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Resumo
Recursos Hidricos do Altiplano Andino: Contribuicdo do Sensoriaranto Remoto.

Autor: Frédéric Christophe Satgée
Orientador: Jérémie Garnier

Localizado a uma elevacdo média de 4.000 m, o sistema endorreico do Altiplano (19G)9G0 km
delimitada pelas serras andinas com picos de mais de 6.000 m de altitude. Achsickaassistemas
icbnicos, como o lago Titicaca, o lago Poopo e os desertos de sal de Coipasa e de Uyuni na parte sul
da bacia. Os recursos hidricos do Altiplano, estdo sob pressao climatica com um aumento de
temperatura de 0,15 a 0,25 °C por década guéribuiu a diminuicdo de 43% da superficie dos
glaciares entre 1981 e 2014. Além dos fatores climaticos, fatores antropicos, tais como, as atividades
agricolas e industriais sdo conhecidas por contribuir na diminui¢cdo do recurso hidrico, mas néo foram
quantificadas na regido. Nessentexto, 0 monitoramento hidrometeoroldgico deve ajudar a prevenir

e antecipar os diferentes impactos ocasionados pelas mudancas climaticas e pelas préaticas agricolas
No entanto, devido ao contexto geopolitico, dificuldadem@micas e de acesso, a bacia sofre de
escassez de infraestrutura meteoroldgica, e assim, poucos dados estao disponiveis. Assim, os dados
de sensoriamento remoto fornecem uma excelente alternativa para observar o comportamento
hidrometeoroldgica regional primeira etapa do doutorado foi dedicada a avaliagdo de grupos de
dados de sensoriamento remoto primordiais na hidrologia como (i) modelo digital de elevacéo (MDE)
(descri¢des topograficas e caracterizacdo do escoamento), (ii) estimativas de prexi@tagiea de

agua), (iii) estimativas da evapotranspiracao (saida de agua) e (iiii) imagens do visivel (variacao
espacetemporal da superficie dos lagos. Finalmente, foi realizado no lago Poop6 o uso integrado dos
dados previamente avaliados e validadasapentender a seca completa do lago de dezembro 2015

em base (i) a variabilidade climatica e (ii) o desenvolvimento agricola na regido. O estudo permitiu
observar que o lago ja secou duas vezes em 1994 e 1995. Por entanto esses eventos foram associadc
a fortes anomalias negativas de precipitagbes em quanto a seca de 2015 foi associada a fortes
anomalias positivas de precipitacbes. O estudo revelou também um aumento significativo da
evapotranspiracdo real (ETr) de aproximadamente 13%, independentememariaddlidade

climatica. Esse aumento da ETr foi registrado nas zonas agricolas sugerindo assim o papel
significativo da agricultara no processo de desertificac@eegido. De fato devido ao aumento do

preco daChenopodiunmQuinoa(quinoa) no mercado exte, a superficie ocupada pelas plantacdes
passou de 10.000 para 50.000 ha entre 1980 e 2011. O uso de métodos de irrigacdo aumentou a
disponibilidade de agua para a evaporacédo e diminui a quantidade das aguas superficial e subterranea
Estetrabalhopiondro no Altiplano, permite demonstrar a grande potencialidade da integracdo de
dados de sensoriamento remoto em regides aridas remotas para seguir e entender as problematica:
socioambiental relacionadas a pressfes antropicas e climaticas.

Palavraschaves Altiplano, recursos hidricos, variacdes climaticas, agricultura, sensoriamento
remoto, modelo de elevacao, precipitagdo, evaporacao, Landsat, lago Poopo.



Abstract

Water Resources of the Andean Altiplano: Remote Sensingo@tribution.

Author: Frédéric Christophe Satgé
Advisor: Jérémie Garnier

Located at an average elevation of 4000 m, the Altiplano (190.08)0ikin endoreic system
delimited by the Andean mountains with peaks higher than 6000 m. The basin includes iconic
ecosystems such as Lake Titiaadake Poop6 and the salt deserts of Coipasa and Uyuni in the
southern part of the basin. The water resource of the Altiplano is under climatic pressure with a
temperature increase of 0.15°C and 0.25°Cdesade, whiclidecreased the glacier surface by#3
between 198-2014. In addition to climatic variability, anthropic factors, such as agriculture and
industrial activities, is known to contribute to the water resource decrease but rentpiastifiedn
the region.In this context, hydremeteorologicamonitoring should help to prevent and anticipate the
different impacts of climate change and agricultural practices. However, given the geopolitical
context, economic and access problems few stations are available. Therefore, remote sensing data
provide a alternative to observe regional hydreteorological behavior. The first stage of the PhD
was dedicated to thassessmendf remote sensing data useful in hydrology such as (i) digital
elevation model (topographic description, flows characterizatiappré@cipitation (water input), (iii)
evapotranspiration (water output) and (iiii) visible imageatéw superficial dynamic) which the
first study of such remote sensing data potential over the region. Finally, an integrated use of the
evaluated/valided remote sensing data was carried toutinderstandhe lake Poop6 drought of
December 2015 considering (i) climate variability and (ii) agriculture increase. The study highlighted
that the lak already drought in 1994 ai®95. Howeverthese drougistevents were associated to
strong rainfall anomalies while the 20b6ewas associated to positive rainfall anomalies. The study
also highlighted an increase of real evapotranspiration (ETr) of approximately 13% independently to
climate variabilityin the region. The ETr increase was observed ovewpped areasuggesting a
significate influence of agriculture to the regional desertification protedgsed, between 1980 and
2011, giinoa’s cultivated area increased from 10.000 to 50.000 ha, redateel incease of ginoa's
price. The use of irrigation method increased the availability of water for evapotranspiration and,
therefore, decreased the amount of water in the surface and underground reskisonork, a
pioneer in the Altiplano, demonstrates tireat potentiabf the integration of remote sensing data in
remote arid regions subject to anthropic and climate pressures

Keywords: Altiplano, water resource, climate variability, agriculture, remote sensing, digital
elevation model, rainfall, evapotrspiration, Landsat, lake Poopé.
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1. Contexto geral: & recursos hidricos no mundo

A agua é um recurso essencial a manutencdo dos organismos vivos do planeta e sua

importanciaé irrefutdvel No entanto, os recursos habs doces estdo enfrentando pressdes
antropicassem precedensee poderian ser ainda mais ameacadtevidoas mudancas do clima
(Wheatere Gober, 2015) Atividades antrOpicas que resultam em uma mudanc¢a de ocupacédo de
terras em larga escala,crescente Uranizacdo, armazenamento ou reirde agua para uso
industrial, agricola ou doméstico ameacam diretamente os sisteuascos(Hering et al.,
2011) Além de afetar a quantidade de agua, atiwdadtropicaconduzem a degradacae sua
qualidade podendaornala imprdpria para alguns usos fundamentais tais como uso doméstico
ou agricola (Vorésmarty et.a2010).

Devido ao aumento da populacdo mundial e ao desenvolvimento econémico, aademand
deégua é crescente. Durante o século 20, a populacdo muindiedtr,e nestenesmo periodo o
uso a agua foi multiplicado por sei€nquantoo consumo doméstico cresceu 10 % e 0 uso
industrial 20%, o uso agricola cresceu 70% para respandkmandaalimentar (Vision, Word
Water Concil, 2000). Assim, no ultimo século, o uso de @gwa finsagricola (principalmente
pelas praticas de irrigacao) representa aomaonsumo de agua, contabilizando 90% do
consumo das aguas frescas no musdado40 e 606 extraidados reservatérios subterr@see
superficiais respectivament@iordano, 2009; Siebert et al., 2010)

Devidoas conexdes entre 0s reservatérios de sigulaterranese superficiés, atraves @
processos hidrolégicos,exploracaalesequilibradae um desses dois reservatérios pafgearo
outro, e assimafetar drasticamentas recursos hidricos regionalmente. Mesontexto, diversas
normas e politicas de gestdaram estabelecidas pelas autoridadesnpetentes para tentar
manter oequiibrio entre 0 uso @ renovacao drecursa hidricos. Porém, varios exemplotis
comq a seca dos lagos Chédemoalle et al., 2012; Ndehedehe et al., 2@E@e e Urmia es
mares Morb e Aral (Precoda, 1991Small et al., 2001Rokni et al., 2014¢ orebaixament@m
varios metrosdo aquifero continentala Tunisia Abidi, B. & Ben Baccar, B.200]) ilustram
falhas e a necessidade de melhorar o modelo de uso de recursos,hidrifmsna ando
comprometen qualidade daneioambiente a@la vida human@/Vheatere Gober, 2015)

Em varias regides do mundo, 0 aceadsgua ja esta restritcom uma demanda superior
a disponibilidade (Figura 1a). Com focmsrios e endoem contavarios estressorgsicluindo

disturbiosda cobertura do solo e pagdo da agugVorosmarty et al., 201@ on c | u enas q u e
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de 80% da populacdo mundial estd exposta a altos niveis de ameaca a seguranca da agua
Investimentos macicoem tecnologia & agua permitem que 0s paises ricos compensers alto
niveis de estresse sem remediar suas causascenlgs, enquanto 0s paises menos ricos
conti nuam ‘JFordm regisBadas i nesoultimos anosportantes esgotamento d
reservatoris subterranescomrelacao diret@om ouso atrépico(Rodell et al., 2009; Scanlon et

al., 2012; Voss et al., 2018an Steenbergen et al., 2015ng et al., 2016)Atualmente 1.7

bilhdo de pessoas vivem em areas onde agses hidricos subterraneos e/ou os ecossistemas
dependentes das aguas subterraneas estdo sob #@leasan et al., 2012} recere escassez

de Aguaem alguns estados do Brasim pais com alte indicespluviométricos também pode

ilustrar os desafiosituais.

As mudancaglimaticas representa uma pressao adicionabbre osrecurse hidricas,
tencendoa acentuaos impactos dastaraces antropicas antes descritisasaki et al., (2013a,
2013b)estimam que aproximadamente 50%pdg@ulacdo mundial estara vivendo sob estresse
hidrico severo até 2072100. As variacfescliméticas tém impacto direto nos dois principais
componentes dbalancohidrico: a evapotranspiracdo e a precigita@\s variacéeslimaticas
observadas nos ultim@nos causaro aumento da evapotranspiracao regipassociado a uma
diminuicdo quantitativadas precipitacdes e ao aumento de evergoclimaticas extrema
(Trenberth, 2011)

Adicionalmente as variacdeslimaticas sdo principalmente caracteriaagelo aumento
da temperatura global estimado em 0.85 °C por décadaentre 1880 e 2012pelo
Intergovernmental Panel on Climate Char{ffeCC) (IPCC, 2014) Esse aumento de temperatura
afeta drasticamente o ciclo dguacontribuindo coma diminuicdo dosrecursos gcasomais
visivel, o derretimento de geleiras. Emleterminadas regidesssas geleiras constituem
reservatoriogle guag e assimpossuenum papekritico no balago hidrico. Eses reservatérios
se recarregam nas egias umias e liberam agua pacasistema nos perioddge secamantendo
uma vazao de base maior nos rios. Nos ultimos anos, obssara diminuicdo da superficie
recoberta pormeves e geleiraselacionada diretamentao aumento global de temperatura
(Rabatel et al., 2013; Rangecroft et al., 2013; Lédereno et al., 20L4Vicente Serrano et al.,
2015) O derreimento de geleiras esta associado a um aumento geral da vazdo @Esuiios
Mckenzie, 2007)a qualfica limitada no tempo de acordo com a massa de gelo armazenado
(Mark et al., 2005; Marle Mckenzie, 2007) A partir de um certo tamanho e voleme gelo
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armazenado nas geleirasvazao de base do miiminui consideravelment@éHuss et al., 2009;
Lambrechte Mayer, 2009) Esse fendmeno é ainda mais marcado nos peri@descanos quais

a contribuicaalo fluxo de base é m#éna, enquanto a contribuicdo da chéminima Em longo
prazq a diminuicdo/desaparicdo das geleiras resuttan umadiminuicdo @ entrada de agua nos
sistemas hidrolégicoslterando o equilibrio do balemhidrico e ameacando os diferentes usos
deé&gua, tal comq abastecimento publico, agricultura ou producao de energia hidroelétrica.

Em alguns contextos e regides instituicbes governamentais tendem a minimizar os
efeitos da agricultura e/ou das mudanchmsaticas por razbes econdmicas ou geopcdis.
Porem, h& ja evidéncias cientificas que indicam msses efeitos podem ter consequéncias
irreversiveis (e.g. o desastre do mar ARdecoda, 1991; Small et al., 2Q0As principais
alteracdesdos recurse hidricos, resultantes daagricultura se tkaseiam(i) na mudanca da
coberturaa qualacelera o processo @gapotranspiracao, (ijo uso da irrigacga qual facilita
a disponibilizacdo d@aguapara oprocesso de evapotranspiracao e (in) efeito da cobertura
vegetal,por seu processo dabsor@o da agua proveniente da precipitacdo, o djoenui a
contribuicdo das pcipitacdes para processo de recarrega dos reservatérios superficiais e
subterranem Simultaneamentepodese esperauma relacdo entreariacdesclimaticas e os
efeitos das prétas agricolagas regides aridaExisteuma tendénciamaumentar oS processos
de irrigacdo para compens#ni o aumentoda evaporacdo associado ao aquecimento global,
guantoa diminuicdono padrdo de precipitacdo. Portaqiogdese sugeriuma forterelagdo entre
variacfesclimaticase uso agricolamtocante Ppressio exercich sobre ogecursa hidricas em

muitas zonaguese encontraremrisco de desertificacéo.
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Figurel. Mapa de estresse hidrico no mundo com base n@orde uso e da disponibilidade (a) e
vulnerabilidade ao processo de desertificagdo no mundo (b). Estes mapas foram adaptados dos mapas
estabelecidos por Gassert et al., 2013 (a) e pelo INSBZSS (United States Department of Agriculture

Natural Resources Conservation SerSio#s.

2. O Recurso Hdrico no Altiplano

Na bacia do Altiplano, localizadno Platé Andino SuAmericano(Bolivia, Peru, Che),
convergem mudancas climaticas e antropicas problemassociais e ecodmicos a elas
relacionados Devido ao seucontexto regional arido, i.ecom valores de precipitacdo e
evapotranspiracdo muito proximos, a regido do Altiplestapotencialmente anagach pelas
mudancgas previamente descritas. Portanto, uma alteragdo nmmiregime clindtico e/au no

uso da recursa hidricos pode alterar de maneigagnificativao equilibrio hidrometeorologico
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regiond que levem @onsequéncias ambientais e sociaésticas.

Entre 1965 e 2012 o aumento da temperatura foi estimado entre 0.15 e 0.25°C paof Séitada

et al., 2013; LépeMoreno et al., 2015)Esse aumento contribuiu com a diminui¢cdo da colzertur

de gelo em aproximadamente 43% entre 1981 e PD&dk et al., 2016)Algumas geleiras ja

desapareceram, como o glaciar de Chacaltaya em(Ra®tel et al., 2013; Soruco et al., 2015)

e outras podem desaparecer em um futuro préximo, afetando os recursos hidricos principalmente

durante a estacdo sg@radley et al., 2006; Frans et al., 201Bbais efeitos ja sdo observados na

parte boliviana da bacia do Altiplano. Entrevembro de 2016 e marco de 2017, pela primeira

vez, metade da populacéo da cidade de La Paz, capital da Bolivia (2 milhdes de habitantes), teve

acesso restrito a 4gua devido a diminuicdo rapida das reservas de 4gua da cidade alimentads

principalmente pelderretimento de geleirgPainter, 2007)A vazao na saida da geleira Zongo,

nas proximidades da cidade de La Paz, foi modelad#&nams et al., (2015)0 periodo entre

1987 e 2100, cujo resultado indicou a tendéndida a diminuicdoprevendoo risco recorrente

de escassez de 4gua para as populacdes num futuro préamoutro lado, de acordo com

diferentes modelos globais de circulacdo climética, nenhuma modificagdo significativa no regime

de precipitacéo foi evidenciad@eth et al., 2010; Seiler et al., 2013; Valdivia et al., 2010, 2013)
Embora apresentatitude elevada, alsdemperaturs pouca precipitaip e solo arenoso

com baixa disponihbilade de nutrientesa regido do Altiplano € uma zona agricola muito

importante somandaim quarto da populacao agricotaiviana(Vacher, 1998)Junamentecom

a batata, guinoa € o cultivo mais importante na regi&ajuinoa é um cereal Andino tradicional

com alto valor nutricional o qual pode crescer em solo pobre e condicbes climaticas

desfavoraveis. Boliviarge peruana usaram esse cultivo por mais dé00 anogCusicanqui et

al., 2013) De 1980 a 2011, a superficie ocupa@dopultivo de quinoa passou de 30 a

70.000 ha(Cusicanqui et al., 2013 a poducéo de 3800 a 84000 toneladas de 2009 a 2014

(Canedo et al., 2016FEssa mudanca fancentivada plo aumento da demanda& duinoa pelo

mercado extero, ilustradana multiplicacdo dgreco por quatro de 1989 a 2011. Inicialmente, as

areas cultivadas no Altiplano eram localizadas weréntes das moahhas (vuldeg, enquanto

regides mais planas eram usadas para pastagem de IiNamadlitimas décadas, o cultivoi fo

expandidgpararegides planas em detrimento das estepes nativas. Essa mudancga exigiu o uso de

métods mais moderas e mecanizaos em detrmento dosantigosmétodos antigos manisa

Assim, 0 uso desistema meanizadospara lavourasemeadura e irrigacdo sarriou cada vez
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mais comu. Taismudancgasle cobertura detécnicagzendem aumentao processo erosivo dos
solos e a evapotranspirac@eelerando o processo de desertificacdo da régeombsen, 2011,
2012) Nestecontexto eno das mudancas antropicas e climaticas regioaasguacadiidrica na
parte sul do altiplano é criti@ representa uma ameaca ecatage social pondo em risco o bem
estar e sobrevivéncia das populagbes locAisdesertificacdo da regiagotencialmente
irreversive] podecomprometer a ocupacdo humana, as suas atividades e a prodggéwde
que representa principal fonte alimentae de renda das comunidades regionais do Altiplano
(Jacobsen, 2011)No ano de2016, a atividade agropecuaria ooupo segundo luganas
atividadesecondmicas,contribuindocom 11,2% doPIB boliviano (INE, 2017) Portanto, a
desertificacao da regido ameaca @emia nacional.

Na regido, devid a riqueza minerado subsolo, a atividade industrialeésencialmente
baseada enextracdo mineral Além de participamo aumento da evaporagcdo, 0S Processos
erosivosemareas déavrae o processo de drenagénida dagninas associado a exploracéo dos
sulfetos de metais (cobre, prata, estanho e zinco) e dpammduza acidificacdo das aguas e
liberacdo de metais que podem afetar os ecossist®taasegido de Orurd@parte central do
Altiplano, Bolivia) por exemplo,concentracdes elevadds metais tais como As e Higram
encontrads nos efluentes e rios da regido assim como nos sedimentos e peixes do-ldgodJru
Poopé6 (Jorge e Daza Pelaez, 2014Alanoca et al., 2016)Além disso, outras atividades
industriais como a exploracéo do litio dos salapgsdem afetar os ciclos dos elementdiberar
contaminantes no meio ambiente. De fato, o salar (deserto de sal) deddyunima superficie
de 12500 knf, é uma das maiores reserastencids de fitio do mundo. OUnited States
Geological Survey(USGS) estimaas reservas mundsaem aproximaamente 33 milhdes de
toneladassendo 9 milhdes de toneladas a salmoura do salar de Wyuarfuncaoda utilizacéo
crescente do Libaterias e outras aplicacdes tecnologicas)preco do carbonatoeditio foi
multiplicado por trés entre 2003 e 2010. O gyow boliviano esta concluindom acordo com
empresas mineschiness e aemaspara exploracao prevista a partir de 204 @&xtracdorequer
bombeamentantensonas salmouras e a sua evaporacdo em bacia de decantacao artificial de
varios quildmetros quaddos. Tal atividadeem potencial para agrava ainda mais o desequilibrio
do balancohidrico regional pe&l aument da evaporacdo local e alteracdos escoamentos
subterraneos. Além disso o seiemineracao pode afetar a qualidade das aguas.

Finalmente,o contexto geopolitico da bacia hidroléido Altiplano contribu para
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aumentar a pressao sobre os recursos hidricos na regido. A maior parte da bacia se encontra n:
Bolivia porem os principais ripeem term@ de vaz&p nascem no Peru e no Chile. Por
conequéncia, 0 uso e a retirada de agua no Peru e no Chile tem impacto helpatea da

bacig com reducéo da vazao dos rios transfoigiasr( Moran 2009; Molina Carpio et al. 2012;

Urquidi Barrau 2012, potencialmentenacontaminag&o do recurso.

3. Objetivos

A luz de um contexto socioambiental delicado e das diversas pressdesdagencis
recursos hidricos dessa regiaadil, tornase necessario entender melhor o funcionamento
hidrometeorol6gicalo Altiplano.

A observacao da variacdo quantitativas decurss hidricas ao longo do tempo permite
definir a tendénciavolutiva geral de recurs@ e assim prever eventuaiseos futuros para o
equilibro do sistema considerado. Essas observacdes séo feitas por medicdo direta do recurso
hidrico com baseem medi¢des piezométricas, niveis de lagos éeaos rios. Porém, essas
medicdes, sendo pontuais tempo eno espaco, napermitem entender as variagcdes observadas
naescala da bacieomo um todoParaentenderas variacesedids pontualmente no espaco €
necessario representar o balahidrometeoroldgicaegional representando todas as entradas e
saidas dedguado sistemae as relacdes existententre elas. Dessa formapm base nas
observacbesoletadas atcongo dotempq € possivel entender variagdaquantitativa observad
pontualmente em relac@mudancas climatolégisa/au aouso dedguaemescala regionaEm
badas de grande escala como a do Altiplano, essa abordagem é ainda mais impdgase po
variacbesmedichs em umdeterminadgponto podem ser consequentEsmudancacorrendo
em vastas areasem escala nacionalou em outros paises vizinhos devido ao eatd
internacional da bacia.

Nesse contextm objetivo geratlo trabalho de tesmnsistiu no desenvolvimento de uma
nova metodologiapara estudo do processo de desertificagcdo do Altipl@haestudo foi
desnvolvido na bacia do lago PoopOm o intuito @ fornecer um primeiro diagnostico dos
impactosrelacionados asmudancas climaticas e antropicas na seca completa do lago &uoopo
dezembro 2015Devido a sudocalizagdo na parte sul da bacia, as suas variagcdes traduzem
mudanca<limatologi@s e antropias ocorrendoem escala d bacia(a moniantg. Portanto, o

lago representa uma estacdo de controle do estado hidroclimatolbgjied da regidoSuas
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variacdes podem ser confrontadasn a variabilidade espagemporal climatolégica e de uso
para entendersfatores dominantes na desertificacdo regional e na seca do lago €oopo.
basenessa andliss sera possivel apoiar 0s gestores e propor uma gestdo mais razgvel do
recursa hidriccs, afim de proteger o abastecimento doméstico e as diversas ativisddse
dependem

Paraefetuar o presente estudo, foi necessario ter acesso a dados hidrometeoroldgicos, tais
como niveis de lencois freaticos, vazédo e pluviome&trievapotranspiracé@tuaise antigak
tudo isso distribuido atbngo do espaco e do tpm O Servico Nacional de Meteorologia e
Hidrologia da Bolivia e do Peru (SENAMHI) mantém uma rede de@esshidrometeoroldgies.

O contexto internacional e as tensdes geopoliticas relaeo@adconflito d uso & aguas na
regido prejudicaram a caééede dados hidrologicos e meteoroldgicos. Ao longo do tempo a
guantidade e reparticdo espacial das estacdes variou consideravetieedie a problemas de
manutencdo, ao contexto econémico regioreahaudancale objetivos gerais de monitoramento.
Além dis®, devido as dificuldades de acessoaltiplano, a distribuicdo espacial dos dadoséndo
homogénea. Agr¢aonorte da bacia (mais povoadae facil acesso) conta camais estacdes e
series mais continuas em comparagduarte sul e oeste da bacia (mepogoada ede dificil
acessh Desta forma exise escassez de dados e por veda#ta de continuidade no
monitoramento de base da bacia.

Nesse contexto, o primeiro objetivo edfieo consistiu em aumentar a cobertura
espacial e paramétrica da rede denitowamento disponibilizeapelo SENAMHI. Com este
intuito, 5 estacfes meteorologicamplementaresforam instaladas. l&m de medir os
parametros meteorolégicos classicos (vento, precipitda€agperatura, umidade do ar, radiacédo
solar), as est@es incleem sensores de umidade do solosensoresnecessari® pam a
representacdo dobalancoradiativo (parametros ndo med#dpelas estgdes da rede nacional).
Adicionalmente, foram realizados trabalhde campoobjetivando a coleta d@arametros
complemerdres primordiais paraa conclusdodeste projeto & doutorado dados espectre
radidmetos e observacao visuaB fim de avaliae validar modelos de correcbes atmosféricas e
indices de separagcdo agsalo para a estimacdo da superficie dos corpos de agua da reqi
Devido a auséncia de intercambio de dados entre Peru e Bolivia, um trabalho de revisédo
bibliografica permitiu coletar os dados previamente publisaldisponives na parte peruana da

bacia. Finalmente, foi desenvolvido um trabalho de consolidacadadimsin situ disponiveis
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por meio deardlise da incerteza nasrges tempores das estedes meteoroldgic a fim de
descartar as esfdes sujeitd a errs consideraveisie medicoes.

Faceas limitacbes da rede hidrometeorologica regional, prep@®masegundo objetivo
dessa pesquisa avaliar a aplicacdo de dados de sensoriamento remoto na estimativa de parametro
prioritarios arepresentacédo balanco hidroldgico, visto que contam cama cobertura quase
mundial, alta frequéncia de aquisi¢cdo e o acéssib e livre por internetAssim sendo foram
avaliados o0s seguintes parametros para compor a base de dados da bacia do Altiplano,

fundamentais a seu balanco hidrolégico:

1 Modelo Digital de Elevacéo doefreno, i.eMDE (topografia e caracterizacdo do
esc@amento superfiail)

1 Precipitaéo (principal entrada de agua)
Evapotranspiracao (principal saida de agua)

Imagens multiespedcis (variacdes espaciotemporais dos niveis dos lagos)

De fato, para cada um dos grupas dados mencionados, diferentes prodwasetodologia

esfio disponiveis. De acordo com a regido de interesse e dos objetivos do trabalho, um produto
(MDE, precipita@o, evapotranspiracdo) uouma metodologia de processamenimagem
multiespectral) pode ser mais adequgdaoutra 0 quedificulta a escoll do produto e/o da
metodologia.

Finalmente, a nova metodologia de estudo do processo de desertificacdcddadoegi
Altiplano foi desenvolvidacom base @ banco de dados de sensoriamento remoto previamente
realizadg o qual permitira avaliar @otencial desses dados como alternativa ao dado de estacéo
in situ.

Para concluircom o objetivo de realizar eséstudo, o meu trabalho de doutorado se
articulau entorno das seguintes perguntas:

1 Quais dos MDEs disponiveis descreve melhor a topografiensdd Qués sdo o0s
principais componenteserro dos MDEs que controlam a acuracia dos MDEs e
como avaliar esses erros? Qual erro é o mais importante no contexto hidrologico?

1 Qual dosprodutos das estirtimas de chuva descreve melhor o padréo regional?
Qual é a influéncia da topografia, da variacdo de emissividade e do clima nas

estimdivasno espaco e no tempo?
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1 E possivel medir a evapotranspiracdo com precidn base nos dados de
sensoriamento remoto?

1 Como corrigir os efeitos atmosféricosas imagens éandsat? Como estimar a
variacdo de superficido lago Poopgao longo do tempaom um erro minimo a
partir e uma imagerhandsat?

1 Como usar de maneira integrada os diferentes dados para identificar o papel da
variabilidade climética e da atividalamanana seca do lago Poopdmbaseem

dadosde sensoriamento remoto?

4. Organizacao do trabalho

Apés a apresentacdo da bacia do altiplano e das suas principais caracteestitase de
doutorado estd organizada em 3 capitulos distintos apresentaggectvamente os estudos
realizados sobre os MDESs, as estinasdas precipitacdes e o estudo da flutuacéo do lago Poopo
o qual inclu tambémum estudo de avaliacdo da potencialidade das imagens Landsat e das
estimdivas de evapotranspiracdo de sensoriameaiooto (Figura 2). Este estudo de doutorado
resultou em cinc@ublicacdes internacionais e um artigmda em revisdo, assim eu decidi
redigir o manuscrito na forma de artigos. Cada capitulo € organintmlo@ de uma introducéo
em portugués e de um artigescolhido para ilustrar o trabalho realizadcs iAtrodug@es
apresenta o quadro do estudo, os matérias e métodos utilizakssm compos principais

resultados obtidos.
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1. Area de estudo:a Bacia do Altiplano
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A bacia do Altiplancse encontrdocalizada entre as latitudes 14° e 20° sul, diaeidtre
0 Peru (27%), a Bolivia (69%) e o Chile (4%) (Figura 3). O altiplano é uma regido muitp plana
com declividale média de 5° e uma elevacdo meédia.@6m variando entre.500 m a 600
m (Figura 3). As elevacdes menoreddo localizadas na parte sul e nanpiée do rio
Desagualero. Este rio conecta superficialmente o lago Titicaca ao norte com o lagdrieu
Poopo6 no centro da bacigelevosaltosse encontram nas duas Cordilheiras (Ocidental e Real)
gue marcam os limites das bacias nas partes oésstee(Figura 3). © Salares de Coipasa e de
Uyuni ocupam a parte sul da bacia. Com uma superficie tosgirdgimadamente 19300 knf,
ela é considerada a matmaciaendoreica de altudedo mundo. Popossuirgrandes unidades, a
Bacia do Altiplano é chamada de sistema TDPS (Titicaceaddesero, Poopd Salar) (Figua
3).
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Figura3. Area de estudo: Sistema TDPS (Titicacaagedero, Poopd, Salar) com fotaferentes aos
lagos Titicaca, Poopda® deserto de sal de Uyuni

Com uma superficie de aproximadamen#08 knf e profundidade média de 107 m, o
lago Titicaca € o maior lagde agua doce da América do SElgura 4). Também é um dos
maiores lagosle altitudedo mundo. As pecipitacdes e as vazdes contribueom 50 % dos

aportes de agua do lageesslere Monheim, 1966 Richerson, 1977; Carmouze et al., 1977,
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Carmouzee Aquize, 1981Lozada, 1985; Roche et al., 1998)bacia do lago Titicaca (5270

km?) pode ser dividida em stiimcias das quais &@ntribuemcom 66.6 % da entrada de agua
(Figura4 A). Contribuindocom 28 % o rio Ramis constitusua grincipal fonte de agua do Lago,
enquanto s rios Coata, Llave, Huancané y Suchkestribuemcom 16,4, 126, 65 e 28 %,
respectivamentéCarmouzee Aquize, 1981) O lagoTiticaca é composto de duaridades: O

lago maior (7131 knf) e o lago menor1.426 knf) conectado pelo estuario de Tiquina
(Boulangee Aquize Jaen, 1981)As saidas de agua do lago Titicaca séo feta®90 % po
evaporacaokEstimase que amfiltracbesno lenl freatico contribam com 2 a 10% das saida

de 4gua do lag(Kessker e Monheim, 1966; Carmouze et al., 1977; Carmouze e Aquize, 1981;
Lozada, 1985; Roche et al., 1992)

O rio Desgualero nasceno extremosul do lago Titicaca e€lesaguano Lago Poopoé
depois de percorrer uma distancia de 300 km (FigywraA sua bacia tenama superficie de
aproximadamente 3000 knf. O rio Desagualero recebe agua de diferensdientes O aporte
maior é feito pelo rio Mauria Oeste com uma vazdo média de,18r".s* (Molina Carpio et al.,
2012)(Figura 8B). No entantoa vaz&o na entrada do rio Bgsaeroestarelacionad ao nivel
do lago Tticaca:quantomais alto é mivel do lagoTiticaca, maior é a vazéo do rio Regsiaero
(Pillco e Bengtsson, 2010)A vazao do rio tem uma forte variabilidade sazponam valores
maiores na estacao chuvdqde dezembro a margd\a entrada do lago Poop6 a vazdo média do
Desagualero é de 66n°.s* na estacdo chusa(Pillco e Bengtsson, 2010)

No Centro da bacia,rgximo aos lagos UrilUru e Poopd, o Degualero se divide em
dois bracos. Um braco desce pekeste até o lago Poopdo outro lvaco desce pelbeste
formandoo lago UruUru, conectado pelo Sul ao lago Poop6 (Figura 4). O lagela) menor,
tem uma superficieed280 kni e profundidade média de78 m. Esse lago seca anualmente na
estacdo seca. A bacia do lago Poopé tem uma superficie.@0 f. O lago Poop6 é o
segundo maior lago do sistema TDE®vido aocontexto muito plano da regido, o lago Poop6
tem umasuperficie variando entre@®0 knf no seu maximgaté a metade desse valorastacdo
seca(Pillco et al., 2007)E um lago pouco profundo com uma profundidadsiade 1,08 m.
Variosrios temporarios contribuecom 10 %da entrada de agua do Lago Poopd (Figura 4C). A
maior entrada é feita pelo rio egiadeiro, oqual contribuicom mais de60% do total da
entrada. O lago tem unexutoriona parte extrema sul na direcdo dos salares de Coipasa pelo rio

Lakajawra (Figure 1). Porem nos ultimos 50 anos o rio Lakajawira levo agua apenas um ano.
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Para o rio Lakajawira entrar eéiguao nivel do lagdem que suficientemente elevado para pode
se contribuir aos aportes dguado salar de Coispasa pelo rio Lakajawira devido ao contexto
geomorfolégico (Figura 5). Portanto, o lago Poopd pode ser considerado como o ponto terminal
de uma bacia formado peldsacias do lago Titicaca, do rio pialero e do lago Poopo
chamada de sistenchamada de bacia TDP (Ticaca, Bgsalero, Poop0) (Figura 5).

No periodoTauca §26.000 a-15.000 anos um lago maiore homoénimase estendia na
zona dos Salares de Uyuni eigasa assim como a do lago Poppldegando proximo ao lago
Titicaca (Figura 5).Com o tempop lago comecou a secarse separou em trés bacias: A do
sistema TDP e as dos Salares de Coipasa e ((rgollo e Mourguiart, 2000; Fritz et al., 2004)
(Figura4 e5). Os Salares se preenchem de agua de deaeantmaco naestacaode chuva
formando lagos temporagmntito rass com aguaultras salina

N&o existe comunicacao hidrolégica entre a bacia do salar de Uyuni e o resto do sistema.
O principal rio da bacia do salar de Uyuni € o@@nde cujavazao é émporara. Ede rio se
enche deaguana estacdo Umidalurantea qual o salar se transforma em um lago temporario
muito raso (<50 cm) déguaultras salina
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Figura4. Hidrologia do Altiplano com as principais bacias
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Figurab. Secdo esquematizada Not®il do Altiplano representando o contexto emdmo regional As
dimensdes espaciais n&espeitadagmodificado de Fornari et al., 2001)

O clima no Altiplano € semiaride estaelacionado com a circudo do ar. As principais
entradas de umidadeorrem na porcaaordeste provenientesla regiado Amazonic@V/uille et
al., 1998 Garreaud et al., 2003pevido ao alto relevo da regidoréximo a800 m @imado
nivel do mar,e a inversdo de temperatyra umidade da zona géca ndo chega a regido do
Altiplano (; Rutllante Ulriksen, 1979 Garreaud et al., 2003Em consequéncia, as precipitacdes
apresentam um forte gradiemerte-sul que variade 1100 mm.and, na porcéo norte, a 200
mm.and’, no sul (Garreaud et al., 2003; Pillco et al., 20QF)gura @B). Portanto, o padrdo de
precipitacdo € o mesmo em toddacia hidrogafica com umaestacadaimida de dezembro a
marcgo, representando uma contribuicdo anual de 81%me e 51% naul (Guyot e Gumiel
1990; Garreaud et al., 2003Figura7). No resantedo ano, os ventokesteOesteda regiao
juntamente com o deslocamento da zonde Convergéncia Intertropicallnter Tropical
Convergence ZonelTCZ) na parte norte da América do Sn#io permitem asntradas Umidas
da regido amazonid®/uille, 1999) As médias devapotranspiracdo potencial e real (ETp e ETr)
foram estimadas em,300 e 520 mm.anbrespectivament¢Roche et al., 1992; Satgé et al.,
2017a)(Figura 6 A e B)A zona nortemais umidaapresentam potencial evaporativo baixo em

comparacdo com a zona arigld. Porém, similarmente, disponibilidade de 4gua é maior na
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porcaonorte que ngorcaosul. Portantoa ETr segued padrao regional inveosdas precipitacoes,
aumentando @ rorte parasul, enquanto as precipitacdes dimem Sazonalmente, a ETr (ETp)
segue 0 mesmo padrdo que ascjpitacdescom valor maximo no veraoo(itubroa marcgo) e
valor minimo no invernoapril-setembro) (Figura 7)Consequentemente verdo corresponde a
um periodo de estresse hidrico com uma tax@atkenspirativa maiogue as precipitacées
enquanto o inerno corresponde a uma recarga docgsthidrico (Figura 7).
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Figura6. Evapotranspiracdo Potencial e Real anual média em mm derivada do MOD16 para o periodo
20002015 (AB) e precipitagdo anual média em mm derivada do TMPA @aeriodo 1992015 (C).
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Figura7. Precipitacéo (barra preta) e evapotranspiragdo potencial e real mensal média na escala regional
extraido deTMPA e MOD16 para o perioéatre 2002e 2010 (inhas verde e vermelha).

A populac®d do Altiplanofoi estimadaem mais de 3 milbesde pessoadivididasentre
Peru (48%) e Bolivia (52%)Composta principalmente p@ovcs indigena com baixa renda,
estimase que apenas 20% da populacé@ohiieacessa agua tratada (sistema de abastecimento
publico) etratamento de esgosanitario. As atividades agrics)gecuaria e mineral represamt
as principais atividades econdmicas da populacao do Altiplano. De aowndoclassificacaoel
ocupacao do solapresentada er@lobCover Land Cove(GCLC) (Bicheron et al., 2008)a
regido pode ser considerada como deserta na partmsuldomirdnciade vegetacao rasira e
semideserta na parte ngrtem presegade vegetacdo um pouco mais denségb urze(Figura
8A). De acordo a classificacdo do s@oil and Terrain Database for Latin America and the
Caribbean(SOTERLAC) (Koos Dijkshoorn, Jan Huting Tempel, 2005)os solos dominantes
na regiaosao classificados comeambisols leptosoé regisol (classificacdo Wadl Reference
Base: WRB]Figura8B). Essessolosséojovens, rasqscom presencia deascalhos e materiais
gross@ no horizons A e Bdevido ageologia (rochas sedimentadgs quaternaripe aoclima.
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I1l. Capitulo 1

Modelo Digital de Elevacao MDE
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A informacao topogréafica é fundamental a hidrologia, visto que a partir dela pode gerar a
declividade, varidvel fundamental para a extracdo da rede de drenagem e limite da bacia
hidrogréafica Nas areas isoladasomo o Altiplang a falta de mapatopografios de qualidade
torna os MDEgerivados de dados de $Rmelhor fonte de informacdo topogréafiegional.

Vérios MDEs estao disponiveis gratuitamente:

1 O MDE mais conhecido e maidilizado atualmenteé o Shutlle Radar Topographic
Mission (SRTM), produto daNational Aeronautics Space AdministratigNASA) e
National Geospatialntelligence Agenc{NGA). O SRTM foi gerado a partir de imagens
deradar (SIRC) e dual Xband radar de abertura sintética-&AR) adquiria no dia 11
de fevereiro de 2000. Varias versfes do SRTM foram liberadas ao longo do tempo. As
ltimas versdes sdo o SR e o SRTMGL1 (dsponibilizado em novembrde 2014)

com resolucéo espacial de ® 30 m respectivamente.

1 O Advanced Spaceborne Thermal Emission and Reflection Globlal Digital Elevation
Model (ASTER GDEM) é um produto dMinistry of Economy, Trade, and Industry
(METI) do Japédo e da NASA. Cerca d& Inilhdo decenas de dados estereoscopic
foram coletadas pelo radibmetro ASTER a bordo do satélite Terra da NAS®&ne
utilizados para desenvolver uivIDE conhecido como GDEM versdo 1 (GDEM). A
segunda versdo (GDEMR) foi desenvolvida incluindo 260.000 cenas estereoscépicas

adicionais em relacaopimeira versao.

1 O MDE Advanced Land Observing Satelli(aLOS) World 3D-30 (AW3D30) é um
produto dalapan Aerospace eXploration Ager(GAXA). Para gerar o MDE AW3D30
foram uilizadas um total de aproximadamente 1 milhdo de imagens estereosgopicas
adquiridas entre 2006 e 2011 pétanchromatic Remotgensing Instrument for Stero
Mapping(PRISM), a bordo do ALOSO AW3D30¢é o MDE mais acurado da regido e foi

disponibilizado emmaiode 2016
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MDEs Resolucao espacig Dados usados| Ano dedisponibilizacéo
SRTM-v4 90 m Radar 2008
SRTM-GL1 30 m Radar 2014
GDEM-v2 30 m Visivel 2014
AW3D30 30 m Pancromatica 2016

Tabelal. Modelos Digitais de Elevacgdetilizados.

Os dados e algoritmogilizadospara a geracdo dos MDEs variam em funcéo do produto
considerado (Tabela 1fEomoconsequéncia, as estitivas de elevacdo variam entre os MDEs.
Nesse contexto, varios estudos de avaliacdo da acuracia dosfdtBasfeitos no mundo todo.

Os autores comparam as elevacad?ontos de Elevacédo de Rdiacia (PERS)derivados de
medi¢cdesde GPSou altimetros,com as elevacfes estimadas pelos MDEs. Esse tipo de estudo
permite avaliar o erro vertical dos MDEs. De ralcocom esses estudos, o MDE com o menor
erro vertical &€ considerado como o MDE mais acurado. Porém, o erro dos MDES néo se limita ao
erro vertical. Existe outro tipo de erconhecido como errelativo. O erro relativo mede o erro

na diferenca de elevag&ntrepixek da rededos MDEs(por exemplo: ndVIDE um determinado

pixel pode ser mais 0 menos elevado em comparacapigels vizinhos em quanto é o caso
contrario que deveria ser observadde acordccoma definicao feita do erro relativo, um MDE
pode sobreestimar @ subestimar a declividade existente entre os elementos do MDE e, em
alguns casqsos MDEs podem errar na orientacdo da declividade. Portanto, o erro relativo
controla a descricdo do esquema topogréfico feito pelos MDEs. Alguns autorearammp
elementos hidrolégicos de referéncias (rede, bacia) com os mesmos derigadifferdntes
MDEs para ter uma aproximacado do erro relati@s. aitores consideram que o MDE que
consegue melhor representar os elementos hidrologicos de referéncia éamiMDENnenor erro
relativo, ja que oselementos hidrolégicos depema@la topografia. Porém, essa metodologia é
valida somentem escala regional (bacia),réio permite quantificadiretamente erro relativo

Até hoje, nenhum estudo quantificaliretamenteo erro relativo dos MDEs. Contudem
geociéncia, os MDEs sé&o principalmente usados para descrever o esquema topografico
controlando os processos hidrologicos el@gioos e nesse fim ascolha do MDE deveria ser

feita com baseno erro relativo e ndao aro verticalpois é o erro relativo que informa sobre o
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potencial dos MDEs para representacdo do esquema topografico

Considerando o exposto aciymesta tese deéoutorado os MDEs SRTIGL1, SRTMv4,
GDEM-v2 e AW3D30 foram avaliados na regido do Altiplasmm baseem aproximadamente
160000 PERs derivados dos dados adtintosdo Geoscience Laser Altimeter Syst@iAS), a
bordo dolce Cloud and Land Elevation Satelli(lCESat) denominado comdéCESat/GLASa
partir desse ponto do textO trabalho levoa publicacdo de 3 artigos em revistas internacionais.

O pr i mei Acouragyrassesgnent 6f SRTM v4 and GDEM v2 over the Altiplano
watershed using ICESat GLAS data p u b Iha revastafinternational Journal of Remote
Sensin@ tem focono erro vertichkdos MDEs disponiveis no momento do estu&RTMv4 e
GDEM-v2 (Anexo 1:Satgé et al.,, 20350 erro vertical foi medidem escala global e em
diferentes classes de ocupacao do solo e de decliyidadgiderando o desvio padréo, o erro
médio quadratico e o erro médibsaluto. Os resultados maatn uma grande relaca@mtre o
erro vertical e valores de declividades. Os MD&m= tim erro vertical menor nas zonas planas
aumentando de acor@omo aumento da declividade. Por outro lado, o tipo de ocupacéo do solo
nao afeta erro vertical dos MDESs na regiéstudada.

O s e g un d Absolte tand getativei heigiptixel accuracy of SRTNEL1 over the
South American Andean plateéagpublicadona revistaiiJournal of Plotogrametry and Remote
Sensing, tem maior focona avaliacaalo erro relativo dos MDEs. O artigo descreve uma nova
metodologia para quantificar o erro relativo dos MP&atgé et al., 2016bA metodologia esta
baseada na comparacdo de aproximadament®@byalores d declividades derivadas dos
PERs com as deadas dos MDEs. A metodologiqueinclui um novo indiceconhecido como
False Slope RatigFSR) foi descrita e aplicada aos MDEs SR, GDEMv2 e ao novo
SRTM-GL1 disponibilizado a partir de setemlate2014. O erro relativo e vertical foi calculado
para cada um dos MDEs para as mesmas classes de declividadesnospdmeiro estudo.
Classes de ocupacgdo do solo ndo foram considergdgue ndohouve uma influéncia na
potencialidade dos MDEs na regi@mofoi mostrado no primeiro artig(batge et al., 2015)
Os resultados nstram a complementaridade das avdles vertical e relativa dos MDEs. O erro
relativo diminui de acordaom o valor de declividadeenquanto o erro vertical aumenta.
Portanto, a consideragdo de um do outro tipo de erro leva a conclusdes diferentes.
Similarmente, o MDE com menor erro veical apresenta maior erro relativo. Um MDE pode

ser acurado pontualmente (baixo erro vertioga)) no entanto, apresentama descricao
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topogréfica menosacuradado que um MDE com maior erro vertical. Finalmenta,am
realizadascomparacdes entre umade de referéncia com as redes derivadas dos MDEs. Os
resultados mosam que os MDEs com menor erro relativo sdo os MDEs que representam melhor
a rede hidrolégica de referéncia. De maneira geral, a metodologia proposta pode ser facilmente
adaptada a outrasgides e oferece grandes perspectivas na avaliacdo dos MDEs para uma visédo
completa das suas potencialidades.

O t er ceiALOS Viorld 339 absofute and relative height pixel accuracy over
a barren region and hydrological conditioning potenbiaem revisdoa ser publicado no
periddico AJournal of Hydrology, foca na avaliacdo do erro vertical e relativo do MDE
AW3D30, disponibilizado desde maide 2016 (anexo 2). Considerando os erros vertical e
relativo medicdbs no segundo artigo, o SRTEL1 € o MDE mais acuradala regido, efoi
considerado nés estudo por comparacao. Os erros foram calculados para as diferentes classes de
declividade previamente usadas para cada MiEes e depoida calibracdo hidrolégica. Os
resultados mostram que o MDE AW3D3apresenta o0 menor erro vertical e relagttaoto antes
quanto depois da calibracdo hidroldgica. E importante notar que a calibracdo hidrologica
considerada melhora a extracdo da rede hidroldgica a partir dos MDEstantogstaaumenta
o erro vertiche relativo introduzindplocalmente um erro na orientacdo e quantificacdo das
declividades.Assim, tal calibracdo deve ser usada com precaucdo nos estudapue 0S
resultadoséocontrolados por valores de declividade (eroséo, moviment@rid#doou precisan

dealta precisdo nasstimativagpontuas de elevacaogeoreferen@amento).
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- Avaliagdo incompleta Artigo 1: 0O AW3D30 é o MDE

- Falta o erro relativo SRTM-v4 mais adequado para a
- Disponibilizagdo SRTM-GL 1 GDEM-v2 regido do Altiplano
1 Erro Erro I
Artigo 2: Desenvolvimento da [ | Vertical ; = Vertical [* Artigo 3:
SRTM-v4 |  metodologia de Calibracao SRTM-GL1
GDEM-v2 avaliacdo do erro Hidroldgica AW3D30
SRTM-GL1 relativo || FEro Erro
Relativo Relativo

- Disponibilizagdo do AW3D30
- Como minimizar os erros verticais e relativos ?

Figure9. Esquema de sintese do trabalho nos MDEs realizado no quadro deste doutorado.

A Figura 9 esquematiza a dinamicks trabalhosno ambio do doutorado e as
interconexdes e complementaridade existemt@re os diferentes estudos e publicacdes. O
segundo artigoqueintroduz a nova metodologia de avaliacdo do erro relativo juat@mliacdo
do erro relativo e absoluto dos MDEs SR/ SRTM-GL1 e GDEMv2, é apresentado para
ilustrar o caftulo. Osdemaisartigosse encontrardisponiveis aneos neste doutorado.
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Abstract

Previously availale only over the Continental United States (CONUS), the 4sacond mesh

size SRTMGL1 (Shuttle Radar Topographic Missian Global 1) product has been freely
available worldwide since November 2014. With a relatively high spatial resolution, this digital
elevation model (DEM) provides valuable topographic information over remote regions.-SRTM
GL1 is assessed for the first time over the South American Andean Plateau in terms of both the
absolute and relative vertical poittkpoint accuracies at the regidisaale and for different slope
classes. For comparison, SRTW and GDEMv2 Global DEM version 2 (GDEM?2) generated

by ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) are also
considered. A total of approximately 160,000 ICESat/GLAce, Cloud and Land Elevation
Satellite/Geoscience Laser Altimeter System) data are used as ground reference measurements.
Relative error is often neglected in DEM assessments due to the lack of reference data. A new
methodology is proposed to assessrtlative accuracies of SRTML1, SRTMv4 and GDEM

v2 based on a comparison with ICESat/GLAS measurements. Slope value derived from DEMs
and ICESat/GLAS measurements at approximately 265,000 ICESat/GLAS point pairs are
compared using quantitative and gptecal statistic analysis with introducing a new index: the
False Slope Ratio (FSR). Additionally, a reference hydrological network is derived from Google
Earth and compared with river networks deriyv
for hydological applications over the region. In terms of the absolute vertical accuracy on a
global scale, GDEM/2 is the most accurate DEM, while SRTBL1 is more accurate than
SRTM-v4. However, a simple bias correction makes SREM. the most accurate DEM over

the region in terms of vertical accuracy. The relative accuracy results generally did not
corroborate the absolute vertical accuracy. GBEMpresents the lowest statistical results based

on the relative accuracy, while SRTGL1 is the most accurate. Viedl accuracy and relative
accuracy are two independent components that must be jointly considered when assessing a
DEM6s potential. DEM accuracies increased w
SRTM products are moraccurate than GDEM2. However, the DEMs exhibit river extraction
limitations over the region due to the low regional slope gradient.

Keywords: Digital Elevation Model, SRTM, accuracy, South America, Andean Plateau
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1. Introduction

Digital elevation models (DEMs) are widely used ambtime world to represent topographic
features used in many hydrological and geomorphological studlieariety of DEMs are now
freely available. Numerous studies have used-tenparison techniques to determine the most
accurate DEM in a certain regiollost of these studies compare elevation accuracies between
available DEMs. Accurate ground control points (GCPs) derived from global positioning systems
(GPS)(Athmania and Achour, 2014; Hirt et al., 2010; Zhao et al., 26d.@)gh quality altimetry
measurement&arabajal, 2011; Enble et al., 2012; Satgé et al., 2015; Zhao et al.,a2861(3)ed
as ground references to compute the elevation errors of the DEMs. A large GCP data set allows
for comparisons of different land uses and/or slafassegCarabajal et al., 2010; Carabajal,
2011; Enble et al., 2012; Satgé et al., d0IBoviding insight regarding a DEMs elevation
accuracy.lf the GCP data set is large enough, such an approach is suitalass&ssing the
absolute vertical accuragli and Wong, 201Q)Moreover, recurrent errors can be docoted
and elevation corrections can be made by researchers to reduce a DEMs verti¢Alefirand
Reinartz, 2011; Satgé et al., 2015; Zhao et al., 2Pirfel et al., 2016 However, these studies
have generally focused on elevation accuracy and have not considered the errors of the eight
neighboring pixels. For a specific pixel, the elevation can be higher or lower than those of the
neighboring pixels. As a result, a false Earth Superficial Shape (here after call ESS) can be
observed in some DEMs. Thus, the elevation of DEM can be accurate while not necessarily
providing the most accurate ESS Hage et al., 2012)The absolute vertical accuracy and ESS
description are complementary, as they are relevant for different purposes. The elevation
accuracy is required for orthorectification, while the shape quality is used for geomorphology and
hydrology applicationdEl Hage et al.,, 2012)However, most studies have focused on the

elevation accuracy.

Hydrological processes, such as hydrological network mapping or watershed delineation,
strongly rely on the ESS because it drives surface flbMexhsler, 2006)These features can be
numerically retrieved from the DEM through successive computational steps, such as via the D8
algorithrms( Jenson and Domingue, 1988, O dwdiahl wlera g h a n
scripted in GIS software (ArcGIS and GRASS). Algorithms tythe pointto-point elevation

relationships in DEMSs; thus, inconsistencies in DH&fived features depend on DEM ESS
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representation and provide indirect informat
assuming the algorithm used is free esfors, some studies compared hydrological features
derived from DEMs with reference features,
relative accuracy.

Reference data can be obtained from different sources, such as national or international
water sevices(Vogt et al., 208), high-accuracy DEMgLi and Wong, 2010pr highresolution
imagery (El Hage et al., 2012; Metz et al.,, 2011; Paz and Collischonn, 26@&&earchers
generally utilize reference hydrologic networks (RHNs) and DEMerived hydrological
networks (DHNSs). Polygon buffers are generated from the RHN. The percentage of the DHN
within the buffer is computed ([Bahalastsle?203%3; t he
Vogt et al.,, 2003) The distance or overlap between the RHN and OB& Coz et al., 2009;
Rahman et al., 2010¢orrectness (Cr) and figure of merit (FM) are also used by some researchers
(Bothale et al., 2013; Li and Wong, 201Reference and DEMerived watersheds can also be
compared based on size, area or mean {Bpinale et al.2013) The better the match between
the derived features and reference, the better the relative accuracy of the DEM is.

Previously available for the continental United States (CONUS) at no charge, -6RTM
data are now available at a global scale (6GdN6° S). With an improved resolution of 30 m,
this data set is expected to provide more detailed elevation analyses than the previous 90 m
SRTM products. Few studies have assessed the SRIMaccuracy. Some have focused on
absolute vertical accuracying altimetry data (Carabajal and Harding, 2006). Other studies have
assessed the data setbds potenti al for hydr o
2010). Recently, two studies assessed both the vertical accuracy and hydrological potential
(Jarihani et al., 2015; Pinel et al., 2015yen if the derived hydrological features provide a high
relative accuracy, they are often lieult to a large scale (watershed scale). Moreover, reference
hydrological data are often missing over remote regions or are of poor quality, limiting the use of
such a methodology.

We proposed the use of ICESat altimetry data to assess the relative acfUb&dyis at a
finer spatial scale. The methodology was applied to SKAIM, SRTMv4 and GDEMv2 data
sets over the South American Andean Plateau. The SBILMaccuracy was assessed in terms
of the absolute vertical accuracy, as the vertical and relataeames are complementary. The

results were compared with those previously observed for SR leind GDEMv2 data sets
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over the same region. Finally, a standard GIS algorithm was used to extract hydrological
networks from all the DEMsThe derived hydroldgal networks were compared with a reference
hydrological network derived from Google Earth (GE) to assess the DEM efficiencies in the

context of hydrological modelling.

2. Study area and Data sets

2.1Study area

The Altiplano watershed is an endorheic systeoatied between the latitudes of 22° S and
14° S and longitudes of 71° and 66° W. The watershed encompasses a total area of approximately
192,390 km2. The Altiplano watershed is shared by three countries: Bolivia (70 %), Peru (26 %)
and Chile (4 %). The cliate of this region is serairid with low precipitation. Approximately
82.7 % of precipitation occurs during the 5 rainy months, while the total amounts vary between
the north (approxi mately 715 (Qaygé gtala2016dhe and
Altiplano can be considered a desert region where barren areas and shrub cover aregredomi
Urbanized areas, water bodies and salt areas account for 0.1 %, 3.5 % and 5.3 % of the entire area
respectively (Satgé et al. 2015). The elevation of the region varies between 3500 and 6500 m,
with a mean elevation of 4000 m. The region includesTitieaca DesaguaderBoopd Salar
(TDPS) system, which is composed of Lake Titicaca, the Desaguadero River, Poop6 Lake and
the Coipasa Salt Pan (or Salar) Basin. The lowest elevations are mainly located in the southern
portion of the region and in the fldplain of the Desaguadero River. This river serves as a
connection between Lake Titicaca in the north and theWtwand Poop6 lakes in the central
portion of the basin. The Altiplano Plateau is a flat region with a mean slope of approximately 5°.
High rdief areas are found in two cordilleras (Occidental and Royal) that form the western and
eastern borders of the watershed. In addition, our study area includes Uyuni Salar, which is

located south of the TDPS system but is not part of the same waterghee (i
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Figurel. SRTMGL1 DEM of the study area with GCP locations

2.2Data sets

2.2.1 DEMs

This study focused on the newly released SRTM Global-serond DEM (SRTMGL1).
The data set is a joint product of the National Geosplmielligence Agency (NGA) ahthe
National Aeronautics and Space Administration (NASA). Data were collected over 11 days in
February 2000 using dual spaceborne imaging radarC3léd dual Xband synthetic aperture
radar (XSAR). The SRTMGL1 data features a resolution of 1 -gaemnd (30 m near the
equator) and spans 60° N to 56° S. Previously, the native 1 arcsecond (arcsec) version (SRTM
GL1) was available for free over the CONUS, while the mesh size was limited to 3 arcsec outside

CONUS. The SRTMGL1 data have been freely avéila for Europe, South America and Africa
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since November 2014. They can be downloaded at NASA’s Earth Observing System Data and
Information System (EOSDIS) website (http://reverb.echo.nasa.gov/). Data are delivered as 1° by
1° tiles referenced to the Worl8eodetic System 84 (WGSB84) ellipsoid and Earth Gravitational
Model 1996 (EGM96) geoid. 33 SRTFRL1 tiles were required to cover the study area. The 1
arcsec Global Digital Elevation Model version 2 (GD&ER) from NASA and and the latest 3
arcsec SRTM versn (SRTMv4) data sets were also utilized for compariSBREM-v2 was

jointly developed by the Ministry of Economy, Trade, and Industry (METI) of Japan and NASA
using stereoscopic data collected by the advanced spaceborne thermal emission and reflection
radiometer (ASTER) aboard the NASATerra spacecraft (ASTER GDEM Validation Team:
USGS/EROS METI/ERSDAC NASA/LPDAAC 2009).he elevation accuracies of SRTM

and GDEMv2 products were previously assessed over the same studiBatgé et al., 2015)

For more information about SRTW4 and GDEMv2, please refer t&atgé et al. (2015All

DEMs (SRTMGL1, v4 and GDEMv2) are referenced to the WGS84 ellipsoid and EGM96
geoid.

2.2.2 ICESat/GLAS

The ICESat/GLAS data were produced by NASA. The data were collected between 12
January 2003 and 11 October 2009 by the geoscience laser altimeter (§&f&®) aboard the
Ice Cloud and Land Elevation Satellite (ICESat). The footprint size is approximately 70 m, with
one elevation measurement every 172 m and-trdek spacing of 30 km (near the equator). The
altimeter measures the twaay travel time of gulse that is reflected by the ground. GLA14 v33
Global LandSurface Altimeter data were used, as they are specifically suited fosuaiade
elevation studies. The data are referenced to the TOPEX/Poseidon ellipsoid and EGM96 geoid
and can be downloaddhrough the NASA website (NASA 2014b). The National Snow and Ice
Data Center (NSIDC) provides an IDL routine for reading ICESat/GLAS data and for extracting
information in a readable array format with the latitude, longitude, elevation and geoid of each
measured point. Thus, this script was used in this study. The ICESat/GLAS vertical accuracy at
the global scale is approximately 15 cm under good condifiomally et al., 2002)The SRTM
v4 absolute accuracy is 8.8 m based on the mean absolute error on the Andear{S&jéaet
al., 2015) Because SRTM4 is derived from SRTMsL1, ICESat/GLAS data are accurate
enough to be used as GCPs fesessing SRTMGL1.
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2.2.3 Google Earth

GE is a free software product that was released by Google in 2005. It provides an easy
i nterface for obser vi nrgsolatibnamagea. Moshodtke insages fisadc e
by GE are from Digital Globe QuickBir(2.65 m spatial resolution); however, many images are
being actively replaced by SPOT (2.5 m spatial resolution) and higher resolution imagery
(Mohammed et al., 2013Where high resolution images are not available, GE uses LandSat
imagery (30 m spatial resolutio(fotere, 2008)Thus, GE provides a valuable tool for validating
land cover information across the world with a high degree of relialjBiaker et al., 2001)

Before being sed by GE, images are processed via geometric corrections and orthorectifications,
which can modify their original horizontal accuracies. However, GE does not provide such
information. In this context, various studies have assessed the horizontal acfuE&cyA 1.63

m RMSE was found over Tex#Benker et al., 2011y comparing traced positions extracted
from GE with highprecision (<1 m) field measurements. Using GCPs derived from a rural
cadastral database, a 5 m RMSE value was found for the positional accuracy in northeastern
Mexico (Parededdernandez et al., 2013Ylore recently, an RMSE value of 2.18 m RMSE was
determined in Riyadh, Saudi Arab{garah and Algarni, 2014nd an RMSE value of 1.59 m

was found in Khartoum, SudgMohammed et al., 2013)sing GPS measurements as reference
data. Finally, a 10.58 m RMSE value was found over Cairo by extracting coordinates from a
georeferenced GE scene instead of by direct extraction froiR&dheb, 2015)

In remote regions such as the Altiplano, such a high positional accuracy makes GE the most
widely available fregool for accurately detecting reference hydrological networks via visual
inspection. Most rivers of the region are a few meters wide (<10 m). Thus, detecting rivers from
LandSat imagery, as demonstrated(Bgz and Collischonn, 20Q7an be difficult because the
spatial image resolution is often lower than the river size. With a 2.5 meters spatial resolution
image &ailable over the Andean Plateau, an accurate manually digitized hydrological network is
attainable using GE. Finally, the Gferived network was referenced to the same positioning
system as the DEMs (WGS84 ellipsoid) using ArcGIS.
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3. Methods

3.3DEM data preprocessing and GPC selection

The first preprocessing step referenced all of the data to the same ellipsoid and geoid systems.
The NSIDGpr ovi ded | DL t ool called o1 DL EIIlipsol
GLA14 latitude and elevation array from Topeaseidon (T/P) to WGS84
(http://nsidc.org/data/icesdtools.html). Then, EGM96 was computed using the interpolation
program available on the NGA website (http://earth
info.nga.mil/GandG/wgs84/gravitymod/egm9§ite96.html) at each ICESat/GLAS measurement
location. This result was subtracted from the GLA14 elevation to obtain the GLA14 value
referenced to the SRTIGL1 system (WGS84/EGM96). GCPs were selected according to a
quality control analysis based on sevdtat)s provided by NSDIC, ensuring the best possible
accuracy over the study ar€gatgé et al., 20154 total of 157,254 GCPs were available for this
study. The SRTMGL1 data elevations were computed for all GLA14 points using a two
dimensional linear interpolation tool available in Matlab. Finally, the slopes werputed using
the ArcGIS Spatial Analyst tool at each GCP location based on SRITNFor each pixel
including a GCP, the elevation difference was computed between it and its neidiaorsthe

maximum change in elevation was used to compute the slope GQP location.
3.4Elevation Accuracy

We assessed SRTML1 elevation accuracy by comparing its elevation with the GCP
elevationsbased on the mean error (ME), standard deviation (STD) and root mean square error
(RMSE) (equations 1 through 3).

oo 2
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Where n is the number of values, x is the GCP véiugters), y is the DEM value (meters) and

ME is the mean error.

We first computed those statistical parameters on a regional scale using the entire GCP data
set. Then, different slope classes were considered. The slope classes used in this study are the
same as those used Satgé et al. (2013p allow for comparison between SRTGL1 results
and the results previously found for SRW and GDEMv2. The slopes are based on the
histogram distribution of 02°, 2°5°, 5%10°, 10220° and >20° and correspond to 55 %, 16 %,

14 %, 13 % and 2 % of the GCP data set, respectively. ME, STD and RMSE values were
computed for each SRTIGL1 class. The slope value at each GCP location was derived from
SRTM-v4. The slopes derived from SRFEL1 differ from those computed from SR,

with an absolute mean error of 0.9° (STD=7°). Thus, different results may be observed due to the
SRTM-GL1 slope. However, as the assessment is based on slope classes, the difference is not
large enough to influence our analysis. Indeed, results obtained diape classes based on
SRTMv4 and GL1 values exhibit good agreement. Hereafter, we present results based on the
SRTM-v4 slope values. Slopes derived from GDERIwere not considered based on the low
relative accuracy determined in this study.

Landcovea classes were found to not impact the DEM elevation accuracies over the
Altiplano. DEM accuracies remained stable when vegetation cover types with different heights
were analyzed (Satgé et al. 2015). Thus, we do not includectauaat classes in our analy.

Note that no significant horizontal shift was found between SRZNNd either GDEM/2
or GCP data set&Satgé et al., 2015As SRTMv4 is derived from SRTM5LL, it is assumed
that SRTMGL1 does not present a significant horizontal shift with respect to other DEMs and
GCPs.

3.5 Relative accuracy

On a DEM matrix, pmt elevation could be higher or lower than its neighboring points
(Figure 2). Here, relative accuracy term is used to refer to the-fogpuint elevation
relationship and how well the poitd-point elevation relationship observed in DEMs match with

GCPs one. Slope value between neighboring is function of the pmhgoint elevation
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relationship and thus can hesed to quantify DEMs relative accuracyhus, slopes between

GCPs are computed for all point pairs in the region using all DEMs and GCPssloloseralue
between DEMs and GCPs mean good relative accuracy while far slope value means low relative
accuracy. Because the mesh size of the DEMs is 90 m, we only consider the slopes computed
between points separated by at least 100 m. A maximum digtamestold value between point

pairs was arbitrarily fixed at 500 m. We assume that slopes above this threshold value are more
representative of the regional shape than th
absolute vertical accuracy of ESat (15 cm), we only consider slopes retrieved from GCPs with
elevation differences greater than or equal to 1 m. In summary, only GCPs point horizontally
distant from 100 to 500m with an absolute elevation difference superior to 1m were considered.
According to this selection procedure, a data set of 263,535 slope values was used to compare
DEMs and GCPs. Unlike the elevation, the slopes are not expected to be only positive over the
study region. Thus, ME is expected to be insignificant, with values to8e In addition, the

RMSE should yield similar results as the STD. In this context, MAE (equation 4) was preferred
to ME for quantifying the relative DEM accuracy jointly with STD. % MAE and % STD were
computed by dividing MAE and STD by reference mehsolute values obtained from GCPs,
which were computed at the global scale for all slope classes. A total of 128,413, 59,591, 45,465,
28,302 and 3617 slope measurements were available for #b% @*5°, 5%10°, 10220° and

>20° classes, respectively.

Finally, we used a statistical anal ysi s t
considered a discrete value with only two options: positive or negative value. Two outcomes are
possible: (a) DEMs and GCPs report the same slope trend or (b) DEIMEGPSs report different
slope trends (Figure 2).
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Figure 2 Categorical statistic approach. Black points represent GCPs, black and dotted arrow represent
the slope orientation from DEM and GCPs, respectively.

According to this characterization, the Fa8lope Ratio (FSR) can be computed:
gy O
OYY+——= pmnm
o O
Where A and B are the total number of observ

Values vary from 0 to 100, with a perfect score of 0. FSR was first computed for all DEMs

considering the reference data and slope classes separately.
3.6Hydrological application

DHNs were computed from all DEMs using the Arc Hydro tool in ArcGIS {Blaidment,
2002) This tool isbased on the D8 algorithm. Arc Hydro is commonly used for hydrological
analyses. We do not consider enhanedgbrithms or methodologies because they seek to
overcome local DEM errors and improve hydrological feature extraction. Our procedure included
4mg or steps that were applied successively.
function to ensure flow continuity across the study area. To account for the endorheic regional
context, lakes, salt areas and the associated flood plains werednaskach DEM. Using the

filled DE Ms , t he 6fl ow directiono functi on
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descent i n each cell . The resul't i's used by
number of accumulated upstream cells &ach cell. Finally, the hydrological network was
extracted using the O60stream definitiond func
for the contributing area. The number of extracted rivers varies with the threshold value. Thus, a
larger tireshold reduces the number of sufficiently small streams, while a smaller threshold may
create some stream features that do not actually exist. In this study, a fixed threshold value of
23.5 km2 was used to extract rivers. Finally, Strahler classificé8tahler, 1952as used to
select thirdorder or higher rivers, denoting significant rivers. All other rivers were excluded from
the analysis.

The RHN was manually digitalized from GE. We only digitalized rivers included in at
least one DHN. To ensurggnificant comparisons, artifact rivers in DHNs were used in the
analysis and the length of each river extracted from the GE and DEM data sets was limited to the

maximum length of the corresponding river among all DHNs (Figure 3).
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Figure 3DHNs vs R¥ifor (A) SRTMBL1, (B) SRTM! and (C) GDEM?
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First, a visual comparison was conducted to highlight obvious discrepancies between the
DHNs and RHN (Figure 3). Second, the DHNs and RHN were converted to grids to compute
correctness (Cr) and figure of ntglFM) indices (equations 5 and 6). These indices were used to
assess the similarity between the RHN and DHNs (Li and Wong 2010; Pontius et al. 2008). A
pixel size of 100 m was used to account for the 90 m mesh size of the-&Rtkta and the
global posiioning accuracy of GE, whicks approximately 10 m according to the literature. Cr
indicates the proportion of RHN correctly represented by the DHNs. FM indicates how well the
DHNSs can replicate the RHN.

(40 —
(6)"00 ——

Where N is the number of cells representing the RHN,:Nis the number of DHN cells
overlapping RHN cells and Ngis the sum of all DHN and RHN cells. A cell size of 100 m was
used to computboth Cr and FM for all DHNSs.

4. Results and Discussion

4.1Elevation Accuracy

On a regional scale, a negative bias of 7 m is observed in both SREvd GL1 (Table 1,
Figure 4), while a positive bias 0.8 m is observed for GDEM2. SRTM-GL1 presents a higher
bias than GDEMv2; however, its error is less dispersed and it has a lower STD value. GREM
has a lower RMSE than SRTM products due to a lower ME (Table 1).
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Figure 4Error distribution of SRTHAL1

Considering slope classes, SRM and SRTMGL1 exhibitthe same ME, STD and
RMSE values for mean slope values lower than 2° (Table 1). Differences increase with mean
slope value, likely due to the aggregation process associated with shifting fleno 3 are
second mesh size. In flat areas, this procedoes chot impact the elevation accuracy, as the
elevation variations from pixel to pixel are low. In mountainous regions, elevation changes
between points can be large based on the aggregation of 9 pixels in close proximity. Additionally,
errors are introdued by the linear interpolation method used to retrieve DEM elevations at each
GCP location. Linear interpolations are expected to be more significant at a lower mesh size,
such as SRTMGL1, than at a higher mesh size, such as SR#MGenerally, SRTMGL1
provides a more accurate estimation of elevation than SRANbr regions with mean slopes
larger than 2°. When compared to GDBM#, SRTMGL1 exhibits higher absolute error but
lower STD. Above slopes of 10°, SRTEIL1 exhibits lower RMSE than GDEM?2. In the case
of GDEM-v2, STD and RMSE values are equal for all classes. This is because the-GDEM
distribution error is approximately 0. In this case, the mean error tends to 0 and the STD and
RMSE equations become equal. This is not observed for SRTM prdokrasise of negative
bias, which results in mean error values smaller than 0.

On a global scale, the results depend on the representativeness of study area GCPs. For
example, the study area has a mean slope of 5.4° based on&Ru&lles; however, the GC

data set has a mean slope of 4.2°. Thus, the reegsoald results are slightly influenced by low
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slope areas. In this context, the different mean slope classes of DEMs must be assessed to provide
more robust and representative results.

A simple bias orrection of 7m in the SRTAGEL1 data set enhanced its elevation
accuracy and decreased the ME and RMSE values by approximately 100 % and 30 %,
respectively (Table 1). STD does not change, as the error distribution is based on the new ME.
After bias corregon, SRTMGLL1 is the most accurate DEM in terms of elevation estimation.

ME (m) STD (m) RMSE (m)

SLOPE| Number of GDEM | SRTM | SRTMGL1 | GDEM | SRTM | SRTM | GDEM | SRTM | SRTM
(°) GCPs v2 v4 v2 v4 GL1 v2 v4 GL1

0-2 86,595 0.8 7.0 7.0 6.6 4.1 4.1 6.6 8.1 8.1

2-5 24,583 0.0 75 75 8 6.8 5.7 8 10.2 9.4
5-10 22,143 0.7 7.0 71 10.2 10.5 7.8 10.2 12.6 105
10-20 20,144 1.2 6.6 6.7 13.8 15.6 11.1 13.9 16.9 12.9
>20 3789 26 41 5.4 18 20.7 14.9 18.2 21.1 15.9

TOTAL 1,57,224 -7.0 9.0 8.6 6.6 9.0 11.1 9.7
0.8 -7.0 (-0.02) (6.6) (6.6)

Table 1Computed ME, STD and RMSE values for GRESRTM4 and SRTNEL1 based on an
absolute vertical accuracy assessment considering different slope classes. Values in parentheses were
obtained after bias removal.

4.2Relative accuracy

On a global scale, SRTI@L1 is more accurate than GDEX2 and SRTMv4 based on %
MAE and % STD valuesThe GDEMv2 and SRTMv4 statistical results are similar. In contrast
to the absolute vertical accuracy, the relative accuracy increasedheittmean slope for all
DEMSs, decreasing the % MAE and % STD values. SR3M presents the lowest % MAE
and % STD values for all considered slope classes. Over flat regions, all DEMs exhibit poor
accuracy, with % MAE values close to 100 % and % STD vatleesse to 200 %. GDEM?2
provided the best results in these regions, which should be treated differently in future DEM
generations to improve the local relative accuracy.

For all DEMs, statistical results for the 1P0° and >20° classes are similar, witbpes

greater than 10° exhibiting the highest accuracies. SR Mxhibits the lowest statistical results
for slopes larger than 10° followeoy SRTMGL1 and GDEMv2. In those steep regions,

elevation variations are common over small distances. With a simsB times larger than other
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products, SRTM/4 elevation data cannot capture these variations as well as GREM
SRTM-GL1 data.

MAE (%) STD (%)
SLOPE (°) Number of
measurementd GDEMv2 |SRTMv4 |SRTMGL1 |GDEMv2 |SRTMv4 |SRTMGL1

0-2 128413 131.0 90.3 84.3 207.1 171.8 150.8
25 59591 54.4 49.7 41.6 78.7 73.8 62.9
510 45465 32.1 32.2 26.3 45.2 44.9 37.6
10-20 28302 22.4 25.1 19.8 315 34.7 27.8
>20 3617 23.6 29.7 23.2 30.8 36.8 29.2
TOTAL 263535 41.7 38.2 321 66.2 66.2 54.9

Table 2ComputedMAE and STD values for GDEM SRTM4 and SRTMEL1 based on a relative
accuracy assessment considering different slope classes

FSR values confirm the % MAE and % STD results. On a global scale, SRTIM
exhibits lower FSR values than SRTW and GDEMv2 (Figure 5). FSR values decreased with
increasing slope, and SRTFML1 exhibits the lowest FSR value for all classes. Over flat regions,
GDEM-v2 poorly represents the local topography, with an FSR value close to 25 %. Conversely,
SRTM products provide reasable results, with FSR values of 5.9 % and 3.2 % for SRAM
and GL1, respectively. Even if these products are subject to slope quantification uncertainties
based on high % MAE and % STD values (Table 2), they reasonably represent the ESS over flat
regiors with relative low FSR values (Figure 5). In regions with slopes greater than 2°, the
topographic variation of SRTMEL1 is good based on an FSR value below 0.66 %. However, the
product still exhibits high % MAE and % STD values.
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Figure 5FSR values f@DEMv2 (blue), SRTIM (green) and SRTEIL1 (red) on a global scale and for
different slope classes

This analysis emphasized the importance of considering both continuous and categorical

statistical anal yses when asimueus statistigs illustratbsEaM 6 s
DEM6s ability to quantify relative elevatio
However, these statistics c aGategotical statistiessssow a D

that, even if the relative accusais not well quantified, the ESS can be satisfactory for SRTM

products based on low FSR values.

4.3Hydrological application

From a visual inspection point of view, all DEMs captured the regional RHN tendencies in
terms of global positioning and directiondgre 3).Similarities are more evident in the northern
part of the study near Lake Titicaca. The topographic features are more prominent and the mean
slope values are higher in this area compared to the southern and central parts of the study area.
For al DEMs, DHN artifact rivers are mainly located in the central and southern parts of the
study area, with GDEM2 exhibiting the highest proportion of artifacts.

Three main recurrent deficiencies are illustrated in Figure 6. In the central plain, DHNs

devige from the Desaguadero River, which is the most important river in the watershed. All
SRTM products derived northward flow directions through a Desaguadero tributary, which joins

the Desaguadero River somelsf downstream (Figure 6A). GDEM? effectivelyseparates the
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Desaguadero from this tributary but deviates from the Desaguadero further south near another
tributary. This tributary is well identified by SRTM products and joins the Desaguadero River
some 70 km later according to RHN. The DesaguadererRilain is a very flat region with a
mean slope lower than 2°. These areas exhibited low relative accuracies, which likely explain
these variations (Tables 1 and 2; Figure 5). Deficiencies over flat regions have been previously
noted(Getirana et al., 2009; Rezak et al., 2018)such low gradient regions, rivers often split
into multiple channels, which merge again some kilometers later (Figure 6B). DEMs cannot
reproduce those features, which are identified as a single river channel. The Uyuni and Coipasa
salt areas and Poop6 Lake correspond to other very flat regions (Figure 1). Irethess, local
rivers are dry the majority of the year, with periodic runoff occurring during the rainfall season.
Such conditions tend to displace river beds over time. Thus, these rivers become less accurately
located if DEMs are not updated.

GDEM-v2 dis pl ays considerabl e inconsistencies
misidentify roads as streams (Figure 6C). This generally occurs in relatively flat regions and
could be due to the lower elevations of roads compared to the surrounding land. These

observations clearly limit the use of GDER in some parts of the watershed.

0153 6 Kilometers.
[ | |

Figure 6 DHN deficiencies over flat regions. (A) Desaguadero River example, (B) river duplication example
and (C) urbanized area example. Black lines represent the RHNMelRedand green lines represent
SRTMGL1, SRTM4 and GDEM2, respectively.
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Finally, using a pixel size of 100m, Cr values of 0.26, 0.25 and 0.18 and FM values of 0.17,
0.16 and 0.11 were found for SRTGL1, SRTMv4 and GDEMv2, respectively. Higher vaés
of Cr and FM associated with SRTM products suggest that those products can better reproduce
the regional river network compared to GDBM. This confirms visual observations and
previous results related to the relative accuracy. DEMs with lower relatioes are the most
suitable for hydrological applications, such as river network extraction. Low values of Cr and FM
are associated with low gradient portions of the region. In addition, the DEM algorithm does not
adequately reproduce river channel dimis induced by low regional gradients (Figure 5C).
Thus, DEMs should be hydrologically condition@drihani et al., 2015; Pinel et al., Z)before
they are used for hydrological studies. These results must be interpreted with caution, as the dates
of GE images used to define the RHN do not match those of the DEMs. Therefore, some of the
uncertainty may be attributed to this temporal incsieacy.However, the comparison between

DHNSs is still valuable.

5. Conclusion

The quality of the newly released, free SR 1 data set was assessed for the first time
based on both the vertical and relative accuracies over the South American Andean Higeau
study was conducteth a relatively barren region. Because vegetation interferes with optical
photogrammetry and short wavelength radar interferometry used in DEM processing, different
results may be observed over vegetated areas. In terms ofalesstimations on the regional
scale, SRTMGL1 performed better than SRF¥ based on STD and RMSE values that were
23 % and 13 % lower, respectively, compared to ICESat/GLAS GCPs. In addition, GPDEM
more accurate than SRTFML1 based on lower ME andMSE values. A simple bias removal
considerably enhances the SRBIL1 elevation estimation, making it the most accurate over the
region in terms of absolute vertical accuracy. We assessed the relative accuracies of multiple
DEMs, including SRTMGL1, SRTMv4 and GDEMv2. Compared to SRTM4, SRTMGL1
provided a better relative accuracy, reducing % MAE and % STD by 16 % and 17 %,
respectively. GDEM/2 and SRTMGL1 provided the least and the most accurate vertical
accuracies, respectively, for all slope class& complementary categorical statistical analysis

based on FSR index values confirms this trend. The analysis shows that SRIT Masonably
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represents the ESS trend (low FSR) but failed to accurately quantify it (low % MAE and % STD).
An interesting reglt notes the independence between vertical and relative accuracy. GDEM

the most accurate in terms of elevation accuracy but exhibited a poor relative accuracy. Thus,
assessing DEMs using only a vertical elevation approach cannot provide compdgieims a
DEM6s potenti al. Future studies must consid
DEMSs to produce more consistent results.

The comparison between the DHNs and RHN shows the limitations of DEMs for
hydrological purposes over the regi On a regional scale, SRTGIL1 provides the best river
network extraction. GDEM2 exhibits substantial local inadequacies over flat and urbanized
areas, resulting in the detection of more artifact rivers. Hydrological conditioning based on an
accurateeference river network, as proposedRigel et al. (2015)is recommended to enhance
river postioning.

Additionally, this study shows the usefulness of the reference data set used. GE is
useful for retrieving RHNs in remote regions without defined networks and in areas with small
river sizes, as these may not be detected by free imagery deltaasuMODIS or Landsat.
ICESat/GLAS data can be used to effectively assess vertical accuracies as shown in this study,
which utilized a large (160,000 points) data set and produced an accurate statistical analysis. The
methodology proposed to assess tHatine error benefits the large number of ICESat/GLAS
data from which close to 265,000 local slope value were derived for the analyze. Comparisons
were conducted over a large slope range, making this study the most comprehensive DEMs
relative error asses@&nt to date.

Studies requiring accurate ESS descriptions, such as hydrological and geomorphological analyses,
should utilize SRTMGL1 over SRTMv4 and GDEMv2, as it presents the best vertical and

relative heighipixel accuracies among the freely availabEMSs.
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V. Capitulo 2

Estimativas de Chuva por Sensoriamento
Remoto
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As precipitagfessendo a maior entrada de dgua nos sistemas hidrolpggpossentam
um parameo primordial nos estudos dos recursos hidricos. Na regido do altiplano, a alta
variabilidade espacial e tempodds pre@itacdes dificulta a suastimativacom precisdo. As
precipitacbes podem variaonsideravelmentem distincias muito curta, tornando a medicéo
por pluvibmetro ndo representaigdas areas vizinhas e assinbsoletgpara estudos regionais. A
alternativaé a constituicdo de uma rede densa de pluviomktcabzados de tal forma que as
precipitaces medidas pontualmepi@ elespossamser compiladas para a representacdo do
padrdo regional. Porém, em rigs como o Altiplano, poucas estacfes pluviomésriestao
disponiveis devido ao contexto geomorfolégico e econdmico. De fato, a rede nacional do
SENAMHI inclui poucas estagdegrincipalmente localizadas nas zonas povoadas mais
acessiveis. Portanto, a maior concentracdo de pluviésnesté localizada neegido do lago
Titicaca e Poop0Ao mesmo tempodevido aescassez de recursos, 0 numero de @staca
manutencao limitada ao longo do tempéoé possiveter uma rede eédes temporais dirias
mens# ou atémesmoanuas de qualidade.

Com aproximadaente 20 anos de monitoramento,eaimativasde chuva posatélites
(SRE: Satelite Rainfall Estimatignaparecen como uma feramente alternatipaomissora As
estimativas das precipitacdesem escala quasglobal permiten analisar as variacfes
pluviométrcas no espaco e no tempe potencialmente avaliar tendénciasassociadasss
mudancas climétas.A primeira geracdo de SREs foi lancada em 1997 pela colaboracéo entre a
NASA e a JAXA com o intuito demonitorar e estudar as precipitacdes tropic@iogicd
Rainfall Measuring MissioiTRMM)). Um satélitehoménimqg o TRMM, embarcou 3 sensores
Uteis nas estimativasde chuva Precipitation Radar(PR), TRMM Microwave Imager(TMI),
Visible Infrared RadiometefVIRS). Os dados do satélite TRMM s&o usados em otmgom
osdados de microndas passivasdados infravermelhos bordo de outros satélites para gerar a
primeira geracédo de SREscluindo:

1 TRMM Mulstisatelite Precipitation Analysi@ MPA), produto da NASA.
1 Climate prediction center MORPHinggCMORPH) produto do NOAA/Climate

Prediction Center (NOAA/CPC).

1 Precipitation Estimation from Remotely Sensed Information using Artificial Neural

Networks(PERSIANN), produto daCenter of Hidrometeorology and Remote Sensing

(CHRS).
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1 Global Satellite Mapping of Rcipitation (GSMaP), produto ddCore Research for
Evolutional Science and Technolog¢REST) patrocinado peldapan Science and
Technology(JST) e promovido pela equipe de ciéndpascipitation Measuring Mission
(PMM) da JAXA.

TMPA, CMORPH, PERSIANN e G8aP estdodisponiveis numa versao feita unicamente a
partir de dados el satélites, chamada de vers@BealTime (RT) e em umaversdo ajustada
(Adjusted Adj) a partir de precipitacbes derivadas de pluviomepadacipalmente ddGlobal
Precipitation Climatéogy Project(GPCP) o dcClimate Prediction CentgiCPC).

A segunda geracdo de SRitese inicioem fevereirode 2014 com o lancamento do satélite
Global Precipitation Measurement Core Observatof@PM), com o objetivo de dr
continuidadea aquisicaode dalosapdso término do funcionamentmdsensor TMI do TRMM.

O GPM inclu o primeiro radar de precipitacées de dtiptmuéncia operando nas bandas Ku (13
GHz) e Ka (35 GHz)juntamentecom oprimeiroradidmetro de microndas de varredura conica

de 885 km d largura conical e treze canais de frequéncia distribuidos entre 10 e 18® GHz
principal potencial dos novos sensores reside na possibilidade de medir com melhor precisdo as
chuvas de baixa intensidade. Portanto, a nova geracdo de SREs é de grasde indsr regides

aridas tais como o Altiplano. Dois SREs se mam&0 uso dos dados do GPM em conjucion

dados de outros satélites:

1 Integrated Multisatellite Retrievals for GPMGPM), produto da NASA.

1 GSMaRv6, como nova versao do GSMaP da primeiracfo.

Assim comoos SREs de primeira geracdo, o IMERG e o GSMalestdo disponiveis ra
veres usando unicamente dados dos satélites sevaees ajustada a partir de dados de
precipitacbes do GPCC para o IMERG e do CPC para o GSBlaP

Os SREs de prim& e segunda geragdo usam dados de romdas passivas de
sensores de radiacdo infravermeltara aestimativade precipitago. De maneira geralas
anomaliasde valores de temperatura (infravermelhos) e emissividades {omdes passivas)
sdo usada pra identificar no espaco e no temps @ lulas chuvosa como tambémas
precipitacbes derivadadelas A limitacdo da metodologia residena capacidade de

transposica@daptaca@os diferentes processos de precipitagdesupacao do sal@or tanto
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hdanamaliasi n atourdaed st emper at ur a eatopagrafg préseng deaalpe a s s
de @ua e de neve. Ess anomaliaspodem sermal interpretadas pelos algoritmos
deteccao/quantificacddas precipitacdes assimlevar aperda o a falsa deteccade evento
chuvosoe por consequénciatroduzr errcs nas estimativas feitas a partir dos SREadaSREs

usa um conjunto de dados e algoritmos po§pRortanto, um SRE pode ser mais adequado para
estimativasde chuva em certa regiaogeianto outro SREseria mais adaptadam outraregiaa

Nesse contexto, varios estudos avaliam os diferentes SREs disponiveis em diferentes regides do
mundo para quantificar o erro e limite dos SREs. Tais informacdes sdo primordiais para usuarios
potenciais como também pavadesenvolvimento de metodologia de correcaoedimativase

melhoria dos futuros SREs.

Na regido do Altiplanon&o foram realizados trabalhos anteriores ao presente @sudo
avaliacdo do erro nasstimativasfeita pelos SREs. A regido conta com aliagiacdes
topograficas e de emissividade devidaresegadas cordilheiras, dos desertos de sal de Uyuni e
Coipasa e dos lagos Titicaca e Pgop®quais podem alterar significativamente as medi¢cdes
feitas pelos SREs (Figura 3). Nesse contetdmase primordial avaliar a potencialidade dos
produtos antesedseu uso. Ambos SREs de primeira e segunda geracdo foram avaliados por
comparacao direta dasstimativasderivadas d® SREs com as obtidas a partir da rede de
pluvibmetres do SENAMHI. As comparagOderam feitasemescala anual, mensal e diaria. Esse
trabalho levowa publicacéo de dois artigos em revistas internacionais.

O primeiro artigo fAssessment of satellite rainfall products over the Andean plateau
publicadona revistaiiAtmospheric researchavalia o erro dasstimativagle chuva de SREs de
primeira geracdo nas versdes RT e f&Hgé et al., 2016aforam realizadasomparacdes das
estimativasdos SREs com valores de 57 pluvidmetros na regido do Altiglanescala anual,
mensal e diaa, no periodoentre2005e 2007. Aanalise é feitam escala global considerando
todos ospixels, incluindo pelo menos um pluviémetre por cadgixel individualmente para
observar a variacao espacial do erro nas medi¢cdes dos SREs. dlismaticionafoi realizada
considerandms pixels localizadoshamargemdo lago Titicacale modo a observaua inluencia
sobre as estimativados SREs. Portantodevido acaracteristicaproprias (superficie de 800
km? e profundidade édia de 110 m) o lago poderia ter uma influéncia significativa nas
medicdes devido a forte anomalia de emissividade e tetuapeueele ocasiona regionalmente.

As comparacfeem escala de tempaanuas e mensi, foram feitas considerando o coeficiente
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de correlacdo, o erro médio e o err@dio quadratico.Em umaescala didria, uma analise
estatistica categérica foi desenvdby para observar a potencialidade dos SREs na separagédo dos
dias chuvosos e ndo chuvosos. A analise seidbass indicesFalse Alarm Ratio(FAR) e
Probability Of Detection(POD). Os resultados mostram que o produto TMRIAV7 tem a

maior acuracianos passosde tempo considerados (diario, mensal e anual). TMRd v7 é
suficientenenteacurado para ser utilizado pao monitoramento das tendéncias pluviométricas
regionais do Altiplano ropassos de tempmoensal e anuaEm escalaliaria de tempotodos os
produtos conseguem separar dias chuvosos dos dias sem chuva mas erram consideravelmente n
quantificacdo. A andlise diaria deve ser considerada com cuidado devido a baixa
representatividade entre as medi¢cdes pontuais dos pluviometros e as medi¢coes donSREs
tamanho depixel de 100 km (0.1°) a 625 krh (0.25°). Os SREs s&o mais acurados ha regido
mais umida, parte norte do Altiplanem comparacdooma parte sul arida. Finalmente, o Lago
Titicaca influencia as medicfes dos SREs. Como esperado, cbsem® sulstimativadas
precipitacfes na regido do lago Titicaca deddmomalia de temperatura no lago. De maneira
geral este estudo evidencia a potencialidade do HMAd] v7 para o0s estudos
hidroclimatoldgicos no passde tempomensal e anual na regiddambém se obseruouma
relacdo entre intensida de chuva e acitia dos SREs com erro menor observado na zona
uamida.

O segundoCoaptargad, vé assessment of t he I
enhanced satellite rainfall products over the main Balivwatershedy publicadona revista
fiRemote Sensingpossui foconos dois SREs da segunda geragdtIERG e o GSMaPRv6
disponibilizads a partir de 2015 (Anexo Batgeé et al., 2017bAs avaliacdegoram feitas no
passode tempaoanual, mensal e diario nas 3 principais bacias Bolivianas (Altiplano, La Plata e
Amazona) pr comparago com 247 pluvibmetrosEm vista dogesultadoobtidos e publicados
no primeiro artigo (melhor potencialidade dos SREs em contexto umido do que arido), as
estacoes secas e Uumidasam consideradas separadamente. Emsalise tem como objetivo
avaliar dentrode cadaregidao definida, a acuracia dos SREs considerando as variacfes das
intensidades de chuva observadadre estacdseca e chuvosa. A variacdo topografica é
conhecida por influeziar as medi¢Ges dos SREs, ocorreddananeira geral,na erro maior nas
zonas montanhosado que nas planicies. Nesse contexto,posels foram classificados em

diferentes classes de dedliade para observar distribuicdo do erreem funcdo da variacao
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topogréfica Nesta novandise, o TMPA-Adj v7 estamantdo a fim deobservar se os produtos
IMERG e GSMaPv6 apresentam acuracia semelhafs resultados mostram que na regido do
Altiplano o IMERG é mais acurado do que o TMRA4j v7 para todos opassos de tempo
considerados. Na estacdo chuvosagsisnativa sdo mais acuradas do que na estacao seca. O
IMERG permitea continuidadelo monitoramento dasstimativasde chuva, comegado com os

SREs de primeira geracdo, com acuracia suficiente para dstirddimatolégico na regido do

Altiplano.
Passos temporais considerados
* Influéncia da
. sazonalidade
Artigo 1: — Anual . Influéncia d
SREs de primeira geracdo * Influéncia do lago ntiuencia da Artigo 2:
TMPA RT/Ad] N Titicaca | Mensal |_| I'FopNografla do [ SREs de sequnda_geracéo
CMORPH RT/Adj] * Variacdo espacial SSEIEEEE E BT IMERG Adj
PERSIANN RT/Adj do erro Diario °btoe|'i’;'igc;‘rc')° GSMaP-v6 Adj
GSMaP RT/Adj
/Ad] (Altiplano, La Plata
Amazona)

- Disponibilizacdo dos SREs de segunda geracdo
- Quais melhorias trazem os novos SREs ?
- Qual é a influencia da sazonalidade e da topografia nas
estimagdes?

Figurel0. Quadro equendtico quesintetiza otrabalho realizado nos SRi&stedoutorada

A Figura 10esquematiza a dinamicasinterconexdes @ complementaridade exestte
entre os doisrtigos. O primeiro artigo € apresentaitomo exemplo este cagtulo. O segundo
artigoestéadisporivel nos anexas
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Abstract

Nine satellite rainfall estimations(SRESs) were evaluatedfor the first time over the South
AmericanAndeanplateauwatershedy comparisorwith rain gaugedataacquiredbetweer2005
and 2007. The comparisonswvere carried out at the annual,monthly and daily time steps.All
SREsreproducethe salientpatternof the annualrain field, with a markednorth-southgradent
anda lighter eastwestgradient.However,the intensityof the gradientdiffers amongSREs:it is
well markedin the Tropical Rainfall MeasuringMission (TRMM) Multisatellite Precipitation
Analysis3B42 (TMPA-3B42), PrecipitationEstimationfrom remdely Sensednformationusing
Artificial NeuralNetworks(PERSIANN)andGlobal SatelliteMappingof Precipitation(GSMaP)
products,and it is smoothedout in the Climate prediction center MORPHing (CMORPH)
products. Another interesting difference among products is the contrastin rainfall amounts
betweenthe water surfaces(Lake Titicaca) and the surroundingland. Someproducts(TMPA-
3B42, PERSIANN and GSMaP)show a contradictoryrainfall deficit over Lake Titicaca, which
may be dueto the emissivitycontrat betweernthe lake andthe surroundingandsandwarmrain
cloud processesAn analysisdifferentiatingcoastallLake Titicacafrom inland pixels confirmed
this trend. The raw or Real Time (RT) productshavestrongbiasesover the studyregion. These
biases are strongly positive for PERSIANN (above90%), moderatelypositive for TMPA-3B42
(28%), stronglynegativefor CMORPH (-42%) andmoderatelynegativefor GSMaP(-18%). The
biases are associatedwith a deformation of the rain rate frequency distribution: GSMaP
underestimatethe proportionof rainfall eventsfor all rain rates;CMORPH overestimateshe
proportion of rain rates below 2 mm.day"; and the other productstend to overestimatethe
proportion of moderateto high rain rates. These biasesare greatly reducedby the gauge
adjustmentin the TMPA-3B42, PERSIANN and CMORPH products,whereasa negativebias
becomespositive for GSMaP. TMPA-3B42 Adjusted (Adj) version 7 demonstrateshe best
overall agreementvith gaugesn termsof correlation,rain rate distribution and bias. However,
PERSIANNA d j béasin thesouthermpartof the domainis very low.

Keywords: SatelliteRainfall Estimation Assessment#ndeanPlateau
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1. Introduction

Precipitationaffects many economicactivities, such as agriculture,industry, transportand
tourism. It is alsoa key variablefor improving waterresourcemanagemenandflood or drought
forecasting,as well as for hydrological researchor climatology. For all these applications,
accuraterainfall estimationis requiredworldwide, but in manyregions,rain gaugecoverages
sparseThis is particularlytrue in remoteregionssuchasthe Andeanplateauin SouthAmerica
where ground gaugesare unevenly distributed; they are mainly located close to cities or
communitiesto fadlitate maintenanceoperations.Consequentlysome areasin the Andean
plateauarerelatively well monitored,but a large numberof areasare not monitoredat all. In a
regionwhererainfall is highly variable,extrapolatingrom a sparseandunevenlydistributedrain
gaugenetworkleadsto inaccuraciegLi andHeap,2008 Scheelet al., 2011). Moreover,in the
Andeanplateaumostof the rain gaugedataarestill collectedmanually.Collectinganddigitizing
the information introducesuncertaintiesn the time seriesand delaysthe availability of data.
Rainfall dataavailability is evenmorecomplicatedn transboundarywatershed$ike the Andean
plateauwhich is sharedby threecountries becausef potentialwateruseconflicts. With global
spatial coverage, good spatiectemporal resolution and online availability, Satellite Rainfall
Estimate{SRESs)represenanattractivealternativesolution.

SREsare basedon a combinationof datafrom different PassiveMicro-Wave (PMW) and
Infra-Red (IR) radiometes on board Low EarthOrbiting (LEO) and Geosynchronou$GEO)
satellites,respectively.Dependingon the region and rainfall regimes,the biasesintroducedby
eachtype of sensormay impactthe final combinedproduct. Due to the irregular samplingof
LEOsandthelimited numberof overpasseshortrainfall eventsarenot well capturedoy PMWs
(Tian et al., 2009 Gebregiorgisand Hossain,2013) This can explain the reducedaccuracyof
someSRES(TMPA-3B42RT and Adj v6, CMORPH)in arid regionsor during the dry season
when short rainfall eventsare predominant(Prakashet al., 2014; Shenet al., 2010; Yang and
Luo, 2014;GaoandLiu, 2013).Researcheralso agreethat rain/norain classificationbasedon
cloudtop IR temperaturenayfail in mountainousegions(Dinku etal., 2010,2007;Hirpaetal.,
2010;Li etal., 2013 Gebregiorgisand Hossain,2013). The thresholdusedmight be too low to
identify orographicwarm clouds as rain. PMWs may also introduce errors in mountainous
regionsbecausesnow and ice surfacesmay be interpretedas rainy clouds(Dinku et al. 2010).

SREstendto underestimat@recipitationover large waterbodies(Paivaet al., 2011; Tian et al.,
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2007; Katiraie-Boroujerdy et al., 2013). Tian et al. (2007) attribute this inconsistencyto a
misinterpretatiorof the P M Wsednissivity over water surfacesPaivaet al. (2011), working in
the Amazon basin, attributedthe underestimatiorof rainfall over the river to the river breeze
effect that locally reducedrainfall amounts.Productslike Tropical Rainfall MeasuringMission
(TRMM) Multisatellite Precipitation Analysis 3B42 (TMPA-3B42; hereaftercalled TMPA),
ClimatepredictioncenterMORPHing(CMORPH)andGlobal SatelliteMappingof Precipitation
(GSMaP)rely heavily on the instantrain retrieval dataderivedfrom the PMW informationfrom
LEOs. Due to the insufficient numberof overpassefrom LEOs, IR dataareusedto fill in the
gapsbetweenthe PMW estimatesPrecipitationEstimationfrom RemotelySensednformation
usingArtificial NeuralNetworks (PERSIANN)usesa differentapproachThe rainfall amountis
first estimatedhroughIR data,andthe PMW informationis usedto improvethe accuracyof the
estimate Thesefour combinedproductshaveversionsbasedonly on PMW andIR dataavailable
with a shortdelay(andreferredto asRT for realtime or RAW hereafterjand Adjustedversions
thatingestrain gaugeinformationto reducethe biasesareavailablewith longerdelays(they are
referredto asAdj hereafter).

To our knowledge thereare only 2 publishedworks on the performanceof SREsover the
Andean plateau.The first (Heidinger et al., 2012) focusedon a correction methodologyfor
TMPA-Adj v6. Their methodimprovesTMPA-Ad]j v6 agreementith rain gaugedaily databut
is strongly dependet on the availability of rain gauges.The secondpaperassesse@MPA-RT
v7, ModernEra RetrospectiveAnalysis for Researchand Applications (MERRA), Climate
ForecastSystemReanalysisand Reforecast{CFSR) and a combinedschemeproduct (CoSch)
using both rain gaugesand TMPA-RT v7 rainfall estimation over the Bolivian Altiplano
watershedpart on a coarsescale(0.5°) and daily basis(Blacutt et al., 2015). Over the studied
period(19932009),CoSchoutperformedhe other SREsin termsof categoricalstatigics, STD,
RMSE, bias and correlation, followed by TMPA-RT v7, CFSR and MERRA. For the rainy
season,TMPA-RT v7 outperformedthe other SREsin termsof STD, RMSE and bias, and its
categoricaktatisticsarevery closeto C o S ¢ As@msly.threerain gaugesvereused theseresults
haveto be consideredas preliminary, and comparisorwith a denserain gaugenetworkis still
neededto assessTMPA-RT v7 performanceover the Andeanplateau.Apart from Salio et al.
(2014)over SouthAmerica,Buarqueet al. (2011 in the AmazonandDinku et al. (2010)in the
ColombianAndes,who included CMORPH in their study, only the TMPA productshavebeen

70



assessedver South America (Collischonnet al., 2008; Getiranaet al., 2011; De Paivaet al.,
2013;Suetal., 2008; Vila et al., 2009; Condomet al., 2010; Zulkafli etal., 2014; Ochoaet al.,
2014;Scheeletal., 2011),andSREintercomparisons not availablefor the Andeanplateau.This
is onereasonfor the presentwork. It shouldalsobe notedthat no commonconclusioncould be
drawn from the various SRE inter-comparisonstudiesthat have been carried out aroundthe
world. Even if focusing only on the four PMW-IR combinedproductscited above (TMPA,
CMORPH, PERSIANN and GSMaP), the conclusionsof the inter-comparisonexacise vary
among studies,and no product outperformsthe othersin all conditions. When considering
CMORPH, PERSIANNRT and TMPA-Adj] v6, TMPA-Ad] v6 was found more suitable to
describeboth daily andmonthly precipitationover Chinawith bettercategoricaktatisticalresults
and both lower bias and higher correlation(Yang and Luo, 2014). Consideringthe sameSREs,
TMPA-Adj v6 was found to bestreproducesomehydrological features(annualamountsover
catchmentspatial distribution patterns,seasonalitynumberof rainy daysper year, timing and
volume of heavyrainfall events)in 4 African watershedg¢Thiemigetal., 2012) CMORPHwas
foundto performbetterat a daily time stepin termsof categoricaktatisticsthan TMPA-Adj and
RT v5 in the mountainousareasof SouthAmerica(Dinku et al., 2010)andto preseniower bias
for monthly and 10-day time stepsin Africa (Dinku et al., 2007). Consideringseasonabias,
PERSIANNRT was more accuratethan CMORPH and TMPA-RT in northwest Ethiopia
(Romilly andGelremichael 2010).0On the contrary,in WestAfrica, manyauthors(Gossettal.,
2013;Casseetal., 2015)foundthatPERSIANNRT hasby far the strongesbiascomparedo the
two otherRT products. Theresultsfor SRE quality canalsovary in the samestudy areaso that
no particularSRE s found to be outperformthe othersin detectingdaily rainfall (Gebregiorgis
and Hossain, 2013) or determining seasonaland spatial monthly rainfall characteristics
(Asadullahet al., 2008). The latter authorshave suggeted combining all SREsto optimize
rainfall estimations In comparisonwith other SREs, GSMaP is less documented Over the
continental United States, GSMaRRAW v4 was found to successfullycapturethe seasonal
spatial pattern of precipitation, and its global performance was similar to CMORPH,
PERSIANNRT and TMPA-Ad] v5 (Tian et al., 2010).In China, TMPA-Ad) v7 outperformed
CMORPHandGSMaRRAW v5 in termsof continuousandcategoricaktatisticson a daily basis
(Qinetal.,2014).
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Our studycompareshine of themostcommonlyusedSREswith rain gaugesverthe Andean
plateau.The objectiveis to determinewhich productshavethe bestagreementith rain gauges,
with foreseeablapplicationsn thefield of hydrology.Both reattime (or shortreleasalelay) and
postadjustedproductsare evaluated,as their scopeof applicationsis complementaryRT or
RAW productsare necessaryor someoperationalapplicationssuchasflood forecastingwhile
postadjusted(i.e., supposedlyunbiased)productsare preferdle for processstudiesor hydro-
climatology purposes.Comparingboth RT and adjustedversionsagainstrain gaugesis also
necessaryassomestudieshavesuggestedhatthe adjustmentmayincreasauncertaintiesn some
areas (Bitew and Gebremichael 2011) however, most studies have found that adjustment
improvesthe products(Gourleyet al., 2010; Shenet al., 2010; Dinku et al., 2010; Gossett al.,
2013;GaoandLiu, 2013;Chenetal., 2013). This is alsoan opportunityto verify how TMPA-
Adj v7 andv6 compareoverthe AndeanPlateauThis is the first comparisorof the PERSIANN
andGSMaPproductsagainstrain gaugesn SouthAmerica.In arid conditionssimilar to thoseof
the AndeanPlateauKatiraie-Boroujerdyet al. (2013)foundthat TMPA-Ad] v6 andPERSIANN-
Adj behavedsimilarly in Iran. BecauseCMORPH has been found to perform well over
mountainousareagDinku et al., 2007,2010),the new CMORPHRAW andits adjustedversion,
CMORPHAJj, aretestedn our study.

Trappedbetweenrhigh relief, with lake andsaltareasaccountingor closeto 10% of thetotal
area(Satgéetal., 2015) thearid regionof the Altiplano presentsll thetypical featuresfor which
SREssuffer stronguncertainties Assessinghe behaviorof nine commonlyusedSREsin this
region is thereforeinstructive. This studyis a steptowardsusing SREsover the Andeanplateau
for hydrological applications. The evaluationis focusedon rainfall characteristicsthat are
importantfor assessinghe waterbudgetovertheregionandfor understandingrocessesainfall
spatial variability, seasonalvariability, monthly correlations, biasesand the detection and
distribution of daily rainfall. Given the limited numberof rain gaugesin the study area,small

spatialtemporalfeaturesarenotassessed.
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2. Study Area

The Altiplano watersheds an endoreicsystemlocatedbetweenlatitude 22°Sand 14°Sand
longitude 71°W and 66°W. Three countriescontributeto this area:Bolivia (70%), Peru(26%)
andChile (4%). Thetotal areais approximatelyl92 000 km?. Elevationsrangebetween3500m
and6500m, with a meanelevationof 4000m. Theregionincludesthe TDPS system,composed
of Lake Titicaca,the Desaguader®iver, Lake Poopbandthe Coipasasalt pan (or salar)basins
(Figurel). Thelowestelevaions aremainly locatedin the southerrpartandin the Desaguadero
River plain. This river makesthe surficial connectionbetweenLake Titicaca in the north and
Uru-Uru and PoopdLakesin the centralpart of the basin. The Altiplano Plateauis a very flat
regionwith a meanslopevalue of approximately5°. High and accidentedeliefs arelocatedin
the two cordilleras (Occidentaland Royal) that mark the westernand easternbordersof the
watershedrespectively Our studyareaalsoincludesthe Uyuni Sakr, locatedto the southof the
TDPS systembut which doesnot belongto the samewatershedThe climate is semtarid and
closely relatedto the upperair circulation. Wet conditionsare due to an easterlyzonal flow
coming from the lowlands of the Amazonan watershedVuille et al., 1998; Garreaud,1999).
Becausef the coastatopographicandthe persistentemperaturenversioncloseto 800m above
sealevel, wet pacific conditionscannotreachthe Altiplano regions(RutllantandUIriksen, 1979;
Garreaudet al., 2003). As a consequencegn eastwest gradientin precipitationis observedas
well asa very markednorth-southgradient,with rainfall decreasingrom 1100 mm/yearto less
than200 mm/yearin the southernpart (Garreaucet al., 2003; Pillco et a., 2007). Therearetwo
markedseason®ver the area.The australsummerwet seasons 5 monthslong (Novemberto
March) andreceivesmore than 70% of the total annualrainfall amount(Garreaucdet al., 2003).
The rest of the year is the dry seasonwith prevailing westerly winds that preventmoisture

entrancdrom theeast(Vuille, 1999).
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Figure 1Study area with the number of rain gauges included in studied pixels (left) and monthly rainfall
contribution (right)

3. Data Sets

3.1 Rain gauges

The ServiciosNadonal de Meteorologiae Hidrologiafrom Bolivia and Peru(SENAMHI)
arein chargeof the meteorologicahetwork.Apart from SENAMHI, the Institutode Hidrologiay
Hidraulica (IHH) of the University of San Andres in La Paz, supportedby the Swedish
Internatonal DevelopmentCooperation(SIDA) operatessome meteorologicalstationsaround
Lake Poopdandthe Institut de Recherchgourle développementiRD) aroundLakesPoopo6and
Titicaca. SENAMHI from both Bolivia and Peru,IHH and IRD information is availableon a
daily basis.A total of 176 stationsare availablefrom the 19607 2012 periods,but the number
hasconsiderablyecreasetetweerthe 1960sandthe presentFor the 20052007 periodandafter

quality control,59 stationswereavailablefor this study:
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3.2 Satellite Rainfall Estimates

The Tropical Rainfall MeasuringMission (TRMM) is a collaborationbetweerthe National
Aeronauticsand SpaceAdministration (NASA) and the JapanAerospaceExploration Agency
(JAXA) to studytropicalrainfall. TMPA is oneof theregulargriddedproductsderivedfrom this
mission. As a first step, four PMW radiometersnamed TRMM Microwave Imager (TMI),
Special SensorMicrowave/Imager(SSM/I), AdvancedMicrowave ScanningRadiometefEOS
(AMSR-E) and AdvancedMicrowave SoundingUnit-B (AMSU-B) on boardfour LEO satellites
namedTRMM, DefenseMeteorologicalSatellite Program(DMSP), Aqua missionand National
Oceanicand AtmosphericAdministration(NOAA) are usedto estimatethe rainfall ratesat the
time of overpas®f thesesatelltesin eachgrid cell (Huffmanetal., 2007).The sparsesampling
of LEOs resultsin significant gapsbetweenPMW overpassesiR datafrom Geosynchronous
Earth Orbit (GEO) satellites(GOES8, GOES10, GMS-5, Meteosatc and Meteosat’) were
mergedinto half-hourly 4*4 km pixels by the Climate PredictionCenter(CPC) of the National
WeatherService/NOAA (Huffman et al., 2010; Janowiaket al., 2001) and are usedto fill the
gaps(CPGIR hereafter) TMPA-RT is theresultof thesetwo stepsandis available6 hoursafter
observationsTMPA-Ad] is derived from a TMPA-RT calibration with monthly gaugebased
data. Prior to March 2005, data were provided on a 1° scale by the Global Precipitation
Climatology Centre (GPCC). After 2005, the Climate Assessmen@&and Monitoring System
(CAMS) productwith a finer 0.5° resolutiondevelopedby CPC was used. TMPA-RT is first
rescaledfrom its 0.25°/ 3-hourly spatictemporalresolutionto the sameas the gaugebased
product(GPCPor CAMS). Both productsare comparedat the montly scale,and the product
ratio is calculated A correction(multiplicative) is thenappliedto the TMPA-RT at the 3-hourly
original time stepto produceTMPA-Ad]. TMPA v6 endedon July 2011 with the beginningof a
new version(TMPA v7). The latter hasbeen reprocessefor the whole TRMM missionperiod.
Changesn the v7 algorithm are describedin Huffman et al. (2010) and Huffman and Bolvin
(2014). Improvementsare expectedbecausethe RT version includes two additional PMW
observationsthe SpecialSenso Microwavelmager/SoundefSSMIS)andMicro-waveHumidity
Sounder(MHS), along with two additional IR data information sources,the Meteorological

Operationalsatellite program (MetOp) and the 0.07° GrisatB1 (Table 1). Inconsistenciesn
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AMSU-B are remoed using a single calibration to reprocesst insteadof the two different
calibrationperiodsusedfor thev6 processTMPA-RT v7, TMPA-Ad) v7 andv6 areevaluated.
CMORPH is a product of the NOAA/Climate Prediction Center (NOAA/CPC). Rainfall
estimatesare derived from PMW radiometers (AMSR] SSM/I, TMI and AMSRE). PMW
rainfall estimates are propagated in space and time using motion vectors (Joyce et al., 2004)
derived from CPGIR data Linear interpolation is performed between rainfall features
propayated forward in time from the previous microwave estimate and those that have been
propagated backward in time from the following microwave estimate (this part of the technique is
referred to as &émorphingdo). T he ¢ algorghtn withe r s i ¢
different inputs, leading to substantial inhomogeneity between 2003 and 2006. To overcome this
problem and ensure better homogeneity, a new version (CMORPH v1) was generated by
reprocessing data with the use of a fixed algorithm and hameogs inputs (NOAA, 2012).
CMORPH v1 (called CMORPH hereafter) substitutes the old version and covers the entire period
from January 1st 1998 to the present. There is a satellitebasbd estimation (CMORRH
RAW) and a bias corrected version (CMORRHj). CMORPHAJ] is derived from the RAW
version using two different Reference Data Sets (RDS): the CPC unified gauge analysis over land
and the pentad GPCP over the ocean. Probability Density Functions (PDFs) of both CMORPH
RAW and RDS are computed, and thesfficient correction match CMORRRAW PDF with
RDS is applied to remove the bias (Xie et al., 2011). Both CMORRW and CMORHAJ]
are used in this study.

PERSIANN is a product of the Center for Hydrometeorologyand Remote Sensing
(CHRS). PERSIANN methodobgy to compute estimatedrainfall differs from TMPA and
CMORPHmethodologieslnsteadof usingPMW rainfall estimationasa basis,PERSIANNuses
CPCGIR data.Rainfall ratesare estimatedusinga neuralnetworktechniguedescribedoy Hsu et
al. (1997)and Sorooshianret al. (2000). Rainfall computedthroughPMWs (TMI, AMSU-B and
SSM/I)is usedin asecondstepto adjustthe neuralnetworkparametersndincreaséheaccuracy
of the rainfall estimatesThereis a nearreattime version (PERSIANNRT) basedon satellite
only and an adjustedversion(PERSIANN-Ad)) using Global PrecipitationClimatology Project
data(version2.1) from GPCCat a 2.5° monthly scale.To obtainPERSIANNAJd], PERSIANN

RT is aggregatedo the same2.5° monthly scaleas GPCPdataso that a ratio canbe computed
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betweenPERSIANNRT and GPCP.Then,this ratio is usedto computePERSIANNAd]. Both
PERSIANNRT andPERSIANNAGJ| areusedin this study.

All SREsusedin this study were acquiredon a 0.25° and a 3-hourly spatial and temporal
resoltion. All of themarefreely availableontheinternet.

The GSMaP project is sponsored by the Japan Science and Technology (JST) agency
under the Core Research for Evolutional Science and Technology (CREST) framework. GSMaP
activities are promoted by théapanAerospace Exploration Agency (JAXA) Precipitation
Measuring Mission (PMM) science team. GSMaP uses a combination of PMW and IR sensors
(Table 1) (GSMaP, 2012). The PMW sensors used include TMI, AMS&SM/I and SSMIS
on board the DMSP satellite; ABU-A/-B on board the NOAA satellite; and MHS on board
MetOp satellites. The algorithms used to retrieve the rainfall rate from PMWs utilize brightness
temperature and are based on Aonashi and Liu (2000). Over the ocean, the algorithm developed
by Shige etal. (2009) is used. For more information, please refer to GSMaP (2012). IR data from
GEO satellites (MTSAT; meteos@t-8; GOES11/+12) merged with a 4 km spatial resolution are
used to increase the temporal and spatial resolution. To do so, a Kalmarefites PMW
rainfall estimation propagation by using the atmospheric moving vector derived from two
successive IR images (Ushio et al. 2009).

Threeversionsof GSMaPrainfall productsexist: GSMaRNRT (GSMaPnearRealTime),
GSMaRStd (GSMaP Standard,cdled GSMaRRAW hereafter) and GSMaRAd] (GSMaP
Adjusted).Both GSMaRNRT and RAW useonly satelliteinformationto retrieverainfall rates.

Dueto the very shortdelay betweena rain eventand public dataavailability, the GSMaRNRT
productdiffers from GSMaP-RAW in termsof input datasetsand algorithms(GSMaP,2012).
GSMaRAd| is derivedfrom a gaugeadjustmenperformedon GSMaRRAW usinga daily CPC
global rain gaugedata set with a 0.5° spatial resolution (Mega et al., 2014). We considered
version5 of GSMaRRAW andAdj. GSMaRNRT wasnot assessedsit is no longeravailable
for the consideredperiod. Both GSMaPswere acquiredon a 0.1°anda 1-hourly spatial and

temporalresolution Both arefreely availableoninternet.
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SREs PMW IR Main algorithmreferences
PERSIANRT | AMSUB; SSM/I; TMI| CP@R Hsu et al., 1997 / Sorooshian et al., 2000
PERSIANNd] | AMSUB; SSM/I; TMI| CP@R Hsu et al., 1997 / Sorooshian et al., 2000
CMORPHRAW | AMSUB; SSM/I; TMI .
AMSRE CPAR Joyce et al., 2004 / Xie et alQPL
CMORPH\d] AMSUB; SSM/I; TMI .
AMSRE CPAR Joyce et al., 2004 / Xie et al., 2011
TMPART v7 AMSUB; SSM/I; TMI| CPAR; MetOp; .
AMSRE: SSMIS: MH| GrisatB1 Huffman et al., 2010 / Huffman and Bolvin 2014
TMPAAd]j v7 AMSUB; SSM/I; TMI| CPAR; MetOp; .
AMSRE: SSM8: MHS| GrisatB1 Huffman et al., 2010 / Huffman and Bolvin 2014
TMPAAdj v6 AMSUB; SSM/I; TMI
AMSRE CPAR Huffman et al., 2007
TMI; AMSHE; SSM/I; .
GSMaFRAW | SSMIS; AMSK; g/ljég;srlnle/tj;saw " | GsMap., 20124shio et al 2009;
AMSUB; MHS '
TMI; AMSFE; SSMII; _ ]
GSMaPAdj | SSMIS; AMSK; ?ng;gﬁﬁgsaw GSMaP., 2012; Ushio et al 2009; Mega et al., 2
AMSUB; MHS '

Tablel. PMW and IR data used by SREs for rainfall retrievals

4. Methodology

4.1 Rain gauge data processing

The quality of the rain gaugedatawas assessedsingthe RegionalVector Method (RVM)

(Vauchel, 2005; Villar et al., 2009). RVM is basedon the hypothesisthat the interannual
variability of rainfall amountsfor gaugedocatedin the sameclimatic zone should have some
consistencyiventhattheyexperiencehe samerainfall regime.

Data from 159 stationswith at least5 continuousyearsavailableduring the 19602012
period were analyzed.The datawere classifiedinto 8 regionalgroups.Only 123 stationshad a
homogeneouseriesfor the period 19902012 and only 72 for the period 20022010. Thereis
indeeda decreasen the numberof stationsin operation,especiallysincethe 1990's.Datafrom
stationswith a homogeneos annualserieswere subsequentlanalyzedat the monthly scale,and
consistencywith otherstationsfrom the sameregionalclimate groupwasverified. A total of 59
guality-controlledstationswereselectedor the 20052007 period. Thesestationsaredistributed
on 48 SRE resolution(0.25°) pixels (Figure 1) and 54 SRE resolution(0.1°) pixels (Anexo4,

FigureS1).Datawerenotinterpolatedbecausenterpolationfrom a sparseandunevenrain gauge
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network could generateunrealisticestimations(Li and Heap, 2008; Scheelet al., 2011). For
pixels with morethan 1 rain gauge the datawere averagedo producea single meanvalue per
day and per pixel. According to the GPCC databasghttp://kunden.dwd.de/GPCC/Visualizer),
only 2 gaugessituatedsoutheastind westof Lake Titicacawereincludedin the GPCCproduct
for the regionandperiod of interest.Therefore,our referencedatasetcanbe considerednostly
independentrom the GPCCdatausedto adjustsomeof the SREs.

The SREdaily accumulationsrecomputedfrom 12:00to 12:00UTC to matchthe 8:00to
8:00local time of the gaugedatain Bolivia. The native0.25°spatialresolutionis keptfor TMPA,
CMORPHandPERSIANNproductsalongwith 0.1°for GSMaPproducts.

4.2 Comparison methodology

This study aimgo assess each SRE in its native spatial resolution. However, GSMaP
products present a finer spatial resolution (0.1°) in comparison with all other SREs assessed in
this study (0.25°). This does not allow direct comparison between SREs in their natigk spa
resolution. Thus, to simplify interpretation of the results, the methodology is applied with a 0.25°
SRE pixel resolution (TMPAs; PERSIANNs and CMORPHS). Then, according to the same
methodology, GSMaP products were treated separately, and the aeswdtsilable in thAnexo
4.

The SREgauge comparisons are carried out only for the 5 months of the rainy season
(Novemberi March) to avoid spurious correlations due to the seasonal cycle. These 5 months
were found to contribute to 82.7% of total ralhéamount for the period 2068007 (Figure 1).

Some daily values are missing in the SRE or rain gauge time series. When one estimate is
missing on one day for a pixel, then this day is excluded from this pixel's series for all SREs and
the rain gauge. Themean seasonal rainfall (for the Novemibdairch season only) for the period
20052007 and for each pixel was computed and plotted (Figure 2). Statistical scores were
computed considering the pixels and years for which at least 80% of the daily data ailleideav
(Buarque et al.,, 2011). The mean Root Mean Square Error (RMSE), Bias (Equation) and
Correlation Coefficient (CC) were computed considering all pixels and all years; additionally, the
10 coastal Lake Titicaca pixels and all other inland pixels weparated to highlight some

potential deficiencies in SRE estimations over this lake.
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where N is the length of the series and includes the rainfall totaltiffgoor yearly) from all
available pixels; B; is the gauge precipitation for the considered month or years i; s#di®
the SRE precipitation for the considered month or year i.

At the monthly scale, the same selection procedure as for the areualasgt used for
each pixel. We built our database by selecting months with more than 80% of the common daily
rainfall for all SREs and corresponding rain gauges. Thus, each pixel has between 13 and 15
months for the 2002007 period, with a total of 716 mtihs for the 48 pixels. The mean value of
the 716 monthly RMSE, bias and CC total amounts was first computed to assess SREs at the
regional scale (Table 3). As for the seasonal scale, we also analyzed the 10 coastal Lake Titicaca
pixels separately from albther inland pixels (Table 3). Finally, RMSE, bias and CC were
computed for each pixel to analyze the spatial variability of the performance for the whole period
20052007 (Figure 5to 7).
We considered CC as significant if its value was equal or gréngter0.7 (Condom et al., 2010),
RMSE as acceptable if it was less than or equal to Ba¥éyewa and Nakamura, 2003; Condom
et al., 2010) and bias as acceptable W% <= bias <=10% (Brown, 2006; Yang and Luo,
2014).

Figure 4 displays the Cumulativeidiribution Function (CDF), which indicates how
well the SREs reproduce rainfall distribution, an important consideration for hydrology.
We usedcategoricabtatisticsto evaluatethe productsat the daily time step;rainfall amountsare
consideredas disaete valueswith only two observablecases-rainy day or not. A rainy day is
consideredo be precipitationgreaterthan or equalto a prescribedthreshold(mm.day'). Four
casesarepossible(Table2): both SREandrain gaugereporta rain event(a), only SREreportsa
rain event(b), only rain gaugereportsa rain event(c) or neitherSREnor rain gaugereporta rain

event(d).
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According to this characterizationtwo statistical parameterscan be computed:the
Probabilityof Detection(POD) andthe Fale Alarm Ratio (FAR). (Scheeletal., 2011; Katiraie-
Boroujerdyetal., 2013;Prakastetal., 2014;Ochoaetal., 2014).
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PODis anindicatorof theS R E d@b#ity to correctlyforecastgain events Valuesvary from 0 to
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FAR is an indicator of how often SREs detect a rain event when it does not occur. Values vary
from O to 1, with O as a perfect score.

SRE rainfall is a mean estimation of an area of approximately 625160 knf for
GSMaPs). A single rain gauge can be representative of such an area at monthly and annual scales
but not at the daily scale. In the hypothesis where SREs perfectly represent rain patterns, a rain
event detected by the rain gauge will automatically be detegt¢lebSRES. However, because
of high rainfall spatial variation in tropical areas and a larger area represented by SREs than by
rain gauges, a rain event detected by the SREs will not always be detected by a rain gauge. This
feature will increase the ocaur nce of Aibo (Table 2) and will
FAR computation and interpretation. To limit the impact of gauge representativity error, POD
and FAR were only computed for pixels that include at least 2 rain gauges. All indices were
computedfor several thresholds: 0, 2, 5, 10, and 15 mrmdéy et al., 2013; Su et al., 2008;

Ochoa et al., 2014). Based on rain gauge measurements, these classes respectively regroup 100%
54.6%, 26.3%, 7.7% and 2% of rainfall events and account for 100%, 90%, 64.7%, 28.9% and
10.4% of the rainfall amount ovélne considered period (Figure 8A and B). For both SREs and

rain gauges, the percentage of rain event occurrence for each threshold and the total amount of

rainfall for each class are shown in Figure 8A and B, respectively.
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Rain gauge

Rain| No ran

Rain a

SRE

No Rain c

Table 2Contingency table used to define categorical scores for the verification of SREs against gauge
data.

5. Results and discussions
5.1 Rainy season scale

Figure 2 presents the spatial distribution of the mean seasonal (Newelarch)
cumulative rainfall for each SRE. All SREs reproduce the typical regional-soutih rainfall
pattern (Garreaud et al., 2003; Pillco et al., 2007) and the less markedesagradient. These
gradients are most pronounced for the PERSIANN yootsd

Another salient feature of the mean annual rainfields is the difference between rainfall
over land and over the large water surfaces: Lakes Titicaca and Poopd. Interestingly, these land
lake contrasts are very different among SREs. A decreasénfalll@amount is observed over
Lake Titicaca for all SREs except for CMORRAW and Adj. Unfortunately, the rain gauges
are located on the lakeshore and do not provide information about the rainfall pattern over the
lake. However, the analysis of Lake Téca pixels confirms this underestimation trend with
lower statistical criteria (see below). The observed SRE decrease over the lake contradicts the
higher rainfall amount previously observed (Roche et al., 1992) based on an isohyet map
including a rain gage located on Taquili island in the northwest part of Lake Titicaca that
registers the highest annual rainfall amount. According to these authors, the high water content of
Lake Titicaca allows more solar radiation absorption and results in higher témeerfor the
lake water than for the surrounding land. Crossing the lake, air masses pick up lake moisture
while their temperature increases and permits their ascension. This convection increases rainfall
above the lake (Roche et al., 1992). This strargilvater contrast (in radiation absorption,
temperature and humidity) is a potential source of error for PMW rainfall retrieval (Ferraro et al.,
1998; Levizzani et al., 2002) and could explain why some products underestimate rainfall over

Lake Titicaca. Mreover, warm rain processes rely on higher temperature clouds, which can be

82



misidentified as a nerainy day by IR data. As a result, rainfall events can be lost by SRESs, thus
underestimating the rainfall amount over Lake Titicaca. An extended wateresstfeh as Lake
Titicaca should most likely be treated with caution by algorithms, in the same way coast lines are
(Adler et al. 1998 SRE behavior is different over Lake Poopé. Both CMORPH products and
TMPA-RT enhance rainfall over this lake. This costiag SRE behavior over the two lakes may
be attributed to their size difference. Lake Poopd's mean depth is only 1.5 m (Zold and
Bengtsson, 2010), and the water and air temperature are typically similar over its surface.
Because of its low depth, solarsaipption is low over Lake Poopd, and the water temperature is
close to the temperature of the surrounding land, with a resulting small emissivity contrast. Given
the considerable extent of salt areas and their different emissivity features, these arehls sho
influence SREs. However, over the Andean plateau, these salt areas do not seem to impact SREs.
A wet region of few pixels appears in the southeastern Andean part of Lake Titicaca.
Northeast wet winds are deviated to these mountain regions (Rochel®92l). However, this
zone must be considered with caution because it has permanent ice cover, which SREs can
confuse with precipitation (Dinku et al., 2007). Northward rainfall is known to occur less
because of higlelevation mountains that prevent moire entrance. TMPA products present
some pixel inconsistencies most likely caused by snow and ice cover. The slightly higher rainfall
zone detected by TMRAd) v7 in the northwestern part of the watershed agrees with previous
isohyet maps (Roche et &992).
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Figure 2 Annual rainfall pattern for all SREs and rain gauges measuisnfeainfall amounts are in mm.

In addition to spatial variability, the absolute value of rainfall differs among SREs. TAMPA
V7 is the closest to rain gauge estimatesoasirmed below.

The RMSE, bias and CC calculated using all pixels as well as the Novéfaben
rainfall over the 2002007 period for the seven SREs are shown in Table 3. Despite the small
number of gauges available in the region for the adjustmenBdgl versions present better
statistical scores than their RT versions. PERSIARINoverestimates rainfall by 94.2%, and the
calibration conducted on PERSIANAU] reduces the bias to 22%. TMHRT v7 overestimation
(bias=28.2%) is completely canceled by tadjustment, and TMRAd] v7 presents a small
negative bias 0f4.2%. CMORPHRAW tends to underestimate precipitation (negative bias of
42.7%), and this is well corrected in CMORAd] (-13%). The adjustment effects are clear in
Figure 3, with Adj valueditting better with gauge measurement than RT values over the whole
study period. Unlike the other products, the adjustment reduces the CC in the case of CMORPH.

The low CC of CMORPH products appears related to the strong overestimation of rainfall over
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Lake Poopo, which is further enhanced by adjustment (Figure 2, Table 3). This feature is
highlighted by more outlier values in CMORF] than CMORPHRAW products (Figure 3).

The improvement of TMPAAd] v7 over v6 is clear from Figures 2 and 3; the spatdierns are

much improved, and all scores are higher. To sum up, at the season scaleRTMPATMPA

Adj v7 and v6 and PERSIANMJd] present RMSE values below 50%. Only TMRA&j v7 has a
suitable bias value (010%). @QdvhlueBR&ESor iviP&Xx e a
Adj v7. Bias values are higher for coastal pixels than inland pixels for all SREs (Table 3) and
thus confirm the underestimation tendency of SREs over Lake Titicaca (Figure 2). Additionally,
coastal pixels are poorly or uncorreldtwith gauge measurement for all SREs except for
CMORPH products, which are least affected by Lake Titicaca. RMSE variations between coastal
and inland pixels remain slight, except for TMA) v6, with an increment of more than 50%
from inland to coastapixels. TMPAAd] v7 could be used at the seasonal scale for inland
regions, as it fits all previously defined
CC O00.7) wIi.5%4) aRMSH of 268 amfa CC of 0.72.

RMSE (%) Bias (%) CC

All Inland | Coastal | All Inland | Coastal | All Inland | Coastal
PERSIANRT 58.9 60.3 52.2| 94.2| 100.5 71.8| 0.37 0.47 -0.11
PERSIANXd| 33.5 33.8 32 22 25.6 8.9 0.55 0.65 -0.13
TMPART v7 43 43.1 39.8| 28.2 38.3 -8.3| 0.49 0.64 -0.11
TMPAAd]j v7 29.4 26 409, 4.2 -1.5 -14.3| 0.62 0.72 0.1
TMPAAd] v6 76.4 63.1 138.8| -35.2| -29.9 54| 0.27 0.4 -0.16
CMORPHRAW | 100.9| 101.2 99.9| -42.7| -42.2 -445| 0.28 0.27 0.34
CMORPHAQ] 67.6 70.6 52.3| -13.3| -10,8 -22.6| 0.19 0.16 0.43

Table 3Seasonal Bias, RMSE and CC for each SREs on the glelaidcahnsidering coastal and inland
pixels
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Figure 3Scatter plots of SREs versus Rain gauges with Inland pixel values in black and coastal pixel in red.

5.2 Monthly scale

Table 3 displays the bias, RMSE and CC values at the monthly scale. -RdiPA
has the best scores overall. With a bias48%, a RMSE of 48.7% and a CC of 0.68, this

product fi

050 %

ts

and

t he

gual ity
CC OO0Adjcan be ¢viEsiRe3dd Adddnd best', witHgrarance close to

Cri

teri a

set in th

the prescribed quality criteria. All other SREs are far from the prescribed quality criteria. For the

seasonal scale, Lake Titicaca coastal pixels present a lower bias and correlation than inland pixels
for all SREs except CMORPH prodactThe results confirm the rainfall underestimation over
Lake Titicaca for those SREs at the monthly scale. When considering only inland pixels; TMPA
Adj v7 fits all quality criteria, with a bias 61.4%, a RMSE of 43.8% and a CC of 0.74.
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RMSE (%) Bias(%) CC

All Inland | Coastal| All Inland | Coastal| All Inland | Coastal
PERSIANRT 67.7 68.9 61.7| 93.8| 1005 70.03| 0.39 0.44 0.19
PERSIANKNd] 46.5 45.4 509 | 219 257 8.64| 0.63 0.68 0.48
TMPART 63.5 61.6 723 | 280 384 -8.59| 043 0.49 0.27
TMPAAd]j v7 487 43.8 65.3 -4.3 -1.4 -1439 | 0.68 0.74 0.48
TMPAAd] v6 99.1 84.0 170.6| -35.3| -29.9| -53.93| 0.53 0.60 0.34
CMORPHRAW | 138.4| 138.9 136.3| -42.7| -42.1| -44.71| 0,21 0.19 0.28
CMORPHAd] 88.4 90.9 76.8| -13.4| -10.7| -22.74| 0.33 0.30 0.53

Table 4Monthly BiasRMSE and CC for each SREs on the global scale considering and considering coastal

Figure 4 analyzes the Cumulative Distribution Functions (CDFs) of the monthly rainfall

and inland pixels

rates. It confirms that TMPAd] v7 is the closest to rain gaugdservations. Despite its

relatively low bias and satisfactory CC, PERSIANN] does not reproduce well the observed

CDF and tends to overestimate the proportion of moderate to high monthly rainfall rates. A

similar tendency to overestimate the proportibmigh monthly rainfall is found for TMPART,
and this problem is extreme for PERSIANR. On the contrary, CMORRRAW and Adj tend

to overestimate the relative proportion of low monthly rainfall.
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Figure 4CDF for SREs and rain gauges with a 1 mmhitamtrement

Figure 5 presents the mean monthly bias computed for each of the 48 pixels and for all
considered SREs. These maps confirm the trend shown in Table 3 and Figure 4. Over the entire
study area, PERSIANIRT overestimates rainfall with a higlogitive bias, while CMORPH
RAW underestimates rainfall with a high negative bias. PERSIANdNand CMORPHAJ|
present lower overall biases, although with some differences inside the domain and only a few
pixels where the bias falls below-4/0%. For TMPAproducts, the adjustment on v7 reduces the
bias in the northern part of the domain, especially over the Lake Titicaca region, with many
pixels reaching an absolute bias level below 10%. Again, the improvement over v6 is obvious. In
the northern part of theomain, TMPAAd) v7 biases are low and better than any other SRE. In
the southern half of the domain, the bias appears lower and more uniform spatially for
PERSIANAG] than for TMPAAJ) v7. This is also confirmed by the monthly rainfall CDF for
the southen half (not shown), where PERSIANAU] is closer to the gauge than TMR) v7.

Figure 6 displays the RMSE spatial pattern. Regarding bias, CME&R®RM, Adj and
TMPA-Adj v6 show high RMSE values, especially in pixels located around Lake Titicaca and
the outhern part. Both PERSIANIRd] and TMPAAdj v7 have a majority of pixels with a
RMSE below 50%. Similar to the bias results, PERSIANM§ seems to be closer to the gauge
series in the southern half of the domain.
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Figure 7 displays the CC maps. As expedimm Table 3, CMORPHRAW presents
the worst results, with a negative CC for several pixels. These results are much improved for
CMORPHAUJ|. A single negative CC pixel remains south of Lake Poopd, where CMORIFPH
was found to significantly overestimatadl rainfall. PERSIANNAd] and TMPAAd) v7 present
high CC values, and many pixels reach a CC value better than or equal to the quality threshold
value of 0.7. TMPAAd] v7 presents a better CC value than TMRé# v6 for the whole
watershed. As for bias drRMSE, PERSIANNAd] CC values are close to TMPAd) v7 in the
southern part and are slightly worse in the northern half.

Figures 5 to 7 confirm the positive effects of gauge adjustment on TMPA v7 and
PERSIANN. The improvement of PERSIANAD) over PERSIANN-RT agrees with the results
found over Iran in a similar arid context (Katirderoujerdy et al., 2013)A similar conclusion
for TMPA-Ad] v7 versus its RT version was also found over the continental United States and
West Africa (Chen et al., 2013; Gesst al., 2013)The new TMPAAd] v7 gives better rainfall
estimation than TMPAAd] v6 over the Andean Plateau, as found in other pacific Andean regions
(Zulkafli et al., 2014; Ochoa et al., 2014) and China (Chen et al., 2013). The first CMORPH
version wa found to outperform TMPA products in mountainous areas (Dinku et al., 2007,
2010). Here, we find poor statistical results at the monthly scale for CM&H®RM in the
Andean plateau. However, our set of rain gauges is mostly located in the flat ceniral pla
CMORPHAUJ; is closer to the gauges but still suffers from serious deficiencies, especially on
Lake Poopé. In the southern half of the domain, PERSIANINhas slightly lower biases and
RMSE than TMPAAd) v7 and a similar CC value. However, given thede gauges available in
this part of the domain, any conclusion should be drawn with caution. If these differences were
confirmed, one could recommend the use of PERSIARINIn the southern half and TMRAJ]

v7 in northern half.
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20052007 period

5.3 Daily scale

The sparseness of the available gauge network limits the diagnostics that can be
provided at the daily time step. Given the spatial variability of the daily rainfall amowitgjla
gauge is not perfectly representative of the mean areal rainfall over a 0.25° pixel. At the daily
time step, this sampling uncertainty is higher than at the monthly or seasonal time step.
Nevertheless, the consistency between the gauge and ttecaRbe analyzed, at least for the
pixels where at least 2 gauges are available (see Figure 1).

Figure 8A and 8B analyze the SREs in terms of daily rainfall distribution. Because
hydrological processes are generally nonlinear, they react not onlynfallraiccumulation but
also to the way rainfall is distributed within the basin and in time. From a hydrological point of
view, only daily rainfall events superior to evapotranspiration contribute to superficial and sub
superficial runoff. Previously, evapranspiration values ranging from 3.4 to 5.8 mm dewre
found on the Altiplano (Garcia et al., 2004; Geerts et al., 2006). A realistic distribution of daily
rain rates, especially rain rates above 5 mm'dasytherefore an important consideration thoe

hydrological applications of SRESs.
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Both CMORPH product$ and, even more so, CMORFRAW- underestimate the
proportion of daily rainfall above 2 mm.dayFigure 8A). This explains their strong negative
bias (Figure 8B) despite a relatively high PODg(ffe 8C) of rainfall above 0 mm.dayThe
POD decreases sharply from 2 mm:dapwards. On the contrary, PERSIANRT and, to a
lesser extent, PERSIANKNd] and TMPART overestimate the proportion of rainfall rates above
2 mm.day'. Figure 8B shows that @st of the positive bias in these three products is incurred by
rain rates in the range of 2 to 15 mm.dafMPA-Adj v7 is the SRE that best renders the
distribution of daily rainfall rates, even if a small positive bias is incurred by rain rates above 10
mm.day".

All SREs (except TMPAAd] v6) have a good ability to detect when a day is rainy
(above 0 mm.da3) and when the overall FAR (threshold 0 mm:Qais low. However, the
categorical statistics degrade for all products for higher daily rainfal,ras previously found in
other studies (Li et al., 2013; Ochoa et al., 2014). Some of this degradation may be due to the
uncertainty on the reference itself and the gauge spatial representativeness issue. More analysis
with a denser gauge network woute¢ necessary to analyze the daily rainfall time series and
investigate further these differences. By considering coarser pixel size with only one rain gauge
over the same region, Blacutt et al. (2015) found a very high value of FAR for the same rainy
seasa (0.63) for TMPART v7 and for a 0 mm.ddyin comparison with our result (0.17). By
averaging daily rainfall event occurrence on a watershed scale, Ochoa et al. (2014) found slightly

better POD and FAR values in the Pacific Andean region.
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Figure 8Rdn event occurrences (A) and total amount contribution (B) for all SREs and rain gauges
measurement for different thresholds values and for the whole 22087 period. Categorical statistic
(POD, FAR) for all SREs based on both same thresholds valpes@h{C,D).

6. Conclusion

The Andean plateau is one of many tropical regions where SREs are needed for water
studies to compensate for the deficit in rain gauges. Unfortunately, this rain gauge deficit also
means that SRE validation in these regions istdidn In the present work, a total of 59 gauges
spread over 48 0.25° and 54 0.1°resolution satellite pixels were used to analyze several SREs
over a 3year period. Although limited, this is the most comprehensive satgibiend rainfall
comparison availae thus far over South America regions. The TMPA (RT, Adj v7 and v6),
PERSIANN (RT and Adj), CMORPH (RAW and Adj) and GSMaP (RAW and Adj) products
were compared to the gauges at the season (rainiest 5 months) and monthly scale; some analysis
was also congcted at the daily scale on a limited number of pixels. Despite the limited coverage

and scarcity of the ground reference, some consistent features emerged from the analysis:
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A All SREs reproduce the salient pattern of the annual rain field: a marked north
south gradient and a lighter eagtst gradient. However, the intensity of the
gradient differs among SREs; it is well marked in the TMPA, PERSIANN and
GSMaP products and smoothed out in the CMORPH products.

A Another interesting difference among produstghie contrast in rainfall between
the water surfaces (Lakes Titicaca and Poopd) and the surrounding land. Some
products (PERSIANN; TMPA and GSMaP) show a rainfall deficit over Lake
Titicaca, which seems to contradict the literature and may be due émisgvity
contrast between the lake and the surrounding lands and warm rain cloud
processesThere is currently no rainfall measurement over the lakes to validate the
rainfall pattern. However, a first approach was attempted to separate inland and
Lake Tiicaca coastal pixels. Rainfall underestimation over Lake Titicaca was
confirmed for PERSIANN, TMPA and GSMaP, with a lower CC and bias for
coastal pixels at both the seasonal and monthly scale.

A The RAW (or RT) products have strong biases over the studmgdn. Theses
biases are strongly positive for PERSIANN (above 90%), moderately positive for
TMPA (28%), strongly negative for CMORPH42%) and moderately negative
for GSMaRRAW (-18%). They are associated with a deformation of the rain rate
frequency dstribution: CMORPH overestimates the proportion of rain rates below
2 mm.day'; GSMaRRAW underestimates the proportion of all rain rates, and the
other products tend to overestimate the proportion of moderate to high rain rates.
These biases are much redd by gauge adjustment in all four products. TMPA
Adj v7 shows the best overall agreement with gauges in terms of correlation
(spatial and temporal, at the monthly scale), rain rate distribution and bias. The
agreement is even better when considering amlgnd pixels, as it fits all the
quality criteria for both the seasonal and monthly scale. However, PERSAGNN
bias and RMSE in the southern part of the domain are lower.

These results imply that some of the tested SREs (namely TMRPA/7 and
PERSIANN-Ad)) can be used over the region when monthly to annual rainfall estimates are
needed, e.g., hydrdimatological and agralimatological studies or water budget assessment at

the season/regional scale. For hydrological applications that require aepoesentation of the
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daily rainfall rate frequency distribution, TMPAd] v7 seems the most suitable. For
hydrological prediction needing SREs available in -teaé or with a short delay, a bias
correction or compensation (Casse et al., 2015; Thienaly, &013) technique would be required
given the observed biases in the +aatjusted products.

Complementary work is planned based on a regional and integrative approach. The
hydrological water budget and its variability will be assessed using comgkameatellite data,
such as Gravity Recovery and Climate Experience (GRACE) data, soil humidity content derived
from Soil Moisture Ocean Salinity (SMOS) and MOD16 evapotranspiratiodygts, to check
consistencyAdditionally, hydrological modelling usmSRES as rainfall inputs and comparisons
with observed discharge or soil moisture would complement the hydrological assessment of
SREs while avoiding direct comparison with a scarce gauge network and the subsequent gauge

spatial representativeness peal
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V. Capitulo 3

Uso Integrado dos Dados de
SensoriamentoRemoto: Caso do lago
Poopo
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Em dezembrode 2015 o segundomaior lago da Bolivia, o lagoPoop§ secou
completamente, provocando uma crise ambiental sem precedempess (figura 11). Um estado
de emergéncia nacional foi lancado para entender e proteger o ecossistema do Adtgplano.
mudancaslimaticas 0 aumento o uso @& agua na regido pa consumo domestico, agricola e
atividades mineim sdo identificados como o0s principais fatores responsaysa®
desapacimentodo lago PoopdéPorém,devido afalta de dadosn situ, € dificil identificar e
quantificar claramente o papel de cada umfdases. As conclusfes atuais feitas em relacdo a
seca do lago Poopd sédo bassadm observacdes visuais meidancaslimaticase de uso do
recurso, mas, ndo sao comprovadasn base em resultados de estudos cientificos. Nesse
contexto, a seca do lago Rdorepresenta um estudo de caso perfeta avaliar o potencial do
banco de dados espacial desenvolvido no amlastedoutorado. Nesse quadro, os objetivos

deste estudo sdo de caracterizar e quantificar separadamente o papel das atividades humanas dc

efeitos das mudancas climaticas.

INATIONAL f v
GEOGRAPHIC

YOUR STORY HAS A .
SURPRISE BEGINNING

Bolivia’s Second Largest Lake Has
Dried Out. Can It Be Saved?

EJ 1o, climate change, and mismanagement of wator are all 10 blame, scentists say

Figura 11. Lago Poop6 o dia 12/04/2013 (esquerda) e o dia 15/01/2016 (direta)

10c



Sendoo lago Poop® ponto terminal daacia do Altiplanpas variages de superficie do
lago podem ser usadas aomstacdo de controle do estado da bacia similarraentdicdo de
vazao em saida de batimlroldgica classica. As imagens Landsat fordiizadaspara medir a
superficie do lago Poopd ao longo do perietire 1990 e 2015 apodsas estacdesecs e
chuvaas. As imagens do visivetomoa imagendo sensor TM/andsat estao sujeitas a efeitos
atmosféricos. Os efeitcatmosféricos variam ao longo do tempaodificando as observacgdes
derivadas das imagens. Para homogeneizar as observacfes ao longo do tesgassério
corrigir os valores de refletancias das imagens dos efeitos atmosféricos. Nesse contexto, dois
modelos de corre¢fes atmosféricas foram testados nas imagens Landsat.eSslealkeftetancia
obtidcs antes e depois das correcfes atmosféricasfoomparadosommedicdes de refletancia
feitas em campq na mesma data da imaggeampanhade camporealizada em setembie
2014).

A separacado corpde agua/solpa partir h imagemno visivel, pode ser feita a partir de
diferentes indices envolvenddetentes relacbes de bandas. Refeduara escolha € primordial
definir o indiceque leva anelhor delimitacdo da superficie do lago Paodpgie indices foram
calculados: oNormalized Difference Water IndgdDWI), o Modified NDWI (MNDWI), o
Water Ratiolndex (WRI), o Normalized Difference Vegetation Ind@XDVI), o Automated
Water Extraction IndexAWEI), o Normalized Burn RatigNBR) e oLand Surface Water Index
(LSWI). Os valores obtidos a partir de cada indice foram commesdobservacdes visuais
feitasemcampo para avaliar a potencialidade de cada indice.

Os produtosTMPA-Adj v7 e IMERG previamente validadona regido nopasso de
tempomensal poderiamter sidousados astetrabalho No entantp ndo cobremodo o periodo
de 1990 a 2015. Outros SRs medem as precipitagdes no periodo de interesse. E o caso do
PERSIANN Climate Data RecordPERSIANN-CDR) e doMulti-Source Weighte@Ensemble
Precipitation (MSWEP). A acuracia do PERSIANSDR e MSWEP foi avaliadam umpasso
de tempomensal na bacia doga Poopd por comparacbes com os valores do TMBAV7
(Figura 12). A delimitagcédo da bacia do lago Poopo foi feita baseno MDE mais acurado na
regidqi.e.0o SRTMGLL1.

No contexto da regiao sul do Altiplano, a evapotranspiragéo regional coostggindo
maior parametro de saida de agua MWdalanco hidrico. O produto MODIS Global

Evapotranspiration Projecf(MOD16) da NASA, que med&&anto evapotranspiracdo real (ETr)
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quantopotencial (ETp), foi selecionado para estimar a evapotranspiracédo nddad® a 2014

Devido a auséncia de sensores adequados para medir a ETr no campo, a avaliagdo do produtc
MOD16 foi feitacombasenas medicGes de ETp. As medicdes de ETp feitas pelo MOD16 foram
comparadass medicOes feitas em 11 estacdes meteoroldgicas da Usmando a equacdo do
PenmarMonteith (Allen et al., 1998) As comparacdes foram feit&sn um passo de tempo

mensal (Figra 12).

0"YR _ (Eq. 1)

Onde ETp é a evapotranspiracdo potencial (mm%ijaRn a finet radiatio® na superficie

(MJ-m 2.did ), G a densidade de fluxo de calor no s¢MJ-m'%.did %), T temperatura média

diaria do ar a 2 metros de altura (°C), tlocidade do vento a 2 metros de altura (h-€s a
press«o de vapor de satura-«o (kPa), Ea a p
vapor de inclinacdo (kPa-®¢, ands a constant@sychrometri¢kPa-°C?).

Por fim, as superfici® maxima e minima do lagae cada ano do periodmtre1990e
2015 foram calculada usando a correcdo atmosférica e o indice identificado como sendo o mais
adequado na regido. A preggdo regional anual no mesmo periodo (:2905) foi calculada
combaseno SREs avaliados/validados na regido e compasdariacées de superficie do lago

Poopo (Figura 12).

Em uma segunda etapa, as tendéncias evolutivas da precipitacdo, ETr e dfip for
calculadas para periodo de 2000 a 201Ror definicdo, a ETg a quantidade de agua capaz de
ser perdida por evapotranspiracdo, por um meio continuo de vegetasatmem condi¢cdo de
capacidade de campo ou acima deStuantoque a ETr é a quanide de guaperdida por
evapotranspiracade acordo a quantidade realmente disponivedate Pottanto,considerotse
que as variacdes de ETp sO6 podem ser explicadas por mudancas climéticas gerais &mquanto
variacdes de ETr podem ser explicadas tantosanacdes climéticas gerais quanto pelo aumento
da quantidade de &gua disponivel para o processo de evaporacdo (mudanca de uso e ocupagao c
solo). Desta maneira, a ETp pode ser considerada a integracdo dos diferentes parametros
climatoldgicos(vento, tenperatura, pressdo atmosférica, radiacdo setaruma uUnica variavel
(i.,e. ETp - Eq.1). Assim usando valores de ETp, ETr e precipitacbes é possivel observar
independentemente a variabilidade climatica (ETp, precipitacéo) e slanisapicos (ETr).
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MedicGes espectro-radiométricas

de campo
[ Variagcdes temporais }
Corregdes atmosféricas ] 1 ‘ TMPA-Adj v7 ‘
: e o | e
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(1990-2015) (1990-2015) ——u__~ N
- i MSWEP
( Indices de extracao dos } > PERSIANN-CDR
’ ipitagbes
corpos d’'agua recipi
= (2002-2015) l—> ~
[ Andlise de .
¢ tendéncias ETp
MOD16
ETr L )
‘ Observagoes visuais de campo | (2002-2015)

Avaliacéo

| EstagOes meteorologicas ‘

Figura 12. Quadro squendtico quesintetiza otrabalhoapresentado nesteapitulo no quadro dest tese
dedoutorada

O trabalho levou a publicacdo do artiipRo |l e of cl i mate vari abi
on Poopo lake droughtsee en 1990 and 2015 assesmeeadistal Si N
i nternacional (PaReée ehalt 20178>eastalo pegnide observar que ndo é a
primeira vez que o lago Poop6 sexanpletamente no periodo catesiado. O lago ja secou em
1994 e 1995. As sas de 1994 e 199mram associadas a fortes anomalias negativas de
precipitacdo mguanto uma forte anomalia positiva de precipitagémreuem 2015. Desta forma,
0s novos resultados sugerem fortemente queea do lago Poop6 de 201%o pode ser
explicada pofatores climaticosA analise das tendéncias de precipitacbes ETp gn@Teriodo
entre2000 e2014, mostra uma tendéncia significatidaaumento da ETrenguanto nao existe
tendéncia significativasnos padrées de ETp, nem de precipitagbes. Portanto, esta tendéncia de
crescimento da ETr ndo pode ser relacioreadariabilidade climéatica no periodo considerado.
Uma espacializagéo deste fendmeno evidenciou trés zonas onde a terml@oniamo da ETr é
significativa. Efas zonas sdo conhecidas como as maiores zonas agricolas da regido. Assim, este
estudo evidenciou o papel das atividades agric@asigacdao aumento da ETr e estimque

aumenbu em aproximadamente 18% no periodantre200 e2014. Uma andlise de regressao
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linear multipla mostrou uma relacdo significativa entre o aumento de ETr e as variacfes de
superficie do lagoconfirmandoo importante papel das atividades agricolas no déficit hidrico
regional observado e por consequéncia na de lago Poopo.

De maneira geraksteestudo de caso evidenaegrande potencialidade dos dados de
sensoriamento remoto nas zonas isoladas e aridas. A metodologia desenvolvida nesse trabalho
usa dados disponieem escala global, permitindo a sua fatiansposicdo da regido do
Altiplano para qualquer outra regido do mundo. Tais dados oferecem grande perspectivas no
monitoramentdiidroclimético regional em frentas mudancade usacantropica e climatologicos

atuais.Um artigo é apresentado para ilasto capitulo.
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Abstract

In 2015, an emergency state was declared in Bolivia when Poop6 Lake dried up. Climate
variability and the increasing need for water are potential factors responsible for this situation.
Because field data are missing over the region, no statements are possible about the influence of
mentioned factors. This study is a preliminary step toward the undeirgjaof Poopd Lake
drought using remote sensing data. First, atmospheric corrections for Landsat (FLAASH and
L8SR), seven satellite derived indexes for extracting water bodies, MOD16 evapotranspiration,
PERSIANNCDR and MSWEP raifall products potentiajtwasassessed. Then, the fluctuations

of Poopo Lake extent over the last 26 years are presented for the first time jointly, with the mean
regional annual rainfall. Three main droughts are highlighted between 1990 and 2015: two are
associated with negativennual rainfall anomalies in 1994 and 1995 and one associated with
positive annual rainfall anomaly in 2015. This suggests that other factors than rainfall influenced
the recent disappearance of the lake. The regional evapotranspiration increased by 12.8%
between 2000 and 2014. Evapotranspiration increase is not homogeneous over the watershed but
limited over the main agriculture regions. Agriculture activity is one of the major factors
contributing to the regional desertification and recent disappeaodifmmpo Lake.

Keywords: Poop6 Lake; drought; Landsat; Atmospheric correction; MOD16; PERSIENR;
MSWEP



1. Introduction

The recent drought at Poop6 Lake, the second largest water body in Bolivia, is of major
socicenvironmental concern as it condemnedalopopulation dependent on fishing activities
jointly with local endemic species. Moreover, the sediments contaminated by intense regional
mining activities trapped in the lake bottom were exposed to wind erosion, threatening the
Altiplano region with cotamination. Thus, there is the necessity of providing efficient and
consistent surface water monitoring tools for anticipating such crises and giving support for more
sustainable use of water resource in this region. Two main factors can be pointeexqldito
the recent lake total drought: global warming and water consumption increase. Actually, the
region suffers from continuously increasing air temperatures of 0.15 to 0.25 °C over the last
decades [1,2] from 1965 to 2012. This temperature increasehdasa slight impact on
evapotranspiration but has accelerated glacier melting [3]. Some glaciers already disappeared.
For example, the Chacaltaya Glacier, which was one of the largest glaciers in the region, entirely
melted in 2010 [4]. The shrinkage ardisappearance of glaciers obviously reduces the
replenishment of water resources (surficial and subterranean), especially during the dry season
[5]. In addition to climatic factors, some anthropic factors may directly affect Poop6 Lake. Water
extraction tosustain increasing mining activity, human populations (for consumption) and
agriculture kept rising over the last decades. Actually, the area of quinoa culture in Bolivia
i ncreased from 38,800 to 70,000 ha dédmarasforl 990
quinoa and its increasing price. Progressively, the replacement of native vegetation by quinoa has
accelerated the desertification process across the region [7,8]. As the outlet of its own watershed,
the Poopd Lake extent fluctuation is sensitto climate change and increasing anthropic water
demands along the watershed. With more than 25 years of land observations using different
spectral bands and considering replicates of 16 days, Landsat imagery collection is very suitable
for monitoring \ariations in lakesurfaceand for support decision for more sustainable use of
water resources in the future. However, the electromagnetic radiation signals collected by
satellites in the solar spectrum are modified because they are scattered and &lysgalzed and
aerosols as they travel from the earthds sur
the most important step in ppgocessing Landsat data to monitor change detection when
considering multitemporal time series images1[H butnot when working on single date [11].

Today, the United States Geological Survey (USGS) service provides an atmospherically
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corrected version of each LandSat scene: the Landsat Surface Reflectance (LSR) product. Here,
we used field spectral measurementqtackly assess LSR estimates for the Lan@salLl

products for the first time over the Altiplano. The Surface Reflectances (SRs) obtained after
applying the fast linef-sight atmospheric analysis of spectral hypercubes (FLAASH)
atmospheric correction welso considered for comparisons.

The method used to build a time series of the fluctuations of lake extent is based on detecting
changes in the pixelbs state from one Landsa
derived indexes (SDIggre proposed to separate water and land pixels. Depending on the region,
one SDI can be more suitable than another for delineating water bodies, and an SDI should be
chosen carefully to produce realistic results [12,13]. However, in most studies, chibesB8ig|
remains arbitrary or is based on the results of studies conducted in supposedly similar regions
[147 17]. Here, we compared the results obtained from the Normalized Difference Water Index
(NDWI), Modified NDWI (MNDWI), Water Ratio Index (WRI), Norntiaed Difference
Moisture Index (NDVI), Automated Water Extraction Index (AWEI), Normalized Burn Ratio
(NBR) and Land Surface Water Index (LSWI) with field observations to provide general
guidelines for potential users over the Altiplano region.

Finally, based on the most efficient Atmospheric model correction and SDI-yed26
temporal series from 1990 to the 2015 disappearance of the lake is presented for the first time.
After validation, the MOD16 evapotranspiration (ET) products, the PrecipitationdEgin from
Remotely Sensed Information Using Artificial Neural Netwd®bmate Data Record
(PERSIANN-CDR) and
Multi-Source WeightedEnsemble Precipitation (MSWEP) reanalysis rainfall products are
confronted to the Poopd Lake extent fluctuations. Rhiafad ET general trends are used to
understand the potential influence of the climatic variability and increasing irrigated quinoa
culture over the watershed during the last decades. This study provides a preliminary analysis of
the hydrological behaviasf Poop6 Lake over the last decades and could be used as a guideline

by national authority to consider more sustainable use of water resources over the region.
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2. Materials and Methods
2.1Study Area

Poopo6 Lake is located on the southern part of the AndéstealR in Bolivia between
latitudes 17°S and 20°S and longitudes 66°W and 68°W and with a mean elevation of 3686 m
(Figure 1a). Poopo Lake is the second largest lake in Bolivia, covering an area of 500 to 3000
km? at its lowest and highest levels, respesiii [17]. The extent of Poop6 Lake drastically
changes between wet and dry seasons because the region where the lake is located is very flat
[18]. The only outflow of the lake is through the Lakajawuira River on the southern end of the
lake, which rarelyflows towards the Coipasa Salar. In the last 50 years, this river only flooded
once in 1986 [17]. Thus, Poop6 Lake is considered a terminal point of the endorheic Altiplano
system [17]. The Poops Lake region is arid, with a mean annual precipitationrokiapgely
400 mm over the lake [19] and a high evapotranspiration rate [20]. According to pan evaporation
measurement, the potential evegion was estimated at 1700 nyeaf [17] and resulted in
extremely saline water. Regarding the local populatibge, lake is of primordial importance
because people depend on it for fishing and agricultural activities [7,8]. In December 2015, a
national emergency alert was launched by the national authority in Bolivia after the lake totally

dried up. This situation tectly impacted the ecosystem and the population living around the lake.
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Figurel. Sudy area of the watershed (and LandsaB OLI scene from 6 September 2014, with
the ground control points (GCPs) locations (b).

2.2Data Used

2.2.1Field Spectral Masurements

Spectral radiometric measurements were acquired from the field, using TriOS RAMSES
Sensors on 6 September 2014. A total of 69 points from 5 transects located on the north, east,
south and west lakeshores and in the shallow part of the lakeanayzed (Figure 1b). At each
point, the lake depth and SR in the spectral domain between 450 and 950 nm were registered.
These data were acquired using the methodology established by [21]. Hereafter, we refer to
Ground Control Points (GCPs) when referriogthe in situ measurements. Spectral radiometric
and Landsat measurement differ in term of spatial resolution (point vs. Pixel). This is an
important feature to be considered to avoid inconsistent comparison. To account for this, spectral
radiometric mesurements were done on homogeneous area in term of water depth andoiater

representation to avoid mixed pixel. As Poop0o region is a very flat region, and Landsat pixel
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length is of approximately 30 m, it was easy to find homogeneous areas all areulaéteth
Recorded values were resampled to match Landsat OLI 8 blue, green, red and neead infra
(NIR) bands. The Landsat Quality Assessment (QA) band provides thadbied values of the
surface, atmosphere and sensor conditions that can affect gwtaiefle measured at each pixel

of the considered scene. According to the QA band, 13 points were dismissed because of clouds
or cirrus cover and 56 points were available for comparisons. Landsat reflectance measurements
are given per unit area, while Tri@BAMSES measurements provide reflectance values per unit
solid angle (Steradian). Thus, field spectr

match the Landsat reflectance value.
2.2.2Landsat Imagery

The LandsaB satellite was launched in Febryd@013 with OLI and Thermal InfrRed
Sensor (TIRS) instruments on board. OLI, ETM+, ETM and TM sensors have different
bandwidths that could compromise their compatibility. Regarding the OLI and ETM+, good
radiometric compatibility was found between thesspective bands [22] and can be used as
complementary data [23]. OLI was found to largely inherit the fma®s characteristics of
ETM+ and achieve continuity of Landsat data [24]. On the other hand, TM and ETM + were
found to exhibit excellent data comtiity [25], and the measurements of SR obtained by these
sensors could be combined with minimal error without sacrificing product accurac8]26
Based on these observations, it is possible to use OLI, ETM+ and TM jointly to retrieve long
temporal seriesr series with increased observation frequencies. Each Landsat scene is available
in an atmospherically corrected format called the LSR product and freely available from the
USGS. For the Landsat TM, ETM and ETM+, the specialized Landsat Ecosystem d@isturb
Adaptive Processing System (LEDAPS) software [29] and the specialized L8SR software [30]
are used to retrieve the SR for Landsat TM, ETM and ETM+ and LaBd3hkt, respectively.

2.2.3Satellite Rainfall Estimates

Two reanalysis rainfall products nachd®ERSIANNCDR [31] and MSWEP [32] were
considered to cover the whole 192016 period. PERSIANMNCDR was released in 2014 by the
National Climatic Data Center (NCDC) Climate Data Record (CDR) program of the National
Oceanic and Atmospheric AdministratioNQAA). PERSIANNCDR covers the 1983 to 2015
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period providing daily rainfall estimate on a 0.25° spatial resolution. MSWEP was released in
2016 [32] and covers the 1972015 period with daily rainfall data on a 0.25° spatial resolution.
MSWEP estimates ardased on the Climate Hazards Group Precipitation Climatology
(CHPclim) dataset (0.05°) [33]. Additionally, precipitation anomalies from gauge observation,
satellite rainfall estimates and atmospheric model reanalysis are used to fix MSWEP estimates
temporavariability.

2.2.4MOD16 Global Evapotranspiration

MOD16 global evapotranspiration is a product of NASA. Estimates are made according to
an algorithm based on Penmido nt ei t h equation [ 34, 35] 5 NASA
daily meteorological reanalysis tdaare used to retrieve radiation, air pressure, temperature and
humidity. MODIS products are used to retrieve complementary data on an 8 days temporal scale.
MOD12Q1 collection 4 is used for the land cover classification [36], MOD15A2 collection 5 to
retrieve Leaf Area Index (LAI) and Fraction of Photosynthetically Active Radiation (FPAR) [37]
and MCD43B2/B3 Collection 5 are necessary to get albedo estimates [38]. Four products are
available: Potential Evapotranspiration (ETp), Real Evapotranspiratior), (Eatent Heat Flux
(LE) and Potential Latent Heat Flux (PLE). All products are available in a 0.05 grid resolution at
8 days and monthly temporal scale. In this study, we used monthly MOD16 ETp and ETr from
January 2002 to December 2014.

2.3Methods Used
2.3.1FLAASH Atmospheric Correction

The LandsaB OLI scene of 6 September 2015 was used to implement the atmospheric
correction process. First, we converted the image from digital numbers to top of atmosphere
(TOA) radiance by using prerocessing toolgh ENVI v.5.2. Then, the FLAASH model, which
is available in ENVI v.5.2, was used to transform the TOA value to land SR. FLAASH used the
MODTRAN4 radiation transfer code [39], which was modified to correct errors in the HIFTRAN
96 water line parameters. Migpectral imagery, such as Landsat imagery, does not include water
absorption bands. Instead, a constant amount of water vapor is set for all pixels of the scene

according to an atmospheric model. Depending on the water vapor content, different atmospheri
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models are available. Here, by using MOD_D3_008 (Modis Level 3 Atmospheric products), we
observed a vapor content of 2.15 g:€mn the date of the Lands&tOLI observation. This value
corresponds to the water vapor content that is advisable for thér8abSummer (SAS)
atmospheric model [40]. Thus, this model was used to run FLAASH. The rural aerosol model
was selected according to the regional context, with an initial visibility of 25 km, which is
recommended when moderate haze is observed (FigurEithlly, the elevation of the field was

fixed at 3.8 km, which was the approximate value of the elevation observed over Poops Lake.
Hereafter, the atmospheric corrected image is referenced to as FLAASH after the SAS model was

applied.

2.3.2SatelliteDerived Indexes for Water Extraction

Various SDIs exist for separating water bodies from land. Here, the NDWI, MNDWI, WRI,
NDVI, AWEI, NBR and LSWR were considered over the Poopé Lake region. The equations and
threshold value indexes are reported in Takded are detailed if12,23].

Tabk 1. Satellitederived indexes used for extraction.

Index Equation Threshold Value
Normalized Difference |b52 L I 6DNBSY b bLwOko6DN Water>0
Water Index

Modified Normalized ab52L ' 6DNBSY b {2Lwwm0k| Water>0
Difference Water Index
Water Ratio Index WRI = (Green + Red)/(NIR + SWIR1) Water > 1
Normalized Difference |b5+L I obLw b wWSROKObLwW | Water<0
Vegetation Index
Automated Water '29L I' n P ODNBSYy bt {2LwWater>0
Extraction Index
NormalizedBurnRatio (b . w ' 0bLw b {2 LwHOKObDLW Water>0
Land SurfaceWaterInd{ [ { 2L I o0bLw b {2LwmOKODbL Water>0

2.4 Assessment of Data and Method

2.4.1L.8SR and FLAASH Assessment

At each GCPs location, field spectral measurement, FLAASH, &&RLandsat SR value
for Blue, Green, Red and NIR were extracted to build the database. Comparisons between field
spectral measurement and FLAASH, LSR and Landsat SR were made considering all single band
values (red, blue, green and near inrd) and pssible band ratios (green/red, blue/green,

red/blue, blue/near infreed, green/near infreed, and red/near infneed) (Table 2). Landsat
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reflectance value was considered to observe the enhancements of the SR estimations gained

through the L8SR and FLAASHrocesses. The band ratios are considered to observe the relative

errors between bands. Indeed, low error in band ratio implies that the trend between the

concerned bands is well represented. Considering all GCPs, the Mean Error (ME), Root Mean

Square Ewr (RMSE) and Correlation Coefficient (CC) were computed for all single and band

ratios. Different ranges of values were observed for the different bands and band ratios, which

complicated the interpretation of the absolute errors. Thus, the ME and RM8HKliwided by

the average GCRalue to obtain the relative statistic error percentage (%ME and %RMSE)

(Table 2).

Table 2%ME, %RMSE and CC for the SR measured by Landsat (uncorrected), FLAASH SAS and
LSR in comparison with in situ field measurements.

ME (%) RMSE (%) CcC

Landsa FLAASH | LSR | Landsat| FLAASH LSR Landsal FLAASH| LSR
Blue 0.0 Lnddg |bLnda8.4 109.2 |110.9 | 0.92 0.93 0.91
Green Lbndibnddg |bnd44.0 102.7 |103.7 | 0.91 0.92 0.91
Red bndibnddg |bnd4as.2 103.4 |104.0 | 0.91 0.91 0.91
Near IR bndybndg |bnd57.8 115.1 | 115.6 | 0.84 0.84 0.84
Green/Red 0.0 0.0 0.0 13.1 5.0 6.5 0.94 0.98 0.97
Blue/Green 0.4 0.1 0.0 |38.6 9.4 12.4 | 0.47 0.88 0.69
Red/Blue bndq0.0 0.0 |41.9 10.9 156 | 0.75 0.96 0.89
Blue/InfraRed |b n dfb ndm |bn d 122.1 46.3 2663.3| 0.90 0.93 bnd
Red/InfraRed |bn®d(bndm |b o dq 1185 45.3 2512.3| 0.87 0.92 bnd
Green/InfraRed| b n ®1b ndm |bn ¢ 137.2 50.1 2896.3| 0.88 0.93 bnd

2.4.25DI Assessment

Poop6 Lake is a very shallow lake. In shallow part, light penetration in water column is very

high. Thus, SR is highly influenced by Lake Bottom response complicating water/land separation.
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pixels with interconnected water units. At each pixel location, including a GCP, the SDI values

from the most accurate scenes grnt of the SR estimation were compared with field

fi

observations. Two cases are possible: SDI value and field observations agreed or SDI value and

field observations disagreed (Table 3). Outlier values were observed when the SDI failed to

correctly identifythe field observations (Table 3, Figure 2). A large number of outliers mean that
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the considered SDI was poorly efficient over the region. SDIs potentiality is generally more

effective after the threshold value was adjusted. Here, for each consideredeSgpssed an

adjusted threshold to minimize as possible the outlier number. For each SDI, the number of

outliers was computed before and after the threshold adjustment (Table 4). Finally, we computed

the extent of Poop6 Lake based on each SDI using tfeseildeand adjusted threshold values

(Table 4).
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Figure 2. Categorical statistical analysis of SDI. Solid vertical lines represent the advocated
thresholds, and the outliers are shown in red.
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Table 4. SDI outliers for the default and adjusted thresholdsadith the corresponding
superficial extents of Poopo Lake on 22 September 2014.

SDI Default Outlier | Superficial | Recommended | Outlier Superficial
Threshold Value |[Number|(knr) Threshold Value [Number |(km)
NDWI 0 14 1204 bndnHop |12 1314
MNDWI | O 6 1664 0.15 3 1477
WRI 1 4 1570 1.05 3 1497
NDVI 0 7 1160 0.025 6 1208
AWEI 0 4 1454 bnodm 3 1454
NBR 0 13 2627 0.21 7 1906
LSWI 0 10 2099 0.05 6 1820

2.4.3Satellite Rainfall and MOD16 Evapotranspiration Estimates Assessment

The mean regional monthly rainfall series was computed for both PERS{ZDRI and
MSWEP for the 1998014 period aggregating all pixels included into the watershed. Another
mean regional monthly series was computed by meaning PERS@DRIand MSWEP rainfall
series (called MERGE hereafter). The three series were compared to a mean reference regional
monthly series derived from the Multisatellite Precipitation Analysis 3B42 (TNABA2) v.7 for
the same period. TMRABB42 v.7 can be used as reference as it wasd suitable over the
region to describe monthly rainfall events [19]. The accuracy of PERSIENR, MSWEP and
MERGE monthly rainfall estimates were assessed considering Correlation Coefficient (CC) and
Bias (Figure 3a).

Real Evapotranspiration (ETr) measment requires specifics sensor that are not available
over the region. Thus, direct comparison between reference and MOD16 ETr are not possible.
ETp is easily measurable from meteorological variables. Over the region, ETp derived from
Thornthwaite, HargavesSamani and FAO Penmiavionteith equations were compared with
ETp derived from lysimiters measurement [20]. According to the authors, Peélioaieith
equations can be used to represent ETp. Following FAO PeNRloateith equation (Equation
(1)) we compited monthly ETp at the location of 16 meteorological stations (Figure 1a) for the
period 20022010. The equation uses standard climatological records of solar radiation, air
temperature, humidity and wind speed.



PERSIANN-CDR - MSWEP - MERGE {mm.month')

8 nip'v‘sv"o r— ~’Y 0 O (1)

Yy 7 p ™MT Y
where ETp is the reference evapotranspiration (mm*jaRn is thenet radiation at the crop
surface (MJ-fi¥-day '), G is the sdiheat flux density (MJ-ff-day?), T is the mean daily air
temperature at 2 m height (°C), ¥ the wind speed at 2 m height (ff)sEs is the saturation

vapor pressure (kPa), Ea is the actual vapor pressure ¥kiBdhe slope vapour pressure curve

(kPa-°CY), andr is the psychrometric constant (kPa-®C
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Figure 3. Scatter plot of assessed rainfall products versus -BB#RAwith PERSIANDDR,
MSWEP and MERGE represented in blue, red and black, respectively (a); and scatter plot of
assessed MOD1@ R versus reference ETp (b).

At each of the 16 stations location, the monthly ETp was derived from both the
meteorological station and the corresponding MOD16 pixel. Finally, two mean monthly ETp
series were derived by aggregating values obtained froni@hmeteorological stations and
corresponding MOD16 pixels, respectively. ETp derived from meteorological station is
considered as reference ETp (denoted RETp, hereafter). MOD16 ETp and RETp mean monthly
series were compared considering CC and Bias (FignyeFinally, MOD16 ETr accuracy is

assumed to be similar to MOD16 ETp accuracy.
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2.5Temporal Analysis
2.5.1Rain versus Superficial Lake Area

From January 1990 to December 2015, the annual highest and lowest lake extents were
derived for each year fromandsat imagery by using the most efficient previously identified
atmospheric correction processes and SDI. Attention was paid to only select almost cloud free
Landsat TM, ETM or OLI scenes. Overall, 48 Landsat scenes were selected and used. From 2012,
only Landsat ETM+ scenes are available. Over Poop6 Lake, the Landsat ETM+ scenes are
strongly impacted by the SLC failure that occurred on 31 May 2003. Thus, these data are not
suitable for use in the study. Therefore 2 MODIS scenes were used to fill the/ggag.the
MODIS scene to derive the extent of Poop6 Lake is acceptable because a strong correlation was
previously found between the extents of Poopd Lake derived from MODIS and Landsat data [14].
MODIS scenes are already atmospheric corrected and thusa®Dbe directly applied. The
fluctuation of the lake extent was compared with the mean regional annual rainfall evolution
(Figure 4a). The mean rainfall was computed based on a hydrological year (November to
October) and using MERGE rainfall product (Fig4a). Additionally, the mean seasonal rainfall
anomalies and lake extent anomalies for both dry and wet seasons were computed and compared
(Figure 4b).
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Figure 4. Extent of Poop6 Lake tkand the variations of the MERGE seasonal amount of
rainfall (nm) between 1990 and 2015 (a); and rainfall and lake extent anomalies (b). The
maximum and minimum extents are plotted in blue and red, respectively.

2.5.2ETr, ETp and Rainfall Tendency over the Last 15 Years

The monthly rainfall, ETp and ETr over Poopaékie watershed for the period 202014 are
presented jointly with their global trend (Figure 5). The global trend is obtained from a simple
linear regression of the mean monthly series. The M&amndall (MK) test [41,42] was used to
statistically verifiedif the monotonic trend in the mean monthly rainfall, ETp and ETr over the
2000 2014 period were significant. A MK-Palue inferior to 0.05 corresponds to significant
monotonic trend. Finally, to observe the ETr dynamic in space along the whole watenshed, t
mean monthly ETr series were computed at each MOD16 pixel location and its linear regression
was used to compute the ETr changing rate from 2804 (Equation (2)). Results are presented
in Figure 6. Additionally, the MK Ralue was computed at each B06 pixel according to the

corresponding ETr series. Results are presented in Figure 6.

0"Yi 0"Yi pTT
0"Yi 2

0@ ¢ "QUDND Q

where ETr2014 and ETr2000 are the ETr computed fromiriearl regression of the considered
MOD16 pixel for the years 2014 and 2000, respectively.
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Finally, a multiple linear regression was used to check the relative influence of rain, ETp and
ETr on the lake fluctuations for the 20@D14 period. The annual lalextent during the dry
season was considered as dependent variable while corresponding mean regional annual
precipitation, ETp and ETr were considered as independent variables (predictors). The mean
annual precipitation, ETp and ETr were computed for treesponding season between May
and March. It is noteworthy that we only considered lake extent fluctuation during the dry season.
Actually, the lake extent during the wet season is controlled at 65% by Desaguadero River input
and the rest by local Poop@ke watershed input [17]. Thus, at the regional scale, the influences
of rain, ETp and ETr are expected to be more significant during the dry season than during the
wet season as Desaguadero River input is much smaller.
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Figure 5. Monthly rain, ETp andri€rived from MERGE and MOD16 for the 22004 period
(a); and their general trend over the same period with the Man Kendalue (b).
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3. Results and Discussion

3.1 Effects of Atmospheric Correction

Using a single band approach and for all considered bands, the Landsat SR estimate was
generally closer to the field SR measurements than the LSR and FLAASH SR with %ME
and %RMSE close to 0. FLAASH and LSR resulted in urslenations of SR with negative bias
values. When considering the band ratio, the FLAASH and LSR SR estimations were closer to
the field SR than the Landsat SR estimates with %ME closer to O and lower RMSE value. The
corrected LSR and FLAASH data tendedésult in more homogeneous relative trends between
the bands than the uncorrected data. Indeed, for all band ratios, the error distribution was closer to
0 for the LSR and FLAASH scenes than for the Landsat scene, which presented greater error
distributiors.

The NIR band is the most affected by atmospheric absorption and scattering. This band
presented lower CCs and higher %RMSEs and %MEs. Consequently, all band ratios including
the NIR band presented highest %RMSE values (Table 2). In the case of FLAMAStion,
the %RMSE was 15L0 times higher than that of the other ratio (Table 2). This difference was
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even greater when considering the LSR products with very high %RMSEs for the band ratios
including the NIR band. This difference results from the stramderestimation of the NIR with

some negative value observed. This LSR inconsistency seems to reoccur because negative values
in NIR bands were also observed in the LSR scenes from 21 August and 22 September 2014 as
well as over Brazilian water bodies afferent date. Although FLAASH also underestimates the

NIR SR value, it had a lower impact because no negative value was observed.

Using the single band approach, atmospheric correction degraded the SR estimation because
lower %ME and %RMSE values wereuftd before atmospheric correction was applied.
However, the opposite trend was observed when considering the band ratios. FLAASH
Atmospheric correction enhanced the relative error between the bands, with %RMSE reduction
by a factor of 3, higher CCs and lem%MEs for all of the considered band ratios. Thus, over
Poopo Lake, FLAASH correction is more suitable than the L8SR algorithm. SDIs are based on
band combination and thus their efficiency highly relies on relative band error. As the study
aimed to use Bl to retrieve lake extent, we used the FLAASH correction to build the Landsat
scene database for the 199015 period.

3.25DI| Assessment

SDIs were computed for the Land$aOLI scene of 6 September 2015 after the FLAASH
correction was applied becausgiovided better SR estimations. Among the considered indexes,
NDWI, NBR and LSWI were the least suitable SDIs for the region, with 14, 13 and 10 outliers,
respectively (Figure 2; Table 4). The NDVI, MNDWI, AWEI, and WRI were the most efficient
indexes, wih only 7, 6, 4, and 4 outliers, respectively. To provide more insights from our results,
we considered that outliers | ocated in a dry
outliers located in interconnected water pixels. Indeed, it idiffto assess the performances of
SDIs when considering mixed pixels as the SDI estimates are clearly dependent on the water: soll
ratio, and the pixels should be classified based on the dominant component, water or soil. The
NDVI, MNDWI, AWEI, and WRIhay e 7, 2, 1 and 1 Aprobl ematic
2). Before any threshold adjustment, the AWEI and WRI are the most efficient SDIs over Poop6
Lake. The NDVI and NDW!I are not very accurate over the very shallow lake regions, which are
misclasdied as soil (Figure 2). Thus, using NDVI or NDWI would considerably underestimate

the extent of Poop6 Lake which is confirmed by the lower extent of Poop6 Lake derived from the
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NDVI and NDWI (Table 4). NBR and, to a lesser extent, LSWI provided the Higxésnts
(Table 4) because they tended to classify all the GCPs as water. The MNDWI, AWEI and WRI
provided similar estimatianof the extent of Poopo Lake.

According to Figure 2, it is possible to adjust the recommended threshold to enhance the
performares of the SDIs. The adapted threshold values for each SDI are shown in Table 4 with
the corresponding numbers of outliers. The threshold adjustment decreased the number of outliers
for all the SDIs leading to closer lake extent estimate between thertly Rima MNDWI, AWEI
and WRI perform equally, with similar estimated water extents and should be chosen to estimate
Poopo6 Lake extent. For comparison, in a similar context, over the hyper saline Lake Urmia of
Iran, the NDWI was the most suitable SDI fotrieving the spatiotemporal extent of the lake
[12]. The different observed results show the relevance of such assessments for selecting the most

suitable SDIs over a considered region.
3.3 Satellite Rainfall and MOD16 Evapotranspiration Estimates

Among FERSIANN-CDR, MSWEP and MERGE rainfall estimates, and for the 12984
period MERGE have the lowest Bias and close to highest CC (Figure 3a). MERGE product
achieved to represent monthly rainfall over the study area and was selected for the study. A good
ageement was found between MOD16 ETp and reference ETp estimates with a CC value of 0.88
and a mean Bias value of 23.97 mm-mbhtRigure 3b). As all involved meteorological factors
to retrieve ETp are also involved in ETr computation, MOD16 ETp accuracy is highly
representative of MOD16 ETr accuracy. Here, we consider MOD16 ETr suitable to describe ETr

fluctuation over the regiofor the period 2002014.
3.4 Rainfall versus the Superficial Extent of the Lake

To verify the fluctuations of lake extent with time, we visually compared the fluctuations
against the annual amounts of rainfall derived from the MERGE product from ydragd to
December 2015. This comparison included a preliminary approach for understanding the possible
factors that affected the drought in Poop6 Lake in December 2015.

Maximum lake extents of 2492 Km2333 kni and 2256 krh were retrieved from
multispectal scenes obtained on 31 March 1991, 3 April 2001, and 6 April 2012, respectively.
The minimum extents of the lake of 432, 581 and 669 Ware observed for 20 October 1995,
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22 October 1996, and 14 December 2015, respectively. However, the local popartatipress
indicated that the lake totally dried up in December 2015 (National Geographic, 2016; Earth
Observatory, 2016). Thus, according to our results, Poopé Lake should be considered as dried up
when its extent is less than 700 km2 because it bectooeshallow to sustain fish life. Thus,
during 19902015 Poopo Lake dried up three times, in 1994, 1995 and 2015.

Very low extents of 776, 836 and 846 kmere also observed on 15 December 1998, 11
October 2008, and 13 December 2009, respectively. Forarsop, the lake was observed to
dry up in 2009 in a previous study and to nearly dry up in 2008 and 2010 [14]. However,
according to local populations, the lake did not completely dry up on these dates. This might be
due to the water masked approach uJéds study used different methods that were partially
based on the NDWI, which is one of the less accurate SDIs according to our results
underestimating the superficial extent of Poop6 Lake. One interesting feature of our analysis is
the preseintciec awlfo at hivrcershol d value of approxi
passed below this extent during the wet season, the extent of the lake decreased drastically during
the following dry season and reached a very critical level, which occurred in 1985, 1998,

2008, 2009, 2010 and 2015 (Figure 4a). The annual variation between the extents of the lake
during high and low water periods was much more defined during these years than the others
(Figure 4a). This result could be helpful for anticipating wtienlake will dry y during periods

of low water.

From 1990 to 1996, the Lake extent during the wet and dry seasons steadily decreased in
response to low rainfall amount with strong rainfall negative anomalies in 1991 and 1994 years.
From 1996 to 2001 he Lake extent globally increased alternating increase and decrease period
associated to positive and negative rainfall anomalies (Figure 4b). From 2001 to 2010, the Lake
extent during the wet and dry seasons steadily decreased while the recorded anfalial ra
steadily decreased from 2001 to 2004 to remain lower than or close to the mean from 2006 to
2010 (Figure 4b). During the last studied period of 2011 to 2015, the Lake extent during the wet
and dry seasons dramatically decreased although the anfoambuwal rainfall was superior to
the mean. For the first time, high positive rainfall anomalies (22034 and 2014015) were
observed in association with negative Lake extent anomalies (Figure 4b). Thus, during the last
decades, our results suggest thatamount of water entering the lake from other water sources,

mainly groundwater and the Desaguadero River, decreased. Actually, the Desaguadero discharge



decreased 454% between the periods of 194890 and 199008 [43]. This discharge
reduction pagntially had an obvious impact because the river is known to contribute 65% of the
total water that enters Poopd Laiillco and Bengtsson, 2010$ome anthropic and climatic

factors may have nenegligible impacts.
3.5 ETp, ETr and Rainfall Analysis

Figure 5a presents ETp, ETr and rain monthly series for the 2008 period. The seasonal
cycle is observed withighest ETp, ETr and rain during the wet season. With rainfall superior to
ETr, wet seasons refill hydric resources (Figure 5a). On the contrary, during dry seasons, ETr is
superior to rainfall corresponding to a hydric stress period. The annual raméalhaestimated
as 715 mmbLmonthilhardly compensates for the
the period of 200R014. Therefore, Poopd Lake is particularly sensitive to any upstream
changes in precipitation and ETr conditions.

At the watershe scale, ETr increased from 43.8 to 48.3 mm-mdnbietween 2000 and
2014 with a mean increase rate of 12.8%. The M¥ale of 0.06 is slightly superior to the
significant threshold value fixed to 0.05 (Figure 5b). This is related to théa@roogenous ET
increase along the watershed (Figure 6). Two hotspot regions with ETr increase rate superior to
15% were observed in the northern and southern part of Lake Titicaca, respectively (Figure 6).
The increase rates observed in those regions are significdkntMi P-value inferior to 0.05
(Figure 6). Those two regions correspond to intensive agriculture regions. A third region with
significant ETr increase trend from 5% to 10% (MK/&ue < 0.05) was observed on the eastern
part of Poop6 Lake (Figure 6). Thisgion is also concerned by an increase in Quinoa crop. The
regions where ETr is the most significant correspond to the main agriculture spots. It confirms
the desertification processes previously suggested by [7,8] in relation to the replacement of native
vegetation by crop (especially Quinoa).

However, climate variability should have participated to ETr increase as well. For example,
the temperature increased by 0.15 to 0.25°C-dethdesr the 1965 to 2012 period [1]. ETp and
ETr involved the same climatological factor for their estimation. Thus, if climatologic variability
played a role in the ETr increase, ETp should have increase as well. However, over the 2000
2014 period and caidering the whole watershed, no significant trend was observed on the mean
monthly ETp with a MK pvalue of 0.69 (Figure 5b). Additionally, no significant trend was
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found for mean monthly precipitation either, with a MK/&ue of 0.28 (Figure 5b). Thewet,

the observed ETr increase is more related to the agriculture activities than to climate variability.
The replacement of traditional manual cultivation by mechanized system, the reduction of fallow
period and the use of irrigation processes facilisater availability for ETr processes. In the last
several decades, new irrigation projects were set up along the Desaguadero River; however, no
information regarding the amount of water extracted for irrigation is available. Peruvian and
Bolivian Governmen should consider more reasonable agricultural methods to avoid the
desertification process of the region. Currently, such scenario should considerably decrease
agriculture yield leading to an economic disasterdkie region.

Finally, the respective inflences of ETp, ETr and precipitation trends on Poopd extent
fluctuation and the recent drought were assessed by multiple linear regression. The results show a
significant Pvalue of 0.048 for ETr while both ETp and Rainfall presented insignificauat i
> 0.05. Thus, the recent decrease of Poop06 Lake extent observed during the last 14 years appears
to be more related to ETr increase than to precipitation and climate fluctuation (ETp). However,
this observation has to be considered with caution due tentlad number of points used (14).
Therefore, more consistent analyses based on longer temporal series have to be considered in

future studies to definitively state the role of ETr on the Poopé Lake drought.
4. Conclusions

In this study, a guideline to midar Poop6 Lake extent variation in time from remote sensing
data is presented to understand its recent disappearance. Landsat imagery was used to retrieve
Poopd Lake extent and PERSIANDDR, MSWEP and MOD16 data were used to understand
Poop6 Lake extentariation in time at seasonal and annual scales in relation to climate variability
and agricultural activities.

The first step consisted of a quick assessment of atmospheric correction, SDIs to retrieve
Poopo6 Lake extent, reanalysis satellite rainfall potsl (PERSIANNCDR and MSWEP) and
MOD16 ET products at a monthly scale. Despite the scarcity of the ground reference, some

consistent features emerged from the analysis:

(1) More accurate SR values are obtained after the FLAASH correction was applied
on the Landsat scene than from the already atmospheric corrected LSR scene. One

positive effect of both atmospheric correction methods is the decrease of the relative error
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between the bands. This effect is even more pronounced when considering SR derived
from the FLAASH correction with lower %RMSE, %ME values and higher CC values for
all the considered band ratios. Thus, FLAASH is recommended tprpcess Landsat
imagery rather than the use of LSR product.

(2) The AWEI, WRI and MNDW!I were the most accuratel$ over the region and

only failed to classify mixed water and soil pixels. The NDVI and NDWI classified the
shallower lake region as soil, which considerably underestimated the extent of Poopd
Lake. The proposed threshold adjusted values enhance aleiDiBncies.

(3)  The two rainfall reanalysis products, PERSIANINDR and MSWEP, are accurate
enough to represent regional monthly rainfall amount. Thus, using PERSGIRwith
MSWEP, the proposed MERGE monthly rainfall amount is even more suitableawith
very low mean monthly bias value.

(4) The low bias and high CC observed comparing MOD16 and reference ETp
suggest that MOD16 ETr is accurate enough to represent regional monthly ETr.

Secondly, thanks to 26 years of common data acquisition of LandsMEBERGE rainfall
data, preliminary insights regarding the fluctuations of Poop6 Lake during the last decades are
discussed. The extent of the lake passed by three maximum extents in 1991, 2001 and 2012 with
lake extent of 2492 km2, 2333 km2 and 2256 kmZ2peetively. Considering the recent dry
extent of December 2015, it appears that Poopé Lake already dried up in 1994 and 1995, which
are associated with strong negative rainfall anomalies. However, in 2014 and 2015, two high
positive rainfalls are observenhile lake extent drastically decreased until the lake dried up in
December 2015. This observation suggests that outside factors influenced the recent
disappearance of the lake. Various hypotheses can be made regarding the effects of global
warming, whichhas resulted in the shrinkage and disappearance of some glaciers in the region. In
addition, the increase of quinoa culture, mining activity and population water consumption
potentially played roles in the disappearance of the lake. Consequently, agtistbarease of
50% over the last 50 years is observed on the Desaguadero River which contribute 65% of the
total water to Poop6 Lake [17].

The analysis of ETr reveals an increase of approximately 12.8% at the watershed scale for
the 20002014 period. Thenicrease of ETr is not homogeneous over the region but located over

the three main agricultural regions around Lake Titicaca and Poop¢ Lake. In those regions, the
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surface dedicated to quinoa crop kept rising over the last decades in response to a wodd dema
and irrigation processes are involved to improve yield. Consequently, the local ETr over those
regions drastically increased at a rate superior to 15% over theZBDperiod. Therefore, the
agricultural activity and irrigation project from the Desadero River must be rigorously
controlled before the total desertification of the region. In this line, according to this study, a
minimum water extent of 1500 Knat the end of the rainy season is recommended to avoid
allowing the drying up of the lake dng the following dry season. National authorities should
consider this threshold as an objective agreement to preserve the region from desertification

while maintaining quinoa culture and the economic benefit it generates.
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Durante a primeira etapa do uloradq dedicadaa elaboacdo do banco de dadde
sensoriamento remoto na regido do Altiplaae maiores contribuicdes do trabalho sao (i) o
desenvolvimento e uso de metodolodga avaliacdo de erro dos produtasvos e originas,
complementado as metalologias previamentetilizadasaté hoje e () dar um primeiro retorno
do potencial dos dadake sensoriamento remofmara seguir os processos hidrolégioasregiao
do Altiplano.

De maneira geral, os estudos prévios de avaliag@&ord dos produtos deessoriamento
remoto nddevaramem consideracdo o uso previgara essedados. Por iss@s metodologias
utilizadasna avaliagdo do potencial dos dados n&do permitem ter uma visao representativa do
potencial real dos daddentro de untontexto deaplicagdo definido.

Nesse contexto,neste trabalho houve um empenho emtender os diferentes
componentes dos erros dos produtos de sensoriamento remoto para poder identificar qual
componentes do erem a maiorinfluénciano uso previsto no ambito do utorad. Dessa
forma, o trabalho levou ao desenvolvimento de novos indices e metodologia original para
responder a essaerguntagiandoum passo maia frente na consideragao do erro completo dos
produtos para&fetuara escolha do produto mais adequadoao contexto regionalbemcomaq
para osobjetivos de trabalhoA titulo de exemplo, os estudos sobre os MDEs permitiram
evidenciar o grande papel do erro relativo dos MDEerém, até hoje nenhum estudo
referenciava o erro relativo dos MDE#ssim uma nova eprimeira metodologia foi
desenvolvido no meu trabalho de doutorado. Os resultados mostram que o erro vertical
considerado pelos diferentes autores até hoje énéoficiente para poder concluir sobre o
potencial dos MDEs. De fato, como demostrado ndtwaiapl, os erros vertical e relativo podem
ter comportamensxiferente e a consideragéo unica de umautro erro (i.everticali relativo)
leva a conclu3es diferentes sobre o potencial dos MDExa mesma forma, a avaliacdo da
eficiéncia das correcOes atsiéricas desenvolvida no ¢apo 3 levou aumaconcluséo similar.

Para ilustrar o caso, em geociéncias aplicadas, o maior uso das imagens multiespectrais € feito
considerando aazdo de bandas nelassificacdodas imagens (i.eseparacaoaguasolo,
delimitacdo dos diferentes tipos de ugoalidade dégua ..). Porém,na literatura de maneira

geral, a avaliacdo do potencial das correcdes atmosfékcésmita baseadana andlise de
sensibilidade das correcdes atmosféricassiderando as bandaslividuas. Essa abordagem é

um primeiro passo util, mas insuficiente por ndo considerar o erro relativo entre asdoguelas
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eles controlana eficiéncia dos indices feitos a partir de razdo de ba@daabalho realizado no
doutorado mostra a importancia de sidera arazao de bandaas analises de sensibilidade das
correcdes atmosférisaDe fato, como mostrado no d¢apo 3, a interpretacdo das analises de
sensibilidade das correcfes atmosférima® basena banda individuaiou de razdo de banda
sao difeentes. Finalmente, o trabalho de companaips diferentes SREs de primeira e segunda
geracdo @ trabalhode readlise permitiu mostrar o grande potencial dos SREs na regg&on
como suas principais limitacées. De fato, como mostrado noitcép 2, existe uma forte
influéncia das anomalias de emissividade e temperatura ocorrendo acima do lago assoaca
como na zona de montanha. O trabalho realizado no doutorado permitiu evidenciar essas
limitacOes e dessa formabge contribuircom a melhoria das @mativas dos futuros SREs por
dar maior énfase asses fen6menos nos algoritmos futuAdicionalmente trabalhos futuros
podemutilizar os resultados para propamametodologia adequadadiminuicdo dos erroem
zonas espéficas. A primeira fase dste doutorado desenvolveuum banco de dadose
sensoriamentoemotosem precedentes no Altiplanocluindo MDEs, dados de precipitacéo e
evapotranspiracdo e uma togologia de monitoramentoda dinamica espagemporal da
superficie @ aguacom baseemimagers multiespectrais Landsat. O banco de dados gerado esta
disponivé para as autoridadessponsavei® a elaboracdo do banco de dados online erata
discusséao para facilitar 0 acesso a qualquer usuario na rédi@mco de dados € compogior
estacfeshanada de estacdes virtuaipor incluir as variaveis obtidaunicamente a partir dos
dados de sensoriamento remotdoAgo prazo,para 0s paises coppucos recursos financeiros e
as regidesronteiricas, o sensoriamentemotooferece a possibilidade detanomia completa no
monitoramento hidrometeoroldgicoregional. Por isso 0os resultados obtidos durante este
doutorado demostram o interesse de acoplada de estacdn situcomuma rede orientadaor
sensoriamento remat®esta maneira se espera umdhoeda dagualidade do monitoramento
tomando conta da variabilidade hiesliimética espacial e temporal do altiplan®.utilizacdo da
redeorientadapor sensoriamento remofmoderia também permitir redistribuir algumas estacdes
para melhorar aalibracdodos produtos de sensoriamem® acordo com as fontes @ero
potencial devido ao relevooerpo @ agua (emissividade e temperatura)

A segunda etapa do doutoradonsistiu na utilizacdo do banco de dados estabelecido
para a questasocioambientatde maor importancia para a regiao do Altiplano: a sedesde

dezembro de 20180 segundo maior lago da Boliyia lago Poopdé. Bvido a falta de dadosn



situ, nenhum estudo informava sobre os poteésd@ores responsaveiglasituacaqi.e. fatores
climatologicos e deuso antrépica)Portantpa mudancgalimatica eradesignad comoo principal

fator da sea do lago Poopdste trabalh@onseguiu mostrar que o papel da atividade agricola
representa um fator adicional muito importapsra adesertificacdo ragnal observad nas
Ultimas décadag\s mudancgasle coberturguntamentecomprocessos de irrigagacontribuiram

para oaumento da ETem aproximadamentd2.8% em escala regional. Devido ao contexto
arida com taxa evaporativa e de precipitagio muito préximas,e aoaumentoconsideravel no
desequibrio do balancohidrico, as precipitacdes ndo saoais suficientes para manteas
atividades agricolas e o ecossistema regional (lago Pdoedato, devido a entrada dainoa

no mercado internacional, asputacdes se dedicaram ao cultivo desse cereal para melhorar suas
condi¢cdes econdmisaPor falta de informag&o, controle e monitoramento das atividades nessa
regido, as superficies dedicadas eases cultivos subiram exponencialmente e foram
acompanhadas daerocessos mecanizados e de irrigacdo que contribuiram com o processo de
desertificacao (Figura 13). Atualmente, o Altiplano esta frasteuacéo critica potencial na qual

as populacbes podeestar ameacadas de crises econdmicas por ndo poder mais asanter
atividades agricolas e a economia que delas resultam. As mudancas climaticas, as tensfes
geopoliticasdecorrenteslo recurso hidrico e as atividades mineiras, contribuiram tarpbésm
aumentar esta ameageis diminuirama quantidade de 4gua disponiffégura 13).

Além disso,0 processo de desertificacgmde ter um efeito sobre os fenbmenos de
tempestade de areia. De maneira ges@lesperam aumentalestes fendbmenos deviddipao
aumento da erosédo edlica causpdta supressao da vegetacao m@aéin favor do cultivo e (i) a
diminuicdo da umidade do ar, cadagela reducégeral da superficie do lago Poopd, o qual tem
um papel de retencédo da umidade loBapendendo da intensidade e da éposdempestades
de areigpoderiam cobrimos cultivos que acabaram de germirarmpedr assim, o crescimento
deles, 0 que resultea em uma importante perda de rendimento, ameacandnomicamente as
populacdes. Esses fenbmenos de tempestade de areia foravaddsem campo (Figura 13) e
até capturads nasimagens MODIS o qual abra possibilidadede monitoramento e estudo

baseado no sensoriamento remoto a grande escala.
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Figural3. Esquema da situacdo socioambiental atual no Altiplano em relacédo as diferentes pressdes
humanas e lonéticas existentes.
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Este trabalho mostra a grande potencialidade do sensoriamentio para regides
isoladas, desde monitoramentdiidrometeoroldgico, atéonstituir dados adicionais pammada
de decisdo em decorréncida preservagcdo conjunta do roeambiente e das atividades
econbmicasDe fato, a partir dos resultados obtidesdemos sugeritm valor limiar minimo de
superficie do lagdPoop6 de BOO knf a ser utilizadocomo referencia de superficapdsa
estaca@huvosgara evitar que o lagoae durante a estacao seca seguinte.

O trabalho realizadsugerea contribuicdosignificativa das atividades agricolaso
processo de desertificacdo progressivo nos ultimos anos, que culminou com a seca completa do
lago Pooppem dezembro 201500 mesmotempo, os resultados mostrajue a variabilidade
climatica ndo contribuigpara o aumento da ETr observats zonas agricolas. Este aumento
podeia seratribuidoa mudancade cobertura do solo & processo de irrigacadlém disso,
como ilustrado na intducao, a regido esenfrentandanudancaslimaticascomo aumento da
temperaturaEssas mudancas sésponsavie pelareducdoglobal dos glaciaresia ordem de
43% entre 198le 2014. Nesse contexto é importante seguir estudando o comportamento

hidroclimatolégico regional. Uma atencdo particular deve deata abacia do lago Titicaca.
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Devido asua localizacdo na parte nod@bacig emque oescoamentocorrede nortepara sul e
a sua caracteristica morfolgica.480 knf, 107 m de profundidade étlia), esse lago tem o
papel de reservatéribe agualo sistema TDPSA0 mesmo tempa partea montantedas bacias
gue contribtem com oaporte @ aguano lago estdo ocupados pamacoberturaimportantede
nevegelo. A baciaestéentdo sujeita aos efeitdas vaiacdesclimaticas através daliminuicdo da
coberturade nevédgelo epelo aumento potencial da evaporacdo do lago Tiicacabalhos
futuros poderiam focar no potencial dos dadode sensoriamento remoto para representar a
dindmica espgo-temporal da cobarta de nevegelo nessa regido e a safluéncia na reposta
hidrologica na sadia das bacias do lago Titicadd.odeles empiricos para representacao da
coberturade geldnevepoderiamser avaliados na regidGlark et al., 2009; Hublart et al.025)
e utilizadoscomo entradadicionalpara modelos hidrolégico$ais modelogpermitiriam testar
novos produtosle sensoriamento rematateis na representacdo da dinamica riget e avaliar
os dadogdo sensoriamento remotwonsiderados no doutora@gm um contexto de modelagem
hidrolégica Esta abordagem permitir validar de maneira mais robusta a representacdo da
variabilidade espgo-temporalfeita a partir dos dados observar anfluéncia da variabilidade
climatica no reservatério nelgelo. Por fim a evaporacéo do lago constituprincipal saidale
aguado lago. A radiacdo 1@ regidoé muito importante devido a altura média do lago
localizado a uma elevac@onédia de A00m. Uma linha de trabalho podef@ear na estiméva
da radiagdo no lagoapa calcularde maneira mais precisa suaevaporagcaoEstudos recentes
mostram que tal trabalho pode ser realizado a partiprdduts de sensoriamentoemoto
(emissividade, temperatura de superficiar,eradiacdo de ondeurta e larga, albedanagens
multiespectrais) com resultados satisfatofes Oliveira et al., 2016; Moukomla and Blanken,
2016) Por fim, conformeilustrado no cajulo 3, umaregiaoagricola na qual foi registrado um
aumento significativo da ETr, esta localizadaba&ia do lago Titicaca poderia ser utilizado
para confirmar o papel datividades agricolas na regiao

Parafinalizar, uma segunda linha de pesqu@adeda focar no reservatoriode agua
subterrana, o qual ndofoi considerado no doutorado. P®s@ os diferentes produtos e
algoritmosque permiiram fazeruma estimativala umidade d solo deveriamser avaliados na
regido. Esses produtos podenser usade com aosdados de anomalia graviméai&Gravity
Recovery And Climate Experimgl@RACE) para determinaas variacbes destoque de agua

subterraneqVoss et al., 2013Forootan et al., 2014;)A0 mesmo tempoum estudo recém
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publicado demostra o grande potencial dos dados de umidade do soéstinzativadas
precipitagbes de acordocom o algoritmo bottomup SM2RAIN(Brocca et al., 2013, 2014
permitindo estimag precipitacdo com alta precis@dessa linha de pesquisa, estudesentes
mostram a possibilidade de identificar as zonas irrigadagiantificar aagua utilizada no
processo de irrigacdp Kumar et al.,, 2015; Brocca et al., 2017Primeirqg estametodologia
identifica as zonas agricolas irrigadas por anomalia nos valores de umidade do soloo,Segund
guantidade déguausad no processo de irrigac&estimada pela diferengmtrea estimativale
chuva classicappr sensoriamento remotmu ndo) com as derivadas adgoritmo bottomup
SM2RAIN Essa abordagem se baseo fato que os valores denidade do solasads nas
estimativasde chuva derivada doottomup SM2RAINsd0 influenciados pelas precipitacdes e
irrigacdes aquanto as precipitacdes classicas MNasregides isoladasomo o Altiplang essa
metodologia oferece grande perspectiva no controle das diferentes atividades ad¥izolas.
altiplang sendo uma regido descoberta com vegetacdo muito rasa, os pomkgasoriamento
remoto de umidade poderiam seficientemente acurados por néo ser influencipetos efeitos

da vegetacdo nas estimativas. Nesse contexto, esses dados oferecem grande perspectiva n
monitoramentodo uso agricola daguae no monitoramentodo reservatorio subterraneo (em
conjuntocomosdados GRACE).

Assim, a partir de dadogle sensoriamento remqtpodese avaliaro ciclo hidrolégico
regional considerando tanto as agussperficais quantos asubterranas. Esse abordagem
permitira uma representacauais robusta econsisente do cio e assim permitird melhorar as
analisesdas reservas hidricasassim como, asmedidas de preservacdo do meio amieielot

Altiplano SutAmericano.
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ANEXO 1

Accuracy assessment of SRTM v4 and
ASTER GDEM v2 over the Altiplano
watershed using ICESat/GLAS data
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