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RESUMO

ELEVATION-DEPENDENT WARMING E SUAS POSSIVEIS CAUSAS
NOS ANDES

AUTOR: Osmar Evandro Toledo Bonfim
ORIENTADOR: Luca Mortarini

As regides montanhosas foram reconhecidas como as mais sensiveis as mudangas cli-
maticas e ambientais e, em particular, ao aquecimento global. Vérios estudos relataram
o elevation-dependent warmng (EDW), ou seja, quando as taxas de aquecimento diferem
em diferentes faixas de altitude, particularmente com foco no aumento das taxas de aque-
cimento com a elevacdo. A Cordilheira dos Andes provou ser um hot-spot relevante as
mudancas climaticas, com tendéncias positivas de temperatura e um recuo generalizado
das geleiras nas ultimas décadas. Para avaliar e entender melhor o EDW nesta regido e
identificar sua possivel dependéncia da latitude, a Cordilheira dos Andes foi dividida em
cinco dominios, trés pertencentes a zona tropical e dois pertencentes aos subtrépicos.
Além disso, para cada area, as faces leste e oeste da cordilheira foram analisadas separa-
damente. Um conjunto de simulag¢des de modelos climéticos regionais (RCM) participantes
do Experimento Coordenado de Redugéo Climatica Regional (CORDEX), consistindo em
um RCM aninhado em oito modelos climaticos globais (GCM) diferentes pertencentes do
Projeto de Intercomparagéo de Modelos Acoplados (CMIPS5) foi considerado neste estudo.
O EDW foi avaliado calculando a diferenga de temperatura entre o final do século (2071 -
2100) e o periodo histérico (1976 - 2005) e relacionando-a com a elevagéo. As projecoes
futuras foram baseadas nos cenarios de alta emissédo de CO, (RCP 8.5) e de estabilizacao
das concentragdes de CO, (RCP 4.5). Possiveis diferengas nos mecanismos condutores
de EDW foram identificadas usando anélises de correlacdo entre as mudangas de tempe-
ratura e todas as variaveis identificadas como possiveis mecanismos condutores de EDW.
Para as temperaturas maximas, um sinal EDW positivo (ou seja, aumento das taxas de
aquecimento com elevacgado) foi identificado em ambos os lados dos Andes Tropicais e
Subtropicais e em todas as estagdes. Para as temperaturas minimas, ao contrario, en-
quanto um EDW positivo foi identificado nos subtropicos (particularmente evidente no lado
oeste da cadeia), os trépicos foram caracterizados por um EDW negativo ao longo do ano.
Portanto, a regido tropical marca uma transi¢céo entre os comportamentos discordantes de
EDW para a temperatura minima. Nos trépicos diferentes mecanismos condutores de EDW
foram identificados para a temperatura minima, cujas mudancgas estéao principalmente as-
sociadas a mudangas na radiagdo de onda longa (ROL), e para a temperatura maxima,
as mudancas sao principalmente impulsionadas por mudancas na radiagdo de onda curta
(ROC). Isso pode explicar o sinal EDW oposto encontrado nos Andes Tropicais durante o
dia e a noite. Mudangas no albedo da neve foi 0 mecanismo condutor onipresente para



a intensificacao do EDW nos subtrépicos, tanto para a temperatura minima quanto para a
maxima. Mudancgas na ROL e umidade também foram condutores de EDW nos subtropi-
cos, mas com diferente relevancia ao longo das estagdes do ano. Além disso, os lados
oeste e leste da Cordilheira podem ser influenciados por diferentes mecanismos conduto-
res de EDW..

Palavras-chave: Elevation-dependent warming. Tendéncias regionais de temperatura.
Clima regional. Modelos climaticos. CORDEX. Projectes



ABSTRACT

ELEVATION-DEPENDENT WARMING AND ITS POSSIBLE CAUSES IN
THE ANDES

AUTHOR: Osmar Evandro Toledo Bonfim
ADVISOR: Luca Mortarini

Mountain regions have been recognized to be more sensitive to climate and environmental
changes, and to global warming in particular. Several studies report on elevation-dependent
warming (EDW), i.e., when warming rates are different in different altitude ranges, particu-
larly focusing on the enhancement of warming rates with elevation. The Andean chain
proved to be a relevant climate change hot-spot with positive temperature trends and a wi-
despread glacier retreat over the recent decades. To assess and to better understand ele-
vation dependent warming in this mountain region and to identify its possible dependence
on latitude, the Andean Cordillera was split into five domains, three pertaining to the tropical
zone and two pertaining to the Subtropics. Further, for each area the eastern and western
faces of the mountain range were separately analyzed. An ensemble of regional climate
model (RCM) simulations participating in the Coordinated Regional Climate Downscaling
Experiment (CORDEX), consisting of one RCM nested into eight different global climate
models from the CMIP5 ensemble was considered in this study. EDW was assessed by
calculating the temperature difference between the end of the century (20712100) and the
historical period (19762005) and relating it to the elevation. Future projections were ba-
sed in the high-emission scenario (RCP 8.5) and repeated for the stabilization of the CO,
scenario (RCP 4.5). Possible differences in the EDW mechanisms were identified using cor-
relation analyses between temperature changes and all the variables identified as possible
EDW drivers. For the maximum temperatures, a positive EDW signal (i.e., enhancement
of warming rates with elevation) was identified in each side of both the tropical and sub-
tropical Andes and in all seasons. For the minimum temperatures, on the contrary, while
a positive EDW was identified in the Subtropics (particularly evident in the western side of
the chain), the Tropics are characterized by a negative EDW throughout the year. There-
fore, the tropical boundary marks a transition between discordant EDW behaviors in the
minimum temperature. In the Tropics and particularly in the inner Tropics, different EDW
drivers were identified for the minimum temperature, whose changes are mostly associated
with changes in downward longwave radiation, and for the maximum temperature, whose
changes are mainly driven by changes in downward shortwave radiation. This might ex-
plain the opposite EDW signal found in the Tropical Andes during daytime and nighttime.
Changes in albedo are an ubiquitous driver for positive EDW in the Subtropics, for both the
minimum and the maximum temperature. Changes in longwave radiation and humidity are
also EDW drivers in the Subtropics but with different relevance throughout the seasons and



during daytime and nighttime. Also, the western and eastern sides of the Cordillera might
be influenced by different EDW drivers.

Keywords: Andes. Elevation-dependent warming. Regional temperature trends. Regio-
nal climate. Climate models. Projections
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1 INTRODUGAO

Referidas por muitos autores como torres de aguas naturais do século XXI (MES-
SERLI, 2001; VIVIROLI; WEINGARTNER, 2004; IMMERZEEL et al., 2020), as regides
montanhosas compreendem cerca de 27% da superficie continental da Terra (PRICE,
2015) abastecendo cerca de 40% da populagdo mundial com agua doce através de sis-
temas fluviais fundamentais para irrigacédo, producao de alimentos e geracao de energia
hidrelétrica. Durante a segunda metade do século XX, as observagdes sugeriram que
as regides montanhosas sdo relativamente mais sensiveis e vulneraveis ao aquecimento
global. O Painel Intergovernamental sobre Mudancgas Climaticas (IPCC, 2021) considera
as geleiras de montanhas como um indicador chave das mudancas climaticas recentes,
e apontam que elas ainda continuaram derretendo por décadas ou séculos. De fato, os
recuos das geleiras sdo um dos efeitos mais evidentes do aguecimento global em seu
estagio inicial.

Durante a estacao chuvosa ocorre 0 armazenamento da precipitacdo de neve nas
geleiras, que garante a disponibilidade de 4gua para a comunidade a jusante na estacao
seca. Porém, a medida que as Bacias glaciais desaparecem, a disponibilidade e a quali-
dade da agua sdao comprometidas (BRADLEY et al., 2006). Nas areas tropicais, como em
parte dos Andes, as variagdes sazonais da temperatura do ar sdo pequenas, a quantidade
e o0 tempo de escoamento das geleiras ao longo do ano sdo controlados principalmente
pela alternéncia das estacdes chuvosas e secas. Beniston (2003) afirmou que de 30%
a 50% da massa glacial de montanha existente em todo o mundo pode desaparecer até
2100. Entre o periodo passado recente (1986 - 2005) e o futuro préximo (2031 - 2050), a
profundidade da neve deverd diminuir em 25% em muitas regiées elevadas, como os Al-
pes Europeus, Oeste da América do Norte, Cordilheira do Himalaia e Andes Subtropicais,
independentemente do cenario de emissao de gases de efeito estufa (GEE) (IPCC, 2021).

Uma das questdes importantes relacionadas as mudancas climaticas nas monta-
nhas € se elas estdo aquecendo mais do que as planicies adjacentes ou em comparagao
com o aquecimento médio global. Muitos estudos (PEPIN et al., 2015; PALAZZI et al.,
2017; MINDER et al., 2018; NIU et al., 2021) relataram tendéncias na mudanca da tempe-
ratura do ar em relacdo a elevagéao, um fendémeno conhecido como Elevation-Dependent
Warming (EDW). O EDW nao implica necessariamente que o aquecimento se intensifique
com a altitude, mas significa que a taxa de aquecimento (por exemplo, em ° C por dé-
cada) nao € uniforme nas cadeias de montanhas. Apesar de ter recebido grande atencao
nos ultimos anos, o EDW ainda n&o é completamente compreendido. A identificacdo dos
mecanismos que conduz o EDW e como eles se combinam é complexo e varia conforme
as diferentes cadeias de montanhas, estagdes do ano e indicadores de temperatura (por
exemplo, temperatura média, minima ou maxima), portanto, nenhum padrao de EDW ainda
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foi definido.

Varios processos fisicos contribuem para o EDW, e a quantificacdo de suas contri-
buicoes relativas permanecem em grande parte imprecisas (MINDER et al., 2018; PALAZZI
et al., 2019). Por exemplo, em ambientes montanhosos, a sensibilidade da temperatura do
ar ao forcamento radiativo aumenta em baixas temperaturas (OHMURA, 2012). A relagcao
entre umidade especifica e radiacdo de onda longa (ROL) nédo é linear, em uma atmos-
fera seca e fria tipica de altitudes elevadas, qualquer aumento na umidade atmosférica
causado pelo aumento da temperatura, levaria a um aquecimento desproporcionalmente
grande (RANGWALA, 2013). O feedback do albedo da neve desempenha um papel impor-
tante, pois a reducéo na cobertura de neve implica em aumento da absor¢édo da radiacao
solar na superficie que, no que lhe concerne, leva ao aumento da temperatura do ar e
intensifica o derretimento da neve (PEPIN; LUNDQUIST, 2008).

Para melhorar o entendimento do EDW, as medi¢des de temperatura do ar nas es-
tacoes meteoroldgicas sdo essenciais. Dado que a maioria das estagbes meteoroldgicas
estdo instaladas em regides relativamente de baixa altitude, as estacdes localizadas em re-
gides de montanhas séo escassas, e essas areas atualmente sdo sub-representadas. De
acordo com o banco de dados da Rede Global de Climatologia Histérica (RGCHv3), das
7.297 estagdes cadastradas, apenas 191 (3%) estdo acima de 2.000 metros de altitude e
54 (0,7%) acima de 3.000 metros, e os dados de longo prazo sdo simplesmente inexisten-
tes para estagdes acima de 5.000 metros em qualquer regidao montanhosa (LAWRIMORE
et al., 2011).

Os Andes Tropicais configuram como uma regido de elevada incerteza, devido a
localizagbes de estacOes terrestres esparsas e ndao homogéneas e ainda apresentar uma
maior variacao nas simulagdes de modelos em comparagdo com as areas vizinhas (ou
seja, o Oceano Pacifico e a Bacia hidrografica amazénica) (URRUTIA; VUILLE, 2009; BUY-
TAERT et al., 2010).

Além disto, a Cordilheira dos Andes difere das outras cadeias de montanhas como
os Alpes europeus, as Montanhas Rochosas do Colorado e a Cordilheira do Himalaia de
varias maneiras. Em particular, a Cordilheira dos Andes é bastante estreita, mas muito
ingreme ao longo da costa oeste do continente, ascendendo da costa do Oceano Paci-
fico a uma altitude média de 3.500 m em menos de 300-400 km, dependendo da latitude.
A presenca da Cordilheira dos Andes, desempenha um papel fundamental na determina-
¢ao do clima da América do Sul. Devido a sua latitude e altitude, os Andes interrompem
a circulagao atmosférica, resultando em uma variedade de fenémenos de mesoescala e
circulagé@o regional, contrastando as condigbes climaticas ao longo das encostas leste e
oeste, e planicies adjacentes (GARREAUD, 2009).

Sob esta 6tica, o conhecimento do EDW e dos seus possiveis mecanismos de con-
ducéao, destacando as diferencas em funcao da latitude, da sazonalidade, das variaveis
consideradas (tanto a temperatura minima quanto a temperatura maxima) e das faces
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(leste e oeste) da Cordilheira dos Andes, visa compreender como as mudancgas climati-
cas futuras podem impactar o zoneamento dos ecossistemas, a economia e a sociedade
a jusante dos Andes.



2 REVISAO BIBLIOGRAFICA

2.1 ELEVATION-DEPENDENT WARMING

Uma das principais questées enfrentadas pela comunidade cientifica que trabalha
com mudancgas climaticas nas montanhas € se as taxas de aquecimento, bem como as
tendéncias de outras variaveis como precipitacdo e profundidade da neve, exibem uma
dependéncia da altitude e, em particular, se sédo intensificadas em altitudes mais eleva-
das quando comparadas com as areas mais baixas ou com a média global. Isso teria
claramente varias implicagdes para a criosfera de altitude, ecossistemas de montanha, bi-
odiversidade e, finalmente, para a sociedade. Vérios estudos globais e regionais relataram
0 aquecimento dependente da elevagdo, também conhecido no inglés como Elevation-
dependent warming (EDW) (PEPIN et al., 2015; PALAZZI et al., 2019, MILLER et al., 2021,
entre outros).

Em principio, avaliar a taxa e o padrao de aquecimento com elevacao nas ultimas
décadas deveria ser simples. No entanto, muitos fatores e condigbes dificultam a verifi-
cagao da taxa de aquecimento em regides montanhosas. Em primeiro lugar, as estagdes
meteorolégicas de longa duracao (com mais de 20 anos de registros) sdo extremamente
escassas em altitudes elevadas, muito poucas estdo em picos ou platds isolados, e a
maioria das observagbes em regides montanhosas séo feitas em vales com microclimas
distintos e propensos a drenagem do ar frio. Além disso, a extrema temperatura local, to-
pografia, inclinacdo e exposicao dificultam a coleta de dados e a preservagao da estagao
in-situ (PEPIN et al., 2011; 2015).

Distintas metodologias sé&o aplicadas para avaliar o EDW, dentre elas, as mais uti-
lizadas sao observacoes in situ, dados de satélite, reandlise dados e modelos climaticos
(RANGWALA; MILLER, 2012; PEPIN et al., 2015; PALAZZI et al., 2017; 2019; MINDER
et al., 2018; NIU et al., 2021; CHIMBORAZO et al., 2022). A maioria dos estudos sobre
EDW baseia-se na analise de observacgdes in situ e apontam para uma amplificagdo nas
taxas de aquecimento em razado da elevacdo. Em contrapartida, os autores admitem que
essa amplificacdo do aquecimento pode ndo ser considerada universal. Alguns estudos
como Tudoroiu et al. (2016) mostraram que na porcao oriental dos Alpes europeus ha um
aquecimento negativo dependente da elevacdo em torno de 2100 metros de altitude, Vuille
e Bradley (2000) encontraram tendéncias de aquecimento reduzidas com o aumento da
elevagcédo nos Andes Tropicais, e You et al. (2010) ndo encontraram sinais de EDW uitili-
zando dados de reanadlises no Platé Tibetano oriental e central para o intervalo de 1961 a
2005.

Outros estudos sugeriram que as regides montanhosas podem estar aquecendo a
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taxas mais altas do que o resto da superficie terrestre global. Liu et al. (2006) examinaram
tendéncias nas temperaturas minimas e maximas no periodo de 1961 a 2003 no Plato
Tibetano. Os autores descobriram que as temperaturas minimas estdo aumentando mais
rapidamente do que as temperaturas maximas em todos os meses, com um aquecimento
mais pronunciado no inverno e na primavera. Wang et al. (2016) utilizaram um conjunto
de observacgdes globais no periodo de 1961 a 2010 e notaram que as regides de altitudes
mais elevadas globalmente estao se aquecendo a taxas mais rapidas do que as planicies
proximas.

Os estudos observacionais de EDW enfrentam desafios associados a falta de regis-
tros climéaticos em terrenos montanhosos, conforme discutido acima. No entanto, modelos
climaticos numéricos tém sido Uteis para superar algumas limitagées de conjuntos de da-
dos observacionais. Eles podem representar cendrios climaticos futuros e possibilitar o
diagnostico de mecanismos fisicos (MINDER et al., 2018). Varios estudos (RANGWALA
et al., 2016; PALAZZI et al., 2017; 2019, YOU et al., 2019) investigaram EDW utilizando
dados de modelos climaticos globais (GCMs) e quase todos encontraram um sinal claro de
EDW, com um aquecimento amplificado com a elevacao ou mostrando algum aquecimento
maximo nas elevagodes intermediérias.

A resolucao do modelo também desempenha um papel importante na avaliagcao do
EDW. Executando o EC-Earth GCM em cinco resolucdes diferentes (T159 (aprox. 125
km), T255 (aprox. 80 km), T511 (aprox. 40 km), T799 (aprox. 25 km), T1279 (aprox.
16 km)), PALAZZI et al. (2019) investigaram o impacto da resolugdo espacial no sinal
do EDW sobre as Montanhas Rochosas do Colorado, Regidao dos Alpes europeus e o
Platé Tibetano. Nenhuma dependéncia de resolugao evidente na capacidade do modelo
de simular EDW foi encontrada, no entanto, as diferentes resolu¢des simularam diferentes
intensidades de EDW e atribuiram uma importancia diferente aos varios mecanismos de
conducao do EDW.

2.2 MECANISMOS RESPONSAVEIS PELO ELEVATION-DEPENDENT WARMING

O conhecimento dos mecanismos e processos fisicos que podem estar ligados ao
EDW ¢ essencial para explicar as variagdes no fluxo liquido de energia sobre as regides
montanhosas. Varios estudos mostraram que o maior aquecimento observado em altitudes
mais elevadas pode ser atribuido ao feedback do albedo da neve (ZAZULIE et al., 2018;
MINDER et al., 2018; PALAZZI et al., 2019; GUO et al., 2021; SHEN et al., 2021), cobertura
de nuvens (LIU et al., 2009), modulagéo do vapor de agua do aquecimento de ondas longas
(RANGWALA et al. 2009; PALAZZI et al., 2019, NIU et al., 2021), vapor de agua superficial
(RANGWALA, 2013) e aerossois (LAU et al., 2010). Outros fatores como mudangas na
cobertura do solo foram considerados no estudo de Tudoroiu et al. (2016), no entanto, na
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literatura ndo ha consenso sobre o papel desse mecanismo no desencadeamento do EDW.
A Tabela 1 resume 0s possiveis mecanismos responsaveis pelo EDW e seus efeitos.

2.2.1 Feedback do albedo de neve/gelo

O feedback do albedo da neve é certamente um dos feedbacks mais fortes do sis-
tema climatico. Relevante em regides de altitudes elevadas dominadas por neve, também
tem um papel crucial na amplificagéo polar (ou arctic amplification, no inglés). A definicao
de Albedo esta relacionada a quantidade de energia solar refletida pela superficie da Terra.
Superficies brilhantes, como geleiras, ttm um albedo alto e, portanto, refletem uma maior
quantidade de energia solar do que absorvem (Figura 1) (PEPIN et al., 2015).

A mudanga no albedo atua para reforgar a anomalia positiva de temperatura inicial
na area de gelo levando a mais aquecimento. O aquecimento tende a diminuir a cobertura
de gelo, portanto, diminuir o albedo, aumentando a quantidade de energia solar absorvida
e levando a mais aquecimento. Como esse feedback modula a absor¢éo da superficie da
radiacdo solar incidente, afeta principalmente as mudancas na temperatura maxima. Au-
mento na temperatura minima também é possivel se a diminuicdo da cobertura de neve
for acompanhada de aumento na umidade do solo e umidade especifica, que podem faci-
litar uma maior retencao diurna de energia solar na superficie durante o dia e amplificar o
aquecimento de ondas longas da superficie terrestre a noite (RANGWALA; MILLER, 2012).

Figura 1 — Feedback Albedo da Neve/Gelo.
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Sobre a Regiao dos Alpes europeus, Giorgi et al. (1997) encontraram uma mudancga
mais pronunciada na temperatura e precipitacdo em altitudes mais elevadas induzidas pelo
aquecimento de CO,. Este aquecimento foi associado a uma diminuicdo da cobertura de
neve e, portanto, impulsionado pelo feedback do albedo da neve, especialmente no inverno
e na primavera.

No Platé Tibetano, Guo et al. (2019) descobriram que o declinio da cobertura de
neve esta fortemente correlacionado com as tendéncias de temperatura no inverno e na
primavera. Nas andlises de satélite, os autores mostraram um pico de aquecimento em
torno de 3.500m - 4.000m no inverno e 4.000m - 4.500m na primavera, confirmando o
feedback positivo do albedo da neve nessas faixas de elevagdo. Palazzi et al. (2019)
identificaram o feedback do albedo da neve como o principal mecanismo condutor do EDW
nos meses de setembro, outubro e novembro (SON) para as Montanhas Rochosas do
Colorado e Cordilheira do Himalaia utilizando GCMs com alta (aprox. 25km) e muito alta
resolucéo (aprox. 16km).

O tempo sazonal da cobertura de neve varia com a elevacao, e as taxas maximas
de aquecimento geralmente ocorrem perto do 0°C isotérmica anual (ou linha de neve).
Espera-se que a atual linha de neve, que varia com a altitude em diferentes cadeias de
montanhas, recue para altitudes mais altas a medida que o sistema climatico aqueca. Esta
intensificagdo do aquecimento também atrasa o inicio da cobertura de neve por varios dias
ou semanas em altitudes mais baixas e médias (TERZAGO et al., 2017) e espera-se que
essa tendéncia continue e se intensifique no futuro, envolvendo altitudes mais altas.

Nos Andes Tropicais, durante a fase quente do El Nifio Oscilacdo Sul (ENOS), a
precipitacdo diminuiu em cerca de 10% a 30% e os periodos secos ocorreram com mais
frequéncia durante o verao austral (VUILLE et al., 2000). Essa situagao reduz a cobertura
de nuvens, aumenta a incidéncia de radiagdo de onda curta (ROC), reduz o acumulo de
neve e diminui o albedo nas geleiras. As condi¢oes de ENOS na fase fria, por outro lado,
sao caracterizadas por temperaturas mais baixas, ventos mais constantes e maior volume
de precipitacao de neve que, aumentam o albedo e a sublimacéo na regidao (FRANCOU et
al., 2004).

Outros fatores como urbanizagao (ilhas de calor) (CAMPOVERDE, 2018) e a mi-
gracao ascendente da linha de arvores (substituicao da cobertura de neve por vegetagéao,
LUTZ et al., 2013), estdao associados com o aumento de temperatura do ar e reducao do
albedo da neve nos Andes. Segundo Pepin et al. (2015), restringir a analise somente para
estacoes meteoroldgicas acima de 500 metros provavelmente subestimaria esses efeitos.
No entanto, na Cordilheira dos Andes, algumas grandes cidades estao localizadas acima
desta faixa de elevacao.
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2.2.2 Cobertura de Nuvens

Segundo o quarto relatério do IPCC (2007) o efeito do feedback das nuvens nos
modelos climaticos exerce dois efeitos concorrentes na forgante radiativa da Terra. Ao
refletir a ROC de volta para o espacgo (o efeito albedo das nuvens) e ao capturar a ROL
emitida pela superficie e pela baixa troposfera (o efeito estufa das nuvens). Ja no quinto
relatério do IPCC (2013), propriedades adicionais foram acrescentadas no feedback das
nuvens como: mudancgas na altitude, quantidade, profundidade 6ptica das nuvens de alto
e de baixo nivel (figura 2).

Figura 2 — Diferentes propriedades radiativas das nuvens de baixo e alto nivel e seu feed-
back.
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Fonte: Liu et al. (2013).

e propriedades de nuvens sdo esparsas, particularmente em regides de elevada altitude.
Poucos estudos discutiram como as mudancgas nas nuvens podem afetar o EDW. As va-
riacoes na cobertura de nuvens e nas propriedades das nuvens influenciam fortemente a
ROL e ROC, portanto, o balanco de energia da superficie (PEPIN et al., 2015).

Através de observagoes e projecoes de modelos na regido do Platé Tibetano, Liu et
al. (2009) demonstraram que o aumento da concentragcao atmosférica de GEE intensifica
a cobertura média anual de nuvens em altitudes inferiores a 2.000 m, devido ao aumento
na umidade atmosférica e alteragdes no ciclo hidrolégico. Acima de 3000 m, as nuvens
totais diminuem e mostram pouca dependéncia de elevacao. Isso favorece o aumento da
radiacdo solar liquida de superficie e a diminuigcdo da profundidade da neve. Os efeitos
combinados de profundidade de neve e cobertura de nuvens, resultam em um maior au-
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mento de temperatura em altitudes mais altas, em relagao a altitudes mais baixas, levando
a EDW.

Duan e Wu (2006) relataram um aumento na cobertura de nuvens de baixos niveis
no periodo noturno sobre as partes central e oriental do Platé Tibetano entre 1961 e 2003,
apesar da diminuicdo da cobertura total de nuvens durante 0 mesmo periodo. Os autores
sugeriram que esse aumento na cobertura de nuvens de baixos niveis é capaz de explicar,
em parte, o aumento minimo na temperatura sobre o planalto na segunda metade do
século XX.

Sicart et al. (2016) investigaram que nos Andes Tropicais, fortes mudancas sazo-
nais na cobertura de nuvens e precipitagdo controlam amplamente o balango de massa
das geleiras, sendo que as propriedades radioativas das nuvens na regido desempenham
papeis distintos. A atenuacao de ROC a emissao de ROL oriundas das nuvens foram mai-
ores no verao (Dezembro, Janeiro e Fevereiro -DJF) (cerca de 20-30%) do que no inverno
(Junho, Julho e Agosto -JJA), provavelmente porque a maioria das nuvens de verdo séao
do tipo cumulos, de baixos niveis e associados a convecgao local, enquanto as nuvens de
inverno sao frequentemente altostratos associadas as perturbagdes extratropicais.

2.2.3 Vapor de agua e fluxos radiativos

As tendéncias positivas de temperatura produzidas pelo aumento dos niveis de GEE
antropogénicos (por exemplo, didxido de carbono) levam a mais vapor de agua na atmos-
fera que, por sua vez, absorve e emite ROL, aumentando assim o aquecimento da su-
perficie (IPCC, 2021). Os aumentos na umidade especifica da superficie foram sugeridos
como parcialmente responsaveis por um rapido aumento no aquecimento da superficie na
Europa Central (PHILIPONA et al., 2005) e no Platé Tibetano (RANGWALA et al., 2009)
no final do século XX. Embora esses estudos sugerem que os aumentos na umidade es-
pecifica causem aumentos significativos na ROL, Minder et al. (2018) ndo encontraram
evidéncias sobre a contribuicdo do feedback do vapor de agua para a intensificagdo do
EDW.

Sobre o Platé Tibetano Central, durante a estacdo das mongdes, Kuwagata et al.
(2001) observaram padrdes diurnos no vapor de agua usando dados de satélite meteoro-
l6gico geoestacionario (GMS-5). O total de agua precipitavel diminuiu durante o dia nos
vales, enquanto aumentou nas montanhas. Usando sistemas de posicionamento global
(GPS), Wu et al. (2003) sugeriram que a umidade especifica da superficie atinge o pico
a noite em ambos os periodos secos e umidos sobre o Platé Tibetano. No entanto, as
implicacdes dos padrdes diurnos de vapor d’agua, formacao de nuvens e precipitacdo no
balango de energia em relacédo a elevagao ainda precisam de maiores investigagoes.

Em regides de altitude elevada, particularmente nos subtrdpicos, a baixa atmosfera
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tende a ser subsaturada na absor¢ao de vapor de agua, especificamente durante a estagao
fria. Portanto, aumentos no vapor de agua durante o inverno, quando a umidade especifica
€ mais baixa, causariam um aumento maior na ROL (RANGWALA et al., 2010). Esses
aumentos na ROL aumentariam principalmente a temperatura minima. Ruckstuhl et al.
(2007) sugeriram que a sensibilidade da ROL ao vapor de agua da superficie aumenta
com a altitude na regido dos Alpes suicos. A mesma mudanga na quantidade do vapor
de 4gua da superficie causara uma mudanca maior no ROL em areas de altitude elevada
quando comparados as planicies adjacentes.

As mudancas na umidade sao especialmente relevantes no contexto das variacoes
das geleiras devido ao impacto significativo do vapor d’agua. Nos Andes, ndo existem
registros in-situ continuos e de longo prazo para documentar tais mudangas. No entanto,
novos conjuntos de dados de vapor de agua troposférico tornaram-se disponiveis gracas
a técnicas aprimoradas de sensoriamento remoto. Vuille et al. (2003) encontraram um
aumento significativo da umidade relativa entre 1950 e 1995 de até 2.5% por década.
Dado esse aumento significativo, segue-se que a pressao de vapor (ou umidade especifica)
também aumentou significativamente.

2.2.4 Aerossois

Concentrados principalmente em altitudes relativamente baixas, existem uma vari-
edade de aerossois atmosféricos (carbono negro, poeiras, fumacga) que contribuem para
0 aquecimento atmosférico. A diminuicdo no fluxo de ROC nas encostas mais baixas das
montanhas sdo um dos efeitos esperados (conhecido como efeito de escurecimento da
superficie), mas tém efeitos limitados ou nenhum efeito nas regides mais elevadas acima
da camada atmosférica de aerosséis. Durante a estacao pré-mon¢ao, Ramanathan e Car-
michael (2008) encontraram uma camada atmosférica de poeira de desertos e altos niveis
de carbono negro em altitudes de até 5000 metros na Cordilheira do Himalaia e no Platé Ti-
betano. No entanto, existem poucos estudos sobre o alcance de poluentes antropogénicos
em altitudes elevadas nas regides de montanhas.

O carbono negro afeta o balango de radiacdo de duas maneiras: absorve radiagéo
na troposfera (principalmente, troposfera média a baixa) e diminui o albedo da superficie
quando depositado sobre a neve (Figura 3) (GAUTAM et al., 2013). Devido a complexidade
de seu feedback, € muito dificil avaliar seu efeito na intensificacdo do EDW. Dependendo
da altitude em que foi depositado, o carbono negro pode aumentar ou reduzir o EDW. Xu
et al. (2009) sugeriram que o carbono negro depositado pode aumentar a absorg¢ao de
radiacao visivel de 10 a 100% nas geleiras do Tibete.

Ramanathan et al. (2007) propuseram que o aumento do aquecimento atmosférico
regional sobre o Platd Tibetano poderia ser atribuido a formagédo de nuvens marrons at-
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mosféricas, que consistem em uma mistura de aerossoéis absorventes de luz resultantes
da queima de biomassa e consumo de combustivel féssil provenientes do sul da Asia.

Figura 3 — Ciclo do Carbono Negro na hidrogeosfera
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Aerossobis como poeira dependem de outros fatores, como mudang¢a no uso da
terra. Por exemplo, Painter et al. (2007) analisaram varios eventos de neve nas Montanhas
Rochosas do Colorado e descobriram que as perturbacdes antropogénicas na cobertura do
solo, transfere poeira para a atmosfera através de ventos sazonais da primavera oriundas
das regides aridas para as montanhas. Este fendbmeno causa uma redugao significativa
do albedo da neve na regido, em razao do derretimento da neve durante a primavera e o
aumento da absorgao da radiacdo solar na superficie. Da mesma forma que o carbono
negro, o impacto da poeira no EDW dependera da elevacao na qual ela foi depositada.

Utilizando dados de satélite no periodo de 2000 a 2016, Bolafios-Ortiz et al. (2019)
verificaram uma redugao no albedo da neve causados pela deposi¢cao de carbono negro
proveniente das areas industriais e urbanas do Chile, principalmente durante os meses da
primavera. Além disso, utilizando o modelo de Pesquisa e Previsdo Numérica do Tempo
acoplado a Quimica (WRF-Chem), os autores mostraram que ocorre uma predominancia
dos ventos de oeste no transporte de carbono negro para as Bacias glaciais localizadas
em regides mais elevadas do Chile.
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2.3 CORDILHEIRA DOS ANDES

A Cordilheira dos Andes € a mais extensa cordilheira continental do globo terrestre,
localizada na costa ocidental da América do Sul, estendendo-se por 7.000 km de apro-
ximadamente 7°N a 45°S. Ao longo de suas porgdes tropicais e subtropicais, as alturas
maximas (picos) dos Andes sao superiores a 4.000 metros acima do nivel do mar (a.s.l.)
(Figura 4). Em contraste com sua altitude, os Andes sdo uma cordilheira relativamente
estreita com uma largura tipica de menos de 200 km. Sua altura, extensao latitudinal e
orografia proeminente exibem diversos padrdes de tempo e clima, incluindo caracteristicas
tropicais, subtropicais e extratropicais (GARREAUD et al., 2009).

Os Andes Tropicais abrigam mais de 99% de todas as geleiras tropicais (KASER,
1999). O estudo de Francou e Vincent (2007) estimou a area total da superficie das ge-
leiras nos Andes Tropicais em cerca de 1.920 km?2. As geleiras nos Andes desempenham
um importante servigo, tanto econémico, agricola e ambiental para as populagdes das
planicies a jusante, liberando agua proveniente das geleiras para a parte arida do Oeste
(Peru e Bolivia) durante a estacdo seca (maio - setembro), quando ocorre pouca ou ne-
nhuma chuva. Grande parte da oferta de 4gua doce consumida na agricultura, consumo
doméstico, processo industrial e hidroeletricidade origina-se das Bacias glaciais dos Andes
(VUILLE et al., 2008a).

Consistente com a maioria das geleiras de montanhas em todo o mundo, as geleiras
nos Andes Tropicais vém recuando a uma taxa crescente desde o final da década de
1970. Considerando o cenario A2 do IPCC, para o século XXI é previsto um aumento na
temperatura de mais de 4 °C para as altitudes superiores a 4000 metros (BRADLEY et al.,
2006; URRUTIA; VUILLE, 2009). Conforme a analise realizada por Vuille et al. (2008b)
utilizando cerca de 280 estacdes in situ localizadas entre 1°N e 23°S (Andes tropicais), foi
detectado um aumento da temperatura do ar proximo a superficie de 0,68 °C no periodo
de 1939 a 2008, com uma taxa de 0,10°C por década. De modo geral, as geleiras tropicais
encolhem em resposta ao aumento da temperatura do ar, o que de fato foi observado na
regido dos Andes (VUILLE et al., 2003; MARK; SELTZER, 2005).

Estudos de modelagem sugeriram que as geleiras na Cordilheira Branca do Peru
(onde 70% de todas as geleiras tropicais estao localizadas) continuardo recuando signi-
ficativamente nas proximas décadas e podem desaparecer completamente em algumas
Bacias hidrograficas até 2080, com consequéncias drasticas para o escoamento (Juen et
al., 2007). O fluxo pode aumentar durante a estagdo chuvosa, mas diminuira durante a
estagdo seca, consequentemente aumentando a amplitude sazonal do escoamento.

As tendéncias de precipitacdo de neve na Cordilheira dos Andes sao dificeis de ava-
liar devido as medigcbes esparsas de queda de neve com observacao intermitente, poucos
registros de longo prazo e categorias de medidores varidveis (GARREAUD et al., 2009;
RASMUSSEN et al., 2012). As informacdes de cobertura de neve sdo obtidas por satélites
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Figura 4 — Mapa hipsométrico da América do Sul
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(STEHR et al., 2009; NOLIN, 2010). No entanto, simulagdes de modelos, como os GCM
e modelos climaticos regionais (RCM), provaram ser uma ferramenta util para estimar as
propriedades da neve (por exemplo, extensdo da neve, duragao, inicio, fim, profundidade,
densidade e equivalente da agua da neve) e suas tendéncias, principalmente devido a
deficiéncia observacional na Cordilheira dos Andes (FLATO; MAROTZKE, 2013).
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Do ponto de vista climatoldgico, os Andes Tropicais sdo caracterizados por uma ra-
diacao solar incidente constante ao longo do ano. Por outro lado, nas regides extratropicais
(por exemplo, Andes Subtropicais) a radiagcao solar € influenciada pela variacao da cober-
tura de nuvens de acordo com as estacdes do ano (cobertura maxima de nuvens durante
o verao austral). Da mesma forma que a radiacao solar, a umidade nos Andes Tropicais
permanece quase inalterada ao longo do ano (a Bacia Amazénica fornece grande parte
do transporte de umidade), enquanto os Andes Subtropicais sdo caracterizados por uma
pronunciada sazonalidade de umidade especifica e precipitacao.

Em termos de circulagdo de larga escala em altos niveis, os Andes Tropicais si-
tuados entre o norte do equador e 15°S sdo propensos aos ventos de leste, enquanto
as porgoes subtropicais e extratropicais da cadeia estdo sujeitas a ventos de oeste. Nos
meses de Dezembro, Janeiro e Fevereiro (DJF), os ventos de leste se estendem além de
15°S e aintensa convecgao amazénica favorece o estabelecimento da Alta da Bolivia (AB),
uma das caracteristicas mais proeminentes da circulagéo de verao nos Andes (LENTERS;
COOK, 1997). Nos meses de Junho, Julho e Agosto (JJA) os ventos de leste ndo ultra-
passam 10°S de latitude e o jato subtropical de oeste tem seu maximo em torno de 30°S.
A circulagao de baixo nivel é bastante complexa e extremamente importante, pois controla
o transporte de umidade e, portanto, os padrdes de precipitacdo. Garreaud et al. (2009)
mostraram como a elevagao orografica do ar de baixo nivel sobre as encostas oeste das
Cordilheiras dos Andes produz precipitacao duas a trés vezes mais intensa do que ao ni-
vel do mar e sobre o lado oriental dos Andes Subtropicais, especialmente na Patagbnia
Argentina.

A precipitacao sobre os Andes Centrais apresent um comportamento anual mar-
cante, com a maior parte das chuvas concentradas durante o verao (dezembro-fevereiro),
quando a circulacao atmosférica favorece o soerguimento do ar umido das planicies baixas
para o leste da cordilheira (GARREAUD, 1999). A umidade transportada da Bacia Amaz6-
nica € a principal fonte de umidade para chuva nos Andes Orientais (GARREAUD, 1999;
GARREAUD et al., 2003; GARREAUD et al., 2009). No entanto, a variabilidade da umi-
dade por si s6 ndo poderia explicar a precipitacao superficial sobre os Andes (GARREAUD
et al., 2003).

2.4 EXPERIMENTO DE REDUGAO CLIMATICA REGIONAL COORDENADA (CORDEX)

Os modelos climaticos globais (GCMs) provaram ser as ferramentas mais valiosas
para entender os processos que determinam a resposta do sistema climético as forgas
antropogénicas, como aumentos nas concentra¢cdes de GEE, mudangas na cobertura do
solo e uso da terra e na distribuicdo dos aerossois na atmosfera. Embora na dltima década
ocorreram melhorias significativas nesses modelos, a resolu¢cao horizontal da maioria dos
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GCMs atuais ainda é da ordem de centenas de quilémetros. No entanto, os impactos das
mudancas climaticas e as estratégias de adaptacdo e mitigacdo necessérias para lidar
com elas, ocorrem mais frequéncia em escalas regionais e nacionais. Por isso a Reducgao
Climatica Regional (RCD) tem um papel importante em desempenhar e fornecer projecoes
com mais detalhes e representacdo mais precisa, por exemplo, da superficie terrestre e
de processos atmosféricos como 0s eventos extremos, sendo de vital importancia para as
regides mais vulneraveis (GIORGI et al., 2009; ZHAO et al., 2021).

O Experimento Coordenado de Reducao Climatica Regional (CORDEX) é um pro-
grama patrocinado pelo World Climate Research Program (WCRP) para desenvolver uma
estrutura aprimorada e gerar projegdes climaticas em escala regional, de modo a melhorar
os estudos de avaliagdo de impacto e outros usos de informagdes climaticas, planejadas
em apoio ao Quinto Relatério de Avaliacdo do IPCC (OYERINDE, 2018). No entanto, uma
das fraquezas do conjunto de simulagdbes CORDEX ¢é a heterogeneidade na disponibili-
dade dos GCMs nos diferentes dominios. Por exemplo, varias dezenas de modelos estao
disponiveis para dominios como Europa, Africa, América do Norte, enquanto apenas al-
guns foram incluidos para, por exemplo, Australia e Asia Central (GIORGI et al., 2021). Um
dominio é a regido para a qual o RCD est4 ocorrendo, por exemplo, o dominio da América
do Sul (SAM) cobre todo o continente Sul Americano (Figura 5).

Figura 5 — Dominios do CORDEX
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Fonte: Remedio et al. (2019).

A estrutura de projecao climatica dentro do CORDEX inclui um grande nimero de
experimentos de previsdo decenal, incluindo o ciclo do carbono e experimentos destinados
a investigar mecanismos individuais de feedbacks. Além disto, dispde de simulagbes ba-
seadas em cenarios futuros chamadas vias de concentragéo representativas (RCPs), ou
seja, vias de concentracdo de GEE ao longo do século XXI, correspondendo os diferen-
tes niveis de estabilizacdo das forgantes radiativas (W/m?) até o ano 2100 (GIORGI et al.,
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2009; OYERINDE, 2018; NIU et al., 2021).

O conjunto de simulacbes CORDEX foi utilizado sobre a América do Sul com in-
tuito de avaliar a capacidade do CORDEX-SAM em reproduzir as condi¢cbes climaticas
médias do continente. No geral, a média multi-modelos reproduz as principais caracteristi-
cas climatolégicas de verao e inverno. No entanto, as simula¢des individuais exibiram uma
grande dispersao inter-modelos, superestimando a intensidade da precipitagdo ao longo da
Cordilheira dos Andes (FALCO et al., 2020), nas encostas orientais dos Andes (PABON-
CAICEDO et al., 2020) e subestimando a temperatura do ar em diferentes altitudes das
montanhas (PABON-CAICEDO et al., 2020). Porém, até o momento, essas simulacdes
sao as melhores disponiveis para a América do Sul em termos de resolugao espacial e
disponibilidade de diferentes conjuntos de GCMs.

2.5 DADOS DE REANALISES ERA5

Os dados ERA5 (ECMWF Reanalysis version 5) sao a quinta geracao de reanalise
atmosférica produzida pelo Centro Europeu de Previsbes Meteorolégicas de Médio Prazo
(ECMWF) e mantidos pelo Copernicus Climate Change Service (C3S) (THEPAUT et al.,
2018). Atualmente os dados fornecem estimativas horarias de um grande numero de va-
riaveis climaticas a uma resolucao espacial de 0,25° ( aprox. 30km). Desta forma, abrange
um registro detalhado da atmosfera global, superficies terrestres e ondas oceéanicas dispo-
niveis a partir de 1950 (C3S, 2021).

As reandlises atmosféricas suportam uma ampla gama de aplicagcdes abrangendo
de avaliag6es intergovernamentais das mudancas climaticas globais até casos de uso es-
pecificos e Unicos que exigem representacdes precisas do clima local. Assim, as reana-
lises visam fornecer homogeneidade e precisao na representacdo de variaveis climaticas
globais e regionais em escalas de tempo multi-decadais, bem como acuréacia na represen-
tacao de eventos de escala sinoética em resolugao temporal sub-diaria (BELL et al., 2021).

Nas comparagdes entre os dados de reandlises e RCMs, o ERA5 produz tempe-
raturas relativamente mais frias no inverno. A medida que a resolucdo espacial aumenta,
o ERAS intensifica a quantidade de cobertura da neve (WANG et al., 2020) e profundi-
dade da neve (ORSOLINI et al., 2019) em altitudes elevadas na regiao do Platd Tibetano,
provavelmente intensificando o efeito do albedo da neve.

Dados de reanalises ERA-Interim (versao anterior do ERA5) foram usados como
referéncia para validar o desempenho dos GCMs no passado recente (1980 - 2005) para
a regiao dos Andes Subtropicais. O conjunto de dados ERA-Interim representou mal a
precipitagdo do verdo, mas forneceu uma representacao satisfatéria para a precipitagéo e
temperatura do ar no inverno (ZAZULIE et al., 2018).
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2.6 SENSOR MODIS

O sensor MODIS (Moderate Resolution Imaging Spectroradiometer) € um instru-
mento de crucial importancia, acoplado aos satélites Terra (conhecido como EOS AM-1) e
Aqua (conhecido como EOS PM-1). O Terra MODIS e o Aqua MODIS visualizam toda a su-
perficie da Terra a cada 1 ou 2 dias, adquirindo dados com alta resolu¢ao de radiacao solar,
atmosfera, oceanos e superficie em 36 bandas espectrais. Desta forma, esta ferramenta
auxilia na compreensao da dinadmica global, no entendimento de processos climaticos e de
mudancgas ambientais bem como seus impactos (AGHELPOUR et al., 2020).

O produto MODIS de cobertura de neve diaria (MODIS/Terra Snow Cover Daily)
fornece dados de cobertura de neve média mensal em uma resolugao de 0,05° (aprox.
5 km), sendo muito utilizado para avaliar cobertura de neve regional e mapeamento de
albedo. A desvantagem desse método € que o sensor MODIS foi criado no ano de 2000
e, antes disso, ndo haviam imagens disponiveis para monitoramento da cobertura de neve
(FAUSTO et al., 2015).

Os dados do sensor MODIS, em teoria, podem solucionar o problema de falta de
dados meteoroldgicos em altitude elevadas, pois fornece imagens detalhadas, menos turva
e parcialmente livre da cobertura de nuvens se comparado a outros sensores 6pticos. Isto
amplia a gama de aplicagdes para regides como a Cordilheira dos Andes. Por exemplo,
Delbart et al. (2015) constataram que no periodo de 2001 a 2014, a tendéncia decres-
cente da cobertura de neve durante o inverno explica claramente a tendéncia decrescente
observada na vazao anual de agua de quatro rios (Mendoza, Tunuyan, Diamante, Atuel)
na regiao argentina de Cuyo. Ja Saavedra et al. (2018) notaram uma perda significativa
de cobertura de neve permanente em uma grande area (34.370km?) entre 29°S e 36°S
(Andes Subtropicais) correlacionada com a diminuicdo da precipitacdo e o aumento da
temperatura.

Utilizando dados de temperatura superficie do terrestre (LST) derivados do sensor
MODIS, Qin et al. (2009) examinou os padrbes de elevacao em todo o Platé Tibetano e
encontrou um aquecimento mais forte em torno de 4800 - 6000 m. Ja Aguillar-Lome et
al. (2019) notaram que as tendéncias de Tasmax e Tasmin na regidao dos Andes Tropi-
cais (7°S e 20°S), apresentam padrao de comportamento distintos em funcao da elevagéao.
No inverno, a Tasmax apresentou uma tendéncia positiva mais intensa com o aumento da
elevacao, exibindo um claro sinal de EDW. No entanto, este padréo de aquecimento encon-
trado na Tasmax, nao esta presente para a tendéncia de Tasmin nas altitudes elevadas.



3 ARTIGO - COMPARISON OF ELEVATIONDEPENDENT WARMING AND ITS DRI-
VERS IN THE TROPICAL AND SUBTROPICAL



Climate Dynamics
https://doi.org/10.1007/s00382-021-06081-4

®

Check for
updates

Comparison of elevation-dependent warming and its drivers
in the tropical and subtropical Andes

Osmar Toledo' - Elisa Palazzi®3*® - lvan Mauricio Cely Toro' - Luca Mortarini'?

Received: 29 January 2021/ Accepted: 26 November 2021
© The Author(s) 2021

Abstract

Mountain regions have been recognized to be more sensitive to climate and environmental changes, and in particular to global
warming. Several studies report on elevation-dependent warming (EDW), i.e., when warming rates are different in different
altitude ranges, particularly focusing on the enhancement of warming rates with elevation. The Andean chain proved to be a
relevant climate change hot-spot with positive temperature trends and a widespread glacier retreat over the recent decades.
To assess and to better understand elevation dependent warming in this mountain region and to identify its possible depend-
ence on latitude, the Andean Cordillera was split into five domains, three pertaining to the tropical zone and two pertaining
to the Subtropics. Further, for each area the eastern and western faces of the mountain range were separately analyzed. An
ensemble of regional climate model (RCM) simulations participating in the Coordinated Regional Climate Downscaling
Experiment (CORDEX), consisting of one RCM nested into eight different global climate models from the CMIP5 ensemble
was considered in this study. EDW was assessed by calculating the temperature difference between the end of the century
(2071-2100) and the period 1976-2005 and relating it to the elevation. Future projections refer to the RCP 8.5 high-emission
scenario. Possible differences in EDW mechanisms were identified using correlation analyses between temperature changes
and all the variables identified as possible EDW drivers. For the maximum temperatures, a positive EDW signal (i.e. enhance-
ment of warming rates with elevation) was identified in each side of both the tropical and subtropical Andes and in all sea-
sons. For the minimum temperatures, on the contrary, while a positive EDW was identified in the Subtropics (particularly
evident in the western side of the chain), the Tropics are characterized by a negative EDW throughout the year. Therefore,
the tropical boundary marks a transition between discordant EDW behaviours in the minimum temperature. In the Tropics
and particularly in the inner Tropics, different EDW drivers were identified for the minimum temperature, whose changes
are mostly associated with changes in downward longwave radiation, and for the maximum temperature, whose changes are
mainly driven by changes in downward shortwave radiation. This might explain the opposite EDW signal found in the tropi-
cal Andes during daytime and nighttime. Changes in albedo are an ubiquitous driver for positive EDW in the Subtropics,
for both the minimum and the maximum temperature. Changes in longwave radiation and humidity are also EDW drivers
in the Subtropics but with different relevance throughout the seasons and during daytime and nighttime. Also, the western
and eastern sides of the Cordillera might be influenced by different EDW drivers.

Keywords Andes - Elevation-dependent warming - Regional temperature trends - Regional climate - Climate models -
CORDEX - Projections
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for drinking purposes, agriculture, hydroelectricity. In the
arid and semiarid regions of the Tropics and Subtropics, in
particular, mountain regions play a very crucial role since
they contain more than 80% of the freshwater made avail-
able to the countries around, especially when precipitation
is scarce or absent (Viviroli et al. 2007, 2011). For example
in the Andean countries, particularly Bolivia and Peru, water
supply during the dry season depends on glaciated basins
located at high elevations (Vuille et al. 2008).

Mountain regions have been recognized to exhibit
enhanced sensitivity to climate and environmental changes,
and in particular to global warming, overall showing larger
temperature trends (0.3 °C/decade) compared to the glob-
ally-averaged trend (0.2 °C/decade, IPCC 2019, and refer-
ences therein). The widespread glacier retreat observed in
most mountain areas of the globe over the last decades is one
of the most striking evidences of the temperature increase,
though other changes, such as those in precipitation, are also
at play (Bradley et al. 2006; Tennant et al. 2014).

The tropical Andes, hosting more than 99% of all the gla-
ciers located in the Tropics (Kaser 1999), are a climate hot-
spot with increasing temperature trends both at the surface
(Nogués-Bravo et al. 2007) and in the atmosphere (Bradley
et al. 2006). The literature reports several studies which doc-
ument the widespread retreat of Andean glaciers over the
recent decades (Ceballos et al. 2006; Mark and McKenzie
2007; Seimon et al. 2007; Thompson et al. 2006; Vuille et al.
2008) in conjunction with the observed regional climate
change (e.g. Vuille and Bradley 2000; Vuille et al. 2003).
Past studies based on observations identified the increase
in near-surface air temperature in the tropical Andes as the
main driver of the glacier retreat occurred in the second half
of the twentieth century. Also, warming was found to be
markedly larger in the western side than in the eastern side
of the chain (Vuille et al. 2003). According to the analy-
sis performed by Vuille et al. (2008) over about 280 in-situ
stations located between 1 °N and 23 °S, a near-surface air
temperature increase of 0.68 °C was detected from 1939 to
2008, with a rate of 0.1 °C/decade. Changes in precipitation
were found to be less notable and more regionally varying
along the chain than the temperature changes (Vuille et al.
2008). Regional climate model (RCM) studies, focusing on
projected temperature changes over South America, overall
agree in showing a generalized warming trend all over the
continent and identifying the Andean region as a climate
hot-spot also by the end of the twenty-first century, with
projected temperature increases larger than 4 °C (Solman
2013) compared to pre-industrial levels.

One of the main issues facing the research community
working on mountain climate change is whether warming
rates exhibit a dependence on the elevation and in particular
if they are enhanced at higher elevations compared to lower-
elevation counterparts. This would have several implications
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for the high-altitude cryosphere, mountain ecosystems,
biodiversity and ultimately for the human societies which
depend on the services delivered by mountains. Several
global and regional studies report on elevation-dependent
warming (EDW), i.e., whether warming rates are different
in different altitude ranges (e.g., Palazzi et al. 2019; Pepin
et al. 2015). The majority of them, analysing either obser-
vations or model simulations, point toward an amplification
of warming rates with elevation (i.e. a positive EDW), but
many uncertainties remain, including the strength of EDW,
its dependence on the specific mountain region, and its driv-
ers. On the one hand, these uncertainties are related to the
difficulty of measuring EDW, because of the sparseness or
even the lack of in-situ stations up to the highest elevations
providing long-term temperature timeseries. On the other
hand, uncertainties are inherent in numerical simulations
with climate models with limited spatial resolution when
applied in mountain environments and whose parameteri-
zations of sub-grid processes are imperfect (Minder et al.
2018; Pepin et al. 2015). Most studies aiming at better
understanding and disentangling the mechanisms leading
to EDW have been based on climate models rather than on
observations (Palazzi et al. 2017, 2019; Rangwala and Miller
2012) since the output of numerical models is spatially and
temporally continuous and contains all the key variables that
provide, at least in principle, a complete picture of the possi-
ble EDW drivers and of their mutual relationships. In studies
analysing mid-latitude mountains, EDW has been frequently
attributed to elevation-dependent changes in albedo (associ-
ated with, but not exclusively to, changes in snow cover), in
downward longwave radiation and in specific humidity (e.g.
Minder et al. 2018; Palazzi et al. 2017, 2019; Rangwala et al.
2016). However, the majority of those studies also concurs
in recognizing that other mechanisms are at play which are
currently not (or not sufficiently well) implemented in the
models (e.g. Pepin et al. 2015).

Compared to the studies focused on the northern hemi-
sphere mid-latitude mountains, EDW in the Andes and espe-
cially in the tropical Andes has not been extensively stud-
ied. Recently, analysing satellite Land Surface Temperature
(LST) trends in the period 2000-2017 in winter and their
dependence on elevation in the Andean region between 7
and 20 °S, Aguilar-Lome et al. (2019) found different behav-
iours in daytime and nighttime LST trends as a function of
elevation. While the daytime winter LST showed a strong
positive trend with elevation, the same warming pattern
was not found in the nighttime LST. Among the first stud-
ies analysing future climate changes in the tropical Andes
(10°N-27°S) is the paper by Urrutia and Vuille (2009) who
used a regional climate model (RCM) based on two different
emission scenarios (A2 and B2, belonging to the family of
scenarios that preceded the Representative Concentration
Pathways, RCPs, employed in the fifth IPCC assessment
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report) to show a significant warming in the area, enhanced
at higher elevations and further amplified in the middle and
upper troposphere. For the subtropical Andes (from 30 to
37°S), the model study by Zazulie et al. (2018) analysed
future climate projections using five GCMs under the RCP
4.5 and RCP 8.5 greenhouse gas concentration scenarios
(Riahi et al. 2011; Thomson et al. 2011), identifying an
expected warming of 5°C in winter at the highest eleva-
tions by 2075-2100 compared to the period 1980-2005. The
authors also found a reduction in albedo by 20-60% at high
elevations, which was identified as one key EDW driver.

The present paper focuses on future projections of warm-
ing rates in the southern hemisphere tropical and subtropi-
cal Andes, and in particular on the existence and driving
mechanisms of EDW, highlighting possible differences as
a function of the latitude, the season, the considered vari-
able (either the minimum or the maximum temperature)
and the side of the Andean Cordillera, i.e. considering its
western and eastern slopes separately. Results for the end
of the twenty-first century (2071-2100) are presented and
compared to a historical model climatology (evaluated over
the period 1976-2005) using simulations performed with
one regional climate model (the RCA4 RCM, Samuels-
son et al. 2011) nested into eight global model simulations
whose projections are based on the RCP 8.5 greenhouse gas
concentration scenario (Moss et al. 2010).

The paper is structured as follows: Sect. 2 introduces
the area of study, the employed data and the methods used
for their analysis; Sect. 3 presents the results on EDW, its
existence and spatial variability, and considerations about
its driving mechanisms; Sect. 4 discusses and concludes the

paper.

2 Study area, data and methods
2.1 Climatic characteristics of the study areas

The Andean mountain chain is a relatively narrow mountain
range extending all along the western coast of South Amer-
ica, encompassing tropical and extra-tropical latitudes which
exposes it to diverse climatic conditions. North of 30°S,
relatively cold and arid conditions prevail along the west-
ern slopes of the Andes, while the Andean eastern slopes
are comparatively moister, warmer, and prone to higher
precipitation (Garreaud 2009; Rangwala and Miller 2012;
Solman 2013). This pattern reverses south of 30 °S where
precipitation mainly occurs on the western side (owing to
the influence of westerly winds) while the eastern slopes
are characterized by semiarid conditions (Garreaud 2009).
The seasonal shift of the inter tropical convergence zone
(ITCZ) controls climate conditions over the tropical part of
the Cordillera.

In terms of large-scale upper-level circulation, the tropical
Andes between north of the equator and 15 °S are prone to
mild easterly winds while the subtropical and extra-tropical
portions of the chain are subject to westerly winds. In DJF
(austral summer), the easterly winds extend beyond 15 °S and
the Amazon deep convection favors the establishment of the
upper level Bolivian High (Lenters and Cook 1997), one of
the most prominent features of the summertime circulation
in the Andes. The summertime subtropical westerly jet dis-
places southwards and becomes less intense. In JJA (austral
winter) the easterly winds do not cross 10 °S latitude and the
subtropical westerly jet has its maximum around 30 °S. Low-
level circulation is rather complex and extremely important
since it controls the transport of humidity and, thus, the pre-
cipitation patterns. Between about 10 °S and 35 °S low-level
winds mostly flow from the south along the western Pacific
coast and from the north along the eastern Andes slopes.

The present study considers the tropical and subtropical
parts of the Andes Cordillera, between 0 and 37 °S latitude
and 64 °W and 80 °W longitude. The domain study was
divided into five sub-regions depicted as coloured boxes in
Fig. 1 where they are sketched above two orography maps.
One (panel a) is derived from the land elevation data pro-
vided by the NASA Shuttle Radar Topographic Mission
(SRTM, Farr et al. 2007), while the other (panel b) is the
orography used in the CORDEX regional climate model
simulations employed in this study (see Sect. 2.2).

2.2 Model data

We considered an ensemble of model simulations obtained
with the Rossby Centre Atmospheric regional model (RCA4,
Samuelsson et al. 2011) nested into eight different global
climate models - CanESM?2, CSIRO-Mk3-6-0, EC-EARTH,
CM5A-MR, MIROCS, HadGEM2-ES, MPI-ESM-LR, and
GFDL-ESM2M from the Climate Model Intercomparison
Project phase 5 (CMIP5) ensemble, whose spatial resolution
and a key reference are summarised in Table 1. The RCA4
simulations are part of the Coordinated Regional Climate
Downscaling Experiment (Giorgi et al. 2009)—South Amer-
ican domain (CORDEX-SAM) and have a spatial resolution
of 0.44 degrees latitude—longitude (approx. 50 km). To date
and to our knowledge, these simulations are the best avail-
able for South America in terms of spatial resolution and
availability of different ensemble members. The results dis-
cussed in the paper refer to the the Representative Concen-
tration Pathway emission scenario RCP 8.5 corresponding to
an anthropogenic radiative forcing of 8.5 Wm™ by the end of
the twenty-first century (Chou et al. 2014; Riahi et al. 2011).
It is worth pointing out that all the analyses were repeated
for the less extreme emission scenario RCP 4.5, pointing to
a stabilization of the CO, concentrations by the end of the
century, showing no differences in the spatial pattern of the
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Fig. 1 a and b Topographic map of the Andean Cordillera from (a)
land elevation data provided by the NASA Shuttle Radar Topographic
Mission (SRTM) with a resolution of 3 arc second (approximately
90 m, Farr et al. 2007) and b from CORDEX models (0.44° longi-
tude-latitude resolution). The tropical (Tpl, Tp2, Tp3) and subtropi-
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cal (Sb1, Sb2) study areas are delimited by coloured boxes. ¢ Fraction
of grid cells in each 200m-thick elevational bin across the five study
areas for the SRTM (red) and the CORDEX (cyan) data, only grid

cells with elevation above 500 m were considered

Table 1 Characteristics of the

eight GCMs driving the RCA4 GCM name Institution Resolution lon x lat°Lev Key reference

RCM in this study CanESM2 CCCMA 2.8125 % 2.8125L35 Arora et al. (2011)
CSIRO-Mk3-6-0 CSIRO-QCCCE 1.875 x 1.875L18 (T63) Rotstayn et al. (2012)
EC-Earth EC-EARTH 1.125 x 1.125L62 (T159) Hazeleger et al. (2012)
CM5A-MR IPSL 1.25 x 2.5L39 Dufresne et al. (2013)
MIROCS MIROC 1.40625 x 1.40625L40 (T85) Watanabe et al. (2010)
HadGEM2-ES MOHC 1.25 x 1.875L38 (N96) Bellouin et al. (2011)
MPI-ESM-LR MPI-M 1.875 x 1.875L47 (T63) Giorgetta et al. (2013)
GFDL-ESM2M GFDL 2.5 x 2L24(M45) Delworth et al. (2006)

seasonal temperature changes but just in the magnitude of
the changes (which are strongest in the most extreme RCP
8.5 scenario). The projection period taken into account is
2071-2100 and it is compared to historical simulations in
the period 1976-2005.

Figure 1c shows the density of grid points in each 200
m-thick elevation bin for the CORDEX RCM simulations
(~ 50 km resolution) compared to the density distribution
for high-resolution (~ 90 m) land elevation data, for the five
study areas. With the exception of the highest elevations, the
shape of the modeled elevation density distribution quite
well reproduces the land elevation data distribution in Tp2,
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Tp3 and Sb1, and to a lesser extent in Sb2. The modeled
elevation distribution in Tpl is, instead, in less agreement
with the observations, both in the representation of the low-
est and highest elevations and in correctly simulating the
shape of the distribution overall. As expected, the highest
altitudes (above ~ 3300 m for Tp1; above ~ 4700 m for Tp2,
Tp3 and Sbl; above ~ 3700 m for Sb2) are not reproduced
in the RCM grid. It is worth stressing that the smoothing
of higher altitudes due to the model grid resolution could
potentially compromise the assessment of EDW and its driv-
ers, especially those related to changes in snow cover and
related feedbacks. To assess the capability of the CORDEX
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models in reproducing a reasonable snow cover distribu-
tion, which is also coherent with the topography of the area,
we evaluated the snow cover area in the models, limited to
the multi-model mean, against the state-of-the-art Moder-
ate Resolution Imaging Spectroradiometer (MODIS) satel-
lite data. We used MODIS/Terra Snow Cover Monthly L3
Global 0.05Deg CMG Version 6 data, providing monthly
averaged snow cover in 0.05 degree (approx. 5 km) resolu-
tion Climate Modeling Grid (CMG) cells. Monthly aver-
ages are computed from daily snow cover observations in
the MODIS/Terra Snow Cover Daily L3 Global 0.05Deg
CMG (MOD10C1) dataset. MODIS data were downloaded
from https://nsidc.org/data/MOD10CM/versions/6. We per-
formed the comparison on a seasonal basis by analysing the
snow cover climatology over the period 2000-2020. Data
from the CORDEX models have been averaged over that
period through an extension of the historical runs ending in
December 2005 using the RCP 4.5 scenario data. Results
of this comparison are shown in Figs. S1-S3 of the Sup-
plementary Information. Figures S1 and S2 show the cli-
matological seasonal maps of the snow cover fraction in the
period 2000-2020 for CORDEX and MODIS, respectively.
The latter are in agreement with those shown in the study by
Saavedra et al. (2018), who analysed the changes in Andes
snow cover in the period 2000-2016 using the binary 8-days
product from MODIS (MOD10A2). The only remarkable
difference with Saavedra et al. (2018) are the high snow frac-
tion values which we found around 20 °S latitude, which we
did not found to be associated with the longer time period
considered in our study. The seasonal snow fraction anomaly
(CORDEX-MODIS) in Fig. S3 shows that the largest dif-
ferences between the model mean and the satellite data are
seen in the two subtropical areas (Sb1l and Sb2) along the
Chile-Argentina border in JJA and SON, where CORDEX
models overestimate snow cover from observations. Note-
worthy, in the tropical areas (Tpl, Tp2 and Tp3) the meas-
ured and modelled data show a particularly good agreement.
However, a well defined area is identified in Tp3 where the
models underestimate the MODIS observations, in south-
western Bolivia near the border with Chile, around 20 °S.
As mentioned above, this is related to the high snow fraction
data observed in MODIS.

2.3 Methods

In order to assess and quantify EDW in the five study
areas, the difference (or change) between the average in
the period 2071-2100 (projection period) and the average
in the period 1976-2005 (historical period) of the mini-
mum (tasmin) and maximum (tasmax) surface air tem-
perature was calculated and, then, fitted against elevation
using, first, a linear regression model. This calculation
was performed for each GCM—-RCM pair of the model

ensemble as well as for the multi-model mean. When not
differently specified, the results of the present work mainly
refer to the multi-model ensemble mean, the single GCM-
RCM pairs being used to discuss the robustness of the
results across the ensemble. A seasonal based analysis
using the standard definition of seasons for the Southern
Hemisphere has been performed: winter (June to August,
JJA), autumn (March to May, MAM), summer (December
to February, DJF), and spring (September to November,
SON). Minimum and maximum temperatures were sepa-
rately analyzed because they can exhibit different EDW
signals owing to the mechanisms at play during nighttime
and daytime. Due to the different climates of the western
and eastern sides of the Cordillera, the two sides are ana-
lyzed separately. With eastern and western sides we refer
to grid points respectively to the East and to the West of
the highest grid point at each latitude. Similarly to other
studies focused on different areas (e.g. Giorgi et al. 2014;
Palazzi et al. 2019), in this study to reduce some of the
influence of the coastal areas, only grid cells with eleva-
tion above 500 m a.s.l. were kept in the analysis.

The slope of the linear regression between warming
rates and elevation along with its statistical significance
provides a measure of the sign and strength of EDW. A
positive slope identifies a positive EDW (i.e., the warming
rates increase with elevation), while a negative slope iden-
tifies situations in which warming rates decrease as the
elevation increases (negative EDW). The statistical signifi-
cance of the linear regression slope is assessed following
Bendat and Piersol (2000), as briefly summarized in the
following. Given the random variable w = %ln(g ), where
p is the theoretical covariance of the two variables (the
temperature change and the elevation in our case), having

1+r

a Gaussian distribution with mean y = %ln(:
2

ance o~ = ]ﬁ, where r is the empirical correlation of the
two variables and N is the number of observations, at a
confidence level of 0.05 the null hypothesis of no correla-
tion between the two variables can be rejected if (Bendat
and Piersol 2000):

and vari-

N-=3 1+r
l
2 n(l—r

)| > 1.96 )

The linear regression model allows a description of the gen-
eral behaviour of the relationship between warming rates
and the elevation. However, it is also known from previous
studies that linearity can oversimplify the real EDW pattern,
which might be better represented by more than a unique
slope (e.g. Palazzi et al. 2019; Vuille et al. 2003; You et al.
2010). Therefore, using the same approach as in Palazzi
et al. (2019) we investigated possible departures from lin-
earity with a LOcal regrESSion (LOESS) method. Then,
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the altitudes where the EDW signal changes its slope were
identified with a piecewise linear regression. The piecewise
regression model estimates the slope shift in the temperature
change series fitting two altitude segments across a break-
point, z, (Toms and Lesperance 2003), as follows:

AT — ﬂo + ﬂlzi + €i ile’ S Za
! Bo+Pizi+ Bz —a)+¢ ifz; >z,

where the index i varies between 1 and the total number of
points in the model grid, z; represents the vector of eleva-
tions and AT the vector of the temperature change (either
minimum or maximum temperature change), ¢; are the
fit residuals (considered as independent and identically
distributed random errors with zero mean and finite vari-
ance). z, represents the breakpoint, i.e. the altitude at which
the regression line changes the slope. f, f§, and f, are the
regression coefficients: f, is the intercept, f, is the slope
value before the breakpoint and g, + f, is the slope after
the breakpoint, so that §, can be interpreted as the differ-
ence in the two slopes, before and after the breakpoint. The
model parameters f,, f;, and f, were estimated choosing the
breakpoint, z,, that minimizes the residual sum of squares
(Chiu et al. 2006). This piecewise fitting procedure assumes
one single breakpoint and forces continuity at it (Toms and
Lesperance 2003).

In the literature, EDW has been linked to several mech-
anisms (Pepin et al. 2015): snow-albedo feedback, changes
in vegetation and the tree line, changes in cloud cover and
properties, processes associated with moisture and radia-
tive fluxes, changes in atmospheric loading and properties
of aerosol particles. To evaluate their possible contribu-
tion to EDW, following Rangwala and Miller (2012) and
Rangwala et al. (2013, 2016) we considered as drivers
the model variables whose changes mostly influence the
energy balance at the surface, leading to temperature
changes, i.e. albedo, surface downwelling longwave and
shortwave radiation (7lds, rsds), and near-surface specific
humidity (huss). For each season, the absolute change
between the average in the projection period and the aver-
age in the historical period for each driver mentioned
above (dalbedo, Arlds, Arsds, and Ahuss) was calculated.
Besides considering the absolute changes of rlds, rsds,
and huss, we also took into account their relative changes
(Arlds/[rids,, Arsds[rsds,, and Ahuss/huss,), i.e. the change
of each variable relative to an average climatology, since
previous studies have shown that they can be more effec-
tive, at least in the mid-latitude mountains, in determin-
ing elevation-dependent warming signals (Palazzi et al.
2017, 2019; Rangwala et al. 2013, 2016). In this study
we focused on the tropical and subtropical Andes and
both absolute and normalized changes were considered to
assess the relative role of the EDW drivers and to highlight
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possible differences with the more explored mid-latitude
mountain regions.

In order for the simulated Aalbedo, Arlds, Arsds, Ahuss,
Arlds [rlds, Arsds[rsds,, and Ahuss [huss, to be considered
as evidence of EDW mechanisms, some conditions need
to be satisfied. First, the drivers have to exhibit a depend-
ence on the elevation that is physically consistent with
the EDW sign. In other words, all the drivers but dalbedo
must increase with height if EDW (in either the minimum
temperature or the maximum temperature) is positive, and
decrease with height if EDW is negative. Since dalbedo has
an opposite effect on the temperature change (i.e. decreases
in albedo lead to temperature increases), for clarity in pre-
senting the results, —Aalbedo was used in the analysis. Sec-
ond, the drivers and the temperature changes must exhibit
a positive spatial correlation even when they are altitude-
detrended, i.e., when their dependence on the elevation is
removed. The reader is referred to Palazzi et al. (2017, 2019)
for further details on this methodology.

3 Results

Before discussing the specific results on EDW following
the methodology described in Sect. 2.3, we present a com-
parison between the model climatology and an observa-
tion-based reference climatology over a common historical
period. To this aim, we considered the recent ERA5 global
reanalysis dataset (Hersbach et al. 2020) and used the refer-
ence period 1979-2005 to evaluate the historical model data
against ERAS.

We first compared the annual cycle climatology of both
the minimum and the maximum temperature and we show
the results in Figs. 2 and 3, respectively. ERA5 data are
shown in red while the model results are in black (multi-
model mean of the GCM-RCM ensemble) and in grey
(individual GCM-RCM pairs). The mean annual cycle is
calculated over the period 1979-2005 in the five study
areas considered in this study (columns in the figures)
and for the East and West sides of the mountain range
(rows). It is interesting to observe that the models (both
individual realizations and their mean) exhibit a cold bias
compared to ERAS5 when the minimum temperature is
taken into account (Fig. 2). Instead, the models either
overestimate or underestimate ERAS when the maxi-
mum temperature is analysed (Fig. 3), but the difference
between model data and the reanalysis is considerably
lower than for the minimum temperature. The study by
Urrutia and Vuille (2009) also showed a cold bias exhib-
ited by one RCM over the southern Andes (compared to
CRU observations) related to the excess precipitation
simulated by the model, which reduces incoming solar
radiation and lowers air temperature, particularly over
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Fig.2 Model ensemble representation (in black the multi-model
mean, in grey the individual GCM-RCM pairs) of the minimum tem-
perature mean annual cycle evaluated over the period 1979-2005,
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Fig.3 The same as Fig. 2 but for the maximum temperature

the eastern Andean slope. Similar findings were dis-
cussed in other studies (e.g. Fernandez et al. 2006) using
regional climate models. Table S1 of the Supplementary

(

Single Models

Information shows the numerical values of the biases

CORDEX-ERA)Y), at the seasonal and annual basis, for

the minimum and the maximum temperature and the two
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sides of the Cordillera. Tp3 and Sbl show the largest
minimum temperature bias, larger for the western than
for the eastern side of the Cordillera; for the maximum
temperature, Tpl shows the largest CORDEX-ERAS dis-
crepancy (see Table S1). It is interesting to note that,
for the minimum temperature, the magnitude of the bias
is higher than the magnitude of the temperature pertur-
bation in the RCP8.5 scenario (i.e., the change of the
minimum temperature between the average in the period
2071-2100 and the average in the period 1976-2005),
while it is lower for the maximum temperature. This com-
parison is shown in Table S2 of the Supplementary Infor-
mation. Nevertheless and regardless of the temperature
bias magnitude, the models reproduce roughly well the
shape of temperature annual cycle, overall. For the mini-
mum temperature in east facing Tpl and Tp2, however,
the amplitude of the annual cycle appears overestimated.
This could indicate excess model sensitivity to climatic
drivers which decrease during the austral winter, maybe
humidity-driven downward longwave radiation. For the
maximum temperature in east facing Tpl and Tp2 the
CORDEX simulations produce an annual temperature
maximum in September and relatively warm conditions in
August which are not seen in ERAS5, which could again be
indicative of an enhanced model sensitivity to a specific
climate driver. The maximum temperature annual cycle
for west facing Tp1 is not correctly simulated by the mod-
els compared to ERAS, as both the annual maxima and
minima occur in the wrong points of the annual cycle. For
completeness, a further evaluation of the model skills is
presented in Figs. S4 and S5 (and in Table S3) of the Sup-
plementary Information showing the time series (and the
trends) of the minimum and maximum temperature in the
models and in ERAS for the five study areas and the two
sides of the Cordillera. As for the model bias, similar con-
siderations as for the climatological annual cycle apply
in this case. In addition, Table S4 of the Supplementary
Information compares the interannual variability of the
minimum and maximum temperature time series in ERAS
and in the model ensemble. The interannual variability is
calculated as the standard deviation of the detrended time
series shown in Figures S4 and S5 of the Supplementary
Information. For most of the seasons, sub-regions and
sides of the Cordillera the interannual variability in ERAS
is within the range of variability displayed by the GCM-
RCM pairs.

As stated in Sect. 2.3, the EDW assessment is based on
the analysis of the temperature difference between two cli-
mates (and its relationship with the elevation). For this, the
bias of the models against ERAS has a negligible impact
on the results, because we analysed the temperature differ-
ences between the end of the twenty-first century and the
historical climatology, so any bias is removed.
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3.1 Elevation-dependent warming assessment

Elevation-dependent warming is assessed by exploring the
dependence of the minimum and of the maximum tempera-
ture change (Afasmin and Atasmax respectively) on elevation
for each area in the tropical and in the subtropical Andes and
for each season. We recall that the change is calculated as the
difference between the 2071-2100 climatology (evaluated
under the RCP 8.5 scenario) and the 19762005 climatology.
For completeness, the spatial maps of Atasmin and Atasmax
in the five study areas obtained from the multi-model mean
of the GCM-RCM ensemble are shown in Figures S6 and
S7 in the Supplementary Information. Both variables are
expected to undergo a pronounced warming in the future
with respect to the past; however, the maps highlight dif-
ferent EDW patterns between the minimum and the maxi-
mum temperature, further the warming is not homogeneous
throughout the latitude range. For example, in the tropical
areas Atasmin is higher at lower elevations, at variance with
the situation encountered in the subtropical areas (see Figure
S6). This and other characteristics of a possible differential
warming with elevation, i.e. of the EDW, in the five study
areas are discussed in detail in the following analysis.
Figures 4 and 5 show the scatter plot between the eleva-
tion and, respectively, Atasmin and Atasmax. Two different
colors are used to highlight the western (blue) and eastern
(red) sides of the mountain range. For each of the five
study areas and for each season three different regression
lines are displayed to assess the dependence of the temper-
ature changes on elevation (see Sect. 2.3 for details): a lin-
ear regression (dark blue and dark red for the eastern and
western sides respectively), a LOESS fitting curve (light
blue and orange for the eastern and western sides respec-
tively) and a piecewise regression (lavender and red for
the eastern and western sides respectively). The LOESS
regression lines in Figs. 4 and 5 suggest that, in some
cases, a nonlinear fitting able to capture the possible com-
plex pattern of EDW may be more appropriate than a lin-
ear relationship. It can be noticed that in quite a few cases
the LOESS (light blue and orange) and piecewise (laven-
der and red) regression lines overlap quite well throughout
the whole elevation range, indicating that splitting the alti-
tude domain into two segments and fitting with two sepa-
rate lines could more properly describe the relationship
between warming rates and elevation than a single linear
regression line (dark blue and dark red). To better assess
the robustness of a piecewise EDW behaviour across the
entire model ensemble, Figures S8 and S9 of the Sup-
plementary Information depict the piecewise regression
lines for all individual GCM-RCM pairs (colored lines)
and for their mean (black lines) for Atasmin and Atasmax,
respectively. In those figures the two sides of the Cordil-
lera are depicted with different line types (continuous for
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Fig.4 Scatterplots of the
seasonal minimum temperature
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the western side and dashed for the eastern side) and they
will be used in the discussion of the following EDW analy-
sis. In particular, these plots highlight how each different
GCM-RCM identifies the breakpoints and the slopes of
the piecewise regression in the different seasons, areas and
sides of the Andean Cordillera.

The minimum temperature in the Tropics (Tp1, Tp2, Tp3
in Fig. 4) shows no evidence of increased warming with
elevation, i.e. of positive EDW, while the two subtropical
areas show an opposite behaviour characterized by positive
elevational gradients of warming rates, overall. These con-
siderations apply to both eastern and western sides of the
Andean Cordillera. Nonetheless, the two sides can exhibit
different warming rates. This is particularly evident in Tpl
and in the two subtropical domains, in all seasons: in Tpl
the warming is larger in the eastern side (blue) while in the
subtropics the western part exhibits amplified warming. This
further justifies splitting the analysis in the two sides of the
Cordillera. In Tp2 and Tp3 a smaller spread in the data is

1000200030004000

1000200030004000  1000200030004000
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present and a different warming in the two sides of the Cor-
dillera is not clearly detectable.

Figure 4 shows that, for both the eastern and western
sides of the chain, the piecewise regression (lavender and
red lines) almost overlaps with the LOESS curve (light blue
and orange lines) in all cases but one (Tp3 in JJA). The dif-
ferent slopes of the two fitting lines (piecewise regression
line) mark a breakpoint, i.e. an elevation where the EDW
behaviour changes. In most of the seasons, areas, and sides
of the Cordillera, the change in the EDW slope is remark-
able. The position of the breakpoint depends on the season,
on the latitude and on the side of the Cordillera. In Fig. S8
of the Supplementary Information we compare the position
of the breakpoint in all GCM-RCM pairs. Though in some
cases the models do not agree with each other, the model
ensemble is mostly coherent in providing a robust estimate
of the breakpoint height.

Unlike for the minimum temperature, the maximum
temperature change (Fig. 5) is overall positively correlated
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Fig.5 The same as Fig. 4, but

Atasmax RCP 8.5 Multi-model mean

for the maximum temperature
change
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with the elevation. A distinction between the EDW behav-
iour found in the western and eastern sides of the mountain
range is evident. This is particularly emphasised in the
tropical areas where, at lower altitudes, larger tempera-
ture changes in the eastern side (blue points) than in the
western side (red points) are observed. Overall, the eastern
side is characterized by a twofold EDW behavior (light
blue piecewise regression line). In Tpl a negative EDW
at lower altitudes is followed by a positive one at higher
altitudes. In Tp2 and Tp3 a slightly positive EDW at lower
altitudes and a more positive one above are found in DJF,
MAM and JJA; in SON EDW is negative throughout the
whole elevation range. In Tp1, Tp2 and Tp3 the western
side behaves similarly throughout the seasons, showing a
linear increase of Arasmax with elevation. In DJF, MAM,
and JJA, the height where the EDW signal changes its
slope in the eastern side, also marks the height where the
relationship between Atasmax and the elevation is the same
in the eastern and western sides of the mountain range.
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In SON, the eastern and western sides present similar
Atasmax values only at the highest elevations. In the Trop-
ics, SON in the season with the most pronounced differ-
ence between the eastern and western warming.

In the two subtropical areas, the difference between
the two sides of the mountain chain is less evident than
for the three tropical areas but still existent. In Sb1 the
relationship between Arasmax and the elevation is overall
well described by a linear regression, especially in the
western side and with the exception of JJA. In Sb2, the
warming pattern is reversed with respect to the Tropics,
being characterised by an amplified warming in the west-
ern part. Here, a twofold behavior with a steeper slope at
the lower altitudes is found in DJF, JJA and SON. Figure
S9 of the Supplementary Information, depicting the piece-
wise regression lines for the individual GCM-RCM pairs
of the model ensemble, shows that where the EDW slope
before and after the breakpoint markedly changes in the
multi-model mean (see Fig. 5), the agreement between the
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individual GCM-RCM pairs is high in both the slopes and
the breakpoint elevation.

Though the relationship between warming rates and
elevation can deviate from linearity as discussed above, in
the literature the strength of EDW is commonly quantified
considering the slope of the linear regression over the whole
elevation range. Besides, using a unique slope, rather than
two slopes and a breakpoint altitude, enables a straightfor-
ward comparison among subdomains, seasons and sides of
the Cordillera. Figure 6 summarizes the linear regression
slopes for Atasmin and Atasmax in all the seasons, for all
the five areas and for all GCM-RCM model pairs (colored
symbols) as well as the multi-model mean (black symbol)
in the RCP 8.5 scenario. In this figure the different sides
of the mountain range are also depicted (West is indicated
with the square red symbol while East with a blue triangle).
The solid line connects, for each side of the Cordillera, the
multi-model mean point of the five areas.

The upper panels referring to the minimum temperature
confirm the distinct EDW behaviour between the tropical
and subtropical regions. In the western mountain side (red
points) the EDW is negative in the three tropical areas and
positive in the subtropics. In DJF and MAM, in particu-
lar, Sb1 behaves like a transition region between the nega-
tive EDW in Tpl, Tp2, and Tp3 and the positive EDW in
Sb2. In the eastern side, a less uniform behaviour is found

throughout the seasons though, overall, EDW is negative in
the tropics (with the exception of Tp3 in DJF) and positive
(or neutral in Sbl) in the subtropics with the exception of
SON. The two subtropical areas overall exhibit a larger inter-
model spread compared to the tropical areas.

For the maximum temperature (lower panels), the slopes
are overall positive in all seasons, for all areas and almost
all individual model members. The slopes are larger in the
western side than in the eastern side, except for Sb1 and Sb2
in MAM and JJA. The EDW slope gradually increases with
latitude in all cases except in JJA for the western side, in
which EDW increases (decreases) from lower to higher lati-
tudes in the tropics (subtropics), and in SON for the eastern
side, where EDW is constant and almost neutral in the three
tropical areas while positive in the subtropics.

The different EDW sign found for the minimum and the
maximum temperature in the Tropics is a quite robust fea-
ture across the whole model ensemble. Remarkably, to our
knowledge, the contrasting behaviour between nighttime
and daytime EDW—with minimum temperatures display-
ing negative slopes and maximum temperatures displaying
positive slopes—differs from the behaviour most commonly
observed in other mountain areas in the mid-latitudes such
as the Tibetan Plateau-Himalayas (e.g., Palazzi et al. 2017)
where the minimum and the maximum temperatures dis-
play a coherent EDW signal (same sign, positive) and the
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Fig.6 Elevational gradients of the seasonal temperature change in
the tropical (Tpl, Tp2, Tp3) and subtropical (Sb1, Sb2) Andes, for
each side of the mountain chain (blue, east and red, west) and for the
multi-model mean (black symbols) in the RCP8.5 scenario. The mini-
mum and maximum temperature changes are shown in the top and

bottom panels, respectively. The filled colored symbols represent sta-
tistically significant slopes while the transparent ones are not signifi-
cant (Eq. 1). The colored lines connect the multi-model mean values
in each area
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minimum temperatures generally show larger warming and
larger EDW than the maximum temperatures (Rangwala and
Miller 2012). The different behavior found here, for night-
time and daytime EDW, corroborates the need to separately
analyse the minimum and the maximum temperature in the
Andes. It is interesting to note that, in a study focused on
the tropical Andes based on the analysis of satellite LST
data in the period 2000-2017, Aguilar-Lome et al. (2019)
also found a different elevational gradient of LST trends in
winter between daytime and nighttime conditions: daytime
LST trends are amplified at higher elevations while night-
time LST trends exhibit a steady increase with altitude.

3.2 Analysis of the possible EDW drivers

To better understand the different EDW signals identified
in the previous section, an assessment of the possible driv-
ing mechanisms is performed applying the methodology
described in Sect. 2.3. The first step is to assess whether
the elevational gradient of each relevant variable identi-
fied as possible EDW driver may in principle (i.e. based on
physical considerations) explain the EDW sign. For this,
Fig. 7 shows the slopes of the linear regression between
each variable (-dalbedo, Arlds, Arsds, Ahuss, Arlds/rlds,
Arsds/rsds,, and Ahuss /huss,) and the elevation in the RCP
8.5 scenario, for each season in the west (red) and east (blue)
side of the Andean chain. The figure refers to the multi-
model mean of the GCM-RCM ensemble only. For example,
Atasmin in SON (upper right panel of Fig. 6) exhibits a posi-
tive EDW in Sb2 on the western side of the Cordillera (red
squares). Since the slopes of -Aalbedo, Arlds, Arids/rlds
and Ahuss [ huss,, shown in Fig. 7, are positive (same EDW
sign), these variables are possible EDW drivers while those
with negative slopes have to be excluded owing to physi-
cal considerations. As another example, Atasmax in SON
exhibits a negative EDW in the Tp2 area in the eastern side
of the Cordillera (blue triangles) that may be explained by
Arlds, since this is the only driver presenting a negative slope
(Fig. 7). It is worth noting that, -Aalbedo in the Subtropics
and the absolute and relative change in huss are the driv-
ers showing the largest differences between the eastern and
western side of the Cordillera.

As a second step, we calculated the correlation coeffi-
cient between the (minimum and maximum) temperature
change and each of the variables that satisfied condition 1.
Following Palazzi et al. (2017, 2019), all these variables
were altitude-detrended and standardized (by dividing each
change by its standard deviation over each of the considered
domains) before calculating the spatial correlation with the
temperature change. The aforementioned correlation coef-
ficients are displayed in Figs. 8 and 9 for the minimum and
the maximum temperature, respectively, and limited to the
multi-model mean of the GCM-RCM ensemble. Analogous
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figures are shown in the Supplementary Information to pre-
sent the results for all individual GCM-RCM pairs (Figs.
S10-S13). White areas in the figures identify the cases in
which either conditions 1 (a given possible EDW driver
shows a dependence on the elevation which is physically
consistent with the EDW sign) or 2 (the correlation between
a given possible EDW driver and the temperature change
is positive) are not satisfied. It is worth specifying that the
correlations have been calculated after grouping and aver-
aging the temperature change data and the drivers data into
elevation bins, which makes the correlations stronger and
more significant but not remarkably different from those
that would have been obtained without data binning (not
shown here). In the following, a discussion on EDW drivers
in the tropical and subtropical Andes based on the correla-
tions shown in Figs. 8 and 9 is presented. In order to assess
the difference between the EDW mechanisms in the Tropics
and in the Subtropics, major emphasis in the discussion is
placed to the drivers which are persistent and robust in all
three tropical areas and in all two subtropical areas.

As for the minimum temperature (Fig. 8), our analysis
shows that in the tropics (Tpl, Tp2, and Tp3) EDW is over-
all not driven by the changes in albedo and in the incom-
ing shortwave radiation, in both the west and east sides of
the Cordillera (we recall that for the minimum temperature
in the Tropics a negative EDW, i.e., decreasing warming
rates with the elevation, was found). Only two exceptions
are found, in Tpl West MAM and Tp3 East SON where,
however, the correlations are weak, lower than about 0.2.
Instead, the (absolute and relative) change in the downward
longwave radiation is a clear driver in all three tropical areas,
whose role seems to become less relevant approaching the
Subtropics (both Arlds and Arids/rlds, are strong drivers
in Tpl, Arlds/rlds, does not play a role in Tp3). For the
minimum temperature, the most relevant difference in the
EDW drivers between the Tropics and the Subtropics is that
Aalbedo becomes a driver in the Subtropics, with stronger
correlation in the west side of the Cordillera (in Sb1 in all
seasons but JJA Aalbedo is a driver only in the West). The
changes in rlds and in huss, particularly the relative changes,
are also important drivers in the Subtropics. The individual
GCM-RCM pairs (Figs. S10 and S11 of the Supplementary
Information) overall provide the same picture as their mean.
For the majority of models, Arlds, Arlds/rlds,, and Ahuss
are recognised as EDW drivers in the tropics (the signal
becomes weaker moving southward); in the subtropics, also
Aalbedo and Ahuss[huss, play a role, particularly in Sb2.
Tpl1 is the region presenting not only the largest correlation
between the drivers (Arlds and Arlds/rids,) and Atasmin but
also the largest agreement in the model ensemble, in both
West and East sides of the Cordillera. Tp2 immediately fol-
lows, the correlation being slightly lower than for Tpl. In the
subtropics, Sb2 is the region showing the highest correlation
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Fig.7 Elevational gradient for the EDW drivers, for the RCP8.5 scenario, in the five areas areas (columns) and four seasons (rows) on each side

of the Andean Cordillera

and agreement among the models, mainly in the western
side.

As for Atasmax, we recall that the EDW signal in the
Tropics is opposite (and positive) with respect to the one
found for Atasmin. This also reflects in the identified EDW
drivers. Changes in Afasmax are mostly associated with
changes in downward shortwave radiation (in Tp1 and Tp2)
while for Atasmin the main driver was the absolute and rela-
tive change in rlds. However, it is worth underlining that the

correlations between the EDW drivers and the maximum
temperature change is weaker than for Afrasmin (with a few
exceptions) and the picture is less coherent across the sea-
sons and the sides of the Cordillera. In Tp3, the EDW signal
for Atasmax is mainly associated with Arlds/rlds, and, to
a lesser extent, Ahuss/huss,. In Sbl, the identified drivers
of EDW and their role for the minimum and the maximum
temperature are very similar in the two sides of the Cordil-
lera. While Aalbedo is the main driver in the west side, Arlds
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Fig.8 Correlation coefficient
between each of the seven
possible EDW drivers and the
minimum temperature change,
for the RCP8.5 scenario, in the
five areas areas (columns) and
four seasons (rows) on each side
of the Andean Cordillera. The
drivers are displayed along the
x-axis. White boxes identify the
cases in which the correlation is
negative and/or the elevational
dependence of a given driver
has not the same sign as EDW
(see text for details)

Fig.9 Correlation coefficient
between each of the seven
possible EDW drivers and the
maximum temperature change,
for the RCP8.5 scenario, in the
five areas areas (columns) and
four seasons (rows) on each side
of the Andean Cordillera. The
drivers are displayed along the
x-axis. White boxes identify the
cases in which the correlation is
negative and/or the elevational
dependence of a given driver
has not the same sign as EDW
(see text for details)
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and Arlds/rlds, are the main drivers in the East (except that
in SON). In Sb2, Aalbedo is the main driver in both the
western side and the eastern side of the chain with the only
exception of JJA where Arlds and Arlds [rlds, show a signifi-
cant correlation with the EDW signal. With the exception
of Ahuss/huss, in SON for the western side, all the EDW
drivers associated with Atasmax are also associated with
Atasmin. This suggests that in the Subtropics the minimum
and maximum temperature changes may be driven by the
same drivers on each side of the Cordillera. The individual
model pairs (Figs. S12 and S13 of the Supplementary Infor-
mation) do agree with the identification of the changes in
the downward shortwave radiation as the main drivers in
Tp1l and Tp2 especially in the eastern side of the Cordillera.
As for Tp3, while the main EDW driver for most individual
models in the west side is Arlds/rlds,, coherently with the
picture provided by the multi-model mean, in the eastern
part the absolute and relative changes in rsds turn also out to
be important. In the Subtropics, almost all individual mod-
els identify Aalbedo as one main EDW driver in the West,
together with the changes in rids and Ahuss/huss, but only
in Sb2 in JJA and SON. This partly applies to the eastern
side of the Cordillera too, though the signal is more scattered
and Arsds and Arsds /rsds, also play a role in Sbl (SON) and
Sb2 (MAM).

To summarise, it might be useful to highlight the driv-
ers presenting the highest correlations with the temperature
changes for each area and side of the Cordillera:

— in Tpl, the changes in the minimum temperature (in both
eastern and western sides of the Cordillera) are driven by
the changes in rlds while the changes in the maximum
temperature (especially in the East) are driven by the
changes in rsds. This might explain the opposite EDW
signals found in this region during nighttime and day-
time (see e.g. Fig. 6). Also observed in all the individual
GCM-RCM pairs, this result is very robust;

— the albedo change exists as an ubiquitous EDW driver in
the Subtropics (in both west and east sides in Sb2, mainly
in the west side in Sb1) where it always shows a high cor-
relation with both the minimum temperature change and
the maximum temperature change. In general, the model
ensemble reproduces coherently this driver. In the Trop-
ics, while for the minimum temperature the absence of
Aalbedo as an EDW driver is quite clear, its role in driv-
ing the maximum temperature changes is less certain;

— the (absolute and relative) change in shortwave radiation
is an evident EDW driver only for the maximum tempera-
ture in the Tropics;

— when the Tropics and Subtropics exhibit the same EDW
signal, i.e. for the maximum temperature, in general no
common drivers are identified in the two regions. On the
other hand, when the Tropics and Subtropics show an

opposite EDW signal, i.e. for the minimum temperature,
the change in longwave radiation is a common driver

4 Discussion and conclusions

The Andean Cordillera extends over different latitudes in
South America being exposed to different climate regimes,
which offers a unique possibility to explore possible differ-
ences in EDW along the chain and how the possible various
EDW drivers may act.

In this paper, the Cordillera was divided into five
domains, three pertaining the Tropics and two the Subtrop-
ics. The study employed a small ensemble of eight regional
climate model simulations belonging to the CORDEX-South
American domain experiment together with their multi-
model mean. For future projections, the RCP 8.5 IPCC
emission scenario was considered. The analysis was also
performed on the RCP 4.5 scenario, not shown in the paper,
and no substantial differences were found.

The CORDEX models were first compared to MODIS
and ERAS data to assess their ability in reproducing snow
cover and the temperature, respectively, over a historical
period. As for the minimum temperature, the climatologi-
cal annual cycle is well reproduced by the CORDEX models
overall, though its amplitude is overestimated in east facing
Tpl and Tp2. A cold bias is observed in the model simula-
tions compared to ERAS5. As for the maximum tempera-
ture, the model bias is reduced particularly in the subtropical
regions. Also, the shape of the annual cycle is overall well
captured except in east facing Tpl and Tp2 and in west fac-
ing Tpl. We found that CORDEX (the multi-model mean)
overestimates the snow cover on the high Cordillera areas in
the subtropics along the Chile—Argentina border, and under-
estimate snow cover around the latitude of 20 °S. Though
the temperature comparison between CORDEX and ERAS
overall led to satisfactorily results, the snow cover biases
could have implications for the interpretation of projected
temperature changes through the albedo mechanism.

The EDW signal was assessed by means of linear, LOESS
and piecewise regressions. The comparison among the three
methods highlighted a clear bi-modal behaviour for most
of the seasons in all the study areas and sides of the Cor-
dillera. Remarkably, when using the piecewise regression,
the regression lines before and after the breakpoint showed,
for most GCM-RCM model pairs, very similar slopes. This
suggested that describing the EDW with a bi-modal linear
behaviour might be related to physical reasons, which were
not analysed in this study but deserve future investigations.
Here, we opted for a more standard EDW analysis, based
on the use of a single slope to assess the EDW sign and
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strength, in order to make the analysis of the results for the
Andes more easily comparable to those published in the cur-
rent EDW literature for this and other regions.

In all the three tropical regions an opposite EDW signal
during daytime and nighttime (i.e. in the maximum and in
the minimum temperature) was identified. The minimum
temperatures, in fact, showed a negative EDW (warming
rates are lower at higher elevations) while the maximum
temperatures exhibited a positive EDW (amplification of
warming rates with elevation). The minimum temperature
elevational gradient in the Tropics also seemed to be similar
in the eastern and the western sides of the mountain range,
while for the maximum temperature the elevational gradient
was larger in the western side. Contextually, our analysis
on the possible EDW drivers showed that, in the Tropics,
no common driver was identified for EDW in the maxi-
mum temperature (mostly driven by changes in downward
shortwave radiation) and EDW in the minimum temperature
(driven by changes in downward longwave radiation and in
specific humidity), which may support the observation of
the contrasting EDW signal found in the two variables. This
is particularly true for Tpl and Tp2, while in the west side
of Tp3, Atasmin and Atasmax exhibit weak common drivers
in DJF and SON.

In the subtropical Andes EDW is positive in every sea-
son and for both the minimum and the maximum tempera-
ture (in DJF, MAM and SON in the eastern side, EDW in
Atasmin is neutral). One clear and important EDW driver
in the Subtropics, common to both nighttime and daytime
temperatures, is the change in albedo. Longwave radiation
and humidity are also significantly correlated to EDW in
the Subtropics, but with different relevance for the mini-
mum and maximum temperature throughout the seasons and
the sides of the Andes. These findings reflect the results on
EDW drivers reported in previous studies focused on moun-
tain areas in the northern hemisphere mid-latitudes.

The analysis on the possible EDW drivers highlighted
some differences between the tropical and subtropical sec-
tors of the Andean chain, suggesting that the Tropic some-
how marks a boundary, with Tp3 representing a transition
area between different EDW behaviours.

It is important to stress that other possible drivers not
included in this study, such as mechanisms related to aero-
sol particles or clouds, might influence EDW. Further, the
potential cross-correlations between the drivers, that in prin-
ciple may dampen or amplify the effect of the drivers taken
individually, are here neglected.

A better understanding of climate changes in moun-
tain regions and of their possible elevational gradients is
of utmost importance, given the influence of high-altitude
regions on downstream livelihood, economies and societies.
This work showed the peculiarity of the elevational gradi-
ents of warming rates in the Andean chain, highlighting that

@ Springer

different EDW patterns and driving mechanisms are at play
in the tropical and subtropical Andes as well as in the eastern
and western sides of the mountain range. Though being a
crucial water reservoir for the Andean countries, this moun-
tain range is still under-represented in the EDW literature.
Further observational and model studies are thus required to
deepen our knowledge on EDW and its mechanisms and to
account for new or currently not well represented processes
at play in this high-elevation region.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-06081-4.
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and temperature variables, between the CORDEX models and some reference
datasets. The reference dataset for snow cover is one among the MODIS satel-
lite products (see the main text for details), while we used the most recent
ERAS reanalysis for the minimum and the maximum temperature

The evaluation of snow cover in the CORDEX models against an obser-
vational reference is motivated by the need of assessing the extent to which
models with a relatively coarse spatial resolution are able to realistically re-
produce snow cover, especially given the importance of snow processes and
changes for EDW. Figures S1 and S2 show the climatological maps of snow
cover for the multi-model mean of the GCM-RCM CORDEX ensemble and
for MODIS. Figure S3 shows their anomaly (CORDEX-MODIS). To evaluate
the anomaly, MODIS data were remapped on the CORDEX grid. Section 2.2
of the main text discusses the results of this comparison.

Figures S4 and S5 show, respectively, the time series of the minimum tem-
perature and of the maximum temperature in the models (the black line indi-
cates the multi-model mean, while the grey area represents the range of model
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variability) and in ERA5 (red line) for the five sub-domains and the East and
West sides of Andean Cordillera.

These figures allow to evaluate, even though in a succinct way, the ability
of the model in reproducing the historical temperature climatology and cor-
roborate the comments made in the main text when presenting Figs. 2 and 3.
Compared to ERA5, the models exhibit a cold bias in the minimum tempera-
ture. The bias, as well as the inter-model spread, is larger in the three tropical
domains (Tpl, Tp2, and Tp3) than in the subtropical areas. The agreement
between the models and ERAS5 is higher for the maximum temperature: in
this case a warm model bias is observed but limited to Tpl and Tp2, for
some subdomains only. We report in Table S1 the seasonal and annual bias
(CORDEX-ERADB, following Figs. 2 and 3 of the main text) for the minimum
and maximum temperature, each season, domain and side of the Cordillera.
We also compare in Table S2 the annual bias with the future temperature
change (i.e., the change of the minimum and of the maximum temperature
between the average in the period 2071-2100 and the average in the period
1976-2005) in the RCP 8.5 scenario. As highlighted in the main text, the exis-
tence of a bias between the models and ERA5 does not compromise our results
and does not call for the application of bias-correction methods. In fact, our
EDW analysis is based on the calculation of the change between two tempera-
ture climatologies, thus any bias is removed. For completeness, Table S3 shows
the trend values of the the minimum and maximum temperature time series
in ERA5 (red figures) and in the CORDEX mean (black figures) while Table
S4 shows the interannual variability of the temperature series, calculated as
the standard deviation of the detrended time series shown in Figs. S4 and S5,
in ERA5 and in the GCM-RCM ensemble.

Figures S6 and S7 show, respectively, the minimum and the maximum tem-
perature change maps in all the seasons and for the five areas considered in this
study. We recall that, in order to assess EDW, the relationship between these
temperature changes and the elevation is calculated. When a linear regression
is assumed, the EDW is quantified through the slope of the linear regression.

Figures S8 and S9 show the piecewise regression for the minimum and
maximum temperatures for each individual GCM-RCM model pair in the RCP
8.5 scenario, for each season, study area and side of the Andean Cordillera.

Finally, Figs. S10 and S11 integrate the correlation analysis for the mini-
mum temperature depicted in Fig. 8 of the main text plotting the correlation
coefficients of each individual RCM member besides the one of their mean for
the RCP 8.5 scenario in the western and eastern sides of the mountain range.
Similarly, Figs. S12 and S13 integrate the correlation analysis for the maxi-
mum temperature depicted in Fig. 9 of the main text plotting the correlation
coefficients of each individual RCM member besides the one of their mean for
the RCP 8.5 scenario in the western and eastern sides of the mountain range.
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Fig. S1 Climatological seasonal maps of the Snow cover fraction for the multi-model mean
of the GCM-RCM CORDEX ensemble for the years 2000-2020. Black rectangles delimit the
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Fig. S3 Climatological seasonal map of the anomaly of the snow cover fraction between the
MODIS satellite data and the the multi-model mean of the GCM-RCM CORDEX ensemble
for the years 2000-2020. Black rectangles delimit the five study areas.
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RCP 8.5 Multi-model mean

Fig. S7 Seasonal maps of the maximum temperature change.
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Fig. S10 Correlation coefficient between each of the seven possible EDW drivers and the
minimum temperature change, for the RCP85 scenario, in the five areas areas (columns)
and four seasons (rows) on the west the Andean Cordillera. The drivers are displayed along
the x-axis. White boxes identify the cases in which the correlation is negative and/or the
elevational dependence of a given driver has not the same sign as EDW (see text for details).
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Fig. S11 Correlation coefficient between each of the seven possible EDW drivers and the
minimum temperature change, for the RCP85 scenario, in the five areas areas (columns)
and four seasons (rows) on the east the Andean Cordillera. The drivers are displayed along
the x-axis. White boxes identify the cases in which the correlation is negative and/or the
elevational dependence of a given driver has not the same sign as EDW (see text for details).
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Fig. S12 Correlation coefficient between each of the seven possible EDW drivers and the
maximum temperature change, for the RCP85 scenario, in the five areas areas (columns)
and four seasons (rows) on the west the Andean Cordillera. The drivers are displayed along
the x-axis. White boxes identify the cases in which the correlation is negative and/or the
elevational dependence of a given driver has not the same sign as EDW (see text for details).
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Fig. S13 Correlation coefficient between each of the seven possible EDW drivers and the
maximum temperature change, for the RCP85 scenario, in the five areas areas (columns)
and four seasons (rows) on the east the Andean Cordillera. The drivers are displayed along
the x-axis. White boxes identify the cases in which the correlation is negative and/or the
elevational dependence of a given driver has not the same sign as EDW (see text for details).
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Table S1 Seasonal and annual bias (CORDEX-ERAS5), following Figs. 2 and 3 of the main
text. For CORDEX, only the multi-model mean values are reported.

season Tpl Tp2 Tp3 Sbl Sb2
Tasmin West | East | West | East | West | East | West | East | West | East
DJF -1.66 =297 | -2.92 -1.82 -4.25 -3.44 | -5.62 -4.35 -4.31 -3.82
MAM -1.54 -3.20 | -3.02 -2.74 | -4.16 -3.97 | -3.64 -3.51 -1.50 -1.93
JJA -1.53 -4.66 | -3.66 -3.34 | -4.96 -4.04 | -3.01 -2.27 | -0.91 -1.01
SON -1.15 -2.34 | -3.26 -1.57 | -5.57 | -4.42 -5.01 -4.24 | -2.40 -3.19
Annual | -1.47 | -3.32 -3.21 -2.37 | -4.71 -3.97 | -4.32 -3.59 | -2.28 -2.49
Tasmax West | East | West | East | West | East | West | East | West | East
DJF 0.69 2.70 -1.07 0.67 -1.67 | -1.25 -0.58 -0.58 | -0.53 0.78
MAM 1.09 1.37 -1.05 0.09 -1.95 -1.92 -0.05 -0.82 0.65 0.53
JJA 3.31 1.75 -0.45 1.11 -1.89 -1.28 | -0.52 -0.28 0.01 1.41
SON 2.23 3.46 -0.57 1.97 -1.45 -0.94 | -0.52 -0.15 -0.75 0.90
Annual 1.83 2.32 -0.78 0.96 -1.74 -1.35 -0.42 -0.46 | -0.15 0.90
Table S2 Annual values of the CORDEX-ERAS5 bias (as also shown in Table S1) and
of the future temperature change (i.e., the change of the minimum and of the maximum
temperature between the average in the period 2071-2100 and the average in the period
1976-2005) in the RCP 8.5 scenario.
Tpl Tp2 Tp3 Sb1 Sb2
Tasmin West | East | West | East | West | East | West | East | West | East
Present bias -1.47 | -3.32 -3.21 -2.37 | -4.71 -3.97 | -4.32 -3.59 -2.28 | -2.49
Future change 2.17 2.29 2.55 1.96 2.41 2.61 2.19 2.51 2.19 2.31
Tasmax West | East | West | East | West | East | West | East | West | East
Present bias 1.83 2.32 -0.78 0.96 -1.74 -1.35 -0.42 -0.46 -0.15 0.90
Future change 2.95 2.68 2.75 2.01 2.47 2.69 2.85 2.90 2.94 3.01
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Table S3 Trend values (°C/decade) of the minimum and maximum temperature time series
(shown in Figs. S4 and S5) in ERA5 (red) and in the CORDEX models mean (black) for
the five areas, the two sides of the Andean Cordillera and each season.

Tasmin DJF MAM JJA SON
‘West East West East West East West East
Tpl 0.15/0.24 | 0.13/0.28 | 0.18/0.25 | 0.07/0.29 | 0.19/0.19 | 0.19/0.23 | 0.18/0.24 | 0.20/0.30
Tp2 0.32/0.22 | 0.25/0.25 | 0.27/0.22 | 0.14/0.25 | 0.24/0.21 | 0.22/0.21 | 0.31/0.27 | 0.28/0.31
Tp3 0.31/0.18 | 0.16/0.22 | 0.28/0.22 | 0.02/0.20 | 0.20/0.20 | 0.02/0.18 | 0.22/0.23 | 0.14/0.26
Sbl 0.41/0.21 | 0.33/0.20 | 0.15/0.15 | 0.05/0.13 | 0.37/0.26 | 0.29/0.21 | 0.30/0.35 | 0.31/0.23
Sb2 0.73/0.20 | 0.18/0.14 0.23/0 -0.1/0 0.24/0.21 | 0.24/0.13 | 0.51/0.17 | 0.36/0.19
Tasmax DJF MAM JJA SON
‘West East West East West East West East
Tpl 0.15/0.24 | 0.13/ 0.28 | 0.18/0.25 | 0.07/0.29 | 0.19/0.19 | 0.19/0.23 | 0.18/0.24 | 0.20/0.30
Tp2 0.32/0.22 | 0.25/0.25 | 0.27/0.22 | 0.14/0.25 | 0.24/0.21 | 0.22/0.21 | 0.31/0.27 | 0.28/0.31
Tp3 0.31/0.18 | 0.16/0.22 | 0.28/0.22 | 0.02/0.20 | 0.20/0.20 | 0.02/0.17 | 0.22/0.23 | 0.14/0.26
Sbl 0.41/0.21 | 0.33/0.20 | 0.15/0.15 | 0.05/0.13 | 0.37/0.27 | 0.29/0.21 | 0.30/0.35 | 0.31/0.27
Sb2 0.73/0.20 | 0.18/0.14 0.23/0 -0.1/-0.01 | 0.24/0.21 | 0.24/0.13 | 0.51/0.17 | 0.36/0.19
Table S4 Interannual variability of the minimum and maximum temperature series (cal-
culated as the standard deviation of the detrended time series shown in Figs. S4 and S5)
in ERA5 (single figure) and in the GCM-RCM ensemble (range of variability given by the
minimum and maximum values, in parenthesis).
Tasmin DJF MAM JJA SON
‘West East ‘West East West East West East
Tpl 0.51 0.4 0.67 0.56 0.54 0.44 0.4 0.3
(0.26-0.6) (0.21-0.52) (0.31-0.81) | (0.38-0.9) (0.37-0.91) (0.32-0.9) (0.32-0.69) (0.27-0.59)
Tp2 0.47 0.35 0.54 0.43 0.49 0.38 0.33 0.27
(0.2-0.73) (0.18-0.44) (0.29-0.84) | (0.29-0.78) | (0.4-0.67) (0.27-0.68) (0.34-0.6) | (0.24-0.61)
Tp3 0.46 0.4 0.51 0.56 0.39 0.44 0.37 0.46
(0.33-0.56) (0.25-0.44) (0.38-0.6) (0.34-0.61) | (0.41-0.63) | (0.4-0.61) (0.4-0.73) | (0.35-0.61)
Sb1l 0.4 0.39 0.6 0.6 1.05 0.83 0.68 0.72
(0.37-0.57) (0.32-0.58) (0.44-0.71) | (0.52-0.74) | (0.72-1.14) (0.67-1.03) (0.51-0.91) (0.52-0.81)
Sb2 0.47 0.61 0.81 0.8 0.66 0.83 0.61 0.7
(0.41-0.77) (0.43—-0.58) | (0.44-0.93) | (0.64-0.93) | (0.88-1.36) | (0.77-1.13) (0.5-0.89) (0.48-0.89)
Tasmax DJF MAM JJA SON
‘West East West East West East ‘West East
Tpl 0.54 0.52 0.67 0.6 0.66 0.57 0.51 0.4
(0.3-1.13) (0.2-0.81) (0.37-1.02) | (0.39-1.14) | (0.29-0.7) (0.41-1.02) (0.33-0.72) (0.26-0.94)
Tp2 0.67 0.53 0.74 0.51 0.69 0.49 0.54 0.42
(0.32-0.89) (0.27-1) (0.43-1.05) | (0.42-1.13) | (0.41-0.88) (0.43-0.91) (0.34-0.69) (0.36-0.76)
Tp3 0.79 0.65 0.68 0.66 0.46 0.58 0.39 0.6
(0.3-1.08) (0.37-1.08) (0.45-1.15) | (0.5-1.14) (0.5-0.82) (0.64-1.01) | (0.37-0.69) (0.49-0.8)
Sb1l 0.48 0.5 0.66 0.67 1.35 1 0.79 0.79
(0.4-1) (0.4-0.77) (0.5-0.99) (0.64-1.05) | (0.91-1.36) (0.81-1.19) (0.58-1.14) (0.73-1.18)
Sb2 0.45 0.74 1 0.84 0.98 1.12 0.76 0.78
(0.55—0.82) | (0.57-0.95) (0.63-1.03) | (0.72-1.15) | (0.68-1.19) (0.96-1.39) (0.65-1.23) (0.67-1.27)




4 CONCLUSOES

As andlises das simulagdes do conjunto de oito de modelos climaticos regionais per-
tencentes ao CORDEX-SAM junto com a média multi-modelo mostraram que, ndo houve
diferencas substanciais no sinal de EDW para proje¢des futuras quando comparado os ce-
narios de alta emissdao de CO, (RCP 8.5) e de estabilizacdo das concentragdes de CO,
(RCP 4.5).

Na comparacao dos modelos CORDEX com os dados de reanélise ERA5, os ciclos
climatolégicos de Tasmin e Tasmax foram bem reproduzidos. No entanto, a amplitude de
Tasmin foi superestimada nas faces leste de Tp1 e Tp2 e uma tendéncia fria foi observada
nas simulacdes dos modelos. Quanto a Tasmax, a tendéncia fria encontrada em Tasmin
foi atenuada,principalmente nas regides subtropicais. Além disso, a forma do ciclo anual
foi bem simulada, exceto para a face leste de Tp1 e Tp2 e oeste Tp1.

Quando comparado o CORDEX (média multi-modelos) com os dados de satélite
MODIS, o CORDEX superestima a cobertura de neve nas areas elevadas da Cordilheira
nos subtrépicos ao longo da fronteira Chile-Argentina, e subestimam a cobertura de neve
em torno da latitude de 20 °S. Embora a comparacao de temperatura entre CORDEX e
ERAS5 demonstrou resultados satisfatérios, as tendéncias da cobertura de neve pode ter
implicagdes para a interpretagdo de mudancas de temperatura através do mecanismo do
albedo da neve.

A comparacéao entre os métodos de regressao linear, regressao local (LOESS) e
regressao por partes na avaliagdo do sinal EDW, destacou um claro comportamento bi-
modal para a maioria das estacdes em todas as areas de estudo e faces da Cordilheira.
Notavelmente, ao usar a regressao por partes, as linhas de regressao antes e depois do
ponto de mudanga mostraram, para a maioria dos GCM-RCM, inclinagées muito seme-
Ihantes. Isso sugere que descrever o EDW com um comportamento linear bimodal pode
estar relacionado a razdes fisicas, que nao foram analisadas neste estudo, mas merecem
investigacdes futuras.

Em todas as trés regides tropicais foram identificados contrastes no sinal do EDW
durante o dia e a noite (ou seja, na temperatura maxima e minima). A Atasmin, de fato,
mostrou um EDW negativo (a taxa de aquecimento é menor em altitudes mais altas), en-
quanto a tasmax exibiu um EDW positivo (amplificagdo da taxa de aquecimento com a
elevacao). O gradiente de elevagao da temperatura minima nos trépicos também pareceu
ser semelhante nas faces leste e oeste dos Andes, enquanto para a temperatura maxima
o gradiente de altitude foi maior no lado oeste.

Contextualmente, na analise dos possiveis mecanismos condutores de EDW mos-
trou que, nos trépicos, nenhum mecanismo condutor comum de EDW foi identificado para
Atasmax (na maior parte impulsionado por mudangas na ROC) e Atasmin (impulsionado
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por mudangas na ROL e na umidade especifica), o que pode contribuir para o sinal de
EDW contrastante observados entre as duas variaveis. Isso é particularmente verdadeiro
para Tp1 e Tp2, enquanto no lado oeste de Tp3, Atasmin e Atasmax exibiram mecanismos
fracos semelhantes para DJF e SON.

Nos Andes Subtropicais, o EDW se mostrou positivo em todas as estacdes tanto
para a Atasmin quanto para Atasmax (em DJF, MAM e SON no lado leste, o sinal de EDW
€ neutro para Atasmin). Um mecanismo condutor de EDW claro e importante nos subtré-
picos, comum as temperaturas noturnas e diurnas, é a mudanca no albedo. A radiacao de
ondas longas e a umidade também estao significativamente correlacionadas com a EDW
nos subtropicos, mas com relevancia diferente para a temperatura minima e maxima ao
longo das estagbes e faces da Cordilheira.

E importante ressaltar que outros possiveis fatores nao incluidos neste estudo,
como mecanismos relacionados a particulas de aerossol ou nuvens, podem influenciar
o EDW. Além disso, as potenciais correlagbes cruzadas entre os mecanismos conduto-
res, que em principio podem amortecer ou amplificar o efeito dos mecanismos tomados
individualmente, foram negligenciadas.
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