influéncia da LST sobre o dossel nas condi¢cbes de
desenvolvimento da vegetacdo caracterizada pelo EVI. Conforme Liu e Kogan
(2002) salientam, é uma condicao fisica que relaciona o indice de vegetacédo e a
temperatura da superficie terrestre, e que esta relacdo impde que as mais altas
LST, obtidas no periodo de méaximo desenvolvimento, estdo associadas as
condicdes mais desfavoraveis de crescimento da vegetacdo. De maneira
simétrica, os maiores valores do indice de vegetacao, representativo do maior
vigor vegetativo, devem estar associados com as LST mais baixas, indicando as
melhores condicdes de crescimento da vegetacdo. Complementarmente, em
periodos secos, um suprimento insuficiente de dgua no interior da planta leva ao
sobre-aquecimento da vegetacdo, o que teoricamente intensifica impacto da
deficiéncia hidrica (LIU; KOGAN, 2002), pela elevacdo da temperatura ou hot
extreme (ALLEN et al., 2010).

Os mapas de precipitacdo acumulada no periodo de desenvolvimento da
safra de verdo da Figura 12 evidenciam as diferentes condi¢cfes hidricas entre as
safras analisadas em carater experimental. A precipitacdo acumulada no periodo
de outubro de 2002 a fevereiro de 2003 se caracterizou por um total acima da
média na regido, enquanto que as temperaturas ficaram em torno da média
(Figuras 12a e 12b). Da mesma forma, o periodo de outubro de 2009 a fevereiro
de 2010 (Figuras 120 e 12p). Em contraste, dois periodos especificos ficam bem
evidentes quanto a disponibilidade hidrica. A precipitacdo acumulada na safra
2005 ficou abaixo da média (Figuras 12e e 12f) como também em 2012 (Figuras
12s e 12t).
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Figura 12 - Comparacéo entre diagramas de dispersdo dos valores de LST e EVI,

no més de fevereiro dentro da érea de intensa produc¢éo da soja (a, c, e, g, i, k, m, o,

g, S) com a distribuicdo da precipitacdo acumulada entre outubro de fevereiro (b, e, f,
h,j, I, n, p, r, t) nas safras de 2003 a 2012.
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Nos conjunto de graficos da Figura 12 os valores mais baixos de EVI,
tipicamente entre zero e 0,2, representam corpos d'agua, solo umido ou sem
cobertura vegetal, grandes areas urbanas ou mesmo contaminacdo residual de
nuvens. Portanto, foram considerados sem relevancia neste experimento.

Ainda com relacdo ao conjunto de graficos da Figura 12, analisando o0s
graficos de dispersdo 12c e 12e, em relacdo ao grafico da Figura 12a, é possivel
observar que ha uma migracao intensa de pontos para a direita, entre 22 °C e 42 °C,
ocasionando um maior Desvio Padrdo da LST, configurando um spread,
caracterizando assim uma forma triangular na distribuicdo, também observada nos
trabalhos de Gilles et al. (1997) e Goward, Xue e Czajkowski (2002). Na Figura 12e,
e também na Figura 12s, o efeito spread se intensifica, e ocorre um deslocamento
generalizado dos pontos com reagrupamento em direcdo as maiores LST, na borda
da distribuicdo de pontos referente a configuragdo de um ressecamento lento da
vegetacao (dry-edge), analisado por Sandholt, Rasmunssen e Andersen (2002), que
e devido as condi¢cdes do estresse hidrico associado as LST prolongadas, como
prevé a relacéo fisica estabelecida pela teoria. Entretanto, na safra 2005 (Figura 12e
e 12f), na regido de baixas temperaturas da Figura 12e, se observa a configuracéo
de um grupo de pontos assumindo a configuracdo de queda no indice de vegetacao,
mas sem promover deslocamento dos pontos para maiores temperaturas (wet-
edge). Este efeito é caracterizado por um sobre-aquecimento da superficie
vegetada, antes da for¢cante imposta pela deficiéncia hidrica, o que sugere que para
algumas parcelas da area estudada, houve uma reducdo do indice de vegetacao.
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Tal efeito, quando em condi¢Bes satisfatorias de disponibilidade hidrica, pode estar
relacionado a radiagcdo incidente sobre o dossel da vegetagdo, pois esta afeta a
resisténcia dos estbmatos a evapotranspiracao, o que também influencia as parcelas
do calor sensivel e latente (SANDHOLT; RASMUNSSEN; ANDERSEN, 2002). Este
resultado sugere a necessidade de um estudo mais aprofundado na associacao das
areas agricolas com o comportamento térmico da superficie, pois a confirmacéo
desse processo exige um acompanhamento das variaveis LST e EVI no decorrer da
safra. Assim, o acompanhamento do fluxo de migracéo dos pontos pelos modos dry-
edge ou wet-edge podem dar pistas importantes sobre o processo envolvido na
caracterizagdo das condi¢cdes de desenvolvimento dos cultivos. Consideram-se
relevantes pequenas variacdes nos valores médios da LST e do EVI, visto que séo
representativos de um nuamero superior a 76.000 pixels, em cada uma das safras
estudadas. O Teste-t heterocedastico ndo indicou probabilidade de semelhanca
entre os conjuntos de dados do EVI ou LST, na comparacdo das safras de
desenvolvimento mais favoravel (2003 e 2010) com as consideradas de
desenvolvimento mais desfavoravel (2005 e 2012).

E importante notar que na comparacdo do conjunto de dados apresentados
nos graficos de dispersado da Figura 11, com dados tabelados das médias estaduais,
a quantidade de precipitacdo acumulada é condicdo necessaria, mas ndo suficiente
para explicar as maiores produtividades médias estaduais. Na Tabela 1, os periodos
de ocorréncia de maior precipitacdo média acumulada (2003, 2004, 2009 e 2010),
nao correspondem necessariamente as safras de maior produtividade. Entretanto, as
safras com as maiores produtividades (2003, 2007, 2010 e 2011) séo favorecidas
por baixas LST-dossel ocorridas no periodo, indicando que a precipitacdo total
acumulada é condicdo necessaria, mas néo suficiente para maiores produtividades
no Rio Grande do Sul. A Tabela 1 apresenta as médias regionais de LST-dossel e
produtividade da soja por safra.



Tabela 1 - Médias estaduais e desvio padrdo da LST-dossel, produtividade da soja e precipitacdo, obtidas pela interpolacéo
espacial dos dados, no periodo entre 2003 e 2012 na &rea de intensa producédo da soja

Médias estaduais

mossaa  Produidsde  Desvio GGt eavi Evi Desvio LR e Desvio
6 (mm)
2003 2687 392 30,7 2,5 0,62 0,13 1228 86
2004 1549 295 31,3 3.4 0,59 0,14 840 99
2005 695 125 35,9 3,9 0,51 0,12 463 10
2006 2138 486 32,4 4,1 0,58 0,14 592 68
2007 2543 325 30,3 2,5 0,62 0,14 761 55
2008 2191 245 33,3 3,3 0,57 0,14 650 52
2009 2217 290 30,4 2,9 0,58 0,14 798 84
2010 2620 348 30,8 2,3 0,63 0,13 1194 126
2011 2895 388 28,4 2,8 0,65 0,14 725 110
2012 1601 466 35,4 3,8 0,47 0,12 500 43

Fonte: Elaborada pelo autor.

8¢



39

No Brasil, a evapotranspiragdo maxima, que é a demanda hidrica da cultura
da soja nas melhores condi¢cbes, estd entre 550 e 800 mm (BERLATO,;
MATZENAUER; BERGAMASCHI, 1986, FARIAS et al, 2001). Conforme os
resultados obtidos no Apéndice H, no Estado do Mato Grosso, ndo foi observada a
associacdo de estresse hidrico, pelo aumento da demanda evaporativa, com
anomalias positivas da temperatura. Dessa maneira, os resultados sugerem que a
influéncia de temperaturas elevadas no dossel da vegetacédo € reduzida quando a
disponibilidade hidrica € maior que a média regional. No Rio Grande do Sul, a
relacdo inversa esta associada ao sobreaguecimento da vegetacdo, o que promove
um aumento da demanda evaporativa, levando ao estresse hidrico. Tal influéncia é
reforcada na andlise dos resultados obtidos sobre o Estado do Mato Grosso, onde
se observa uma relacdo direta das variacbes da LST-dossel associadas com
elevacdo da produtividade. No Estado do Mato Grosso, o regime hidrico, em geral,
compreende uma disponibilidade hidrica maior que no Rio Grande do Sul. Nesse
sentido, 0 aumento da demanda evaporativa promovida por sensiveis elevacdes da
temperatura média, ndo resultam em estresse hidrico, o que favorece a cultura em

ultima andlise.
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5 CONCLUSOES

Os resultados indicam que Hipdétese 1 deve ser aceita pois € possivel
estabelecer uma relacdo matematica entre LST-dossel e produtividade. Entretanto,
0s resultados obtidos no Mato Grosso ndo corroboram a Hipotese 2, pois a relacéo
matematica que descreve as flutuacdes da LST-dossel em torno da média com a
produtividade, é direta no Mato Grosso mas no Rio Grande do Sul € uma relacéo
matematica inversa.

A disponibilidade hidrica é condicdo necessaria e desempenha papel
fundamental, mas n&o suficiente para maiores produtividades. Pois, a ocorréncia de
LST-dossel abaixo da média, conjugada com precipitacdo acumulada acima da
meédia, favorece maior produtividade. Adicionalmente, perdas na produtividade sao
amplificadas quando ocorre a conjugacdo de altas temperaturas no dossel da
vegetacdo com estiagem, apos o inicio do periodo de florescimento no Estado do
Rio Grande do Sul.

Os resultados mostram que a influéncia de temperaturas elevadas no dossel
da vegetacdo é reduzida quando a disponibilidade hidrica é maior que a média
regional. No Rio Grande do Sul, a relacdo inversa esta associada ao
sobreaquecimento da vegetacdo, 0 que promove um aumento da demanda
evaporativa, levando ao estresse hidrico. Tal influéncia é reforcada na andlise dos
resultados obtidos sobre o Estado do Mato Grosso, onde se observa uma relacao
direta das variacoes da LST-dossel associadas com elevacdo da produtividade. No
Estado do Mato Grosso, o regime hidrico, no periodo da safra de verao, compreende
uma disponibilidade hidrica maior que no Rio Grande do Sul. Nesse sentido, conclui-
se que o aumento da demanda evaporativa promovida por elevacdo da temperatura
desempenha papel importante nas condi¢cdes gerais de desenvolvimento da safra.

acima da média, ndo resultam em estresse hidrico.
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Abstract: An accurate estimation of soybean crop areas while the plants are still in the
field is highly necessary for reliable calculation of real crop parameters as to yield,
production and other data important to decision-making policies related to government
planning. An algorithm for soybean classification over the Rio Grande do Sul State, Brazil,
was developed as an objective, automated tool. It is based on reflectance from medium
spatial resolution images. The classification method was called the RCDA
(Reflectance-based Crop Detection Algorithm), which operates through a mathematical
combination of multi-temporal optical reflectance data obtained from Landsat-5 TM
images. A set of 39 municipalities was analyzed for eight crop years between 1996/1997
and 2009/2010. RCDA estimates were compared to the official estimates of the Brazilian
Institute of Geography and Statistics (IBGE) for soybean area at a municipal level.
Coefficients R* were between 0.81 and 0.98, indicating good agreement of the estimates.
The RCDA was also compared to a soybean crop map derived from Landsat images for the
2000/2001 crop year, the overall map accuracy was 91.91% and the Kappa Index of
Agreement was 0.76. Due to the calculation chain and pre-defined parameters, RCDA is a
timesaving procedure and is less subjected to analyst skills for image interpretation. Thus,
the RCDA was considered advantageous to provide thematic soybean maps at local and
regional scales.
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1. Introduction

Statistical data in agriculture plays a key role in the food supply chain and improvements in
methods of precise and timely estimates for crop areas and yield are extremely important for
management, trade and pricing policies. The Brazilian agencies CONAB (Companhia Nacional de
Abastecimento—National Company of Food Supply) and IBGE (Instituto Brasileiro de Geografia e
Estatistica—Brazilian Institute of Geography and Statistics) are both responsible for the official
agricultural statistics in Brazil. Presently, these estimates are based heavily on polls made on a farmer
level, being considered subjective and without associated error measurement [1].

Remote sensing satellite data have been successfully used on mappings of crops in Brazil such as
soybean [2,3] and sugarcane [4]. Most of the research related to crop area estimation is associated with
classification of Landsat Thematic Mapper (TM) images of medium spatial resolution [3]. In Brazil,
important know-how of large scale agricultural monitoring was gained from the projects GeoSafras
(soybean, maize and rice fields mapping) and Canasat (sugarcane mapping) [5,6]. The main difficulties
were clearly associated with the handling of a large volume of data and a timely generation of the
desired products. Another two difficulties were the pressure for results and systematic cloud cover
occurrences. The former leads to the need of a large staff team and the latter can limit the Landsat-like
images operationality in providing agricultural statistics [7,8]. Focused on the crop area problem in
Brazil, several studies [1,9,10] have been conducted using different conceptual approaches with high
temporal-resolution data with coarser spatial-resolution. However, these methodologies did not prove
to be useful to routine monitoring, and were generally applied for relatively few crop years and
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specific regions Other developments as made with the MODIS Crop Detection Algorithm
(MCDA) [11], produced R? greater than 0.95 and overall accuracy of 82% for several crop years in Rio
Grande do Sul State, but they also found limitations on mapping accuracy dependence with mean field
size, according to [12], since they used 250 m spatial-resolution.

Literature reviewing has shown that automated moderate spatial resolution models are able to
generate timely classification results, and that medium spatial resolution can generate good mapping
accuracy. This work is going a step further, combining both methods to obtain timely classification
results with good mapping accuracy. The objective in this work is to evaluate a reflectance-based
algorithm using medium resolution sensor images, to the accurate classification of soybean areas prior
to the time of crop harvest.

2. Material and Methods

In recent years, the average contribution of Rio Grande do Sul State accounted for about 17% of the
national grain production. It is the third soybean producer in Brazil [13] and both yield and crop area is
still rising. The State has a total area of 282,062 km” with 496 municipalities. Its soybean production is
concentrated in the center-north region. The average annual rainfall is 1,500 mm, being relatively well
distributed throughout the year, but subjected to dry periods. The State climate is subtropical with four
well-defined seasons. The 39 municipalities analyzed are totally covered by a Landsat scene path/row
222-080. All municipalities are aggregated inside an intensive soybean production area, which is
shown at Figure 1.

Figure 1. Rio Grande do Sul State, Brazil, and the 39 municipalities evaluated.
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2.1. Study Area

The covered crop area represents nearly 18% of total area of soybean crops in Rio Grande do Sul.
The sowing calendar for soybean goes from early October to late December, based on agricultural
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zoning for different soils, regions, and cultivars [14]; depending on sowing date, maximum plant
growth is thus observed from late January to early March [11].

2.2. Satellite Data

The data sources used for the algorithm development were the following: (i) Landsat-5 TM images,
obtained from Instituto Nacional de Pesquisas Espaciais (INPE: www.dgi.inpe.br); (ii) Shuttle Radar
Topography Mission (SRTM) data, used to generate a slope map with 90 m spatial resolution,
according to [15], in order to exclude improper areas for mechanization (slope > 12%); (ii1) annual
soybean agricultural statistics, at State and municipality level, from IBGE, used to compare and
evaluate the obtained results from the present soybean area estimation procedure for the
39 municipalities; (iv) a soybean reference thematic map, available for crop year 2000/2001 [3]
obtained from multi-temporal Landsat TM images analysis, at 30 m spatial resolution, used to evaluate
the soybean thematic map obtained from 2000/2001 in this study; and (v) geolocation reference images
from Global Land Survey (GLS), which is composed by cloud free images and geo-referencing metrics
with good quality. This product was used to provide an accurate geo-registration of the selected images
at Table 1.

Table 1. Selected Landsat-5 TM images for soybean crop area detection.

Path/Row
Crop year Data Situation
222/080

1997 13 January/29 January/14 February Ok
1998 - No overpassing
1999 - No overpassing
2000 - No overpassing
2001 24 January/25 February/13 March Ok
2002 - No overpassing
2003 - No overpassing
2004 17 January/2nd February/18 February Ok
2005 19 January/4 February/8 March Clouds
2006 23 February/11 March Ok
2007 25 January/26 February/14 March Ok
2008 28 January/13 February/16 March Ok
2009 30 January/15 February/3 March Ok
2010 2nd February/18 February Ok

2.3. LANDSAT Image Calibration

The Landsat-5 TM images were fully calibrated and corrected to generate reflectance values,
according to Landsat Calibration Documents [16,17]. Usually, correction includes atmospheric and
sensor related parameters and thus leads to the derivation of physical units such as reflectance [18]. In
the strict sense, full absolute image correction involves both applications of absolute calibration
coefficients for sensor and related parameters of atmospheric correction, to derive estimates of surface
reflectance in order to produce a consistent temporal reflectance trajectory [18]. In this work, the first
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step was to convert the digital numbers (DN) into radiance and afterwards to reflectance, according to
calibration parameters of [17]. After the transformation of DN to reflectance, images were
atmospherically corrected according to the methodology of [19].

2.4. Selected Bands

During soybean vegetation development, a rapid increase of near-infrared (NIR) reflectance values
is observed, reaching its maximum values after a relatively short period. After that, the maximum
vegetation period is observed in the time window between 20 January and before 20 March [11,20] for
Rio Grande do Sul. During the maximum vegetation development stage, soybean crop cultivation
presents a particular spectral behavior when compared with other classes of regional land use
cover [3]. At that stage, vegetation is expected to present low reflectance values at the red band (0.65
to 0.69 um), high reflectance values at the NIR band (0.76 to 0.90 um) and a very steady reflectance
variation at the Short-Wave Infrared (SWIR) band (1.55 to 1.75 um), as described in [21] for irrigated
and rainfed soybean crops. So, using a mathematical-computational rule, it is possible to establish
operators that are able to identify soybean crop area characteristics that remain through time even
under different vegetation development conditions. This means that an algorithm that meets the
appropriate mathematical combination of bands 3, 4 and 5 can accurately select soybean crop areas.

Soybean sowing occurs from around early October to early December. Usually, maize is sown
earlier than soybean [20], favoring a calendar-based discrimination. In this sense, even when maize is
sown during the same period as soybean, it would not be erroneously tagged as soybean, because it is
possible to identify a particularly spectral behavior by using simultaneously the bands 3-5 that is
associated to each culture.

2.5. Algorithm Development: Theoretical Approach

The soybean classification procedure developed in this study was named Reflectance-based Crop
Detection Algorithm (RCDA), whose diagrammatic flowchart is presented in Figure 2. RCDA was
developed in the ERDAS 9.1 Modeler Environment. Initially, surface reflectance values for soybean
during maximum plant development were tested. Based on published spectral characteristics [22,23] of
bands 3-5 of Landsat-5 TM, soybean crop vegetation typically presents a calibrated reflectance of
about 5%, 50% and 21% respectively. It is because those reflectance values, usually available on
literature, are averaged from standardized conditions and represent soybean crop fields at full-pixel
coverage over soybean areas.

It 1s well known that in drought-free years, well developed vegetation reflects just a little part of
incident solar radiation in the visible band of spectrum, due to chlorophyll absorption properties and
others plant pigments that absorbs sunlight. In the NIR, plants reflect much more, due to a scattering
effect caused by the internal structure of leaves and water content [24]. Depending on the intensity of
water deficit due to drought, seasonal heat waves or both effects coupled together [25] it is possible
that vegetation remains green for a time lag after the onset of water stress [26]. In this way, it is
expected that bands 3 (red) and 4 (NIR) do not retrieve detectable changes during this time lag.
Additionally, reflectance at band 5 of Landsat is closely associated to vegetation moisture [27,28] and
therefore, its behavior through time needs to be more deeply investigated. However, it is also known to
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have the property of penetrating thin clouds due to wavelength size [28,29], which tends to be very
useful in a mapping study and land use change.

Figure 2. Flowchart of the Reflectance-based Crop Detection Algorithm (RCDA).
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It became clear that the challenge is to find out those accurate reflectance values located at the

lower limits of the spectral range (lower reflectance values) for each band, in a way that includes not
only pure soybean pixels at the normal conditions, but also under water deficit development or mixed
pixels located at the border of soybean fields. Those lower limits values were defined in this work as
R3min, R4min and R5min.

2.6. RCDA Development: Test Sites

One way to perform the better fitting of the representative reflectance values, due to their
importance as input parameters for RCDA, was to obtain a set of soybean reflectance samples in each
of the bands 3-5 from selected test sites inside the 39 municipalities.

Direct visual inspection and mapping over the images was used to set the location of test sites with
total of 9,925 pixels through all crop years 1996/1997, 2000/2001, 2003/2004, 2005/2006, 2006/2007,
2007/2008, 2008/2009 and 2009/2010. It is important to note that at least, two of the selected crop
years (2003/2004 and 2006/2007) were under quite different development conditions [30]. So,
different Physically Driven Components (PDC) related to agricultural practices, weather or
climatological forcings were acting at the agricultural system. We refer PDC to the main physical
dynamic processes involved, from one harvest to another, which leads to adjustments in the
mathematical modeling of vegetation development. PDC investigation became necessary in order to
identify more accurately a multi-temporal threshold for band 3-5 that remained representative of
soybean vegetation through time.
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The soybean areas were mapped and selected by using false-color composition of bands (RGB-453)
described at [3]. Those minimum reflectance values for each band are also associated to the limits of
border regions between full-pixel coverage of soybean and mixed pixels.

Pixels below R3min are typically associated to cloud shadows or water bodies. Actually, it was
observed at the test sites that soybean vegetation reflectance, even under different development
conditions, stands lower than 0.07 in the red, band 3; stands greater than 0.42 in the NIR band 4; and
stands greater than 0.18 in the Short-wave Infrared (SWIR) band, band 5. In terms of reflectance, these
are crucial as input parameters to soybean characterization.

2.7. RCDA Development: How Does That Work?

For a given crop year, all available Landsat-5 TM images from the maximum development period
were combined into the algorithm. In doing so, five computational steps were established in order to
get the best use of PDC that rule soybean spectral behavior in bands 3-5.

Pixels with reflectance values that fall under the defined R3min were tagged as soybean according
to condition A; pixels with reflectance values that fall above R4min were tagged as soybean according
to condition B; pixels with reflectance values that fall above RSmin were tagged as soybean according
to condition C; pixels which the reflectance are above the sum of bands 4 and 5 were tagged as
soybean according to condition D; and pixels with NDVI values which are above NDVImim were
tagged as soybean according to condition E, in Figure 2. In the final step, all conditions are multiplied
and a pixel that is representative of a soybean area must have the value one. In this procedure, a pixel
will be automatically classified as soybean if it adheres simultaneously to conditions A, B, C, D and E.
By using mathematical Boolean rule, a pixel will be selected as soybean if all conditions are
simultaneously satisfied.

Pixels with a calibrated reflectance that does not follow at least one of defined rules A, B, C, D or
E, are not selected, because they will overlap areas that are not from soybean crops. Additionally, all
four conditions are modulated by NDVI values greater than 0.6 units in order to avoid background
and/or cloud contamination that usually have high values of reflectance. Also, saturation effects of
Normalized Difference Vegetation Index (NDVI) when Leaf Area Index (LAI) is greater than 3 can
mask water stress [31].

2.8. Tuning Procedure of the RCDA

After a first run of the RCDA, follows a tuning phase based on a stepwise procedure using some
specific Landsat satellite image from Table 1. This step is necessary to interactively fine tune the most
appropriate values of R3min, R4min and R5min in order to minimize the omission and commission
errors, when comparing to the reference map from [3].

A comparison of Landsat images and RCDA mapping was then performed. By overlaying the
Landsat images and the classification maps, we observed that the soybean area was overestimated for
the first run of the RCDA. Therefore, a second run was performed adjusting the values of R3min,
R4min and R5min. For each combination, a new soybean classification was generated, which was
visually compared with the corresponding available Landsat-5 TM images.
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After several interactions, over several crop years and comparing the results of each one of new
RCDA classification with Landsat-5 TM images, the combination with best performance of the final
calibrated values of RCDA were defined as R3min = 0.07; R4min = 0.39; R5min = 0.15 and
R4min + R5min = 0.58, according to Figure 2.

We should emphasize that the RCDA tuning procedure is only completed when R3min, R4min and
R5min, which were chosen to be representative of predominantly PDC of soybean, can be used as the
same input for all analyzed crop years. Therefore, once the parameters R3min, R4min and R5min were
identified, no post-adjustment was allowed, partially to constrain dynamical adjustment process of the
algorithm. During this phase, when some further adjustment was needed, in order to plot a better fitting
of crop area map for one crop year or more, then this new parameter is run for all tested crops years.

Since the RCDA map is a binary image where 1 indicates soybean and zero indicates non-soybean,
the next step is to combine a soybean area map from one Landsat-5 TM image to another one. It is
expected that a combination of three consecutive Landsat-5 TM images would be available for the
maximum vegetation development period. According to [3], it is mandatory that at least two images
inside the critical period with good quality and low cloud contamination exist. If cloud occurrence is
severe over the interest area, a delay of 16 d is expected in order to acquire the next Landsat-5 TM
image. Therefore, the soybean estimation can be released no later than early March if two or more
Landsat-5 TM images are available. Even if a third image is necessary, a soybean map can still be
released during March. However, if no useful images were found due to at least one of the following
situations, no other computational rules are applicable and no crop area estimation is generated for the
crop year: cloud contamination, named as situation Cloud; image quality/noise presence, named as
situation Quality, or unavailable overpassing, named as situation No overpassing,. In the case of a crop
area forecast, a RCDA map can be provided right after a second Landsat-5 TM image is available
inside the time-window, which normally occurs in mid/late February. Table 1 presents all Landsat-5
TM images available. All crop years that the available Landsat-5 TM images have flagged as OK, in
Table 1, were used in the validation process. It is important to emphasize that the parameters defined in
RCDA for detection crop areas are constant, as a fixed criteria during the period we studied (eight crop
years between 1996/1997 and 2009/2010).

3. Validation
3.1. Validation of the RCDA: Step 1

RCDA was developed in order to provide an automated tool for soybean classification. The
performance of the RCDA was validated in two steps. The first one was using a thematic soybean map
elaborated from multi-temporal Landsat images for crop year 2000/2001 of [3]. The confusion matrix
and the overall map accuracy were provided.

When comparing the obtained results of RCDA estimates with those obtained by [3] for crop year
2000/2001, we noticed that the two estimates are in good agreement. Table 2 shows the confusion
matrix resulting from the comparison between the mapping provided by [3] and the RCDA. The
overall map accuracy was approximately 91.91% and the Kappa Index of Agreement was 0.76. For
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classification maps assessment, usually Kappa Index of Agreement values greater than 0.5 are
considered good results [32].

Analysis of the user’s (commission) and producer’s (omission) accuracy for the soybean class is
similar, indicating that errors tend to be compensated among the overall calculation. Figure 3 presents
a comparison between a Landsat-5 TM and RCDA classification over 2000/2001 soybean crop areas.
Figure 4 presents a scatterplot diagram and regression analysis for the 39 municipality estimates from
the RCDA procedure and from the reference map [3] for the crop years 2000/2001. Coefficient of
determination (R?) was 0.99.

Visual inspection of the RCDA map compared to reference map suggests a slight displacement
towards Northeast direction of RCDA map, of a length at around one pixel. It might be considered that
an inaccurate process of registration for the assembling of the three images can increase errors in this
analysis. RCDA applied to other Brazilian regions where soybean crop areas use to be extensive must
generate better results.

Table 2. Confusion matrix from the comparison of RCDA mapping and [3] mapping.

Reference (Pixels)

RCDA Soybean Non Soybean Total Classified User’s Accuracy
Soybean 4,764,107 1,409,792 6,173,899 77.17%
Non soybean 773,466 20,033,427 20,806,893 96.29%

Reference total 5,537,573 21,443,219 26,980,792
Producer’s accuracy  86.03% 93.42%
Overall accuracy 91.91%
Kappa Index 0.76

Figure 3. Sector enlargement in Rio Grande do Sul State, for comparison between:
(A) Landsat-5TM, (RGB/453) in 25 February 2001; and (B) resulting soybean map
classification from RCDA in 2000/2001 crop year.
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Figure 4. Scatterplot diagram and regression analysis, of soybean area estimates, between
RCDA and the reference map [3].
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3.2. Validation of RCDA: Step 2

In the second validation step, in order to have some perception of its performance, we compared its
results to results generated by a classification through Maximum Likelihood procedure, which is
widely known as a robust method for classification.

For the same Landsat-5 TM images used for RCDA, in 2001 crop year, which are presented in
Table 1, we selected seven classes, in order to accurately identify soybean pixels separately from
non-soybean classes. The selected classes are: soybean new, soybean old, other vegetation, forest,
urban area, crop harvest and water bodies. The Maximum Likelihood procedure operates under an
analyst-made classification procedure with the visual selection of pixels of all chosen classes. This is a
laborious and time-consuming task because it is done manually and consists of several steps, including
the visual selection of the representative sample pixels of each class. Obviously, results depend on
skills and subjective judgment of the analyst. After this, we generated the soybean map from
Maximum Likelihood classification procedure (ML map). The generated ML map was also compared
to the reference map from [3].

Table 3 shows the confusion matrix resulting from the comparison between the mapping provided
by [3] and the ML map. The overall map accuracy was approximately 92.45% and the Kappa Index of
Agreement was 0.76.

Table 3. Confusion matrix from the comparison between ML map and the [3] mapping.

Reference (pixels)

ML Map Soybean Non Soybean Total Classified User’s Accuracy
Soybean 4,282,230 781,079 5,063,309 84.57%
Non soybean 1,255,343 20,662,140 21,917,483 94.27%

Reference total 5,537,573 21,443,219 26,980,792
Producer’s accuracy  77.33% 96.36%
Overall accuracy  92.45%
Kappa Index 0.76
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Figure 5 present a scatterplot diagram and regression analysis for the 39 municipality estimates
from the ML map procedure and from the reference map [3] for the crop years 2000/2001. Coefficient
of determination (R2) was 0.99.

Figure 5. Scatterplot diagram and regression analysis, of soybean area estimates, between

ML map and the reference map [3].
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According to Tables 2 and 3, and comparing results from Figures 4 and 5, in both validation tests it
becomes clear that RCDA and the Maximum Likelihood procedures are essentially similar in
accuracy. The main difference is that RCDA is an objective automated tool for soybean classification
and which does not depend upon the analyst skills and subjective sources of decision, as described
previously, being rather based in physical criteria. This is perceived from confusion matrix
comparison, where the Kappa Index of Agreement had the same result (0.76) but RCDA Producer’s
accuracy, for soybean, is 8.7% greater than Maximum Likelihood procedure. Besides, RCDA leads to

rapid results.
4. Results and Discussion

Even in a low temporal resolution of Landsat-5 TM images and reflectance of soybean crop field
heterogeneity, throughout the summer season, the computational approach of RCDA has shown to be
consistent and stable. Soybean area provided by RCDA was estimated by municipality and compared
to official estimates provided by IBGE (http://www.sidra.igbe.gov.br) using regression analysis. IBGE
data are only published around 18 months after the end of the soybean season. So, presently, the most
recent data from IBGE is 2009/2010.

For crop years 1996/1997 and 2003/2004 IBGE data do not indicate a crop area presence greater
than zero for several municipalities. However, further analysis, by means of detailed visual inspection
and mapping with Landsat images (RGB-453) revealed the presence of soybean crops.

Figure 6 present scatterplot diagrams and regression analysis for the 39 municipality estimates from
the RCDA procedure and from IBGE for the crop years 1996/1997 to 2009/2010. Coefticients of
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determination (R?) were between 0.81 and 0.98, an agreement indicator between the estimates. The

averaged slope value around 1.005 for all tested crops also indicates good agreement. In Figure 7, the

comparing totals from RCDA and IBGE in municipality estimates level are shown.

Figure 6. Scatterplot diagram and regression analysis, of soybean area estimates, between
RCDA and IBGE municipalities for each of the selected crop years through 1996/1997 to
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Figure 7. Comparison between RCDA and IBGE soybean area estimates for the entire

study area.
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5. Conclusions

The RCDA algorithm presents an objective and consistent methodology for soybean classification

and provides crop areas with estimates that are comparable to the official agricultural statistics of
IBGE and visual inspection methodologies. Due to the calculation chain and pre-defined parameters,
RCDA is a timesaving procedure and is less vulnerable to analyst image interpretation skills and
subjectivity. This is perceived by the validation step results (Section 3) and the Maximum Likelihood
procedure, wherein the Kappa Index of Agreement had the same result (0.76) and the Overall
Accuracy was only 0.54% greater than the RCDA. Besides, the RCDA Producer’s accuracy, for
soybean, is 8.7% greater than Producer’s accuracy from the Maximum Likelihood procedure.
Therefore, RCDA represents a considerable gain in time and accuracy of spatial information.

RCDA can assist the local agricultural management demands, providing reliable and adequate
spatialized information. The RCDA approach is not species-specific and is therefore applicable with
the proper calibrations to other crops besides soybean.
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Integracdo de imagens NOAA/ANHRR:
Rede de cooperacéao para monitoramento nacional da safra de soja

Anibal Gussb

RESUMO

Uma avaliacao inicial das condi¢cdes do desenvolvimento da safra nacional, enquanto as plantas ainda estdo nos
campos, € altamente necesséria para o calculo correto das proje¢8es na tomada de decisao e politicas relacionadas com
o planejamento governamental e seguranca alimedtabjetivo deste trabalho foi avaliar a adequacéo dos dados
NOAA/AVHRR (National Oceanic amstmosphericAdministration /Advancedvery High Resolution Radiometer) em
detectar mudancas nas condi¢cfes da vegetacao, devidas a ocorréncia de estresse hidrico, na soja, por meio de uma
combinacéo do indice NDVI (Normalized ifenceé/egetation Index) e da LYTLand Surfac&emperature). Os dados
LST e NDVI foram combinados e comparados pixel a pixel, sobre uma area de cultivo de soja, no Rio Granéle do Sul.
relacéo tedrica inversa prevista na combinacao de LST e NDVI foi detectada. Foi observado que ocorre um aumento
médio na LST em uma safra de ciclo normal (de 301,02 K para 308,36 K), quando comparada a uma safra sob condi¢@o
de estresse hidrico, no desenvolvimento da cultura. Uma reducao média do NDVI foi observada no ciclo normal (de
0,65 para 0,53), comparada com uma safra sob efeitos ocasionados pela estiagem no desenvolvimento da cultura. Foi
observado maior correlagéo da produtividade municipal com LST (R2=0,78) do que com o NDVI (R2 = 0,59). Os
resultados obtidos indicam que a integracao de imagens do 88th#RR, proveniente de diferentes instituicoes,
proporciona a adequada combinacéo espacial e temporal dos dados LST e NDVI, a fim de detectar a ocorréncia de
estresse hidrico, bem como sua intensidade, caracterizando as condic¢des do ciclo de desenvolvimento da soja.

Palavras-chave:sensoriamento remoto, estiagem, temperatura da superficie terrestre, indice de vegetacao.

ABSTRACT

Integration of NOAA/AVHRR images:
Cooperation network towards national soybean crop monitoring

An early assessment of national crop development conditions while the plants are still in the fields is highly needed
to calculate correctly projections for decision-making and policies related to government planning and food security
The aim of this study was to evaluate the suitability of NGAAIRR (National Oceanic amitmosphericAdministration
/ Advancedvery High Resolution Radiometer) to detect changes in vegetation conditions, due to water stress during
soybean crop, by means a combination of Land Suiffaogerature (LST) and Normalized feifenceVegetation
Index (NDVI). Both LST and NDVI data were combined and compared in a pixel basis over a soybean crop area in Rio
Grande do Sul State. The predicted theoretical inverse relationship for the combination of LST and NDVI was detected.
An average increase of LST was observed in a normal crop cycle (from 301.02 K to 308.36 K) compared to a crop cycle
under water stress conditiohn average reduction in NDVI was observed for normal crop cycle development (from
0.65to 0.53) compared to a crop cycle under drought-induced effects. It was observed a higher correlation of municipality
yield with LST(R2=0.78) than NDVI (R2=0.59). Results obtained indicate that the aggregafMHRR images, from
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different institutions, provides the appropriate combination of spatial and temporal data LST and NDVI in order to
detect the occurrence of drought stress, as well as its intecisétyacterizing the conditions of the crop cycle
development of soybean.

Key words: remotesensing, drought, land surface temperature, vegetation index.

INTRODU(;AO sim, é de grande importancia a implementagdo de um sis-
ma nacional de monitoramento continuo dos cultivos,

. Lt
Em escala global, o gerenciamento do setor agrlcoFa - . .
ara uma avaliac@o mais detalhada da vulnerabilidade e

tem-se tornado cada vez mais sofisticado, exigindo infor- . . N
ustentabilidade dos processos adaptativos as novas

macdes continuamente atualizadas, de maneira a se obter . . . L
condicbes e das futuras demandas internacionais por

levantamentos confiaveis sobre o desempenho das sa- L . U S
commoditiesagricolas. Para tanto, sdo imprescindiveis

fras, antecipadamente ao periodo da colheita,, estraté%la L . ~ .
Stratégias de gerenciamento para reducao dos impactos

de aprimoramento das politicas publicas de abastecimen- . o s
N L € melhor aproveitamento das condic¢des climaticas favo-
to e de equilibrio entre oferta e demanda (Figueiredo, 2005; . . ;. .
raveis (Ferreira, 2006). Entretanto, € importante salientar
Gusscet al.,2012).

E d q liméti ~ que embora o0 aumento na frequéncia de estiagens e seus
M um panorama de mudancas climaticas, parametiQa;; ¢ tenha sido o maior interesse nos Gltimos anos, 0s

agrometeoroldgicos da superficie terrestre devem Sonp%tenciais impactos de perdas no setor agricola, decor-
alteracdes nas proximas décadas (Siqeeah2000; Pin- rentes de sensiveis aumentos nas temperaturas sazonais,

to, 2009; Batistti & Naylar2009; Petersoet al.,2012). vém ganhando interesse (Batistti & Nay2009).
Periodos prolongados de baixa ocorréncia de precipita- O sensoriamento remoto proporciona informacdes sis-

¢ao ou exposigdo a temperaturas elevadas produzg4iicas e de alta qualidade espacial e temporal sobre a
desequilibrio nos sistemas ecolégico e hidrolégico e tééﬂperﬁcie terrestre (Liu & Kogan, 2002). Na (ltima década,
impactos severos na produc&o agricola (Kegah,2003; 1 yices espectrais de vegetacdo, particularmente deriva-
Karnlfal| et a[.,2010; Board & Kahlon, 2011), com efeltosdos dos sensor8¥HRR (Advanced &ty High Resolution
em varios niveis da organizagao social. Radiomete), a bordo dos satélites da série NOAAfonal

No Brasil, aumentos na frequéncia de eventos extrgreanic and Atmospheric Administrafjaém demons-
mos, como a ocorréncia de altas temperaturas e areduggo grande potencial no monitoramento do ciclo de de-
na precipitacdo, deverdo produzir efeitos severos na pQyyolvimento agricola (Liu and Kogan, 2002; Kogan
dutividade agricola ¢geck &Alberto, 2006; Lobeletal., 5 >003: Esquerdet al.,2011). Estes dados tém sido es-
2008), especialmente de soja e milho. Como decorréngjaciaimente utilizados em levantamentos do NDVI
disso, as distorcdes e indefinicdes nas politicas agricol@g,rmalized Diffeence getation Indexe da LST(Land
devem amplificar as perdas e estabelecer barreiras na §fjjace Emperatue), para compor estudos de séries his-
magcdo de metodologias para o financiamento agricolgggicas (Karnielet al.,2010). Uma ampla gama de variaveis
politicas assistenciais adequadas. fisicas e climaticas afeta o NDVI, a LST e a relacéo entre

No Estado do Rio Grande do Sul (RS), a grande varigobertura vegetada e temperatura (Karmiekl., 2010).
bilidade interanual da precipitacao, verificada em fun¢dgeqgundo Nemani & Running, (1997), diferencas na LST
principalmente, dos fenomen&$ Nifio e La Nifia,€ 0 também tém aplicaces na observacéo da taxa de cresci-
principal fator responsavel pelas oscilagdes de produtiento das plantas. Sandhetital. (2002) salientam que o
dade naregido sul (Burietal.,1977, Fontanat al.,2002, yso do indice de vegetacéo e da temperatura da superficie
Melo et al., 2004, Ferreira, 2006), sendo que as culturggorda uma relagdo entre o vigor vegetativo e a resposta
mais afetadas geralmente s&o as da soja e do milho (Fontgh@al caracteristica do dossel.
etal.,2002) na safra de verao. A estruturacdo de uma rede de cooperagao institucio-

O efeito prolongado da estiagem na safra da soja @l proporciona vantagens, ao gerar mapas em areas de
2004/2005, quando comparada com a safra de 2002/20f&nor densidade de cobertura por dados agrometeoro-
apresentou uma reducéo de 76% na producdo de grfgaficos, para todo o pais. No Brasil, como exemplo, estdo
(IBGE, 2010). Mundialmente, a ocorréncia de estiagersgn funcionamento continuo antenas de Brasilia (Instituto
devera ocasionar perdas severas na producdo agricplacional de Meteorologia-INMET), Campinas (Universi-
com potenciais impactos na economia (UNER9).As-  dade de Campinas-UNICAMP) e Poftiegre (Universi-
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dade Federal do Rio Grande do Sul-UFRGS) dentre outfdfA TERIAL E METODOS
instituices (Figura 1). Gusst al.,(2007) e Esquerdet
al., (2011) testaram a obtencéo dos dados NOAAIRR
para estimativa do NDVI e da LST e observaram que estes
sensores séo adequados para 0 mapeamento da LST em area de estudo experimental € o Estado do RS, um dos
tempo habil a tomada de deciséo, diferentemente dos diores produtores e exportadores de gréos do Brasil. Nesse
dos meteoroldgicos pontuais, obtidos em abrigdsstado, a area de mais intensa producéo agricola esta na
meteoroldgicos ou por estacdes automaticas, que, frequeagido norte, com aproximadamente 76700 (Kigura 2), e
temente, estdo incompletos ou ndo disponiveis, para uaimange 223 municipios (Gusi@l.,2012). O RS é domina-
avaliagdo em tempo habil (Kogan, 2002; Sitred.,2008).  do pelos climas subtropical e temperado, respectivamente
Este estudo apresenta uma proposta de integracaadeacterizados pelos tip@$a e Cfb de Képpen (1948). O
dados de satélite, por meio de uma rede de cooperagé&s mais quente € janeiro com temperatura média k23,7
institucional, para monitoramento da producéo brasileiea média de precipitacéo pluvial ao longo do ano é de 1.680
de soja, com base no indice de vegetacdo e no compontan, sendo que 0 més que apresenta maiores médias de pre-
mento térmico da superficie, obtidos do NOAYHRR.  cipitacdo pluviométrica € outubro, com 173 mm (Melo, 2003).
O objetivo foi caracterizar a rela¢@o que se estabeleceAépoca de semeadura das culturas do milho e da soja no sul
combinacgédo desses dois parametros fisicos, em assod@Brasil comeca em setembro e vai até novembro. Depen-
¢do, como agentes agregadores das condi¢cdes predaieido da época da semeadura, entre setembro e novembro,
nantes de desenvolvimento da vegetacdo, durante asssaegetacéo atinge seu maximo do final de janeiro até inicio
fras que apresentaram maior variabilidade da produtivie marco (Gusset al.,2012), quando alcanga os seus valo-
dade no RS. res maximos do NDVI (Fontaedal.,2002).

Area do estudo experimental
no Rio Grande do Sul

Bsow 2% 4w "‘"’, w 40w 40w J2'w
1~~| BRASIL
} \ | W g
7. T . . L S, "SI L .3
-] ) \
A ’.7\\
PA |/ )
\
| fl ‘
: % — ;r., " PAN ' ) l\(—, “6 S e ‘;
X 1 J T0 )|
( ¥
! MT ",, $ . P
'y Y ] f
\ e
E- @ Antena Brasilia - — N |\ 5
@ Antena Porto Alegre e/ 1 3
MS r—
! 1% A/
) /o SP L /™~
’ N W = & :
. i | : PR ! B Td
& 2
Argentina ey SC,
Rse']
4 | £ | OceanoAtintico "
” Uruguai P s
' 1
I }
Ao“w 2% LES S6°w Ww 10w aaL'w

Figura 1. Area aproximada de cobertura e a posicéo das antenas de recepcéo de dado¥ NRRABbre o territdrio brasileiro.
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Considerando o periodo da floragéo, enchimento de Dados de pré-processamento

gréos e maturacdo fisiologica, que ocorre nos meses deg processamento das imagens NOABHRR e a
janeiro e fevereiro para a maioria dos cultivares, foi escpsterior integracso e quantificagio dos dados multitem-
Ihido o més de fevereiro de cada safra, na analise da CQ¥Brais em NDVI e LST foi obtido de imagens captadas
binacdo do maximo NDVI e maxima LSTom base nas pela estacéo de recepcéo de dados NOAA, instalada no
composi¢cdes mensais de maximo NDVI e maxima,LSTampus d&ale da UFRGS (Universidade Federal do Rio
obtidos na regido de grande producao, foram conside@rande do Sul).

dos os periodo da safra de 2002/2003, que correspondeuPara a geracéo de dados do NDVI, a partir dos dados
a uma elevada produtividade média estadual (2800 KJOAA/AVHRR, foi utilizado o satélite NOAA-16, com

ha); uma safra com médio efeito de estiagem em 20 ssagem em horario pouco ap6s o meio-dia local, e por
2004, com produtividade reduzida (1400 Kg/ha); e umgroporcionarsimultaneamente, a obtencdo dos dados da
safra sob severo efeito da estiagem em 2004/2005, du&T proximamente ao horario de maxima temperatura do
resultou em uma produtividade média estadual muito balia. Imagens brutas foram submetidas aos procedimentos
xa (600 Kg/ha), segundo o IBGE (2010). Foram extraidate calibracdo de pés-lancamento para a obtengdo dos
os valores, pixel a pixel, do NDVI e Lsdonsiderando a dados de NDVI. Esse procedimento consiste na calibragao
area de intensa producao agricola que responde por ques dados dos instrumentos, nas bandas 1 e 2, por causa
se 70% da producao da soja no Estado, a qual foi delirda degradacéo, pelo tempo de operacéo, dos sensores, e
tada pelo arquivo vetorial da malha municipal oficial dola exposicéo as condigbes severas do espago, como, tam-

IBGE, conforme Figura 2. bém, da geometria de imageamento da superficie terres-
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Figura 2. Area de estudo e a posicéo das estacdes meteoroldgicas utilizadas dentro da area de intenso cultivo da soja.
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tre. Esses procedimentos, descritos por Rao & Chen (1999), Combinagédo do NDVI e LST
estdo de acordo com as recomendacdes do NESDISp|guns trabalhos ja exploraram uma relagéo entre in-

(National Environmental Satellite, Data and Informationgices de vegetdp e o comportamento térmico da super-
Servicg. ficie, obtido por dados de sensoriamento remoto (Nemani
O NDVI € calculado pela diferenca entre as reflectans 5. 1993: Goetz, 1997; Gupéd al.,1997; Lambin &
cias detectadas nas bandas do visivel (0,58 a 0,68UnBflich, 1995; Sandholit al.,2002; Simst al.,2008) Al-
infravermelho proximo (0,725 a 1,1um), dividida pelas sqquns desses estudos tém sido desenvolvidos sobre fir-
mas dessas quantidades, como definido por Rettele  mes bases tedricas (Moreiral., 1994), outros, como tam-
(1974). Desse calculo, em pixel, resultam valores que vasiém no presente trabalho, estéo fortemente fundamenta-
am entre —1.0 e +1.0 (Chenal., 2002) e tem ele sido ¢os em parametrizactes empiricas de imagens de satélite
amplamente utilizado como medida na avaliacdo dhtidas por sensores colocados em 6rbita (Saneholt
parametros sobre as condices de desenvolvimento 41a2002; Kogan2002\Wanet al.,2004), mas exigem grande
vegetacdo. Em condi¢cdes normais de desenvolvimentqy@antidade de dados para assegurar que as condicdes de
vegetacdo vigorosa absorve a radiagdo no visivel paightorno estejam adequadamente estabelecidas.
realizar a fotossintese e a reflete, no infravermelho-proxi- No RS, diversos trabalhos tém demonstrado a alta
mo, por causa do espalhamento da luz pelos tecidgrrelacdo entre o déficit hidrico e as condigdes
mesofilicos e pelo contelido de agua interno da folh@eteorolégicas cumulativas, durante o periodo de cres-
Com base nessas propriedades, a diferenca entrgiento e de desenvolvimento das culturas com a pro-
infravermelho-proximo e o visivel torna-se grande (Kogagucdo agricola no RS (Fontaetal.,2001; Fontanat
2002) A partir das imagens individuais diarias do satélitgl., 2002). Liu & Kogan (2002) observam que é uma con-
NOAA-16, foram geradas composicfes de imagens dao fisica que estabelece a relacdo matematica inversa
NDVI, obtidas pelo calculo do MVCMaximum ¥lue entre o NDVI e LST e que essa relagdo impde que as
Compositgde Holben (1986). O mesmo método foi aplimais altas LS;Tobtidas no periodo de maximo desenvol-
cado na obtengéo das composi¢des da maximaRs®8& vimento, estdo associadas as condi¢des mais desfavo-
obtencéo dos dados da L,.$dram utilizados os procedi- raveis de crescimento da vegetagdo. Nesse sentido, Liu
mentos de transformacéo dos dados digitais em radian@akogan (2002) também observam que, de maneira simé-
por meio da equacdo de Planck, descritos em Sullivaica, os maiores valores do NDVI, representativos do
(1999) e Gusset al.(2007). maior vigor vegetativo, devem estar associados as LST
A LST pode ser determinada a partir da detec¢éo deais baixas, indicando melhores condi¢des de cresci-
radiacdo de ondas longas, emitida na faixa do infravenento da vegetagdo. Entretanto, o NDVI ndo é, prefe-
melho, que deixa a superficie terrestre e € detectada padacialmente, um indicador cumulativo do estresse
AVHRR nas bandas 4 e 5 (10,31e83um) e (1,5 e 12,5um). hidrico, pois a vegetacdo pode permanecer verde apos o
Medidas da temperatura, obtidas por satélites, estaoirgicio da condicao de estresse hidrico (Sandstodt .,
lacionados com a temperatura cinética da superfic2902;Wan et al., 2004). Goetz (1997) também observou
irradiadora sendo esta considerada, para efeito dos afiie decorre um atraskag-time) entre a diminuicdo da
culos iniciais, como um corpo-negro ideal (Sobrito disponibilidade hidrica e a resposta dos valores do NDVI,
al., 2001, Gusset al.,2007). Foram utilizados dadosmas ocorre uma resposta mais imediata com o aumento
obtidos da temperatura de brilho da banda 4, do NOAAA temperatura do dossel (Nemani & Running, 1997,
AVHRR, conforme os estudos de Nemani & Runningzoetz, 1997), sendo indiretamente, um dos primeiros si-
(1997), Kogan, (2001), Kogan, (2002) e Kogdral., nais de reducdo na disponibilidade hidrica.
(2003), que aprimoraram técnicas que relacionam o NDVI No caso da soja, a redugéo das chuvas durante essas
e a LST no estudo do desenvolvimento da vegetacBases fenoldgicas exerce influéncia direta na produtivida-
agricola. de final (Ferreira, 2006). Mesmo quando o NDVI indica
A precipitacdo pluvial e a temperatura determinam agna caracteristica tipica da vegetagéao verde, uma sensi-
padrdes de evapotranspiracdo real e balanco hidri¢el reducéo na disponibilidade hidrica promove o fecha-
(Board & Kahlon, 2011). mento dos estdmatos, o que ocasiona uma reducdo na
O parametro LST é chave nos processos fisicos téapacidade das plantas de reterem a energia refletida por
restres em escala regional e globah(Wt al.,2004). meio de absorc¢ao, afetando também a capacidade da rea-
Considerando-se que a atividade fisiolégica esta mdigacao da fotossintese. Como resposta ao desequilibrio
diretamente relacionada com a temperatura da folha, @@ balancgo do fluxo de energia, provocado pela baixa cir-
que com a temperatura do ar circundante, a LST é a cognlacdo de agua na estrutura interna (mesofilica) da vege-

ponente fisica da temperatura mais adequada (&imgacdo, a temperatura do dossel aumenta rapidamente
al., 2008). (Nemani & Runing, 199%\Vanet al.,2004). Ja na situacdo
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oposta, em que predominam superficies bem Umidas, aOs valores mais baixos de NDVI, tipicamente entre

relacdo entre NDVI e LST estad mais diretamente relacigero e 0,2, ndo foram relevantes neste experimento, pois
nada com a umidade da superficie, pelo aumento da inégpresentavam corpos d’agua, solo Umido ou sem cober-
cia térmica do solo (Friedl & Davis, 1994). tura vegetal, grandes areas urbanas ou mesmo contami-

Em periodos secos, um suprimento insuficiente de aguacéo residual de nuvens. Fontahal.,(2002) geraram
no interior da planta leva ao sobreaquecimento da vegeéatatisticas a partir do mesmo tipo de dados NDVI sobre
¢ao, o que intensifica o0 impacto da deficiéncia hidrica (Liireas agricolas, nessa regido, e observaram que durante
& Kogan, 2002) pela elevagéo da temperatura (Alteth., este periodo as areas analisadas exibem valor médio de
2010). Isto ocorre por que as condigdes biofisicas da €55, com desvio padrio de 0,023. Portanto, muito baixa
perficie terrestre determinam as temperaturas do solo eglebabilidade (menor que 1%) de ocorréncia de valores
vegetagdo, assim como a temperatura do ar proxima a gienores que 0,2.
perficie do solo (Ouaidraet al.,2002). NaAmazonia, Bran- A Figura 3 apresenta a distribuicdo de 2002/2003 como
doet al.(2010) analisaram os efeitos de uma severa estiapresentativa das melhores condicdes de desenvolvi-
gem, em 2005, e observaram que a exposicao a radiagénto de uma safra partir daTabela 1, observam-se
solar incidente induziu o fechamento dos estdmatos, me@sais de 95% dos valores do NDVI acima de 0,5 e mais de
mo da vegetacdo nativa. Entretanto, aqueles autores 8894 valores da LSEbaixo de 305 KAnalisando-se a
utilizaram dados de LS® que n&o permitiu localizar tem- distribuicdo dos pontos nas Figuras 4 e 5, em relac&o aos
poralmente os efeitos do aumento da temperatura no dosggl Figura 3, é possivel observar que ha uma migracéo

Kogan (2001), analisando a relagdo entre indices figensa de pontos para a direita, com a maior parte
vegetacdo e a LSBbservou que o periodo da floracdgeposicionando-se entre 295 e 315 K. E um maior desvio
da vegetacdo agricola sazonal, € mais sensivel a tempgggirao da LST (1,67 na Figura 3; 3,44 na Figura 4 e 3,16 na
tura do que ao estresse hidrico. O periodo de florescimeptgura 5), configurando um efeito de espalhames#o
(estadios R1 ao final do R5) e enchimento de graos (estacterizando assim, a distribuicio também observada nos
dios R5 ao final do R7) s&o os mais sensiveis as flutuac@eshalhos de Sandhait al.,(2002). Na Figura 5, o efeito
das condices fisicas na superficie terrestre (K@jande espalhamento é intensificado. Ocorre um deslocamen-
al., 2003; Ferreira, 2006; Board & Kahlon, 2011), o que, @ generalizado dos pontos, com reagrupamento em dire-
RS, normalmente ocorre nos meses de janeiro a magg) as maiores LSpara a borda da regisio seassumin-
(Ferreira, 2006). do a configuragéo do ressecamento da vegetaghva-

Em sistemas agricolas t&o homogéneos como em cafp da LST (Sandhait al.,2002), por causa das condi-
pos de cultivo, a radiagéo incidente afeta a resisténgiges prolongadas do estresse hidrico, como prevé a rela-
dos estomatos para transpiracéo, alterando a relacao &fys fisica tedrica estabelecalariori. As Figuras 3, 4 € 5
tre calor sensivel e calor latente (Nemani & Running, 1994 mpém exibem pequenas parcelas de pontos espalhados
Sandholtet al., 2002). O estresse provocado pela 0COkom NDVI abaixo de 0,4 e com LST em torno dos 300 K,
réncia de altas temperaturas tem acdo sobre a atividade safras 2002/2003 e 2003/2004, que correspondem a
fotossintética (Carmo-Silvat al., 2012). Temperaturas 4reas timidas e corpos d"agua rasos. Na safra 2004/2005,
acima de 32C reduzem a taxa de crescimento da plantgy e ser observado um espalhamento desses pontos para

em especial as plantas do tipo C3, como a soja, 0 feijdggjores LSTindicando o aquecimento de toda a superfi-
o café, resultando em menor produtividade (Pinto, 2008 44 area estudada.

Board & Kahlon, 201). Temperatura; Otimas para soja, Ng safra 2002/2003, LST maiores que 305 K corres-
entre 26 e 36 graus centigrados (Pinto, 2009; Board g ndem a apenas 1% das ocorréncias, conforme se pode
Kahlon, 2011), sdo as mais frequentemente citadas. depreender d@abela 1. Nos meses de setembro a margo
~ de 2005, predominou uma condic¢do de precipita¢éo pluvi-
RESULTADOS E DISCUSSAO al abaixo da média, sendo que, no acumulado de dezem-
As Figuras 3, 4 e 5 apresentam dados da precipitag@r@ a marco de 2005, observa-se que todas as estacodes
mensé&acumulada de outubro a marco, em relacao a naneteoroldgicas estdo sob influéncia de estiagem severa,
mal climatolégica, comparados com os dados de LSTcem o posicionamento de mais de 85% dos 71000 pontos
NDVI do més de fevereiro, nas respectivas safras. Os daima de 305 K. Entretanto, em ambas as safras sob efeito
dos de precipitacdo acumulada mostram as diferentes cda-estiagem, observa-se um grupo de pontos com NDVI
di¢Bes hidricas entre as safras analisadas. Na safra 2G{2ha de 0,5, mesmo tendo LST acima dos 305 K. Este
2003, o periodo de novembro de 2002 a fevereiro de 20@3ultado, na safra 2004/2005, sugere que, para algumas
caracterizou-se por precipitagfes acima da média da parcelas da area estudada a reducédo do indice de vegeta-
gido. Em contraste, a precipitagdo acumulada, na mesgé# nao foi seguida na proporgéo prevista de aumento da
época, nas duas safras seguintes, ficaixalla média. LST, possivelmente, por causa da predominancia do efei-
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to de sobreaquecimento generalizado da superficie vegalor sensivel sdo o0s principais mecanismos associados
tada por uma onda de calor e ndo diretamente relacionadaST. Isso pode indicar que a perda de produtividade,
com a forcante imposta pelas condi¢fes prolongadaspta ocorréncia de estiagem, pode estar associada ao efei-
deficiéncia hidrica. to acoplado de duas forgantes distintas nas safras anali-
Nemani & Running, (1997) observam que as condsadas, ou seja, uma reducao inicial na disponibilidade
¢Oes fisicas de dissipacdo da energia entre calor latentddrica, seguida de um aumento da temperatura, agravada
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Figura 3. Diferenca entre a precipitacdo mensal acumulada e a Normal Climatoldgica com o Diagrama de dispersao entre os valores
de LST e NDVI, no més de fevereiro, nas melhores condi¢gbes de desenvolvimento (2002/2003).
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pelas condicBes de troca de energia, em funcao, prinsgéciados as mais baixas produtividades, enquanto os me-
palmente, do vento, da umidade do ar e da exposi¢cadaares valores do NDVI estao associados as menores pro-
radiacdo incidente (Nemani & Running, 199%&net al., dutividades. Os dados do NOAA/ARR evidenciam, nas
2004; Petersoet al.,2012). Nessa situacao, a implemenkiguras 6a e 6b, que as médias municipais de temperatu-
tacdo de estratégias e politicas publicas de planejamemss, acima de aproximadamente 306 K e NDVI menores
quanto a época de semeadura e a utilizacé@o de técnicagquke 0,5, estdo associadas as mais baixas produtividades
irrigacdo, como apontado em Mabal.,(2004), sdo ex- (menores que 1000Kg/ha), caracterizando uma condi¢éo
tremamente importantes, considerando-se que ondasedpecifica no desenvolvimento da vegetacdo da cultura
calor possam ter intensidade potencializadas pela ocde soja no més de fevereiro, com impactos na produgao.
réncia de estiagem inibindo a atividade fotossintética Y ;
(Carmo-Silveet al.,2012). Rede de cooperagao institucional: area de

Na analise da estatistica geralTaaela 1, vé-se que, aplicagéo proposta
com a grande quantidade de pontos analisados em cadéDados diarios, obtidos de antenas posicionadas so-
safra (71000 pixels), mesmo com pequenas variagdes #¢g 0 territorio brasileiro, formadas por uma rede de coo-
valores médios da LST e do NDVI, de uma safra em relgeracéo institucional, se forem conjugados, podem for-
cAo a outra, essas variagdes devem ser consideradas reteer informagées valiosas, na tomada de decisao em tempo
vantes. OTeste-t heterocedastico néo indicou probabilibabil, para aplicagbes agricolas de quase todo o territorio
dade significativa de semelhanga entre os conjuntos @ericola nacionah grande area abrange as Latitudes com
dados do NDVI ou LSThas safras estudadas. Uma difecoordenadas: 06° 00" S e 39° 00" S e as Longitudes: 65° 00
renca importante no NDVI s6 € observada na comparagéb36° 00W (Figura 1). Outros estados de menor expres-
de fevereiro de 2003 com fevereiro de 2005, em que a ns&0 agricola e territorios estrangeiros de intensa produ-
dia do NDVI (0,65) cai para 0,53. Ja com relacdo 3 bST ¢do de soja, como as regides de Coérdoba e Santa Fe, na
aumento da dispersdo dos pontos, aumento nos valofggentina, o Uruguai e o Paraguai, também poderiam ser
médios e nos maximos, proporcionalmente a severidad@nitoradosA area proposta de monitoramento nacional
da estiagem, fica bem evidenciaélpesar disso, os valo- continuado abrange todos os Estados de maior expres-
res médios e maximos do NDVI, de fevereiro de 2003 edlo agricola, como Bahia, Goias, Mato Grosso, Mato Gros-
relagdo a fevereiro de 2004, s&o praticamente iguais. P88-do Sul, Minas Gerais, Parana, Rio Grande do Sul, Santa
sivelmente, como um efeito positivo do sensivel aumenfeatarina e Sao Paulo.
da radiacao incidente em fevereiro de 2004 sobre cultivos Os mapas de variabilidade do NDVI e da LST (Figuras
irrigados. Entretanto, uma anélise mais detalhada é rfé € 7b) mostram a ampla area de aplicagéo proposta so-
cessariaA Tabela 1 mostra que as duas safras sob efeliee o territorio brasileiro, na vigéncia de uma rede de coo-
de estiagem, mesmo com intensidades diferentes, apperacao institucional. Esta pode ser obtida como resulta-
sentam semelhanca na dispersio dos valores de ND§0.da agregacao de dados de imagens do NOAARR.
Fica evidente, no entanto, como o aumento no desvd@lienta-se, na Figura 7b, a regido centro norte do Estado
padrdo da LSTTabela 1), parametrizado em um perioddo MT, GO e DFOs valores moderados da L&m no-
especifico, é atil como indicador de um processo desfgembro, séo representativos de condigdes favoraveis de
voravel de desenvolvimento da vegetacéo agricola. desenvolvimento da vegetacéo. No norte do PR, € possi-

A Figura 6 mostra dados agregados das trés safi@d observar focos de LST mais elevadas que séo repre-
analisadas, em uma relacdo da produtividade municiggintativas do periodo de pré-plantidzigura 7b também
da soja obtida do IBGE e comparada com a LST médostra as amplitudes extremas da [ .& funcédo das
municipal (R=0,78) e, a Figura 6b, ao NDVI médio munici-condi¢cdes da vegetacédo e de cobertura do solo,
pal (R=0,59). Fica evidente que os maiores valores d¥wtadamente em Estados do nordeste que ndo séo evi-
LST (predominantemente da safra 2004/2005), estdo &¢nciadas quando analisados apenas os dados de ima-

Tabela 1.Estatistica basica (média, desvio padréo, valor minimo e maximo) da distribuicdo da nuvem de pontos nas safras analisadas
entre LST(Land Surfac&emperature) e NDVI (Normalized Bgrencevegetation Index)

Fevereiro 2003 Fevereiro 2004 Fevereiro 2005
LST (K) NDVI LST (K) NDVI LST (K) NDVI
Média 301,02 0,65 303,68 0,66 308,36 0,53
Desv Padrao 1,67 0,06 3,44 0,08 3,16 0,08
Minimo 293,83 -0,03 295,01 -0,02 292,60 -0,07
Maximo 312,30 0,81 317,59 0,82 318,68 0,77
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Figura 6a. Dados agregados das safras 2002/2003, 2003/2004 e 2004/2005, mostrando a variagdo da média municipal da LST em
relacdo a produtividade municipal, obtida do IBGura 6b. Dados agregados das safras 2002/2003, 2003/2004 e 2004/2005,
mostrando a variagdo da média municipal do NDVI em relacéo a produtividade municipal, obtida do IBGE.
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Figura 7a. Composicdo de maximo valor do NDVI mensal (novembro de 2007), obtidos pela agregacéo de imagens do INMET/
Brasilia e UFRGS/Portalegre.Figura 7b. Composi¢do de maxima LSfiensal (nhovembro de 2007), obtida com a agregacéo de
imagens do INMET/Brasilia e UFRGS/Poftiegre.

gens de indices de vegetacdo. Esses aspectos térmicoé sensibilidade introduzida pela variavel LST{& 78),

da superficie terrestre e que caracterizam condi¢bes adalisada neste estudo, revela ser um indicador Util dos
versas para atividade rural, como as observadas nad#erentes niveis das condi¢bes da vegetagdo, quando
gido nordeste, podem assim ser analisados mais adeqm-processo desfavoravel de desenvolvimento, sugerin-
damente pelos tomadores de decisdo com vistas ao de-que esta é uma abordagem robusta e promigssra.
senvolvimento de politicas publicas mais eficazes. sim, esta abordagem pode ser explorada para outras regi-

Oes produtoras do pais, principalmente como indicador

CONCLUSOES espacial de queda na produtividade. Entretanto, é de gran-

~ i . . de importancia realizar estudos adicionais que contem-
A relag8o matemética inversa que se evidencia, neslie

. N ' plém o acompanhamento do processo de estresse hidrico,
trabalho, entre 0 NDVI e a LST associada a produﬂwdg— . P N ~ p .
. . L associado, ou ndo a ocorréncia de ondas de calor a partir
de, confirma a expectativa teérica.

do inicio da safra, de maneira a permitir avaliacdo mais

Sensores NOAAMHRR tém grande potencial na ca-detalhada da vulnerabilidade frente a esse componente
racterizagio espacial e temporal das condig6es intermefiico e seus impactos na sustentabilidade da producéo
arias de desenvolvimento das safras agricolas. agricola.
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Abstract — The objective of this work was to develop a procedure to estimate soybean crop areas in Rio
Grande do Sul state, Brazil. Estimations were made based on the temporal profiles of the enhanced vegetation
index (Evi) calculated from moderate resolution imaging spectroradiometer (Modis) images. The methodology
developed for soybean classification was named Modis crop detection algorithm (MCDA). The MCDA provides
soybean area estimates in December (first forecast), using images from the sowing period, and March (second
forecast), using images from the sowing and maximum crop development periods. The results obtained by the
MCDA were compared with the official estimates on soybean area of the Instituto Brasileiro de Geografia e
Estatistica. The coefficients of determination ranged from 0.91 to 0.95, indicating good agreement between the
estimates. For the 2000/2001 crop year, the MCDA soybean crop map was evaluated using a soybean crop map
derived from Landsat images, and the overall map accuracy was approximately 82%, with similar commission
and omission errors. The MCDA was able to estimate soybean crop areas in Rio Grande do Sul State and to
generate an annual thematic map with the geographic position of the soybean fields. The soybean crop area
estimates by the MCDA are in good agreement with the official agricultural statistics.

Index terms: Glycine max, algorithm, crop area, mapping, temporal profile.
Estimativa de areas de cultivo de soja por meio de dados Modis/Evi

Resumo — O objetivo deste trabalho foi desenvolver uma metodologia para estimar a area plantada de soja
no Estado do Rio Grande do Sul. As estimativas foram feitas com base no perfil temporal do "enhanced
vegetation index" (Evi) calculado a partir de imagens "moderate resolution imaging spectroradiometer”
(Modis). A metodologia desenvolvida para a classificagdo da soja foi denominada "Modis crop detection
algorithm" (MCDA). O MCDA fornece estimativas de area da soja em dezembro (primeira previsdo), com
imagens do periodo de plantio, e em mar¢o (segunda previsdo), com imagens dos periodos de plantio ¢ de
maximo desenvolvimento vegetativo. Os resultados do MCDA foram comparados as estimativas oficiais de
area de soja do Instituto Brasileiro de Geografia e Estatistica. Os coeficientes de determinag@o variaram de
0,91 a 0,95, o que indica bom ajuste entre as estimativas. Para a safra 2000/2001, o mapa da cultura da soja
gerado pelo MCDA foi avaliado com um mapa da cultura da soja oriundo de imagens Landsat, e a precisdo
global do mapa foi de aproximadamente 82%, com erros similares de comissao e omissdo. O MCDA foi capaz
de estimar a area plantada com soja no Estado do Rio Grande do Sul e gerar mapas tematicos anuais com a
localizacdo geografica dos talhdes. As estimativas de area plantada a partir do MCDA estdo em concordancia
com as estatisticas agricolas oficiais.

Termos para indexacdo: Glycine max, algoritmo, area agricola, mapeamento, perfil temporal.

Introduction

The globalized market of agricultural commodities
requires precise and timely information on crop
production for decision makers. The agricultural
production of Brazil has an important role in the world
commodities market. Therefore, it is relevant to develop
objective methods that can provide precise and timely
estimates of crop production. The Companhia Nacional
de Abastecimento (Conab) and the Instituto Brasileiro

de Geografia e Estatistica (IBGE) are responsible for
the country’s official agricultural statistics. However,
these estimates are based on subjective methods.

In Brazil, remote sensing satellite data have already
shown adequate performance for some routine
mappings of perennial and semi-perennial crops, such
as sugarcane (Rudorff et al., 2005, 2010) and coffee
(Moreira et al., 2010). However, the high incidence
of cloud cover during key identification periods of
annual crops on Landsat-type images has hindered
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its operational use in providing agricultural statistics
for those crops (Sano et al., 2007; Sugawara et al.,
2008). A potential solution to overcome cloud cover is
to increase the temporal resolution of orbital sensors,
but there may be a reduction in spatial resolution
due to technical constraints. Currently, the moderate
resolution imaging spectroradiometer (Modis) sensor,
on board of the Terra and Aqua satellites, combines an
almost-daily revisit with a moderate spatial resolution
of 250 m, which are favorable characteristics to map
crops, such as soybean, cultivated in large scale. In
addition, the geometric quality of the images allows
the composition of time series data that guarantee the
correct pixel geolocation (Justice et al., 2002; Wolfe
et al., 2002).

Many studies have explored the potential of Modis
imagery for agricultural crop surveys and monitoring.
Lobell & Asner (2004) evaluated the impact of land
use heterogeneity and soil cover on the classification of
agricultural crop areas with Modis data and observed
that the mean square error (MSE) decreases as the
field size increases, tending to stabilize for fields larger
than 500 ha. These authors also concluded that Modis
images have considerable advantages over Landsat
ones in the characterization of extensive agricultural
crops, mainly due to their higher temporal resolution.

Sakamoto et al. (2005) used time series of the
enhanced vegetation index (Evi), obtained from Modis
images, to monitor the phenology of rice crop in
Japan and observed that the phenological stages can
be determined within a mean error of 9 to 12 days.
Doraiswamy et al. (2005), while assessing the quality
of Modis data to provide information on both crop
yield and area, estimated biophysical parameters from
Modis images that were integrated into crop growth
models, providing significant improvement in grain
yield estimates. These authors also found that the
overall mapping accuracy was 96.7%, when compared
to a Landsat map. In the USA, Wardlow et al. (2007)
investigated the applicability of Modis/Evi time
series data to map agricultural lands and concluded
that the 16-day composites of Modis images gave
sufficient spatial, spectral, and temporal information to
adequately separate crop fields from other land uses,
and to express the phenology and climate characteristics
of the region.

In Brazil, specifically in Rio Grande do Sul State,
Rudorff et al. (2007) evaluated the potential of Modis
images to identify and map soybean crops using the
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temporal-spectral response surface method developed
by Vieira (2000). These authors observed that the
mapping accuracy was dependent on the mean field
size, in agreement with the results obtained by Lobell
& Asner (2004). Also in Brazil, Epiphanio et al. (2010)
used Modis in the same temporal-spectral response
surface approach (Vieira, 2000) for mapping soybean
in Mato Grosso State, in a region of plain relief and
large fields, and found overall accuracy of 80%.
D’Arco et al. (2007) used Modis vegetation indices to
classify rice crop in the municipality of Santa Vitoria
do Palmar, RS, Brazil, and obtained best results with
images from three specific crop growth periods.
However, none of these studies have yet provided
timely soybean area estimates. Furthermore, most of
the researches are limited to only one crop year or
region, indicating the potential of Modis data for crop
forecast, but not its usefulness within a routine and
systematic crop forecast system.

In this sense, the relative long-term Modis/Evi time
series data now available, with its valuable spatial
information on spectral-temporal crop growth profile,
could be used to estimate cultivated soybean area for
local and regional-scale operational crop forecasts. The
Modis sensor on board of the Terra satellite completed,
on 12/18/2009, a ten-year history of systematic global
data acquisition with high-temporal, moderate-spatial,
and improved spectral resolution (Justice et al., 2002),
as well as correct geolocation of image pixels (Wolfe
etal., 2002).

The objective of this work was to develop a procedure
to estimate soybean crop areas in Rio Grande do Sul
State, Brazil, based on temporal profiles of the Evi
calculated from Modis images.

Materials and Methods

Soybean production was evaluated in Rio Grande
do Sul state, Brazil, using a validation area of
223 municipalities in the north of the state (Figure 1).
The region’s climate is subtropical with four
well-defined seasons. The average annual rainfall is
1,500 mm, relatively well distributed throughout the
year, but with some dry periods. The sowing calendar
for soybean goes from early October to late December,
based on agricultural zoning for different soils, regions,
and cultivars (Cunha et al., 2001). Depending on the
sowing date, maximum plant growth is observed from
late January to early March.
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Three test sites located in intensive soybean
production areas were used to define the sowing and
maximum growth periods (Figure 1), which are key
information to extract the correct parameters from
the Modis/Evi values for the soybean area estimation
procedure proposed in the present study.

Different types of data were used: yearly rainfall
data (2000 to 2009), determined by the ten-day
accumulated rainfall data of 16 meteorological
stations, from September to October, from the
Fundacao Estadual de Pesquisa Agropecudria, which
were used to refine the period of initial sowing; shuttle
radar topography mission (SRTM) data, to generate a
slope map with a 90-m spatial resolution, according to
Rabus et al. (2003), in order to exclude areas improper
for mechanization (slope >15%); a soil map (Instituto
Brasileiro de Geografia e Estatistica, 1986) in a
1:250,000 scale, to exclude the unfavorable soils for
soybean cultivation (all Planosol and Plinthosol; BT1,
BT2, BT3, BT4, BT5, BT6, BT7, and BT9 sub-classes
of Chernosol; Ge, GHS2, GS1, GS2, GHel, GHe2,
and GHe3 sub-classes of Gleisol; Rel, Re2, Re6,
Re7, Re9, Ael, and Ae2 sub-classes of Neosol; and
V1 and V3 sub-classes of Vertisol); annual soybean
agricultural statistics, in state and municipality level
(Instituto Brasileiro de Geografia e Estatistica, 2009)

80°W 70°W  60°W 50°W 40°W

for the entire study area, which were used to compare
and evaluate the results obtained from the proposed
soybean area estimation procedure; a soybean reference
thematic map, available for the 2000/2001 crop year
(Rizzi & Rudorff, 2005), obtained from multitemporal
TM/Landsat images analysis, in a 30-m spatial
resolution, to evaluate the Modis/Evi soybean thematic
map developed in this procedure; Evi data from 2000
t0 2009, derived from the Modis sensor on board of the
Terra satellite, product MOD13Q1-collection 5; and
TM images, obtained from the Instituto Nacional de
Pesquisas Espaciais (2010).

The Evi data were chosen due to their potential ability
to reduce atmospheric and soil background effects
(Huete et al., 2002; Justice et al., 2002). The Evi is part
of the MOD13Q1-V005 product, which comprises the
best radiometric and geometric pixels selected within a
16-day period. The Evi formulation is 2.5(Nir - Red)/
(Nir + 6Red - 7.5Blue + 1), in which: Nir, Red, and
Blue are atmospherically or partially-atmospherically
corrected surface reflectance of near infrared, red,
and blue bands, respectively (Huete et al., 2002). The
Modis images and its products were preprocessed by
the National Aeronautics and Space Administration
(Nasa) and are available at no charge at the National
Aeronautics and Space Administration (2009).
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Figure 1. Rio Grande do Sul state, Brazil, and its 497 municipalities, indicating the validation

area (223 municipalities) and the three test sites.
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The SRTM data were used to generate the land
slope variable in order to exclude all areas with slope
greater than 15% from the analysis, since soybean is a
highly mechanized crop and requires relative smooth
land to allow the traffic of farm implements. Areas
from hydromorphic soils were also excluded from the
analysis because they are mainly recommended for
flooded rice cultivation (D’ Arco et al., 2007).

In the present study, the procedure developed for
soybean classification was named Modis crop detection
algorithm (MCDA), forwhichadiagrammatic flowchart
was created (Figure 2). According to this procedure, a
pixel is classified as soybean if it adheres to both A
and B conditions. To establish these two conditions,
the soybean Evi temporal profile is expected to have
low values during the sowing period and high values at
maximum crop development.

A. Gusso et al.

The set of initial parameters was obtained from
the Modis/Evi images of three test sites of 100x100
pixels (Figure 1), during two specific periods: sowing
(day of year, DOY, 273 to 337) and maximum crop
development (DOY 1 to 65). The sowing period for
each crop year was also defined based on rainfall
data, in agreement with the soybean zoning provided
by Brasil (2010). In the study area, the sowing period
normally starts in October.

Two Modis/Evi images from the sowing period
were averaged to obtain the minimum mean Evi image
(Figure 3), which was used to define the lower (Lmin)
and upper (Umin) thresholds of the Evi values for each
crop year. Pixels below Lmin are typically associated
to cloud shadows or water bodies. Umin was set at the
convergence between minimum and maximum mean
Evi images (Figure 3). Pixels above Umin will start to

II i | ]
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7’| Precipitation mean 3 aximum
mean
\ EVI / EVIimage \
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Did
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occur?

Yes =1
Lmin<EVI<Umin

\ 4

Maximum mean II

EVI image

v

Algebraic
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(AxB)
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map

v

Figure 2. Flowchart of the MCDA classification based on the Modis/Evi images.
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overlap with pixels that are not from annual crops. The
initial nine Lmin and Umin values from 2000/2001 to
2008/2009 and the average value that was used in the
MCDA are shown in Table 1. Pixels with Evi values
between Lmin and Umin were tagged as soybean,
according to the A condition (Figure 2).

Following the sowing period, a rapid increase of the
Modis/Evi values was observed due to intense plant
growth, reaching maximum values in a relative short
period (Wardlow et al., 2007). Three consecutive Evi
images from the plant growth period (DOY 1 to 65;
Figure 4) were used to obtain the maximum mean
Evi image. The difference between the maximum and
minimum mean Evi images was used to obtain the Evi
amplitude image (Amp). The challenge is to obtain the
best Amp value that includes not only pure soybean
pixels with high values in the maximum Evi image and
low values in the minimum Evi image, but also mixed
pixels located at the border of soybean fields. The Amp
value for each crop year was chosen at the convergence
region between minimum and maximum Evi values in
the scatterplots (Figure 3), i.e., the minimum difference
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between maximum and minimum mean Evi values to
which a mixed soybean pixel can be tagged as soybean.
The initial nine selected Amp values from 2000/2001
to 2008/2009 and the average value used in the MCDA
procedure are shown in Table 1. Pixels with amplitude
values greater than Amp were tagged as soybean,
according to the B condition of the MCDA procedure
(Figure 2).

After the first run of the MCDA procedure, Landsat
satellite images (Table 2), in which soybean fields are
easily identified, were used to interactively refine the
most appropriate values of Lmin, Umin, and Amp in
order to minimize omission and commission errors.

Since the soybean area was overestimated for the
first run of the MCDA, when the Landsat images and
the classification maps were overlapped, a second run
was performed, adjusting the values of Umin and Amp.
For each combination of Amp and Umin, new soybean
classifications were generated, which were visually
compared with the correspondent available Landsat
images (Table 2). After several interactions, for several
crop years, and comparing the results of each new

10,000

15,000 20,000

25,000
Crop year 2000/2001 (pixels)
| ® Maximum Evi images A Minimum Evi images ® Diference|

Figure 3. Scatterplot of 2000/2001 with minimum and maximum Evi values from the three test sites (30,000
pixels), showing symmetry and intersection lines to estimate the initial values of upper (Umin) and lower (Lmin)
thresholds, and amplitude image (Amp), sorted downhill by difference.
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MCDA classification faced with Landsat images,
the combination with best performance to define the
final values of the MCDA were 0.05, 0.47, and 0.21
for Umin, Lmin, and Amp, respectively. It should be
emphasized that the parameters defined in the MCDA
are the same for all of the analyzed crop years.
Soybean area estimation can be provided right after
the maximum mean Evi image is available, which
normally occurs in early February. A delay of about
20 days is expected in order to acquire the MOD13Q1
product, and, therefore, soybean estimation should be

Table 1. Annual values of lower (Lmin) and upper (Umin)
thresholds, and amplitude image (Amp) extracted from the
minimum and maximum Evi values from the three test sites
(30,000 pixels), and average values initially used in the
MCDA procedure.

A. Gusso et al.

released no later than early March (second forecast of
the MCDA). However, as an alternative to forecast
the soybean area, a first estimate can be provided
in mid-December of each crop year, based on the
minimum mean Evi image of the current crop year and
the maximum mean Evi image of a previous crop year
(first forecast of the MCDA). If no usable images are
found or a water deficit is observed (30 days without
rainfall above 10 mm), images from previous normal
crop years can be used to generate the maximum mean
Evi image. For the 2000/2001 crop year, there was no
first forecast of the MCDA due to unavailable Modis
data. In order to generate the maximum mean Evi
image in each crop year, 16-day Modis/Evi composites
were selected (Table 3). The mean temporal Evi was
determined for profiles of soybean, corn, and rice
acquired over crop fields, which coexist in the evaluated
area (Figure 4).
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2(;811) 2 Orglsn Onrzn Or;f: Soybean area was also estimated by municipality
2002 0.05 0.44 025 frorn. 2000./2001 to 2Q08/2009 and cqmpared to t.he
2003 0.05 0.45 0.25 official estimates provided by the Instituto Brasileiro
2004 0.05 0.49 0.29 de Geografia e Estatistica (2009), using regression
2005 0.05 0.51 0.32 analysis. The performance of the MCDA was evaluated
iggg 8'82 8'33 g;i using a thematic soybean map elaborated from
2008 0.05 0.47 0.8 multitemporal Landsat images for the 2000/2001 crop
2009 005 048 027 year (Rizzi & Rudorff, 2005). The confusion matrix
Average 0.05 047 0.26 and the overall map accuracy were provided.
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Figure 4. Mean and standard deviation of Modis/Evi data for selected points of soybean, corn, and rice crops.
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Results and Discussion

The MCDA soybean area estimates for the first and
second forecasts agreed well with the IBGE estimates,
with a maximum difference of 5.5%, from 2001/2002
to 2008/2009 (Figure 5). The MCDA soybean area
estimates provided at a municipal level, due to the
spatial distribution of the classified soybean area, were
compared to the IBGE municipal statistics, which are
only published about a year after the end of the soybean
season. No early estimate could be provided for the
2000/2001 crop season, as this was the first crop year
in which the Modis data became available. Therefore,
compared to the current official methods for soybean
area estimation in Brazil, the MCDA procedure
represents a considerable improvement in time and in
spatial information.

The linear least squares regression analysis was
done for the municipal soybean estimates obtained
from the MCDA (dependent variable) and from
IBGE (independent wvariable) for the 2000/2001
to the 2006/2007 crop years, since the municipal

Table 2. Dates of selected Landsat images for visual
inspection during the interactive fitting phase.

Crop year Path/Row

222/79 221/80
2001 Jan. 1 and Feb. 25
2002
2003 - -
2004 Feb. 2 Jan. 26 and Feb. 27
2005 Feb. 20
2006 Feb. 23 -
2007 Feb. 26 Feb. 3
2008 Feb. 13 and Mar. 16 Mar. 9
2009 Mar. 3 Mar. 28

Table 3. Selected Modis/Evi for each crop year.

information for 2007/2008 and 2008/2009 had not yet
been released by IBGE (Table 4). The coefficients of
determination (R?) ranged from 0.91 to 0.94, indicating
good agreement between the estimates. The test of
by = 0 indicated that b, was significantly different from
zero (o = 0.05) for all tested crop years. Generally, this
value was around -700 ha, indicating that municipalities
with small soybean area are underestimated by the
MCDA in relation to the IBGE statistics. The test
of b; = 1 indicated that b, was significantly different
from 1 (o = 0.05) for all tested crop years, with most
values around 1.10, which indicates that the MCDA
overestimated the soybean area in relation to IBGE for
municipalities with large soybean areas. The root mean
square error (RMSE) for both forecasts of the MCDA,
in all crop years, was around 4,000 ha, indicating
that the MCDA estimates are consistent. Chang et al.
(2007) compared soybean area estimates generated
by Modis and by the National Agricultural Statistics
Service of the United States Department of Agriculture
and observed R? values ranging from 0.44 to 0.94 and
RMSE varying from 41,465 to 120,955 ha for the
entire USA.

When comparing the MCDA estimates with the results
obtained by Rizzi & Rudorff (2005), which used Landsat
satellite images to estimate the soybean area in Rio
Grande do Sul, Brazil, for the 2000/2001 crop year, it was
noted that the two estimates are in good agreement with
an overestimation of 5% by the MCDA. The soybean
map obtained by Rizzi & Rudorff (2005) (Figure 6 A) and
by the MCDA for the second forecast, for the 2000/2001
crop year (Figure 6 B), were overlapped (Figure 6 C and
D), indicating the areas of agreement (green), omission
(black) and commission errors (red). The major errors are
associated with the field boundaries that were mapped

Crop year Minimum Evi images Maximum Evi images
Year DOY®™ Year DOY Year DOY Year DOY Year DOY

2000/2001 2000 257 2000 273 2000 49 2001 17 2001 49
2001/2002 2001 257 2001 273 2001 17 2001 49 2002 49
2002/2003 2002 273 2002 289 2002 49 2003 33 2003 49
2003/2004 2003 273 2003 289 2003 33 2003 49 2004 33
2004/2005 2004 273 2004 289 2003 33 2003 49 2004 33
2005/2006 2005 257 2005 273 2003 49 2004 33 2006 17
2006/2007 2006 257 2006 273 2004 33 2006 17 2007 33
2007/2008 2007 273 2007 289 2006 17 2007 33 2008 33
2008/2009 2008 273 2008 289 2007 33 2008 33 2009 33

MDQY, day of year.
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in greater detail by Rizzi & Rudorft (2005), due to the
much better spatial resolution of Landsat in comparison
to Modis images (Figure 6 D). In fact, fields with smaller
areas were more subject to errors than those with larger
areas, in agreement with Lobell & Asner (2004) and
Rudorff et al. (2007).
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Figure 5. Comparison between the MCDA (first and second
forecasts) and the IBGE soybean area estimates for Rio
Grande do Sul State, Brazil.
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The comparison between the mapping provided
by Rizzi & Rudorff (2005) and the MCDA procedure
generated with Modis/Evi data, in the second forecast,
resulted in a confusion matrix (Table 5). Despite the
moderate spatial resolution of the Modis and the
soybean field size heterogeneity, the overall map
accuracy was approximately 82%, which indicates
good agreement between those maps. The user’s
(commission) and producer’s (omission) accuracy for
the soybean class are similar, which indicates that these
errors tend to cancel each other and that the estimates
of total areas by municipality are near the actual value.
Similar results were obtained by Rudorff et al. (2007)
in the same study area.

It is important to point out that the parameters
defined in the MCDA for the detection of crop areas
are constant, as a fixed criteria, independently of the
soybean crop area increases and of the dynamics of
the crop years in Rio Grande do Sul State during the
evaluated period, from the 2000/2001 to the 2008/2009
crop years.

Table 4. Regression analysis between the MCDA procedure forecasts and the IBGE data for the 2000/2001 to the 2006/2007 crop years.

Crop year Estimates Coefficients p-value Lower 95% Upper 95% Adjusted R? RMSE® (ha)
First forecast
2001/2002 E(l) '63(;'924 8 -l ’?237'95 3126125 2 0.93 3,586.25
2002/2003 E(l) 8132)71 ! 8 ! ; %95'28 '?jﬁ 4 0.94 3,468.89
2003/2004 E? '8]3.%‘66 8 8 '1’%73'26 '4i ‘(‘)gl 0.93 3,872.49
2004/2005 E(l) -gﬁzgg 8 . ’f@“ '4311'27 3 0.94 3,962.32
2005/2006 E(l) '618%‘920 g '1’}%%81 —233;.;0 0.91 4,715.49
2006/2007 E? '819_‘:)'625 g '1’f %63'79 '418})'97 0 0.93 4,065.60
Second forecast
2000/2001 E? '6153‘55 3 g '93 ?).208 -3 13'?)'; o 0.92 3,228.08
2001/2002 2(1) '6161§9 g '1’?i283 '231‘5 6 0.93 3,795.47
2002/2003 E? 7135]528 8 '1’?71234 '3321 '822 0.95 3,379.14
2003/2004 ]12(1) '8128'867 8 '1’?045'61 '4361'174 0.93 4,041.97
2004/2005 2(1) '83?'36 ! 8 '1’? _31‘:)'73 "ﬁ? 8 0.93 4,281.58
2005/2006 E(l) ’73 3‘59 8 ’l’ﬁ)‘;m -3 133119 ’ 0.91 4,535.33
2006/2007 E? _717,18‘4 8 -1?%38. 14 -3 ﬁf 0.93 4,224.83

(DRMSE, root mean square error.
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Figure 6. Soybean map of the 2000/2001 crop year obtained by Rizzi & Rudorff (2005) (A) and by the MCDA procedure for
the second forecast (B); validation between A and B (C); and enlargement of a validation sector (D).
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Table 5. Confusion matrix resulting from the comparison
between the MCDA and the Rizzi & Rudorff (2005) maps.

Classification Soybean Non Total User’s
soybean classified accuracy
(ha) (%)
Soybean 1,652,942 685,601 2,338,543 70.68
Non soybean 683,666 4,582,658 5,266,325 87.02

Reference total 2,336,608 5,268,260 7,604,869 -
70.74 86.99 - -

81.99 - - -

Producer’s accuracy (%)
Overall accuracy (%)

The MCDA can also be applied to corn and rice
crops, but further adaptations to their respective
agricultural calendars, parameters, and variables
are necessary. In addition, soybean field size caused
considerable differences in the classification results.
Therefore, the MCDA should generate better results
over the soybean producers of the Brazilian states
where crop fields are much larger than the ones in the
evaluated area (Lobell & Asner, 2004; Rudorff et al.,
2007).

Conclusions

1. The Modis crop detection algorithm (MCDA)
procedure is based on an adequate and objective
methodology for estimating soybean crop areas,
using moderate resolution imaging spectroradiometer
(Modis) images and enhanced vegetation index (Evi)
data.

2. The MCDA approach can assist the official
soybean crop area estimates, providing reliable
spatialized information, prior to the crop harvest
period.

3. The proposed methodology is able to provide
annual thematic soybean maps, forecasting the planted
area of soybean in Rio Grande do Sul State, Brazil,
with estimates that are in good agreement with the
official agricultural statistics of Instituto Brasileiro de
Geografia e Estatistica.
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ABSTRACT

Attaining reliable and timely agricultural estimates is very important everywhere, and in Brazil, due to its characteristics,
this is especially true. In this study, estimations of crop production were made based on the temporal profiles of the En-
hanced Vegetation Index (EVI) obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) images. The
objective was to evaluate the coupled model (CM) performance of crop area and crop yield estimates based solely on
MODIS/EVI as input data in Rio Grande do Sul State, which is characterized by high variability in seasonal soybean
yields, due to different crop development conditions. The resulting production estimates from CM were compared to
official agricultural statistics of Brazilian Institute of Geography and Statistics (IBGE) and the National Company of
Food Supply (CONAB) at different levels from 2000/2001 to 2010/2011 crop years. Results obtained with CM indicate
that its application is able to generate timely production estimates for soybean both at municipality and local levels.
Validation estimates with CM at State level obtained R* = 0.95. Combining all cropping years at municipality level,
estimates were highly correlated to official statistics from IBGE, with R* = 0.91 and RMSD = 10,840 tons. Spatially
interpolated comparisons of yield maps obtained from the CM estimates and IBGE data also showed visual similarity in their
spatial distribution. Local level comparisons were performed and presented R? = 0.95. Implications of this work point out that
time-series analysis of production estimates are able to provide anticipated spatial information prior to the soybean harvest.

Keywords: Remote Sensing; Coupled Model; Soy Yield; Forecast; Satellite Images

1. Introduction ferent spatial and temporal scales. However, the case of
Brazil remains atypical due to its current methodology.
Although Brazil is currently considered as a world’s
granary, and therefore, it plays an important role in glo-
bal markets as a main producer of agricultural commode-
ties, official agricultural statistics released by two Bra-
zilian agencies, namely CONAB (Companhia Nacional
de Abastecimento—National Company of Food Supply)
and IBGE (Instituto Brasileiro de Geografia e Estatistica
—Brazilian Institute of Geography and Statistics), suffer
from two main issues: 1) municipality statistics are not
timely available, but nearly eighteen months after the end

Agricultural monitoring and forecast is a major issue for
agricultural market, in order to expand the management
capacity in several levels of social and government or-
ganization [1]. Precise information on agricultural pro-
duction, prior to the crop year period, also provides fo-
cused planning strategies for public policies improve-
ment and for maintaining the balance of pricing between
supply and demand [2].

Currently, efforts to harmonize remote sensing-based
crop monitoring systems are being carried out in the
GEO-GLAM (Global Agriculture Monitoring) project in

order to continue providing agricultural statistics at dif-

“Simplified model for soybean yield based solely on MODIS/EVI data.
#Corresponding author.
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of the soybean season; and 2) there is a confidence issue,
because the methodology used is partly subjective and do
not present an associated error measurement to estimates
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[3,4].

In Brazil, several studies [2,5,6] were focused prima-
rily on soybean production forecasting and crop mapping
using remote sensing imagery. However, these studies
were designed for few cropping years and/or for a limited
region. For example, remote sensing imagery has been
implemented for mapping soybean (see Geo Safras Pro-
ject—BRA/03/034). Although some experiences confir-
med the efficiency of crop mapping, the monitoring of
annual crops such as soybean remains an issue.

Intense cloud cover during key identification periods
usually hinders the operational implementation of Land-
sat-based methodologies for providing agricultural statis-
tics of summer crops [7,8]. Typically, imagery from Terra
satellite, as EOS-MODIS (Earth Observing System-Mo-
derate Resolution Imaging Spectroradiometer) and from
NOAA (National Oceanic and Atmospheric Administra-
tion) has been directly used in studies for crop cycle mo-
nitoring and primary productivity estimates [1,9-14].

The MODIS sensor provides an adequate imaging
configuration for crop monitoring, due to 1) almost-daily
revisit rate, combined with, 2) spatial resolution of 250 m,
considered as being adequate for mapping large-scale
agricultural fields [15], and 3) a good geometric quality,
which allows time series analysis and crop development
[16]. In recent years, many studies have used MODIS
imagery for agricultural crop surveys and monitoring. In
the USA, [17] investigated the applicability of MODIS/
EVI time series data to map agricultural lands, and con-
cluded that 16-day composites of MODIS images gave
sufficient spatial information to adequately express the
phenology and climate characteristics of the region. Re-
ference [12] assessing the quality of MODIS data to pro-
vide information on both crop productivity and area, in
USA, derived biophysical parameters that were further
integrated into crop growth models.

1.1. Accurate Crop Area Estimation Problem

Reliable estimates of production requires to know first
the crop area extent [6,14,18-20], in order to obtain crop
yield from an independent approach. Regarding to area
estimation of soybean crops in Brazil, some studies have
addressed the problem by using different methodologies
[3,19,21-23]. Even when MODIS is not a viable option
for detailed cropland mapping due to its limitation to re-
solve smaller field sizes, it still can reveal cropland pre-
sence over large areas [24]. However, most of these
studies are modeled to few crop years and/or for a lim-
ited region, indicating good potential of MODIS data for
crop forecast, but not actually proving its usefulness
within a routine and systematic crop forecast system in
an operational mode [3].

Classification methods used in previous works are su-
pervised methodologies that require training samples.

Open Access
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The MODIS Crop Detection Algorithm (MCDA) is a
systematic crop area forecast method which is not a user-
defined procedure and does not require specific skills in
remote sensing [3]. The MCDA coefficients of determi-
nation ranged from 0.91 to 0.95, for all crop years from
2000/2001 to 2008/2009, indicating good agreement be-
tween the estimates. For the 2000/2001 crop year, the
MCDA soybean crop map was evaluated using a crop
map derived from Landsat images, and the overall map
accuracy was approximately 82%, with similar commis-
sion and omission errors. The Root-Mean-Square-Devia-
tion (RMSD) ranged from 3228 to 4715 ha. The mapping
accuracy dependence from the mean field size was also
found, as observed in [15] and [24], due to 250 meters
spatial-resolution.

1.2. Crop Yield Estimation and Prediction

Agricultural crop production is characterized by large
variability in yield, as a result of the main agrometeo-
rological parameters [9], and especially for Rio Grande
do Sul State, due to dry periods during summer crops,
both in spatial and annual basis. More recently, yield
estimate models usually consider agricultural practices,
weather or climatological conditions as the predominant
physically-driven conditions (PDC) in the representation
of the cycle of agricultural development [18], especially
precipitation [5,10,14,25], but are also impacted by crop
canopy temperature extremes as heat-waves [1,26,27].
Usually, vegetation indices correlated well with soybean
yield because they are mainly associated with biomass
evolution [9,10]. Spectral profiles of vegetation can also
be associated with its health condition [28] because spec-
tral temporal alterations, described by a vegetation index
during the crop cycle, are closely associated to vegetation
development characteristics [14].

In Brazil, [6] used crop area data from IBGE to evalu-
ate a forecast system for soybean crop yield based on
regional empirical models. They performed low accuracy
yield forecast in some States as RS, Mato Grosso do Sul
and Babhia. [10] obtained an accurate crop yield estimate
with an agrometeorological-spectral model in RS, which
aggregated the meteorological variables and image data.
However, the spatial resolution of the input data was not
able to describe adequately the spatial variations and
provide the resulting total production in a municipality
level. Currently, the majority of meteorological data are
often not available at the same spatial scale as the remote
sensing imagery, and the aggregation of agrometeo-
rological components, even with low spatial resolution,
results in increased complexity or can introduce substan-
tial errors into the models [1,6,11,29,30] and so, can have
low predictive power for support in decision making. In
doing so, although it is known to be possible to improve
accuracy using climate forecasts models to soybean yield
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estimates [31], it is worthwhile to develop simplified
models as an alternative for crop production estimate in
advance to the crop harvest. Simplified models based on
spectral behavior of crop cycle can be a good alternative
[32]. In this context, a model that is able to relate the
PDC in a simplified manner by mean vegetation index
can significantly contribute for providing productivity
and decision making information.

In this study, we are taking a step further, by develop-
ing a model, which is able to measure crop production by
means of remotely sensing data using the moderate spa-
tial resolution of 250 meters, primarily based on the crop
cycle development.

The aim of this study is to evaluate the Coupled Model
(CM) performance, which is entirely based on EVI/
MODIS images, to estimate soybean production in Rio
Grande do Sul (RS hereafter) at State and municipal level,
prior to the crop harvest. A simplified-based model can
help understanding the mechanisms associated to climate
that trigger low soybean yield occurrences and for future
adaptive management practices.

2. Methodology
2.1. Study Area

In 2011, RS State accounted for almost 15% of total soy-
bean production in Brazil, with more than 11.0 million
metric tons. Currently, RS is the third major soybean
producer in Brazil with total crop area greater than 4.0
million ha [33].

This study analyzed 496 municipalities located be-
tween the approximate coordinates at latitudes 27° and
34° South and longitudes 49° and 58° west, for crop years
from 2000/2001 to 2010/2011. The region’s climate is
subtropical with four well-defined seasons. The average
annual rainfall is 1500 mm, but with some dry periods.
However, rainfall is relatively well distributed through-
out the year, especially in the northern half of RS State
where soybean cultivation is dominant.

RS State is characterized by high variability in sea-
sonal soybean yield due to different crop development
conditions. There has been three droughts in the studied
period, occurred in 2001/2002, 2003/2004 and the most
severe one in 2004/2005 which has caused about 75%
loss in soybean production [1]. In 2006, RS State had
nearly 984,000 ha irrigated especially in the southern half
where rice flooded cultivation is dominant, with around
82% of total irrigated areas. Rice crops excepted, RS
State is almost completely rain-fed and irrigation sys-
tems to soybean crop areas only cover about 170,000 ha
[34,35]. This represented less than 4.5% of total soybean
areas in RS State in 2006 [33].

The average calendar for sowing soybeans goes from
early October to late December based on agricultural
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zoning for different soils, regions, and cultivars [36].

Depending on the sowing date, maximum plant growth
is observed from late January to early March [3]. The
prevailing management practices in the last years is
Plantio Direto, which is a low tillage planting and sow-
ing (also called no-tillage farming), avoiding soil erosion
and organic matter degradation. Figure 1 shows the
study area.

These dynamic-induced changes were modulated into
a stepwise procedure by CM approach for which two
types of data were used across this study, i.e. input data
for classification and validation data. Different layers of
information and types of data were used, in order to ac-
curately represent the main physical conditions and
management practices found in RS.

2.2. Material

e Input data:

o MODIS EVI data: EVI data from 2000 to 2011 were
extracted from MODIS sensor on board of Terra sat-
ellite, product MOD13Q1-collection 5 for two image
tiles (H13V11, HI13V12) covering all RS State. The
EVI data are obtained from the MODI13Q1-V005
product, which is a 16-days composition with the best
radiometric and geometric pixels selected. MODIS
images and products were pre-processed by the Na-
tional Aeronautics and Space Administration (NASA)
and are available at no charge at
https://lpdaac.usgs.gov/data_access/data_pool;

o SRTM: Shuttle Radar Topography Mission (SRTM)
data were used to generate a slope map with 90 me-
ters spatial resolution, according to [37], in order to
exclude improper areas for mechanization (slope >
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15%), once soybean is a highly mechanized crop and
requires relatively smooth land to allow the traffic of
farm implements [38];

o Precipitation data: yearly rainfall data (2000 to 2011)
in 30 days accumulated precipitation from 16 mete-
orological stations, during the period from October to
February. These data, from FEPAGRO (Fundagao Es-
tadual de Pesquisa Agropecudria—State Foundation
for Agriculture and Livestock Research) were used to
refine the period of initial sowing and evaluation of
total precipitation during crop development.
Validation data:

o Annual soybean agricultural statistics, at State and
municipality level from [39] for the entire study area.
These official statistics were used to compare and
evaluate the production results obtained from CM,;

o A second source of information, annual soybean ag-
ricultural statistics, at State level from [33] was used
for the entire study area. These data were used also to
compare and evaluate the results obtained from the
present soybean production estimation procedure to-
gether with IBGE official statistics data;

o Crop level data obtained from Technical Report [40]
on 2008/2009 crop year were used for spatial valida-
tion process. For each one of crop sample points, the
crop type and yield were identified.

The input data for the CM are the Enhanced Vegeta-
tion Index (EVI). The EVI is part of the MOD13Q1-V005
product, which comprises the best radiometric and geo-
metric pixels selected within a 16-day period. EVI is
aindicator of vegetation vigor which is based on canopy
reflectance characteristics of vegetation, and was devel-
oped to minimize ground influence and atmospheric ef-
fects in order to accurately represent vegetated areas by
means of satellite measures [41]. EVI data were chosen
due to their potential ability to reduce atmospheric and
soil background effects [16,42]. The EVI formulation is
2.5(Nir-Red)/(Nir + 6 Red — 7.5 Blue + 1), in which: Nir,
Red, and Blue are atmospherically or partially-atmos-
pherically corrected surface reflectance of near infrared,
red, and blue bands, respectively [42]. The MODIS im-
ages and its products were preprocessed by the National
Aeronautics and Space Administration (NASA) and are
available at no charge at the [43].

2.3. CM: Methodological Approach

An operational crop yield model should be based on ad-
tations to specific regional agricultural calendars in a
knowledge-driven approach, instead of a data-driven ap-
proach which is based on data samples for training clas-
sification algorithms [18]. The profile of the crop cycle
development related to crop vigor is parameterized from
EVI data. The methodology developed for soybean yield
estimate, in a pixel basis, was named MODIS Productiv-
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ity Detection Model (MPDM). MPDM is a mathematical
approach for soybean yield estimate based on identifying
the main PDC acting in the crop development profile of
vegetation [1,18] which modulates the EVI from sow-
ing/planting to maximum vegetation development. CM is
a coupled model obtained by combining MCDA for area
estimate and MPDM for yield. According to CM proce-
dure, soybean EVI profile is expected to have low values
during the sowing period and high values at maximum
vegetation development. Following the sowing period, a
rapid increase of the MODIS/EVI values is observed due
to intense plant growth, reaching maximum values in a
relative short period [17]. This crop development pattern,
as a primary concept, was postulated considering that the
complete vegetation development profile is representa-
tive of the total agrometerological conditions and man-
agement practices acting during development of plants.
This approach is based primarily on the following Vege-
tation Physical Concepts (VPC):

1) A complete crop development profile is represen-
tative of crop vegetation vigor;

2) The area calculated between the crop profile graph
described as a function of EVI, and above zero, is pro-
portional to the maximum crop production, in order that
different crop development conditions sweep out differ-
ent areas during equal time windows in the same period.
So, the calculated area is representative of the maximum
crop yield possible to the soybean culture, in the specific
crop year, in the studied region;

3) Considering as truth points 1 and 2, crop develop-
ment in RS reaches its maximum within a fixed window
period, from 017 to 049 day-of-year (DOY).

Once the crop profile reaches its maximum, and flat-
tens off, the calculation of maximum EVI value of cur-
rent crop is obtained by averaging it in the fixed time
window (according to item 3 of VPC).

Based on these concepts, the remaining challenge is to
understand the main PDC related to factors that do not
cause detectable effects on vegetation growth but do
constrain the grain production. Reference [27] observed
that the flowering period of seasonal agricultural vegeta-
tion is more sensitive to temperature than to water stress.
In this way, the selected time window covers the flower-
ing period to grain filling and can be calculated by a
simple Riemann Integration, and is fundamental to a
knowledge-driven approach concept.

Figure 2 shows a trend line with standard deviation
markers of crop yield as function of integrated EVI pro-
file of soybean crop from 2000/2001 to 2010/2011. Inte-
grated EVI was obtained from the average of the time
window of maximum vegetation development. Three
consecutive EVI images from the maximum plant growth
were used to obtain integrated EVI which is referred as
max EVI window. The resulting max EVI window image
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Figure 2. Regional averages of integrated EVI as function of
regional averages of soybean yield from 2000/2001 to 2010/
2011.

is the average from the three consecutive images. Each
crop year has eight administrative regions.

Coupling the two processes (MCDA and MPDM) ge-
nerate results, at a pixel basis that can be described by a
single non-linear mathematical function that relates the
integrated value to yield. Output values that were ob-
tained by applying this approach are representative of in-
tegrating physical conditions of the crop vegetation de-
velopment through time.

Based on this approach, parameterizations were per-
formed during the development cycle of culture that can
be best represented by images of vegetation index [3]
using statistical data from official agricultural institutions
of Brazil and crop campaign data.

The mathematical relation that links crop vigor profile
development to grain production, at the plant level
through time, is used to link spatial distribution of EVI at
intra-annual basis by means of a simple associative trans-
fer property.

CM estimation is obtained by using a simplified ap-
proach which is based solely on EVI images as input
parameter. Soybean yield estimation can be provided
right after a set of EVI images become available, which
normally occurs in early February. CM works on calcu-
lating the soybean yield, in a per pixel basis, by means
the mathematical rule which relates the vegetation vigor
from EVI values to yield in the entire max EVI window.
However, only the EVI values associated to soybean crop
area selected from MCDA will be considered. In this
way, pixels which fall out from soybean crop areas are
tagged as zero yield.

A delay of about 20 days is expected in order to ac-
quire the MOD13Q1 product; and therefore, soybean
estimation should be released no later than early March.

It is important to emphasize that the parameters de-
fined in CM for crop production estimate are constant as
a fixed criteria of CM equation, during the period we
studied (eleven crop years between 2000/2001 and 2010/
2011) independently of the soybean crop development or

Open Access

multi-year dynamics in RS State. When any further ad-
justment of parameters is needed, in order to plot a better
fitting of the seasonal crop yield during the calibration
procedure, a new test cycle is started for all crops. It
means that by considering the main PDC as representa-
tive of soybean crop development profile, revealing the
correlation between crop vigor and total municipal pro-
duction, it is expected that a set of constants parameters
will be able to be adjusted as fixed criteria. Therefore,
once identified the mathematical parameters related to
the PDC, no post-adjustment was allowed.

3. Results

Soybean production in RS State was compared to official
estimates from IBGE and CONAB at State and munici-
pality level from 2000/2001 t02010/2011. Figures 3 and
4 show the high variability in production and yield due to
seasonal agrometeorological conditions in RS. Interpo-
lated maps were obtained from averages in the period
from 2000/2001 to 2010/2011, since the most recent mu-
nicipal information for 2011/2012 had not yet been re-
leased by IBGE. Table 1 presents the crop level esti-
mates using local level data.

Table 1. Location of the sample points obtained in 2008/
2009 crop year from Dotto and Rosinha (2009) [40].

Point" Lat. Long.  Report*-Yield CM®-Yield Diff. (%)
1 30°17'35"S 52°57'52"W 3158 3048 -3.48
2 30°20'16"S 54°10'02"W 1570 1423 -9.36
3 28°24'16"S 54°45'43"W 4456 4106 -7.85
4 27°53'18"S 53°51'30"W 2708 2848 5.17
5 29°10728"S 53°41'49"W 2313 2136 -7.65
6  28°08'33"S 52°12'59"W 1875 2146 14.45
7 28°20'57"S 51°03'10"W 2186 2405 10.02
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Figure 3. Comparison of total production estimates between
IBGE and CM for each crop year, from 2000/2001 to 2010/
2011.
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Figure 4. Scatterplot showing the trend line of soybean yield
between IBGE and CM estimates, for each crop year, from
2000/2001 to 2010/2011.

3.1. State Level Analysis

Linear least squares regression analysis was done for
State level soybean yield estimates obtained from IBGE
and CM for 2000/2001 to 2010/2011 crop years. Figure
3 compares the total soybean production in the State
from IBGE and CM.

Production estimates with CM is obtained for each
pixel multiplying yield by pixel area (pixel of 250 m is
6.25 ha). CM exhibits trend to underestimate yield when
comparing to IBGE. Results obtained by Melo et al.
(2008) [10], analyzing the performance modeling using
images of low spatial resolution (9 km), between 1975
and 2000, obtained a correlation coefficient (Pearson
correlation) R = 0.96, when they considered fitting to all

points. Reference [13] evaluated several regions of Brazil.

In RS, they found a correlation coefficient of R = 0.26. In
Figure 4, it is observed the most pronounced point posi-
tioned below the linear least squares regression function.
Where IBGE declares a yield average of 1708 Kg/ha,
CM vyield estimate is 1068 Kg/ha, which represents a
difference of —37.1% in the crop year 2001/2002.

Analysis of precipitation distribution in 2001/2002
shows a lower than normal trend from southwestern re-
gion of the State towards the north region, where is the
most intensive soybean crop fields.

Figure 5 shows the percent deviation of cumulative
precipitation in 2001/2002, based in the climatological
normal (1971 to 2000) obtained with analysis of interpo-
lated maps.

By comparing these maps, a large difference is re-
vealed not only in the distribution of precipitation, but
also in the total amount all over the State. This result
leads to an interpretation of overestimated IBGE produc-
tion in 2001/2002 because the amount of precipitation
that occurred in summer crop of 2001/2002 was not
suitable to the resulting yield from IBGE.

Figure 6 shows the yield deviation of CM from IBGE
in summer crop of 2001/2002.
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Figure 5. Percent deviationof cumulative precipitation in
thecrop year 2001/2002, starting from normal climatolo-
gical conditions (1971 to 1990).
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Figure 6. Percent deviation of soybean yield with CM in the
crop year 2001/2002, starting from municipality data of
IBGE.

The deviation trend do not shows the expected in-
creasing in the yield deviation towards the north, which
is related to deviations of precipitation greater than 30%,
as shown in Figure 5. Also, it is important to note in
Figure 6 the great dark-red area in the north-west region
in RS State. This region showed the most pronounced
negative yield differences where CM estimates are more
than 50% below IBGE in 2001/2002. Usually, this is the
most affected area by droughts in RS, which results in a
soybean yield lower than average for longer periods. The
dark-blue regions are related to small farms with high
soybean yield. As a result, interpolated maps of yield
estimates from CM, compare centroids which does not
has any soybean production to another ones which has
above average yields.

In Figure 4, the coefficient of determination is R? =

13G



A. GUSSO

0.82. Considering previous observations from IBGE, the
soybean yield distribution in 2001/2002, it is an outlier,
andso, it has to be extracted from validation crop years.
The new coefficient of determination found is R* = 0.91
indicating that CM trend is in good agreement with total
production of State level estimates.

3.2. Municipality Level Estimates

Figure 7 presents CM map of soybean yield in 2010/
2011 crop year. CM map is able to generate data at mu-
nicipal scale or intra-municipal scale due to its 250 m full
resolution. At municipality level, scatterplot in Figure 8
shows the grouping of points along the symmetry line in
the inter-comparison between total production obtained
from CM and obtained from the IBGE, in all crop years
from 2000/2001 to 2010/2011.

There is a trend of CM to overestimate production in
comparison to IBGE which is not observed in the State
level analysis of yield (Figure 4). The same is observed
at municipality level. At yearly based analysis, coefficients
of determination (R?) ranged from 0.90 to 0.95 indicating
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Figure 7. Soybean yield in 2010/2011 crop year from CM.
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Figure 8. Scatterplot comparing municipality estimates of

production in RS, between IBGE and CM, from 2000/2001
to 2010/2011.
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good agreement between estimates. The majority of
slope coefficients values ranged around 1.10, which in-
dicates that CM overestimated the soybean production in
relation to IBGE for municipalities with highest produc-
tion.

In Figure 8, the four points placed above 350,000 tons
are representative of soybean production in the munici-
pality of Tupanciretd, which already in 2003 was the
major producer in RS with more than 355,000 tons [39].
The RMSD is 10,840 tons for all aggregated data of crop
years. Considering a double RMSD from trend line, 95%
of occurrences are in between dashed lines indicating
that CM estimates are consistent.

3.3. Local Level Analysis

The local level analysis was performed by using yield
estimates in the 2008/2009 crop year from the Crop Pro-
duction Report, by [40]. Local level comparison must be
evaluated carefully due to the nature of different scales
measures in this comparison. It is expected a high spatial
variability of plant level analysis which may not be rep-
resentative of the large scale crop yield, and so, when
comparing moderate resolution (250 m) and crop level
data (plant yield). Results obtained from the CM ap-
proach shows that the CM estimations adhere to spatial
variability of yield obtained from the seven sampled
points in different locations with coordinates presented in
Table 1. The obtained coefficient of determination (R?)
is 0.95 and the slope coefficient is 0.86.

4. Conclusions

The CM approach is based on a consistent and objective
methodology for regional estimation of soybean produc-
tion using MODIS/EVI imagery.

Implementing operational crop yield forecasts in ad-
vance to crop harvest remains a challenge at regional
scale, since it implies to model different scale levels.
Also, it implies to take into account a large set of local
level data, which is not commonly available or easily
provided.

By using pre-defined parameters, CM approach dem-
onstrated to be able to provide complementary informa-
tion of yield and production forecasts in advance to crop
harvest, being less subjected to complex time-expensive
analytical methodologies and image interpretation.

Further analysis and developments for CM must be
undertaken in Mato Grosso State, Brazil, where far dif-
ferent ecoregions characteristics from Rio Grande do Sul
State prevail. Additionally, local level data are subject to
different impacts of physically-driven components as
crop variety and local agrometeorology.
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Abstract

Periods in the soybean summer cycle that are sensitive to the occurrence of high temperatures
were studied. An analysis was performed on the variability of soybean yields associated with crop
canopy temperatures during key development periods. A land surface temperature (LST) data se-
ries from MODIS (Moderate Resolution Imaging Spectroradiometer) on the Aqua satellite was
processed between 2003 and 2012 that covered the entire state of Rio Grande do Sul, in Brazil.
Enhanced vegetation index (EVI) data from MODIS on the Terra satellite were used to monitor the
LST during different phenological stages. Spatially interpolated maps of soybean yield distribu-
tions were generated using data obtained from Instituto Brasileiro de Geografia e Estatistica (IBGE)
at state and municipality levels. The results indicate that canopy-LST occurrence in mid-February,
during the grain filling, is most correlated to yield reduction (R = 0.82 and RMSD = 14.4%). At the
state level, the average yield is 2003 kg-ha ! with a standard deviation of 308 kg-ha-1. The overall
average of the canopy-LST is 305.0 K (31.8°C) with a standard deviation of 1.9 K. The slope of the
downward linear relationship between canopy-LST and yield was —28.7%. These results indicate
that monitoring heat wave events can provide important information for characterising agricul-
ture vulnerability.

“Measurements are inclusive of drought and heatwave effects.
#Corresponding author.
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1. Introduction

Weather fluctuations and other associated extreme events can cause severe losses to agricultural production with
potential worldwide economic impacts [1] [2]. In Brazil, increases in the frequency of extreme events, such as
the occurrence of high temperatures and reduced rainfall, are prone to produce severe effects on agricultural
yields [3] [4], especially soybeans and maize [5]. As a result, distortions and uncertainties in agricultural policies
may increase losses and establish barriers for agricultural financing [6] due to unpredictable government policies
which are a more important cause of domestic price volatility than world market price fluctuations [1].

Under a climate change scenario, the physical parameters of the earth’s surface, such as temperature, water
availability and evapotranspiration, will change over the future decades [7] [8]. These changes can restrict crop
development and reduce yields, which could be adversely affected as canopy temperature fluctuations often ex-
ceed the optimum range [9]. Thus, a better understanding of plant responses to the combined effect of drought
and heat stress is pertinent [10] to the management of potential regional climate risks in the coming decades [3]
[11][12].

The stress caused by high temperature occurrences has impacts on agricultural yields, even when the average
temperature reaches one or two degrees above the ideal for the culture [13]-[15]. However, the quantitative as-
sessment of production losses and impacts on yields from the duration and intensity of heat waves is still an is-
sue [16] [17].

Rio Grande do Sul State (RS hereafter) is the third largest producer of soybeans in Brazil and accounted for
approximately 18% of the national production in 2012 [18]. Although the production was 11.62 million tons in
2011, it reached a yield average at the state level of 2845 kg-ha™. The historical average from 2003 to 2012 was
only 2097 kg-ha * [18]. During most years, the frequency and intensity of rainfall from sowing to harvest have
been variable and often insufficient for the full development of culture [19]. For this purpose, improvements in
the management capacity and strategies are essential to benefit from favourable weather conditions and mitigate
impacts of non-favourable conditions [20] [21].

In the Rio Grande do Sul State (RS), the large inter-annual variability of rainfall is mainly due to El Nifio and
La Nifia occurrences, which cause yield fluctuations in southern Brazil [20]-[22]; there, the most impacted crops
are usually soybean and maize [20] in the summer. Prolonged drought effects on the summer crop in 2005
caused a decrease of approximately 75% in the soybean grain production [23]. Although weather fluctuations,
such as high temperature occurrences and water stress, are not always problematic [16], heat waves that may or
may not be associated with droughts are increasingly gaining interest in scientific publications [24] due to the
need for sustainable agriculture management and an assessment of the vulnerability to future international de-
mands [4].

The crop development profile of vegetation can be studied as an integrated function of the weather conditions
[20]. Usually, vegetation indices correlate well with soybean yields because they are mainly associated with
biomass evolution [25] [26].

Remote sensing data associated with geostatistics tools have been applied in agricultural studies. Typically,
EOS-MODIS (Earth Observing System-Moderate Resolution Imaging Spectroradiometer) satellite imagery data
have been applied in the monitoring and modelling of bioclimatic processes, crop cycle development, agricul-
tural production and biophysical parameter estimates [27]-[30].

Several studies have confirmed the potential of MODIS sensors for crop mapping. However, a few challenges
remain to confirm its role as an alternative to traditional official agricultural estimation methods, especially for
crop development conditions. Earlier studies [31]-[33] used temperature measurements from NOAA satellite
data to evaluate global vegetation conditions and drought-induced effects on vegetation.

Recent studies that use satellite data series have indicated that yield vulnerability would be caused by heat
waves via plant damage and inhibited crop growth [17] [24] [32] [34], even when the average temperature
reaches one or two degrees above the optimal temperature for the culture [13]-[15]. These effects are induced by
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reductions in canopy photosynthesis at the time of heat stress [10] [35], by evaporative demand increases [32]
[36] or the flowering period duration changes [37]. Currently, although it is known that the flowering period is
more sensitive to temperature than that to water stress, which especially affects the grain number [4] [34] [35]
[38] [39], heat wave impacts on crop growth are not well understood [16] [17].

Using satellite data [27], observed that vegetation vigour decreases are able to be linked to yield by means of
the vegetation index. A close relationship exists between the canopy-LST of soybeans and yields in February
during drought occurrence [24]. In the present paper, we propose the following: 1) temperature fluctuations
around the optimum level in the crop canopy have an inverse effect on soybean yields during the summer crop
in Rio Grande do Sul State; 2) heat waves that may or may not be associated with droughts can occur; thus, it is
possible to detect a decrease in yields due to heat waves, even if a drought has not occurred; 3) considering that
heat waves can potentially intensify a drought effect during crop cycle development, it is expected that the most
severe decrease in yields occurs when those effects are combined; 4) in this study, we define a heat wave as any
registered land surface temperature (LST) occurrence that exceeds the average conditions of summer crops dur-
ing a specific time window with a resulting yield decrease.

To evaluate the above mentioned hypothesis, we are investigating the effects of canopy temperature on soy-
bean yield during crop development from early flowering to the grain filling period in RS/Brazil using satellite
imagery.

2. Material and Methods
2.1. Study Area

This study analysed 496 municipalities in RS State/Brazil that are located between approximately 27° and 34°
South and 49° and 58° West, which covers a soybean crop area of ~4.19 million ha during the crop years from
2003 to 2012. Figure 1 displays the study area in Brazil.

Recently, the prevailing management practice is zero till age farming (in Portuguese, Plantio Direto), which
is a low tillage planting and sowing practice that greatly reduces soil erosion and organic matter degradation
[27]. A moist subtropical mid-latitude climate (Cfa and Cfb types) and four well-defined seasons prevail in this
region [40]. Rainfall is relatively well distributed throughout the year, especially in the northern half of RS
where soybean cultivation is dominant. The cumulative average rainfall during the year is 1554 mm; no dry pe-
riod occurs. The cumulative average rainfall during the five-month summer crop (October to February) is 651
mm [41]. The annual average temperature is 291.2 K (18.1°C) which the absolute maximum temperatures occur
in January (315.3 K or 42.2°C), February (312.7 K or 39.6°C) and March (311.8 K or 38.7°C) [41].
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Figure 1. Rio Grande do Sul State and regional study areas from EMATER.
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Three droughts occurred in the study period, which severely affected the summer crops of 2004, 2005 and
2012. The most severe drought in 2005 caused a 75% loss of the soybean production [18] when the temperature
averages over the crop canopy were approximately 7 K higher than the ideal conditions [24].

Typically, RS is rain-fed, and the irrigation systems designed for soybean crop areas cover only 170,000 ha
[42] [43], which comprised less than 4.5% of the total soybean areas in the state in 2006 [18].

2.2. Crop Area Analysis

The soybean crop areas have been identified by application of the MCDA (MODIS Crop Detection Algorithm),
which was developed for crop area estimation and is fully described by [29]. A crop area map for ten different
crop years was generated from a map composition that combines each crop year map from 2003 to 2012. The
resulting crop area map composition tagged all soybean crop pixels at a frequency equal to or greater than two
events, which totalled 5.37 million hectares. Figure 2 shows the resulting soybean map using the MCDA pro-
cedure.

2.3. Data Type and Resolution

Several sources of data were used in this study: 1) annual soybean agricultural statistics at the state and munici-
pality levels [23] for the entire study area were used to compare and evaluate the results obtained from our soy-
bean area estimation procedure; 2) soybean cropping calendars were provided by the State Agency EMATER
(Associacao Riograndense de Empreendimentos de Assisténcia Técnica de Extensdo Rural) for the crop years of
2003, 2004 and 2005; 3) LST data from 2003 to 2012 derived from the MODIS sensor on board the Aqua satel-
lite (product MYD11A2-collection 5) were used to derive temperatures over the soybean canopy (canopy-LST)
in the crop years between 2003 and 2012. This product was preferred because it is obtained during the afternoon
passage. Collection 5 products hada mean and standard deviation of the LST differences of less than 0.2 K and
0.5 K, respectively [44]; 4) official data reports and historical statistics of soybean crop production from IBGE
were obtained; 6) official data reports and historical statistical data of soybean crop areas from IBGE were used
to calculate soybean yields over the entire study area; 6) Enhanced Vegetation Index (EVI) data from 2003 to
2012 derived from the MODIS sensor on board the Terra satellite (product MOD13Q1-collection 5), which is
composed of the best radiometric and geometric pixels selected within a 16-day period, were used to classify the
canopy-LST as an auxiliary data because the vegetation index and LST interpret opposite extreme weather
events [45]. The EVI data are representative of vegetation vigour. EV1 is based on canopy reflectance character-
istics and is designed to minimise the influence of soil and atmospheric effects on satellites [46] [47].
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The EVI expression is 2.5*(Nir — Red)/(Nir + 6 Red — 7.5 Blue + 1), where Nir, Red and Blue are atmos-
pherically or partially atmospherically corrected surface reflectance of near infrared, red and blue bands, respec-
tively [46]. The MODIS images and products were pre-processed by the National Aeronautics and Space Ad-
ministration [48] and are available at no charge at https://Ipdaac.usgs.gov/data_access/data_pool.

2.4. Vegetation Development

Agricultural crop production is characterised by a large variability in yield as a result of the main agrometeo-
rological parameters [25]. This is particularly evident in Rio Grande do Sul State, where agrometeorological
conditions during the summer are known to vary spatially and annually causing different impacts on yield.

Recently, yield estimation models have considered agricultural practices, weather or climatological conditions
as the predominant physically driven conditions that represent the cycle of agricultural development [24], espe-
cially precipitation [20] [21] [26]. In RS State, [27] calculated the relationship between soybean yields and
vegetation vigour from EVI; they obtained an R* = 0.91 for a municipality level analysis by considering an inte-
grative window of the soybean crop cycle. However, agriculture is also impacted by crop canopy temperature
extremes, such as heat waves [17] [24] [49]. Figure 3 presents the high variability of yield in RS.

The preferred period of soybean sowing in RS is from mid-October to mid-December, according to agricul-
tural zoning for lower climatic risk within various soils, regions and cultivars [50]. Depending on the sowing
date, maximum plant growth is observed from late January to early March [29]. The flowering period is typi-
cally reached between late January and early March (EMATER), as observed during the 2003 to 2005 period.
Figure 4 present the mean agricultural calendar for soybean in RS.
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Figure 3. Soybean yield averages in Rio Grande do Sul State from 2003 to 2012.
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2.5. Canopy-LST and Soybean Crop Yield

LST is a measure of surface temperature (also known as skin temperature), rather than air temperature, which is
more commonly applied in physiological studies [51]. The theoretical basis is Planck’s Law of Radiation, which
describes that radiating energy from a black-body, as predict by Stefan-Boltzmann’s Law, is distributed in the
electromagnetic spectrum as a function of its temperature [52]. Thus, the LST is the internal manifestation of the
random translational energy of the molecules constituting a body [53] [54]. Several applications of thermal ra-
diation have used the black-body radiation theory for temperature estimations since the pioneer studies of Dick,
Penzias and Wilson in the 1950s [54]. For Earth Science studies, the external manifestation of an object’s energy
can be detected by remotely sensed devices into an orbital path way using thermal scanning technology [55].
Therefore, it is possible to obtain a physical measure from the vegetation that covers the surface.

Considering that physiological activities of leaves are closely related to their actual temperature (canopy tem-
perature), rather than air temperature, the LST can be used as a reliable measure of physiological activity of a
vegetation canopy [51] [56], because the vegetation structures of soybeans with planophile canopies are prone to
preserve spectral emissivity information [57]. Canopy-LST can exert a direct effect on plant photosynthesis.
Among the main impacts of heat stress, the effect on photosynthesis is the most important on yields due to the
inhibition of the crop growth rate [17]. Canopy temperatures between 298 K (25°C) and 309 K (35°C), with an
ideal average near 303 K (30°C), are most frequently considered the ideal conditions for soybean development
[14] [17] [35]. Nevertheless, studies have demonstrated that the combined use of the LST and vegetation index
assumes an inverse mathematical relationship [24] [36] [58].

2.6. Satellite Data Retrieval and Processing

To generate the yield map, spatially interpolated maps were obtained using the spherical/ordinary kriging
method, which is based on the trend of the variability in the sample’s values and the distance between them [59].
This technique is adequate for the conditions identified in the present study, where a limited number of mete-
orological stations were available. To generate spatially interpolated maps, average yield values for each mu-
nicipality were placed at their centroids. Then they were defined at the regional scale to generate regional aver-
ages of yield, EVI and accumulated rainfall.

First, we acquired MODIS/Terra data (MOD13Q1 product-collections 5) and MODIS/Aqua data (MYD11A2)
that covered the entire RS State (image tiles: H13V11 and H13V12) for the 2003-2012 study period. The 496
municipalities were grouped into ten regional areas of EMATER. It is important to note that the analysis of de-
viations from the smoothed maps was only performed on the areas mapped as soy cultivation between 2003 and
2012. The original LST data product (MYD11AZ2), as distributed by NASA, corresponds to composites of eight-
day averages. The original vegetation index product (MOD13Q1) is distributed for 16-day maximum value
composites. Thus, to match the LST product to the EVI product, we rearranged data and grouped them as fol-
lows:

1) MOD13Q1 already represents a maximum composite of 16 days; thus, any further calculation was per-
formed within 16 days of EVI, starting from DOY 001;

2) To retrieve the most representative LST data from the crop canopy, the first step was to obtain the maxi-
mum LST composition over 16 days by combining two MYD11A2 products (an average of eight days) that
cover the same DOY period from item 1;

3) After that, steps 1 and 2 were also performed for the subsequent 16-day composites of MYD11A2 and
MOD13Q1;

4) By combining two LST composites of 16 days as a function of the maximum EVI, the canopy-LST com-
posite of 32 days is obtained. Therefore, the resulting product at DOY 001 is representative of the temperatures
over crop canopies that occurred when the EVI was maximum between DOY 001 and 032. Canopy-LST at
DOY 017 is representative of the temperatures over crop canopies that occurred when the EVI was maximum
between DOY 017 and 056, and so on. An earlier analysis of canopy-LST (prior to DOY 001) was not per-
formed due to the heterogeneous surface, which characterises the initial phenological stage. Such conditions can
induce spatial variations of several degrees in the near surface air temperature [60] and consequently in the can-
opy-LST because of the absence of the soybean vegetation canopy in the initial development period;

5) Canopy-LST maps are generated for different time periods of the phenological stage, which cover a time
window of 32 days (DOY 001; 017; 033; 049) (as presented in Figure 5(b)). All Canopy-LST maps and Yield
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Figure 5. Distribution of the yield average (a) obtained between 2003 and 2012 and (b) canopy-LST map in DOY 049.

map were merged with the crop area map from MCDA,;

6) Finally, the percentage variation of each regional average canopy-LST composite was compared to its av-
erage from 2003 to 2012 in the same time window. This calculation is performed such that the generated LST is
associated with the maximum EVI that occurs in one of the two 16-day composites. The detailed procedure is
important because we are not interested in the maximum LST registered in the time window of 32 days, but
rather we were valuing the LST associated with the best vegetation coverage of the time window, which is con-
sidered the canopy-LST in order to avoid a previous moisture background and/or drought effects. Here we note
that the concept of the former mentioned calculation is completely different from the latter.

Although studies of crop modelling that use LST data very often do not adequately adhere to these funda-
mentals, for cold or heat effects on vegetation, the physical concepts in the previously mentioned review sec-
tions must be seriously considered before processing the imagery.

3. Results

Soybean yields in RS State obtained from IBGE were compared to the canopy-LST at various development
stages at the state and regional scales from 2003 to 2012. Spatially interpolated maps of the yield average dis-
tribution (Figure 5(a)) and the canopy-LST distribution for DOY 001, 017, 033, 049 and 065 (Figure 5(b))
were obtained. Linear least square regression analysis was performed for state level soybean production esti-
mates that were obtained from IBGE for the same period. A LST analysis was performed on the Kelvin scale;
therefore, each 1% percent deviation from the average corresponds to approximately 3 K. Figure 6 presents the
relative yield distribution as a function of the relative canopy-LST in RS.

The soybean yield deviations from each crop year were compared to the canopy-LST deviation. An analysis
of the data shows a well-defined trend for higher yields and below average canopy-LST occurrences and lower
yields for above average LST (Figures 6(c) and (d)).

To better understand the canopy-LST impacts and its correlation to yields, all of the data were analysed as
deviations from the averages between 2003 and 2012. Through a non-linear relationship, it was observed that
variations in the canopy-LST averages from DOY 033 (between February 2" and March 5"), which is fully re-
lated to the flowering period in Figure 4 (Feb. 1-Feb. 2), are characterised by R? = 0.68 and RMSD = 19.3%.
However, a linear relationship with R? = 0.82 and RMSD = 14.4% is obtained at DOY 049 (between February
18" and March 21%), which is more closely related to the grain filling period (Feb. 2-Mar. 1).

The dense group of points placed in the inferior right quadrant of Figure 6(f) represent points with a relative
canopy-LST above 2% in all ten regions in the summer crop year of 2005. As observed by [24], these higher
canopy-LST deviations in 2005 are linked to the most severe drought occurrence of the study period. Consider-
ing a minimum yield of 1000 kg-ha *, the overall yield average inside the crop areas from 2003 to 2012 was
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Figure 6. Scatter grams that compare the relative yield distribution as a function of the relative canopy-LST obtained from
crop years 2003 to 2012.

2003 kg-ha * with a standard deviation of 308 kg-ha *. Considering DOY 049, the overall average canopy-LST
is 305.0 K (31.8°C) with a standard deviation of 1.9 K, the minimum is 296.4 K (23.2°C), and the maximum is
315.0 K (41.8°C). These physically driven conditions led to a linear decreasing relationship of —28.7%. How-
ever, when considering drought-free crop years (without 2005 and 2012), the new overall yield average is 2260
kg-ha * with a standard deviation of 326 kg-ha *. Under these conditions, the new overall average canopy-LST is
303.6 (30.4°C) with a standard deviation of 1.8 K, the minimum is 295.8 (22.6°C), and the maximum is 313.0 K
(39.8°C), which are close to the suggested limit of the ideal temperature conditions.

4. Discussion

The heat stress that occurs during flowering and pod formation (R1-R5) affects grain numbers, which is closely
related to the yield [35] [38] where as stress during grain filling (R5-R7) reduces the grain size [38]. When en-
ergy and water conditions are non-limiting for plant growth, considering complete canopy conditions, crops can
present elevated canopy-LST due to aerodynamic resistances that suppress sensible heat transfer [32]. When
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evaluated cotton plant (C3 plant as soybean) development under stress conditions and [10] observed that the di-
rect effects of temperature on reproductive processes (flowering) are difficult to distinguish from metabolic
processes because the inhibition of photosynthesis can also be caused by overheating the canopy, even under
well- watered conditions. However, in the present investigation, considering the drought-induced crop years of
2005 and 2012 (Figures 3 and 6(f)), yield loss may be associated with the coupled effect of two different physi-
cally driven conditions: an initial reduction in the water availability followed by a temperature increase, which is
probably exacerbated by the energy exchange mainly due to wind, humidity and exposure to incident radiation
[32] [61] [62].

As presented in Figure 4, the average agricultural calendar for ten different regions in the state presents three
maxima of the flowering period from the first half of February to the first half of March that are greater than
30%. Although DOY 049 also covers the flowering period, similar to DOY 033, we note that the results for
DOY 049 are more correlated. However, this result is possibly linked to the computational redundancy of the
canopy-LST data to yield losses due to drought. As the canopy-LST in the DOY 049 window covers the last end
of the crop development profile, the damaging effects due to heat waves may overlap with early drought effects
that may have begun several weeks prior, especially for crop years 2005 and 2012.1In this situation, the imple-
mentation of strategies and policy planning for the region, such as a sowing calendar and the use of irrigation
techniques [22], are extremely important. Heat waves can potentially increase drought effects by overheating the
vegetation canopy, which inhibits photosynthesis [10] [63] and intensifies plant damage (Figure 6(f)). Further-
more, it is important to note that, considering the mean agriculture calendar (Figure 4), DOY049 does not cor-
relate as well as DOY 033 with the flowering period (Figure 6(c)), but it does correlate better to grain filling
(Figure 6(f)). This suggests that, although higher temperatures can occur in the earlier phenological stages (as
during flowering), severe impacts on yields are prone to be observed during the grain filling stage, especially
when the elevated canopy-LST is associated with drought(e.g., crop years 2005 and 2012) (Figure 3).

The relatively smaller correlations between canopy-LST and yield for the 32-day composite windows pre-
sented in Figures 6(a) and (b) can be linked to background effects. The periods covered are DOY 001 between
January 1% and February 1% (Jan 1-Jan 2 in Figure 4) and DOY 017 between January 17" and February 17" (Jan
2-Feb 1 in Figure 4). Soil cover by vegetation during this stage is sparse, which increases surface temperature
and may be confused with an unrealistic rise in the canopy-LST.

5. Conclusions

We observed that variations of the averages of canopy-LST during flowering/grain filling periods of summer
crops are closely associated with variations in soybean yields.

The results indicate that heat waves that are slightly warmer than the optimal conditions for growth can po-
tentially increase drought effects and yield loss by overheating the vegetation canopy and intensifying plant
damage.

Finally, we concluded that future studies on canopy-LST monitoring can significantly contribute to the re-
gional characterisation of agriculture vulnerability and management of potential climate conditions and fluctua-
tions.
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Abstract. In this study, estimations of crop area were made based on the temporal profiles of the Enhanced
Vegetation Index (EVI) obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) images.
Evaluation of the ability of the MODIS Crop Detection Algorithm (MCDA) to estimate soybean crop areas was
performed for fields in the Mato Grosso State, Brazil. Using the MCDA approach, soybean crop area estimations
can be provided for December (first forecast) using images from the sowing period and for February (second
forecast) using images from the sowing period and the maximum crop development period. The area estimates were
compared to official agricultural statistics from the Brazilian Institute of Geography and Statistics (IBGE) and from
the National Company of Food Supply (CONAB) at different crop levels from 2000/2001 to 2010/2011. At the
municipality level, the estimates were highly correlated, with R?=0.97 and RMSD=13,142 ha. The MCDA was
validated using field campaign data from the 2006/2007 crop year. The overall map accuracy was 88.25%, and the
Kappa Index of Agreement was 0.765. By using pre-defined parameters, MCDA is able to provide the evolution of
annual soybean maps, forecast of soybean cropping areas and the crop area expansion in the Mato Grosso State.
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1. Introduction

Crop monitoring is a major concern for food safety and the regulation of the agricultural
market. Many programs have been established by agricultural agencies to regularly provide
agricultural statistics at different spatial and temporal scales (e.g., the MARS project in Europe
or GeoSafras in Brazil). The GEO-GLAM (Global Agriculture Monitoring) project is working to
harmonize remote sensing-based crop monitoring systems. In that context, the case of Brazil

remains atypical. Brazil is currently considered to be one of the world’s granaries and plays an
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important role in global markets as a main producer of agricultural commodities. However,
official agricultural statistics released by two Brazilian agencies, namely CONAB (Companhia
Nacional de Abastecimento - National Company of Food Supply) and IBGE (Instituto Brasileiro
de Geografia e Estatistica - Brazilian Institute of Geography and Statistics), suffer from two main
issues: 1) municipality statistics are not released shortly after harvest, but rather, they are
released nearly 18 months after the end of the soybean season; and 2) there is a lack of
confidence in the production estimates because they are based on subjective methods and are
associated with error measurements [1; 2; 3]

Remote sensing data has the potential to address these issues because enhanced temporal
resolution allows producing near-real time estimates of agricultural statistics. In Brazil, several
studies led by governmental and non-governmental organizations have focused on crop mapping
and forecasting [3; 4; 5]. However, most of these studies were designed for a few cropping years
and/or for a limited region. For example, remote sensing images (such as Landsat TM or
CBERS) have been used for mapping sugarcane in the CANASAT project by INPE (Instituto
Nacional de Pesquisas Espaciais — Brazilian Space Agency) and for mapping soybean in the
GeoSafras Project by CONAB. Although these projects confirmed the efficiency of satellite
images for mapping perennial and semi-perennial crops, the monitoring of annual crops, such as
soybean, corn or cotton, remains an issue. The high incidence of cloud cover during key
identification periods of annual crops and the 16-day temporal resolution hindered the
operational implementation of Landsat- or CBERS-based methodologies for calculating
agricultural statistics [6; 7].

Overcoming the cloud cover challenge requires an increased temporal resolution of the orbital
sensors, often at the expense of the spatial resolution. The Moderate-Resolution Imaging
Spectroradiometer (MODIS) sensor on board the Terra satellite provides an adequate imaging
configuration for crop monitoring based on 1) an almost-daily revisit time; 2) a moderate spatial
resolution of 250 m, considered adequate for mapping large-scale agricultural fields [8]; and 3)
geometric quality that is high enough for image time series analysis [9].

In the USA, the quality of MODIS data was evaluated for its potential to provide information
on both crop yield and crop area [10]. In another study [11], the applicability of MODIS/EVI
time series data for mapping agricultural lands was investigated; the study concluded that 16-day

composites of MODIS images gave sufficient spatial, spectral and temporal information to



perform the following: 1) adequately separate crop fields from other land uses and 2) express the
phenology and climate characteristics of the region. In Brazil, many works have highlighted the
efficiency of MODIS time series of vegetation indices for mapping croplands, crop expansion
[12; 13], and cropping systems [15; 16; 17].

Although all studies have confirmed the potential of MODIS sensors for crop mapping, a few
challenges remain to be solved to confirm its role as an alternative to traditional official
agricultural estimate methods. First, most MODIS-based analyses were tested and validated at a
local or state scale, and their validity for mapping crops in other agricultural areas remains
uncertain. For example, many classification methods consist of supervised approaches based on
training samples, which implies the following: 1) it is laborious and costly to get training
samples for large-scale areas and 2) agricultural calendars vary drastically between different
agricultural areas and over time, especially in frontier areas such as the Amazon, where
agricultural practices are evolving rapidly [16; 18; 19; 20]. These challenges have hindered the
use of vegetation index time series for large-scale crop mapping. Consequently, implementing an
operational system at a nation-wide scale represents a huge challenge; it requires the
development of a robust method that accounts for the spatial variability of environmental
conditions and agricultural practices across Brazil. Second, most classification systems are based
on a complete vegetation index time series, a process that makes the production of near-real time
or forecast estimates slow or difficult, which reduces the benefits of using remote sensing data
compared with traditional agricultural statistics.

In the present paper, we argue that an operational crop monitoring model should be 1) adapted
to specific regional agricultural calendars and 2) based on subsets of vegetation time series to
allow an early release of agricultural statistics. To evaluate this hypothesis, we assessed the
efficiency of the MODIS Crop Detection Algorithm (MCDA) as proposed by Gusso et al. (2012)
[1], which is an example of an operational crop monitoring model. This method has been initially
validated for mapping soybean crops in southern Brazil (State of Rio Grande do Sul), and we
now demonstrate its efficiency for crop mapping in the Amazonian state of Mato Grosso, which
is characterized by different environmental conditions and agricultural practices. MCDA was
validated here in a completely different region (southern Amazon) with different crop calendars,

double cropping systems that might affect the accuracy of the model for detecting soybean crops



and intense spatial dynamics because soybean cropping has expanded significantly in the last
decade.
2. Materials and Methods
2.1. Study Area

The State of Mato Grosso (906,000 kmz2, 146 municipalities) is located in the southern
portion of the Amazon basin and is characterized by three main biomes: the Brazilian
Cerrado, the Amazon rainforest and the Pantanal. Since the 1970s, a crop expansion
process led Mato Grosso to be the largest soybean producer in Brazil (approximately 30%
of the national soybean production occurs in Mato Grosso) [21]. In the last decade,
intensive practices, such as double cropping, have been widely adopted in Mato Grosso,
which is an additional challenge for accurate crop area mapping [19]. Usually, soybean
remains the main crop, while maize or cotton is planted after the soybean harvest [16].
Typically, the sowing period for soybean lasts from mid-September to late October and
depends mainly on the sowing dates, which are determined according to the onset of the

rainy season, which lasts from October to May.
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Fig. 1 . Mato Grosso State in Brazil and its 146 municipalities.

2.2. Materials
2.2.1. Input data for applying the MCDA procedure



We used several datasets to represent the main physical conditions and management practices
found in Mato Grosso. First, we acquired MODIS EVI data (MOD13Q1 product, collections 5
and 6) covering all of the Mato Grosso State (image tiles: H11V09, H11V10, H12V09, H12V10,
H13V09 and H13V10) for the 2000-2011 study period. The EVI data were chosen for their
potential to mitigate cloud cover effects and atmospheric and soil background effects [23; 9].
The EVI data are a 16-day composite with high radiometric and geometric corrections. The
MODIS images and products were pre-processed by the National Aeronautics and Space
Administration (NASA) and are available at no charge at https://wist.echo.nasa.gov/api/.

Second, Shuttle Radar Topography Mission (SRTM) data [24] were used to generate a slope
map with a 90-meter spatial resolution according to the method described by Gusso et al. (2012).
This map was used to exclude areas inappropriate for mechanization (slope >12%); soybean in
Mato Grosso is a highly mechanized crop and requires relatively smooth land to allow the use of
farm machinery [25].

Third, we acquired 10-day accumulated precipitation data from September to October at 11
meteorological stations for each year of the study period (2000-2011) to determine the initial
sowing period. These data were acquired from INMET (Instituto Nacional de Meteorologia -
Brazilian Institute of Meteorology).

2.2.2. Validation data

Two types of datasets were acquired to validate our approach at different scales, i.e., state-
and municipality-level datasets and pixel-level datasets. First, we used annual soybean
agricultural statistics at the state and municipality levels from [21] and [26] for the entire study
area. Second, a field campaign was carried out in 2006 and 2007 to collect validation data at the
crop field scale. A total of 76 farms were visited and mapped in 13 municipalities representing
the two main agricultural regions (in central and western Mato Grosso, along the BR163 road
and on the Chapada dos Parecis, respectively). A complete map of the visited municipalities is
introduced in [16]. For each farm, information about crop types, yields, sowing and harvesting
dates were collected. In this study, we only considered the crop type information for the
2006/2007 season’s harvest. For that specific cropping season, only 38 farms were considered
(information on other farms were not available for that season), representing 1,078 fields for a
total area of 196,929 ha (i.e., a total of 31,508 MODIS pixels and a mean field area of 182.7 ha).


https://wist.echo.nasa.gov/api/

2.3. MCDA calibration for Mato Grosso

The MODIS Crop Detection Algorithm (MCDA) was used to classify soybean crops in this
study; a diagrammatic flowchart is presented in Figure 2. This procedure classifies a pixel as
soybean if it adheres to conditions A and B in Figure 2. Conditions A and B are related to the
regional soybean calendar and vegetation development characteristics starting from the sowing
period. Conditions C and D are related to terrain characteristics and management, which are not
expected to vary from one cropping year to another. The present work aimed to adapt and to test
the MCDA,; specifically, we evaluated how MCDA adheres to conditions A and B described in
[1]. To establish these two conditions, three parameters need to be defined: Amp (amplitude,
which is the difference between maximum and minimum EVI values); Lmin (the lower
minimum EVI value in a minimum image) and Umin (the maximum EVI value in a minimum
image). These parameters are defined based on the analysis of the observed EVI time series for
cropping areas. The time series are characterized by low EVI values during the pre-sowing
period (September-October) and high EVI values during the maximum crop development period

(January-February) [16]. Adjustments of MCDA parameters will be referred to as the MCDA

calibration.
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Fig. 2. Flowchart of the MCDA classification [1] based on MODIS/EVI images.

The set of initial parameters of three test sites of 100 x 100 pixels in Mato Grosso were
obtained from MODIS/EVI images; the parameters are from two specific periods for each crop
year according to the methodology developed in [1]. The periods are as follows: sowing (Day Of
Year (DOY) 225 to 337) and maximum crop development (DOY 353 to 033). The sowing period
often starts in September, but the beginning of the sowing period is determined by the rainfall in
each crop year, in agreement with the soybean zoning provided by [22].

Figure 3 presents the mean EVI time series acquired over the crop fields that coexist. The
natural vegetation cover in the region is typical of the Cerrado biome; this vegetation cover
causes some confusion with detecting soybean development during the rainy season [16; 3]. For
the EVI time series, two major classes can be identified: single and double cropping systems.
Single cropping systems refer to soybean or cotton that is sown without any other crop being
planted before or after the main crop. Soybean and cotton can thus be differentiated based on the
agricultural calendar because cotton is sown in December and harvested in June. For double
cropping systems, another crop (usually cotton, maize, millet or sorghum) is sown after the

soybean harvest.
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Fig. 3. Mean MODIS/EVI time series for selected points of agricultural plots [16].

Two MODIS/EVI images from the sowing period are first averaged two by two to obtain the
minimum mean EVI image (MinMeanEV1), which smooths the EV1 profile for a relatively short
time window. This MinMeanEV1 image then defines the Lmin and Umin parameters, i.e., the
lower and upper EVI values for each cropping year, respectively. Pixels below Lmin are
typically associated with cloud shadows or water bodies. According to the methodology
developed in [1], Umin is set as the convergence between the minimum and maximum mean EVI
images, and pixels above Umin are not from annual crops. Pixels with EVI values between Lmin
and Umin are designated as soybean crop pixels in accordance with to condition A in Figure 2.

During the sowing period, increasing MODIS/EVI values are observed because of rapid and
intense plant growing; maximum values are reached after a relatively short period [11]. To
characterize the maximum mean EVI image (MaxMeanEVI), four consecutive EVI images from
this period (DOY 353 to 033; Figure 2) are averaged. The difference between MaxMeanEVI and
MinMeanEVI is computed to produce the EVI amplitude image (AmpEVI) for each cropping
year, according to the procedure outlined in [1]. However, the remaining challenge is to obtain
the best Amp value that includes not only pure soybean pixels (with high values in the maximum
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EVI image and low values in the minimum EVI image) but also mixed pixels located at the
border of the soybean fields. The optimal Amp value for each cropping year can be obtained
from the convergence region between the minimum and maximum EVI values in the scatterplots,
as described in [1]. The Amp value is the minimum difference between the maximum and the
minimum mean EVI values to which a mixed soybean pixel can be designated as a soybean
pixel. Pixels with amplitude values greater than Amp are tagged as soybean according to
condition B of the MCDA procedure (Figure 2).

The soybean area can be estimated after the maximum mean EVI image (MaxMeanEVI) is
available, which normally occurs in January, because the MCDA approach uses the half-phase of
the crop development. The MOD13Q1 product is often available after a delay of approximately
20 days. Therefore, the soybean estimation should be released no later than early February (from
now on referred as the 2nd forecast of the MCDA). However, as an alternative to forecasting the
soybean area, a first estimate can be provided in early December of each crop year based on the
MinMeanEVI image. This image is strongly related to the sowing period of the current crop
year, and the MaxMeanEVI image of a previous crop year (referred as the 1st forecast of the
MCDA). The same procedure as the first forecast can be performed if no usable images were
found or if a water deficit is empirically observed (30 days without a rainfall event over 10 mm);
in that case, images from previous normal crop years are used to generate the maximum mean
EVI image. However, for crop year 2000/2001, no 1st forecast of MCDA was available because
there were no MODIS data before 2000.

2.4. Adjustment of management practices

MCDA was developed to provide an objective and automated tool for soybean classification.
The MCDA accuracy was validated in one step. However, the MCDA calibration procedure is
not complete until the same Mato Grosso input parameters, which were chosen to represent the
physically driven components defined in the MCDA, can be used for all of the evaluated crop
years. Therefore, once identified, the parameters from the physically driven components cannot
be adjusted after the fact; this constrains the dynamical adjustment process of the algorithm [1].
If some further adjustment is needed to improve the fit of the crop areas with statistics from
IBGE for one or more crop years, then this new parameter value must be used for all of the tested

crops. After several iterations for all crop years, the adjusted combination with the best



performance to define the final values of MCDA, were found to be 0.05, 0.39 and 0.36 for Umin,

Lmin and Amp, respectively.

3. Results
Based on the previously described analysis, the soybean area was estimated at the
municipality level for 141 municipalities in Mato Grosso State from 2000/2001 to 2010/2011

and was compared to the official estimates provided at http://www.sidra.ighe.gov.br [21] using a

regression analysis. The MCDA soybean area estimates are provided at state and municipal
levels due to the spatial distribution of the classified soybean area. Therefore, these estimates can
be compared to the IBGE and CONAB municipal statistics. No prior year estimate could be
provided for the 2000/2001 because this was the first crop year in which MODIS data became
available. No further MCDA maps were generated after 2010/2011 because the data from crop
years 2011/2012 and 2012/2013 had not yet been released by IBGE at the municipal level.
3.1. State Area Estimates

The MCDA second forecast estimates for Mato Grosso were compared to IBGE and CONAB
statistics. The maximum difference observed across the study period was 7.85% above MCDA
for the 2000/2001 crop season.
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Fig. 4 Comparison of the MCDA (2nd forecast), IBGE and CONAB soybean area estimates for the Mato

Grosso State and percent difference from MCDA.

3.2. Municipality Area Estimates
Soybean area was estimated at the municipality level from the crop season 2000/2001 to
2010/2011 and was compared to official estimates provided by IBGE
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(http://www.sidra.igbe.gov.br) using a regression analysis. Quickly updating the current crop

year is challenging because the IBGE municipality data are published approximately one year
after the end of the soybean season. Figure 5 presents the linear least squares regression analysis
for the municipal soybean estimates from the MCDA procedure and from IBGE for crop years
2000/2001 to 2010/2011 with R?=0.97. Therefore, for the average of the eleven crop years
studied, the MCDA explains 97% of the variation of the data estimated by IBGE, which
indicates a good agreement between the estimates. The group of points above 500,000 ha
represents the crop area of Sorriso municipality, which had 483,000 ha of soybean crop area in
2004 [21]. Owverall, the MCDA results slightly underestimated the soybean crop area in
comparison to municipal data from IBGE. The intercept value in the overall linear regression
was 4416 ha, which indicates that municipalities with small soybean areas are slightly
overestimated by the MCDA in comparison to the IBGE estimates. The positive intercept value
indicates that, in general, the overestimated municipalities are typically <50,000 ha. The slope
value in the overall linear regression was 0.88. The Root-Mean-Square Deviation (RMSD) for
the second forecast of the MCDA was approximately 13,142 ha for all crop years; the thin
dashed lines are the double RMSD (above and below the regression line) and contain 95% of the
data points. USA soybean area estimates from [28] were generated by MODIS and by the
USDA/NASS, and for these estimates, the R? values ranging from 0.44 to 0.94, and the RMSD
varied from 41,465 to 120,955 ha for the entire USA.
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Fig. 5. Regression analysis between soybean area estimates by MCDA (second forecast) and IBGE for
the Mato Grosso State for all crop years (2000/2001 to 2010/2011).
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3.3. Crop level estimates

The 2006-2007 MCDA crop map was compared to the field data collected during that specific
harvest to validate the classification accuracy. Based on the field data introduced in Section
2.2.2, we randomly selected 400 MODIS pixels (200 soybean pixels and 200 non-soybean
pixels). Table 1 shows the confusion matrix resulting from the comparison between these
randomly selected pixels and the crop map produced by MCDA for the cropping year
2006/2007. The overall map accuracy was approximately 88.25%, and the Kappa Index of
Agreement was 0.765, a satisfactory value, because for the assessment of classification maps,
Kappa values greater than 0.5 are considered satisfactory [27]. Soybean area estimates from [29],
generated by MODIS and by the USDA/NASS for different ecoregions in the Great Lakes -
USA, obtained overall accuracy of 82%.

Table 1 Confusion matrix from the comparison of MCDA and field campaign mapping.

Reference (Pixels)

MCDA Soybean Non Soybean Total classified User's
Accuracy
Soybean 153 0 153 100%
Non soybean 47 200 250 76.50%
400
Reference total 200 200

Producer’s accuracy | 80.97% 100%
Overall accuracy | 88.25%
Kappa Index 0.765

4. Discussion

The MCDA model was developed with a focus on soybean crop area identification. However,
the validation of large area mapping still presents a difficult challenge [29]. The MCDA
approach establishes the input parameters as fixed criteria; therefore, the same input parameters

are used independent of crop year dynamics during the evaluated period, from 2000/2001 to
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2010/2011. This is an important consideration for the analysis of the 80.97% Producer's accuracy
result.

According to field campaign data used for the crop level evaluation of MCDA, the resulting
User’s accuracy, almost 100%, strongly indicates that the MCDA detection of soybean crop area
is reliable. However, the 80.97% obtained from Producers’ accuracy analysis is related to 47
misidentifications highlighted in Section 3.3, and this result deserves further analysis.

Direct visual inspection of the data indicates that the pixels misidentifications presented in
Table 1 can be explained as follows: the majority of the cases in the 2006/2007 crop (31 over 47
pixels) came from double crop system practices in which cotton came after soybean. As cotton is
a valuable commodity and tends to have a longer cycle, it is worthwhile for the producer to plan
the soybean cycle to provide sufficient time for the cotton crop (as seen in Figure 3). According
to the summer crop calendar, this schedule shift is significant (usually begins by the first half of
December as seen Figure 3), and it introduces a detuning with respect to the timings used at
MCDA in the MaxMeanEVI image. This results in a value lower than Amp, which leads to zero
for condition B in Figure 2. An additional cause of misidentification (4 over 47 pixels) came
from double crop system practices in which maize came after soybean. For maize, the crop cycle
is shorter, and there are a variety of choices for short-period cultivars. Therefore, the
displacement of the sowing date for soybean is smaller. MCDA performs well with a single crop
soybean system; even in the cases when farmers plant two successive crops and thus have to
anticipate the soybean sowing time, the model performs fairly well.

As expected, we noticed that the soybean field size caused considerable differences in the
classification results. MCDA generated better results where crop fields were larger than the area
in which the MCDA was developed, the State of Rio Grande do Sul. Fields with smaller areas
were more subject to errors than those with larger areas; this is consistent with a previous
analysis in Mato Grosso [18] and also with work from [8] and [19].

An accurate annual soybean crop area map is an efficient tool for surveying the deforestation
drivers linked to soybean cultivation in this region. Figure 6 shows the total area expansion of
soybean in red; the overall trend is for expansion toward the north-northeast of Mato Grosso,
which was also observed in [18;20;30], causing pressure on the Amazon biome.

By comparing MCDA maps from 2001 to 2011, we obtained the total soybean crop area in
Mato Grosso. Figure 6 shows a map of the total soybean crop area with 11,544,000 ha of
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soybean crops and it demonstrates the expansion of the soybean crop area during the studied

period.
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Fig. 6 Total soybean crop area expansion in Mato Grosso State after 2000/2001.
4. Conclusions

The MCDA procedure is based on a consistent and objective methodology for estimating
soybean crop areas using Moderate-Resolution Imaging Spectroradiometer (MODIS) images and
Enhanced Vegetation Index (EVI) data in the Mato Grosso State. By using pre-defined
parameters, MCDA provides the evolution of annual thematic soybean maps, directly forecasting
the soybean cropping areas and area expansion in the state. This is a timesaving procedure and is
independent of analyst skills and image interpretation. Our results indicate that, when compared
to current official methods for soybean area estimation in Brazil, the MCDA procedure provides
a reduction in analysis time, and it is a simple and effective method for providing spatial
information.
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The total soybean crop expansion area that intrudes into the Amazon biome for the study
period (3,463,000 ha) represents more than 55% in Mato Grosso and approximately 14.3% of the
total soybean area cultivated in Brazil, based on the crop area for the 2010/2011 crop year.

Implementing operational crop monitoring systems on large areas such as Brazil remains a
challenge because it requires accounting for the spatiotemporal variability of environmental
conditions and agricultural practices. In this paper, we assessed the efficiency of the MODIS
Crop Detection Algorithm (MCDA), which had initially been validated in Southern Brazil, for
mapping soybean crop areas in the Amazonian State of Mato Grosso. We validated our approach
for two states: Rio Grande do Sul and Mato Grosso (present paper). Additional research would
need to be carried out to apply this method to all of Brazil. However, Mato Grosso and Rio
Grande do Sul are two important study areas because they present the most extreme cases for
cultivating soybean (specifically, different ecoregions, different calendars, different cropping
systems). Therefore, our results suggest that the MCDA s likely to be successful in other regions
as well.
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RESUMO

Este estudo aborda o efeito da ocorréncia de temperaturas elevadas sobre a variabilidade da produtividade da soja. Sao
estudadas as safras entre o periodo de 2003 a 2012 no Estado do Rio Grande do Sul. Para a analise da temperatura no
dossel da vegetacdo, em area agricola, foram utilizadas séries temporais de LST (Land Surface Temperature), produto
MYDI11A2, colegdo-5 do sensor MODIS (Moderate-Resolution Imaging Spectroradiometer) no satélite Aqua. A
identificagdo de areas agricolas e o monitoramento da evolucdo dos estadios fenologicos foram efetuados com a
aplicagdo do EVI (Enhanced Vegetation Index), produto MOD13Q1 do MODIS no satélite Terra. Foram gerados mapas
obtidos da interpolagdo espacial pelo método de krigagem ordindria para suavizar os dados em nivel municipal da
producdo da soja provenientes do IBGE (Instituto Brasileiro de Geografia e Estatistica) e de precipitacdo ocorrida,
acumulada entre outubro e fevereiro, provenientes de 15 estagdes pluviométricas da FEPAGRO (Fundagdo Estadual de
Pesquisa Agropecudaria do Rio Grande do Sul). A média geral da LST sobre o dossel ocorrida no periodo foi de 31,9 °C
com desvio padrdo de 2,1 °C. A média geral da produtividade suavizada foi de 2003 kg ha™' com desvio padrio de 309
kg ha”'. A média da precipitacio acumulada foi de 775 mm com desvio padrio de 38 mm. Em nivel estadual, os
resultados apontam que eventos de queda severa de produtividade estdo associados a ocorréncia de LST-dossel acima
da média, em fevereiro (DOY 033), conjugada com precipitacdo abaixo da média, por uma relacdo inversa nao linear,
tendo R*=0,73 ¢ RMSD=17,8%.

Palavras-chave: Sensoriamento remoto; Vulnerabilidade; Agricultura; Soja; Temperatura; Estiagem.

Integrating Aqua and Terra/MODIS satellite Data for the Evaluation of Heat
Stress Impacts on Summer Crops

ABSTRACT

In this study we analyze the relationship between the occurrence of high temperatures and the variability of soybean
yield. The study covers the crop years from 2003 to 2012 in Rio Grande do Sul State. For the analysis of temperature
over the vegetation canopy in agricultural areas, we used a LST (Land Surface Temperature ) time series, product
MYDI11A2 collection -5 of sensor MODIS ( Moderate -Resolution Imaging Spectroradiometer ) on board the Aqua
satellite. Crop area mapping, identification and monitoring of development during phenological stages were performed
with application of EVI (Enhanced Vegetation Index) data series product MOD13Q1, collection-5 of MODIS on board
the Terra satellite. Ordinary kriging methodology was used for data smoothing of spatial distribution of soybean yield at
municipal level, obtained from IBGE; accumulated rainfall, between October and February, came from data of 15
meteorological stations from FEPAGRO (Fundacdo Estadual de Pesquisa Agropecuaria). The overall average LST over
crop canopy in the studied period was 31.9 °C with standard deviation 2.1 °C. The overall average of the smoothed
yield was 2003 kg ha ' with standard deviation 309 kg ha "'. The average of cumulative rainfall was 775 mm with a
standard deviation of 38 mm. At the state level analysis, results indicate that severe decreases in productivity are
coupled events effect of canopy-LST above average during February (DOY 033), associated to below average rainfall
by means an inverse nonlinear relationship with R* = 0.73 and RMSD = 17,8%.

Keywords: Remote sensing; Vulnerability; Agriculture; Soybean; Temperature; Drought.
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Introduciao

O monitoramento e o gerenciamento agricola
tém um papel importante frente ao aumento
da demanda por produtos agricolas e as
incertezas quanto as flutuagdes das condigdes
ambientais. Na ultima década, intensas
flutuagdes das condigdes agrometeoroldgicas
causaram efeitos severos na producdo de
alimentos e na economia, principalmente no
sul do pais. As culturas mais afetadas foram
as de soja e milho, sendo que na safra da soja
em 2005 a producdo apresentou uma redugio
de 75% na producdo de grios, quando
comparada a safra de 2002/2003 (IBGE,
2012). Liu e Kogan (2002), em uma analise
da producdo brasileira com imagens de
satélite, salientam que mesmo com clima
geralmente favoravel na maior parte das areas
de cultivo ocorrem grandes variagdes na
producdo agricola de um ano para outro. No
Estado do Rio Grande do Sul (RS) a
frequéncia e a intensidade das chuvas, no
periodo que vai da semeadura até a colheita,
tém sido varidveis e frequentemente sdo
insuficientes para o pleno desenvolvimento da
cultura (MATZENAUER et al., 2002). A
grande variabilidade interanual da
precipitagdo, verificada principalmente em
funcdo dos fendmenos El Nifo e La Niiia, € o
principal fator responsavel pelas oscilagdes de
produtividade na regido sul (FERREIRA,
2010), sendo que as culturas mais afetadas
geralmente sdo as da soja e do milho

(FONTANA et al., 2002) na safra de verdo.
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Entretanto, a ocorréncia de altas temperaturas
e ondas de calor, associadas ou ndo a
ocorréncia de estiagem, vém ganhando
interesse  em  publicagdes  cientificas
(BATISTTI e NAYLOR, 2009) devido a
necessidade de caracterizagao da
vulnerabilidade e sustentabilidade dos
processos agricolas (GUSSO, 2013). Lobell e
Asner (2003), analisando um periodo de 17
anos entre 1982 a 1998, observaram que a
perda de produtividade das culturas agricolas
de verdo nos Estados Unidos da América
(EUA) esteve associada ao aumento das
temperaturas  durante o periodo de
desenvolvimento da safra, indicando a
ocorréncia de stress térmico sobre as culturas.
Em um panorama de risco na producdo de
alimentos em decorréncia de flutuagdes do
clima, parametros fisicos da superficie
terrestre como disponibilidade hidrica e
evapotranspiracdo devem sofrer alteragdes nas
proximas décadas (SIQUEIRA et al., 2000;
PETERSON et al., 2012) restringindo as
condigdes de evolugdo dos cultivos ¢ a
producdo (LOBELL et al., 2008; UNEP,
2009). Como resultado, distor¢cdoes e
incertezas nas politicas agricolas devem
acentuar perdas e estabelecer barreiras para o
financiamento agricola (FAO, 2011), pela
imprevisibilidade de politicas agricolas
governamentais que tm maior influéncia na
volatilidade dos precos nos paises do que as

flutuacdes do mercado internacional (UNEP,

2009). Desta maneira, a aplicacdo de
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metodologias simplificadas para 0
monitoramento das condigdes de evolugdo
dos cultivos proporciona uma caracterizagao
mais detalhada sobre a vulnerabilidade e
sustentabilidade da agricultura no Brasil
(GUSSO et al., 2013). Tais desenvolvimentos
sd0 necessarios frente a probabilidade e
intensidade da  ocorréncia de  altas
temperaturas (WHEELER et al., 2000), para a
elaboracdo de prognodsticos mais precisos
(LOBELL e ASNER, 2003), e no aumento da
capacidade de gerenciamento na producao das
commodities agricolas (SCHLENKER e
ROBERTS, 2009; GUSSO et al,. 2013).
Dados de sensoriamento remoto associados a
ferramentas geoestatisticas tém sido aplicados
em estudos agricolas. Tipicamente, dados de
imagens dos satélites Terra e Acqua do
programa EOS-MODIS (Earth Observing
System - Moderate Resolution Imaging
Spectroradiometer) tém sido aplicados no
monitoramento ¢ modelagem de processos
bioclimaticos, de ciclos de desenvolvimento
das culturas, e em estimativa da producao
agricola (HUETE et al., 2002;
SHIMABUKURU et al., 2009; GUSSO et al.,
2012). Trabalhos recentes tém evidenciado o
efeito da ocorréncia de temperaturas elevadas
sobre a queda de produtividade das principais
commodities agricolas, como soja, milho e
algoddo. Estudos com séries temporais de
dados de satélites t€ém evidenciado que os
danos causados as plantas, com diminui¢ao do
desenvolvimento da cultura, podem estar

associados a vulnerabilidade frente a
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ocorréncia de ondas de calor (NEMANI e
RUNNING, 1997; LIU e KOGAN, 2002;
SCHLENKER e ROBERTS, 2009; GUSSO,
2013). Prejuizos na produtividade da soja
ocorrem mesmo quando as temperaturas
médias atingem apenas um ou dois graus
acima do ideal para a cultura (LOBELL e
ASNER, 2003; SEDIYAMA, 2009), seja pela
reducdo na atividade fotossintética no dossel
da vegetagdo em situacdo de estresse térmico
(BOARD e KAHLON, 2007; CARMO-
SILVA et al., 2012), seja pelo aumento da
demanda evaporativa (HOPE ef al, 1986;
NEMANI e RUNNING, 1997), ou pela
alteragdo na duragdo do periodo de
florescimento (RODRIGUES et al., 2001).
Mesmo tendo sido observado que o periodo
de florescimento ¢ mais sensivel a
temperatura do que ao estresse hidrico (LIU e
KOGAN, 2002; BOARD ¢ KAHLON, 2007;
CRAUFURD e  WHEELER, 2009;
BATISTTI ¢ NAYLOR, 2009; CARMO-
SILVA et al., 2012), os impactos de ondas de
calor na produtividade ainda ndo sao bem
(SALVUCC]I, 2008;
MEERBURG et al., 2009; SCHLENKER e
ROBERTS, 2009). Neste sentido, este estudo

conhecidos

tem como objetivo investigar a relagdo entre a
ocorréncia de temperaturas elevadas no dossel
da vegetacdo e a queda na produtividade na
cultura da soja no Rio Grande do Sul,
utilizando dados dos sensores MODIS a

bordo dos satélites Terra e Aqua.
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Material e Métodos

A éarea estudada foi o territoério do Estado do
Rio Grande do Sul (RS) com 496 municipios
agrupados em dez regides definidas pela
EMATER (Empresa de Assisténcia Técnica e
Extensdo Rural). O clima predominante ¢
subtropical umido (Cfa e Cfb) com quatro
estagdes bem definidas (K&ppen, 1948). A
Figura 1 mostra a area de estudo.

O periodo analisado foi os meses de outubro a
fevereiro das safras de 2003 até 2012. A
precipitacdo acumulada ¢ relativamente bem
distribuida ao longo do ano com média de
1554 mm e sem periodo seco, especialmente
na metade norte do estado onde o cultivo da
soja ¢ dominante. A temperatura média anual
¢ 18.1 °C, mas ocorrem maximas absolutas
elevadas em janeiro com 42.2 °C, 39.6 °C em
fevereiro e 38.7 °C em mar¢o (INMET,
2009). Tipicamente, a precipitacdo acumulada
neste periodo, que compreende a safra de
verdo ¢ 647 mm, com desvio padrdo 106 mm
(INMET, 2009). No periodo entre as safras de
2003 e 2012 houve trés ocorréncias de
estiagens nas safras de verao de 2004, 2005 e
2012, que afetaram a produtividade em

diferentes niveis de intensidade.
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Figura 1. Area de estudo, Estado do Rio
Grande do Sul com suas areas administrativas

regionais da EMATER.

Nesse sentido, varios niveis de informacao
aliados aos dados de satélite foram aplicados
de maneira a configurar adequadamente a
distribuicdo espacial das grandezas evolvidas,
conforme segue:

1) dados do indice de vegetacio EVI obtidos
do sensor MODIS a bordo do satélite Terra, o
produto  MODI3Ql-colegio 5, foram
utilizados na sele¢dao das areas agricolas e
posterior analise da temperatura sobre o
dossel da vegetacdo (LST-dossel). Neste
estudo, os dados EVI em 250 metros também
sao utilizados como dados de entrada para o
algoritmo de estimativa de area de soja
MCDA (MODIS Crop Detection Algorithm)
na selecdo dos pixels representativos sobre
areas de cultivo agricola com soja. Na cole¢do
5, o EVI ¢ obtido por uma composi¢ao de
maximo valor MVC (Maximum Value
Composite) associada aos menores angulos de

visada do imageamento (DIDAN e HUETE,
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2006). O EVI ¢ representativo do vigor da
vegetacdo, por estar fundamentado na
reflectdncia caracteristica do dossel da
vegetacao, e foi desenvolvido de maneira a
minimizar os efeitos de contaminacdo da
reflectancia residual do solo e da influéncia
atmosférica em observagdes feitas por
satélites (HUETE et al. 2002; JUSTICE et al.
2002). Este produto esta inserido no produto
MODI13QI1-V005 que ¢ estruturado como
uma combinagdo das melhores medidas
radiométricas e geométricas dos pixels que
formam a imagem na composicao de 16 dias.
A equacdo que calcula o valor de EVI ¢ dado
por: 2.5 * (Nir - Red) / (Nir + 6 Red - 7.5
Blue + 1), onde Nir, Red, ¢ Blue sdo as
reflectancias superficiais corrigidas
atmosfericamente das bandas de deteccao
posicionadas sobre as faixas do infravermelho
proximo, do vermelho e do azul
respectivamente (HUETE et al., 2002);

i) dados de temperatura da superficie
terrestre LST (Land Surface Temperature)
produto MYDI1A2, colegcdo-5 do sensor
MODIS  (Moderate-Resolution ~ Imaging
Spectroradiometer) a bordo do satélite Aqua
do més de fevereiro, tipicamente associado ao
periodo da floragdo no Rio Grande do Sul
(Pinto e Fontana, 2011), foram utilizados para
a obtencdo das médias e derivagdo dos
desvios da temperatura sobre o dossel nas
safras de 2003 a 2012. Os dados de LST do

satélite Aqua foram escolhidos por serem

coletados durante a passagem da tarde,
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momento do dia em que sdo registradas as
maiores temperaturas;

ii1)) Normal Climatologica, utilizada na
parametrizacdo do modelo para localizar
espacialmente as 4reas com  maior
disponibilidade hidrica no periodo das safras
de verdo e seus desvios;

iv) dados de precipitagdo ocorrida no RS,
obtidos da Fundac¢dao Estadual de Pesquisa
Agropecudria (FEPAGRO) para a anélise dos
desvios em relagdo a Normal Climatoldgica;
v) dados estatisticos oficiais e historicos de
area ocupada, obtidos do IBGE, foram
utilizados  para  comparagdo com a
variabilidade na produtividade da soja;

vi) dados estatisticos oficiais e historicos da
producao de soja e area municipal, do IBGE,
para geracdo dos dados de produtividade
municipal.

Extragdo dos dados

Os produtos MODIS sdao extraidos pelo
aplicativo MODIS Reprojection Tool (MRT)
que permite aos usudrios ler e converter
arquivos de dados no formato distribuido pela
NASA (HDF-EOS) e especificar um recorte
geografico e o conjuntos de dados/produtos
especificos. Este aplicativo também permite
executar a transformacdo para um diferente
sistema de coordenadas e  projecdo
cartografica (LPDAAC, 2011). Os produtos
EVI e LST sao distribuidos em formato de 16
bits e ¢ necessario converté-los para os
valores de indice de vegetagdo e temperatura.

Para a obtencdo da area de cobertura do

Estado do Rio grande do Sul o MRT realiza
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um processo de mosaicagem de dois recortes
de imagens (Tiles HI3V11 e HI3V12) com
base em um gedide de Datum WGS84. Apods
o processamento dos dados de imagens pelo
MRT o EVI deve ser escalonado para valores
entre -1 e 1. Os dados LST sdo inicialmente
escalonados para uma distribuicdo em valores
de temperatura em Kelvin. Apds estes
procedimentos iniciais, todas as imagens
foram reprojetadas segundo a Projecdo
Conica de Albers para Calculo de Areas
Iguais, pois existe a necessidade de uma
maior precisao espacial ao serem aplicadas
metodologias auxiliares de estimativa de area
da soja em ambos os produtos.

Assim, os dados da LST sdo representativos
das médias méximas das temperaturas
ocorridas no periodo de 32 dias a partir do dia
juliano 033 do produto MYDI11A2 (de 2 de
fevereiro at¢ 6 de margo) tipicamente
associado ao periodo da floragdao, em acordo
com o calendério agricola médio da cultura da
soja no Rio Grande do Sul (PINTO e
FONTANA, 2011).

Interpolagdo espacial de dados
A geracao de dados espaciais interpolados foi
obtida por meio da aplicacdo do método de
krigagem esférica/ordinaria do programa
SPRING 5.2.1 distribuido pelo INPE
(Instituto Nacional de Pesquisas Espaciais)
que ¢ baseada na tendéncia de variabilidade
do valor das amostras e da distancia entre elas
(JIAN-GUO e MASON, 2009). A krigagem

destaca-se em especial por ser um método
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efetivo quando os dados a serem interpolados
sdo esparsos, aplicando-se perfeitamente a
situa¢do encontrada no presente trabalho, no
qual um numero reduzido de estagdes
meteorologicas estavam disponiveis. Foram
gerados mapas interpolados de produtividade
e precipitacdo para andlise em relacdo as
imagens de LST e EVIL.

Para cada municipio, foi obtido o centréide ao
qual foi atribuido o valor de produtividade do
municipio e, em seguida, geradas as médias
regionais. Dados dos 496 municipios foram
agrupados pelas areas  administrativas
regionais da EMATER. E importante
observar que a analise dos desvios, decorrente
dos mapas suavizados, foi realizada somente
sobre as areas mapeadas como cultivo de soja,
entre 2003 e 2012. Também ¢ importante
notar que os dados LST foram agrupados em
composigoes de 32 dias. Estes foram obtidos
do produto MYDI1A2, que corresponde a
composi¢ao de médias de oito dias, conforme
distribuido pela NASA. Os dados de indice de
vegetacdo EVI também foram agrupados em
composigoes de 32 dias, pela combinagdo de
duas composicdes de 16 dias.

Os dados de precipitagdo foram obtidos por
meio da  distribuicdo  suavizada da
precipitacdo obtida do periodo de outubro a
fevereiro de cada safra, entre 2003 e 2012,
obtidos da FEPAGRO. Os mapas de cada
safra foram comparados ao mapa interpolado
com 33 estagdes pluviométricas obtido das

Normais Climatologicas. Os dados de

produtividade de cada safra foram
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comparados as médias obtidas do IBGE, de
2003 a 2012. As Figuras 2a e 2b mostram a
distribuicdo da produtividade, obtida da
média entre 2003 e 2012, ¢ a distribuicao das
normais de precipitagdo (1971-2000) na
regido.
Validacdo dos mapas interpolados

A validagdo dos mapas interpolados de
precipitacdo e produtividade foi realizada
comparando-se com os dados oficiais obtidos

do IBGE e INMET.
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Figura 2. Distribuicdo da produtividade

média (a), obtida do periodo entre 2003 e
2012 e precipitagdo acumulada de outubro a
fevereiro, obtida da Normal Climatoldgica

(1971-2000).
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Os dados de precipitagao foram comparados a
partir dos totais por safra e acumulados no
periodo. Segundo dados tabelados da Normal
Climatolégica (1961-1990) a precipitacao
pluvial acumulada média no periodo estudado
foi de aproximadamente 647 mm, com desvio
padrdo 106 mm (INMET, 2009), enquanto a
média ocorrida no mesmo periodo, obtida de
14 estacdes meteorologicas foi 763 mm, com
desvio padrao 249 mm. A precipitagdo pluvial
acumulada média, no estado, obtida por meio
da interpolacdo espacial de dados da Normal
Climatolégica (1971-2000) foi
aproximadamente 678 mm, com desvio
padrdo 83 mm, enquanto a média ocorrida
estadual obtida da interpolacdo espacial no
mesmo periodo foi 731 mm, com desvio
padrdo 47 mm (Figura 2b) o que evidencia
um bom ajuste entre os mapas interpolados e
dados tabelados das estagdes meteoroldgicas
utilizadas. A Figura 2a mostra a distribui¢ao
da produtividade média no periodo obtida por
meio da interpolacdo espacial de dados do
IBGE. Considerando um limite minimo de
produtividade em 500 kg ha™' a média geral
da produtividade suavizada foi 2003 kg ha™
com desvio padrdo 309 kg ha™.

Estimativa da area agricola
A delimitacdo adequada da area agricola ¢
necessaria, pois buscamos analisar
principalmente o comportamento da LST
representativa da temperatura sobre o dossel
da vegetacao agricola de soja. Desta maneira,

o levantamento da area da cultura da soja foi
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obtido pela aplicagio do MCDA (MODIS
Crop Detection Algorithm), desenvolvido por
Gusso et al. (2012), e calculado para cada
ano-safra. A geracdo do mapa de cultivo da
soja para as dez diferentes safras foi realizado
considerando uma composicdo que ¢
resultado da combinagdo de cada um dos
mapas de area estimada das safras entre 2003
e 2012. O mapa obtido com esta composicao
média inclui todos os pixels selecionados
como soja em que sua identificagdo como
area de soja ocorre pelo menos duas vezes nas
dez safras. Assim, os dados obtidos das
Normais Climatologicas de precipitacdo
normal, precipitacdo ocorrida, LST e
produtividade da soja também  sdo
representativos de areas onde houve cultivo
da soja pelo menos duas vezes no periodo
estudado. Tal procedimento resultou em um
mapa com 5,37 milhdes de hectares, 37,7%
maior que a area média de soja no periodo
entre 2003 a 2012, com aproximadamente 3,9

milhoes de hectares (CONAB, 2012).
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Figure 3. Mapa de area de soja obtido com
aplicagdo do MCDA compondo as safras
2003 a 2012.

Relagdo entre temperatura do dossel e
produtividade

No Brasil, a maioria das cultivares adaptadas
para as condigdes locais apresentam ciclo de
90 a 150 dias (SEDIYAMA, 2009). O
calendario predominante de plantio da soja
vai do final de outubro a meados de
dezembro, segundo o zoneamento agricola de
menor risco climatico para diferentes solos,
regides e cultivares (CUNHA et al., 2001;
MAPA, 2010), normalmente atingindo o
periodo da floragdo em meados de fevereiro
(PINTO e FONTANA, 2011). A LST-dossel
entre 25 °C e 35 °C, quando a indugéo floral é
Otima, e uma média ideal para seu
desenvolvimento proximo a 30 °C sdo as
temperaturas mais frequentemente
mencionadas como as condi¢des ideais para a
soja. (BOARD e KAHLON, 2007
SEDYIAMA, 2009; SCHLENKER e
ROBERTS, 2009; KHAN et al., 2011).

Em geral, as plantas t€ém a capacidade de
manter o contetdo de &gua nos tecidos
independentemente da temperatura, quando a
umidade ¢é suficiente; no entanto, altas
temperaturas prejudicam severamente essa
tendéncia quando o suprimento de agua ¢
limitado (Machado e Paulsen, 2001). Em

sistemas agricolas tdo homogéneos como em
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campos de cultivo, mesmo quando as
condi¢des de disponibilidade hidrica ndo sdo
limitantes ~ para o  crescimento e
desenvolvimento das plantas, a radiacao
incidente também afeta a capacidade dos
estbmatos para transpiracdo, alterando a
relagdo entre calor sensivel e calor latente
(NEMANI e RUNNING, 1997; SANDHOLT
et al, 2002; KHAN et al, 2011). A
ocorréncia de estresse por temperaturas
elevadas durante o periodo de floragcdo e
formacao das vagens (R1-R5) afeta o numero
de sementes (GIBSON e MULLEN, 1996), ¢
estd fortemente associado as variagdes na
produtividade (BOARD e KAHLON, 2007),
tendo efeito cumulativo no desenvolvimento
da vegetacdo (GUSSO et al., 2013). Dessa
maneira, o uso combinado da LST e indice de
vegetacdo supde uma relacdo matematica
inversa entre vigor vegetativo e a resposta
termal caracteristica do dossel (HOPE et al,
1986; SANDHOLT et al., 2002; GUSSO,
2013), iniciando processo de estresse térmico
com perda de produtividade quando ocorrem
temperaturas mais elevadas que este limite
(SCHLENKER e ROBERTS, 2009).
Entretanto, indices de vegetacdo, tipicamente
fundamentados na relacao entre as bandas do
vermelho e infravermelho proximo, ndo sao
bons indicadores do estresse hidrico, pois a
vegetacdo pode permanecer verde apds o
estresse hidrico inicial (SANDHOLT et al.,
2002).  Goetz  (1997) salienta  esta
caracteristica observando que existe um

periodo minimo de resposta entre a
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diminuigdo da disponibilidade hidrica e
alteracdo dos valores do indice de vegetagao,
mas uma resposta mais imediata ¢ dada pelo
aumento da temperatura do dossel, como
efeito de reducdo na disponibilidade hidrica.
Neste sentido, mesmo quando o indice de
vegetacdo ainda indica uma caracteristica
tipica da vegetacdo verde, uma sensivel
redu¢do na disponibilidade hidrica promove o
fechamento dos estdmatos, o que ocasiona
uma reducdo na capacidade das plantas em
reter a energia refletida por meio de absor¢ao
(Khan et al., 2013), afetando também a
capacidade da realizacdo da fotossintese e
ocasionando perda do potencial de
produtividade (Salvucci e Crafts-Brendner,
2004). Em resposta a baixa circulagdo de agua
na estrutura interna (mesofilica) da vegetacao,
a temperatura do dossel aumenta rapidamente
(GOETZ, 1997). Ja na situagdo oposta, em
que predominam superficies bem umidas, a
relacdo entre indice de vegetacdo e LST-
dossel estd mais diretamente relacionada a
umidade da superficie, pelo aumento da
inércia térmica do solo (FRIEDL e DAVIS,
1994).

A LST-dossel tem efeito direto sobre a
capacidade de realizacdo da fotossintese, e
entre o0s principais impactos que sao
promovidos por altas temperaturas o efeito
sobre a fotossintese ¢ o mais importante
porque inibe o crescimento da planta afetando
a produtividade (SALVUCCI e CRAFTS-
BRANDNER, 2004; BOARD e¢ KAHLON,
2007; GUSSO et al., 2014). Varios autores
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(JORDAN e OGREN, 1984; SALVUCCI e
CARFTS-BRENDNER, 2004; SALVUCCI,
2008; KHAN et al., 2013) tém investigado o
processo de inibicdo da fotossintese de
plantas do tipo C3 (soja e trigo), como uma
consequéncia da dependéncia da molécula
RuBisCO (ribulose 1,5-bisfosfato
carboxilase/oxigenasse) as condigdes de
temperatura do ambiente. Em geral, para
plantas do tipo C3, a capacidade de tolerancia
ao estresse térmico envolve a manutencao da
capacidade de aumentar a demanda
evaporativa para evitar o sobreaquecimento
do dossel (Machado ¢ Paulsen, 2001). O
fechamento dos estomatos ¢ a resposta mais
imediata da planta ao estresse hidrico
minimizando a perda de 4gua pela
evapotranspiragdo, mas  principalmente,
reduzindo o fluxo de CO,. Desta diminuigdo
decorre uma severa limitagdo da taxa de
realizagdo da fotossintese em fung¢ao da baixa
afinidade natural da enzima Rubisco pela
assimilagdo do CO,. A transpira¢dao reduzida
em condi¢des de aquecimento e incidéncia de
radiagao direta ocasiona a diminuicdo da
capacidade de resfriamento da folha elevando
a temperatura, o que consequentemente leva
ao estresse térmico. Adicionalmente, a
fotossintese ¢ extremamente sensivel mesmo
a ocorréncia de estresse térmico moderado por
estar associado entre outros fatores a uma
instabilidade da molécula Rubisco, em
associagdo a outros processos que, em ultima
analise, evitam a denaturagdo da molécula

Rubisco, mas que como efeito reduzem a
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atividade fotossintética da planta
(SALVUCCI e CRAFTS-BRANDNER,
2004; SALVUCCI, 2008; KHAN et al.,
2013). A formagdo das vagens esta associada
aos eventos de estresse predominantes que
ocorrem antes do periodo da floragdo, e o
enchimento de grdos e a maturacdo sao
estresse

sensiveis  ao causado  por

temperaturas elevadas durante 0

desenvolvimento (KHAN et al., 2011).

Resultados e Discussiao

A partir dos dados da distribuicdo da
produtividade média (Figura 2a) e da
precipitagdo média, gerados por krigagem
(Figura 2b), e dados de imagens da LST e
EVI  obtidos do  MODIS/Aqua e
MODIS/Terra, respectivamente, dados das
safras foram comparados individualmente e
gerados graficos de dispersao relativa. A
média geral da LST sobre o dossel, ocorrida
no periodo foi 31,9 °C com desvio padrao 2,1
°C. A média da precipitacio acumulada foi
775 mm com desvio padrao de 38 mm. A
Tabela 1 apresenta as médias regionais da

LST-dossel e produtividade da soja por safra.
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Tabela 1. Médias estaduais e desvio padrdo
da produtividade da soja, da LST-dossel e
precipitacdo  obtidos pela interpolagdo
espacial dos dados no periodo entre 2003 e

2012.

A andlise dos dados estaduais por safra
evidencia a associagdo da variabilidade da
produtividade em fung¢do das condigdes
agrometeorologicas predominantes, com uma
tendéncia bem marcada entre a ocorréncia de

LST-dossel mais elevadas, acima da média,

com a reducdo da disponibilidade hidrica.

Médias estaduais

LST-dossel, Precipitagao
Produtividade Desvio Desvio Desvio
Ano/Safra 1 DOY033 acumulada
(Kg ha™) Padrao padrdo Padrao
(°0) (mm)
2003 2687 392 30.7 2.5 1228 86
2004 1549 295 31.3 3.4 840 99
2005 695 125 35.9 3.9 463 10
2006 2138 486 324 4.1 592 68
2007 2543 325 30.3 2.5 761 55
2008 2191 245 33.3 3.3 650 52
2009 2217 290 304 2.9 798 84
2010 2620 348 30.8 2.3 1194 126
2011 2895 388 28.4 2.8 725 110
2012 1601 466 35.4 3.8 500 43

O grafico da Figura 4 mostra a variabilidade
na distribui¢do dos pontos em nivel estadual
da produtividade média em fun¢do da LST-

dossel média.

<2003

100 m2004
42005
9 e L 012006
b= . *2007
£ o "‘-.‘:G I 2008
3 /. 0 +2009
E / ‘(f 02010
= / 2081 —2011
E T ; gt ; . ; .| a1z
= hEa i
% -100 80 60 40 20 ,o 0% 20 40 60 80 100
=2 = B
] kY
H 400
K| \
=z -60 X
LY
§ ¥=-0.05x* - 3.97x + 2.55 20 |8
£ R*=0.73 e \

LST-dossel estadual relativa (%), DOY 033

Figura 4. Gréficos de dispersdo comparando
a variacdo da produtividade média estadual
como funcdo da LST-dossel média das safras

2003 a 2012.
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Eventos de queda severa de produtividade
como 2005 e 2012, estdo associados a
ocorréncia de LST-dossel acima da média,
conjugada com precipitacdo abaixo da média
e produtividades acima da média com LST-
dossel abaixo da média, por uma relacao
tendo R2=0,73 e

inversa ndo linear,

RMSD=17,8%.

O grafico da Figura 5 mostra a distribuicao
dos pontos referentes as regionais com
ocorréncia de produtividade média em func¢do

da LST-dossel.
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Figura 5. Graficos de dispersao comparando
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2003 a 2012.

A melhor relacdo de ajuste foi obtida por
meio de uma relagdo nao linear, ocorrida no
dossel da vegetacdo no més de fevereiro, com
R2=O,68 e RMSD=18,8%. Analisando a
Figura 4 em associacdo com a Tabela 1, ¢
possivel observar maximas LST-dossel
associados com safras em que ocorreu perda
de produtividade, especialmente as safras
2005 e 2012. Também podemos observar que
existe a tendéncia de maior produtividade
quando ocorre LST-dossel abaixo da média
estadual. Liu e Kogan (2002) observaram que
as mais baixas ocorréncias de LST no dossel
estdo associadas as melhores condigdes de
crescimento da vegetacdo. Entretanto, em
periodos secos, o impacto da deficiéncia
hidrica se intensifica pelo sobreaquecimento
da temperatura da vegetacdo devido ao
suprimento insuficiente de d4gua no interior da
planta (LIU e KOGAN, 2002; SANDHOLT
et al., 2002; GUSSO, 2013; ). Em condigdes
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normais, a LST-dossel mantém a temperatura
das folhas abaixo da temperatura do ar pela
demanda evaporativa das folhas. Entretanto, a
restricdo de agua ocasiona processos que
levam ao aumento da temperatura no dossel e
consequentemente da LST-dossel. Assim, o
efeito de elevagdo da temperatura ¢
amplificado pela estiagem (GUSSO, 2013)
fazendo com que a LST-dossel exceda
facilmente a faixa Otima de temperaturas,
inibindo a atividade fotossintética e levando a
perda de produtividade. Dessa maneira, a
relagdo entre LST-dossel e produtividade da
soja ndo esta plenamente estabelecida uma
vez que as mais altas temperaturas estdo
geralmente mais relacionadas ao fechamento
dos estdmatos pelo estresse hidrico do que ao
aumento da temperatura das folhas do dossel
decorrente de onda de calor.

A Figura 6 mostra a relagdo que se estabelece
entre as diferentes condigdes hidricas na safra
de verdo no Rio Grande do Sul e a
produtividade, destacando que os periodos de
ocorréncia de maior precipitagdo acumulada
estdo associados as maiores produtividades.
Assim, as variagdes na precipitacao
acumulada s3o em relagdo as Normais
Climatolégicas acumuladas no mesmo

periodo, entre outubro e fevereiro.
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Considerando as safras mais afetadas por
estresse hidrico conforme apresentado na
Tabela 1 e Figura 6, podemos redefinir os
pontos no grafico da Figura 5 extraindo as
regionais mais afetadas por estresse hidrico
no periodo estudado. A identificagdo do efeito
conjugado de ocorréncia de estiagem e altas
LST-dossel na safra 2005, por meio da analise
de desvio da precipitacio e desvio de
temperaturas, indicam a ocorréncia de
sobreaquecimento do dossel como resultado
da diminuicao da evaporagdo pelo fechamento
dos estdmatos e uma consequente reducao
severa da atividade fotossintética levando a
perda severa de produtividade da safra da
soja.

A relagdo espacial entre as regionais
estabelecida na Figura 1 estd em acordo com a

tendéncia temporal observada na Tabela 1, em
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que as condigdes acima da média, e também
normais, de disponibilidade hidrica mostram
uma tendéncia de aumento da produtividade.
Dessa maneira, realizamos a selecdo das
regionais somente com ocorréncia de
precipitagdo relativa acima da média, em cada
regional, delimitando o0s eventos sem
ocorréncia de estresse hidrico. O grafico da
Figura 7 mostra a distribuicdo dos pontos
referentes as regionais com ocorréncia de
precipitagdo acima da normal climatolédgica.
A projecao da linha de tendéncia indica o
efeito das temperaturas sobre a vegetacao da
safra de verdo sem efeito associado de
estresse hidrico estabelecendo uma relagdo
linear inversa entre produtividade e LST-

dossel.
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Figura 7. Graficos de dispersao comparando
a variacdo da produtividade média regional
como func¢do da LST-dossel média de safras
com precipitagdo acumulada acima da

Normal.

A Figura 7 analisada em relagdo a Figura 6, e
também em relacdo a Tabela 1, sugere que
produtividade acima da média, em algumas
regionais, ¢ favorecida quando ocorre LST-

dossel abaixo da média. Com exce¢do das
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safras 2003 e 2010, a maior parte das
regionais tem precipitacdo em torno da média
e com pequenos desvios (Figura 6), mas tem
produtividade bem acima da média.
Entretanto, como mostra a Figura 6, um caso
particular ¢ a safra 2004. Mesmo com
precipitagdo acumulada acima da média, o
efeito da ma distribui¢dao espacial e temporal
da precipitagdo acumulada pode ser notado.
Como também observado por Gusso, (2013),
que analisou a relacdo entre indice de
vegetacdo ¢ LST em 2004, houve perda
importante de produtividade, mas houve
ocorréncia moderada de estresse hidrico com
flutuacdo das LST-dossel em torno da média.
O impacto da deficiéncia hidrica se intensifica
pelo sobreaquecimento da temperatura no
dossel da vegetacao (LIU e KOGAN, 2002;
SANDHOLT et al. 2002; GUSSO, 2013).
Com base em 48 dos 100 pontos anteriores
(Figura 6), o resultado ajustado obtido gerou
R*=0,3 ¢ RMSD=22,02% com coeficiente
angular b1=-3,47. Nos EUA, Lobell e Asner,
(2003) encontraram uma relacdo linear com

R?*=0,32.

Conclusao

A crescente demanda por commodities
agricolas e as incertezas quanto as flutuagdes
das condigdes do ambiente em médio prazo
impdem o desenvolvimento de metodologias
e tecnologias de auxilio ao gerenciamento da
producao agricola. O monitoramento da LST-
dossel, na andalise das condigdes de

desenvolvimento agricola, constitui uma
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importante ferramenta na compreensdao da
vulnerabilidade regional e sustentabilidade
das culturas agricolas de verdo.

Por meio de uma relagdo nao linear foi
observado que as variacoes relativas a LST-
dossel média ocorrida no més de fevereiro,
tanto em nivel regional quanto estadual, estdo
associadas as variagdes na produtividade da
cultura da soja no Rio Grande do Sul. Neste
sentido, os resultados sugerem que a
ocorréncia de LST-dossel abaixo da média,
conjugada com precipitacdo acumulada acima
da média, favorece maior produtividade.
Perdas na produtividade sdo amplificadas
quando ocorre a conjugacdo de altas
temperaturas no dossel da vegetagdo com
estiagem, apds o inicio do periodo de
florescimento no Estado do Rio Grande do
Sul. Entretanto, no caso da cultura da soja, os
resultados sugerem que a influéncia de altas
temperaturas no dossel da vegetacdo ¢
reduzida quando a disponibilidade hidrica ¢

maior que a média regional.
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ABSTRACT. Increase in the frequency of extreme events, such as the occurrence of high
temperatures, is highly probable to cause destructive effects on summer crop yields especially
soybeans and maize. Although it is known that the flowering period is more sensitive to temperature
than to water stress that specifically affects the grain number. The elevated temperature impacts on
crop growth are not well understood. Under the current climate change scenario, the physical
parameters of the Earth's surface, such as temperature, water availability, and evapotranspiration,
are expected to change over the next few decades leading to uncertainty in crop yield. We have
investigated the variability of soybean yields associated with crop canopy temperatures during key
development periods that are sensitive to high temperatures in Mato Grosso State, Brazil. Mato
Grosso State is the largest producer of soybeans in Brazil and accounted for approximately 28% of
the national production in 2011. In the present paper, we propose that the temperature fluctuations

around the optimum level in the crop canopy can cause favorable effects on soybean yields in MT

State/Brazil. In order to evaluate the mentioned hypothesis, we have investigated the effects of
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canopy temperature on soybean yield during the flowering to the grain filling periods using Aqua
and Terra/MODIS (Moderate Resolution Imaging Spectroradiometer) satellite data, between 2003
and 2010. Comparison of the spatially interpolated maps shows that the yield variations are
positively related to canopy-LST during of flowering period, with R*=0.60 and RMSD=6.2%.
Overall results show that increase in canopy-LST temperature in Mato Grosso State, during the

flowering/grain filling periods, are related to higher soybean yield.

1. INTRODUCTION

Extreme weather fluctuations and climate conditions can cause severe losses to agricultural
production with potential worldwide economic impacts (UNEP, 2009; Masuda and Goldsmith,
2009). In Brazil, increase in the frequency of extreme events, such as the occurrence of high
temperatures and reduced rainfall, is able to cause severe effects on agricultural yields (Lobell et al.,
2008; Batistti and Naylor, 2009), especially soybeans and maize (Streck and Alberto, 2006). Under
the scenario of climate change, the physical parameters of the Earth's surface, such as temperature,
water availability and evapotranspiration, will change over the future decades (Gorman and
Schneider, 2009). Such changes can inhibit and adversely affect the crop development, since
canopy temperature fluctuations often exceed the optimum range (Rosenzweig et al., 2001). The
sensitivity toward temperature is a critical factor in bringing uncertainty in crop yield (Lobell and
Burke, 2008). Mato Grosso State (MT hereafter) is the first largest producer of soybeans in Brazil
and accounted for approximately 28% of the national production in 2011 (IBGE, 2012). Soybean
production was almost 21 million tons in 2011, reaching a state yield of 3,220 kg ha™', with yield
average of 2,930 kg ha between 2003 and 2010 (IBGE, 2012).

Typically, ~EOS-MODIS (Earth  Observing System-Moderate  Resolution  Imaging
Spectroradiometer) satellite imagery data have been applied in the monitoring and modeling of the

bioclimatic processes, crop cycle development, agricultural production, and biophysical parameter

http://mc.manuscriptcentral.com/joc

Page 2 of 10



Page 3 of 10

©CoO~NOUTA,WNPE

International Journal of Climatology - For peer review only

estimates (Gusso et al., 2012). In the southern Brazil, Gusso et al. (2014a) observed that grain
filling period is more sensitive to temperature than flowering during analysis of time-series data
from Aqua and Terra MODIS obtained between 2003 and 2012. Although it is known that the
flowering period is more sensitive to temperature than to water stress, which especially affects the
grain number (Gibson and Mullen, 1996; Craufurd and Wheeler, 2009). The heat wave impacts on
crop growth are not well understood (Meerburg et al., 2009). In the present article, we propose that
temperature fluctuations around the optimum level in the crop canopy can affect soybean yields
which are linked to water availability in MT State/Brazil. In order to evaluate the mentioned
hypothesis, we have investigated the effects of canopy temperatures on soybean yield during the

flowering to the grain filling periods using satellite data.

2. MATERIAL AND METHODS

2.1. Study Area

Mato Grosso State is located between approximately 6° and 19° South and 50° and 62° West, which
covered a soybean crop area of almost 6.5 million ha (IBGE, 2012) in the crop year 2011. In this
study, we have analyzed densely occupied soybean crops in MT State/Brazil, between 2003 and
2010. Figure 1 displays the study area.

MT State is mostly rainfed and the sowing period for soybean lasts from mid-September to late
October, depending on the sowing dates, which are determined according to the onset of the rainy
season from October to May. The prevailing management practice is zero tillage farming (in
Portuguese, Plantio Direto), which is a low tillage planting and sowing practice that greatly reduces
soil erosion and organic matter degradation. Usually, soybean remains the main crop, while maize

or cotton is planted after the soybean harvest (Arvor et al., 2011).
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Figure 1. Mato Grosso State location in Brazil and its 141 municipalities.
2.2 Crop area analysis
The soybean crop areas were identified by application of the MCDA (MODIS Crop Detection
Algorithm), which was developed for crop area estimation. At the municipality level, MCDA
estimates were highly correlated to IBGE data, with R’=0.97 and RMSD=13,142 ha. The
application of the algorithm for Mato Grosso conditions and ecoregion was tested by Gusso et al.,
(2014b) and its development was described by Gusso et al. (2012). A crop area map for seven
different crop years, from 2003 to 2010, was generated from a map composition that combines each
crop year map. Resulting crop area map composition tagged all soybean crop pixels at a frequency
equal to or greater than two events, whose total is 7,122 million hectares, but only seven densely
occupied regions of soybean crops were studied, covering 93% of total soybean crop area.
2.3 Data type and resolution
Data from several sources were used in this study such as: i) annual soybean agricultural statistics

at the state and municipality levels (IBGE, 2012) for the entire study area were used to compare and
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evaluate the results obtained from our soybean area estimation procedure; ii) MODIS/Terra data
(MOD13Q1 product-collections 5) and MODIS/Aqua data (product MYDI11A2-collection 5)
covering the entire MT (image tiles: H11V09, H11V10, H12V09, H12V10, H13V09 and H13V10)
for the study period; iii) official data reports and historical statistics of soybean crop production
from IBGE were obtained; iv) official statistical reports and historical data of soybean from IBGE
were used to evaluate soybean development profile in the study area. The MODIS image data and

products are freely available at https://Ipdaac.usgs.gov/data_access/data_pool.

2.4 Canopy-LST and soybean crop yield

LST is a measure of surface temperature (also known as skin temperature) rather than air
temperature; it is more commonly applied in physiological studies (Sims et al., 2008). The
theoretical basis is Planck’s Law of Radiation, which describes that radiating energy from a black-
body, as predicted by Stefan-Boltzmann’s Law, is distributed in the electromagnetic spectrum as a
function of its temperature (Hecht, 1998). Thus, the LST is the internal manifestation of the random
translational energy of the molecules constituting a body (Elachi, 1987). Considering that
physiological activities of leaves are closely related to their actual temperature (canopy
temperature) rather than air temperature, the LST can be used as a reliable measure of physiological

activities of a vegetation canopy (Diak and Whipple, 1993).

3. RESULTS
Spatially interpolated maps of soybean yields in MT State, using kriging methodology with data
obtained from IBGE, were compared to the canopy-LST at the main developmental stage at state
and regional scales. Considering a minimum yield of 1000 kg ha™, the overall yield average, inside
the crop areas from 2003 to 2010, was 2,735 kg ha" with a standard deviation of 263 kg ha. As

shown in Figure 2, the soybean yield deviations from each crop year were compared to the canopy-

http://mc.manuscriptcentral.com/joc
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LST deviation during the maximum vegetation development cycle according to Arvor et al., (2012)
and Gusso et al., (2014b). At regional level analysis, the comparison of spatially interpolated maps
of yield and canopy-LST did not follow a trend. Although the data measurements were considering
only those pixels which were identified as soybean crop areas from MCDA method, the small

regional extension regarding the entire State are prone to smooth canopy-LST fluctuations.
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Figure 2. Scattergrams that compare the relative yield distribution at regional scale as a function of the
relative canopy-LST obtained from crop years 2003 to 2010.

Considering the entire State, which can reduce the scale effect, our data analysis showed a positive
trend, well defined for higher canopy-LST occurrence, above average indicating a significant
increase in yield (Figure 3).

Comparison of spatially interpolated maps showed that yield variations in DOY 001 (between
January 1* and February 2™) were positively related to canopy-LST during the flowering period,
with R*=0.60 and RMSD=6.2%, which corresponded to the end of flowering period (Figure 2A).
The comparison of tabled data (not interpolated) with the same trend is shown in Figure 2B.
However, no relationship was observed for DOY 017 (between January 17" and February 17%),
which is more closely related to the grain filling (Figure 2C). At DOY 033 (between February 3™
and March 5™), an inverse relationship from DOY 001 was found, with R>=0.50 and RMSD=5.3%.

However, this period is more related to the beginning of vegetation senesce in MT.
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Figure 3. Scattergrams that compare the relative yield distribution as a function of the relative canopy-
LST, obtained from crop years 2003 to 2010.

The obtained canopy-LST average in each time window in the studied period was 28.7 °C
(SD=%1.95), 29.5 °C (SD=+£1.92), and 31.1 °C (SD=£2.03) for DOY 001, 017, and 033
respectively. For soybean, usually the total amount of evapotranspiration water use is around 625
mm. The accumulated rainfall in the main growing stages is 2491 mm (SD=t414), between
September and January in Mato Grosso State (INMET, 2009). In this sense, although crop water
requirements depend on other factors like soil and management practices, increased evaporative

demand promoted by increase in average temperature does not result in water stress.

4. CONCLUSION
Our analysis using thermal remote sensing and vegetation index data compared to spatially
interpolated maps of soybean yield suggests that increase in canopy-LST temperature in MT during

flowering/grain filling periods can induce higher soybean yield averages. State level analysis of

http://mc.manuscriptcentral.com/joc
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climatological crop water requirements indicate that these results are due to quite favorable
conditions for summer crops.

The prevailing temperature fluctuations nearby the optimum values and the non-limiting water
availability during grain filling/formation are favorable conditions. However, studies considering

soil management, economic drivers, and larger time series are required for further elaboration.
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