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This paper provides an updated review of the most relevant scientific literature related to
the hydroclimate of the Andes. The Andes, the longest cordillera in the world, faces major
challenges regarding climate variability and climate change, which impose several threats
to sustainable development, including water supply and the sustainability of ecosystem
services. This review focuses on hydroclimate variability of the Andes at a sub-continental
scale. The annual water cycle and long-termwater balance along the Andes are addressed
first, followed by the examination of the effects of orography on convective and frontal
precipitation through the study of precipitation gradients in the tropical, subtropical and
extratropical Andes. In addition, a review is presented of the current scientific literature on
the climate variability in the Andes at different timescales. Finally, open research questions
are presented in the last section of this article.
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INTRODUCTION

Due to its latitudinal extension and its prominent topography, the Andes Cordillera is characterized
by a wide variety of mountain climates, from very humid conditions like the cloud forest and paramo
in the tropics and the western Patagonia in the extratropics, to the hyper arid conditions in the
subtropics, like the Atacama Desert. The Andes provides ecosystem services, such as the provision of
fresh water to near 90 million people in seven countries (Venezuela, Colombia, Ecuador, Peru,
Bolivia, Chile and Argentina) (Schoolmeester et al., 2018). At the same time, the Andes range sets the
stage for the occurrence of disasters due to the presence of steep terrains, hydrometeorological
extreme events that are exacerbated by hydroclimate variability, climate change, deforestation and
land use changes (Poveda et al., 2020).

Given the importance of the Andes in terms of biodiversity and ecosystem services provided to
largely populated regions in South America, an adequate understanding of the regional hydroclimate
is mandatory. Few studies have provided comprehensive reviews of current knowledge regarding the
hydroclimate variability in the Andes. Among them, Rabatel et al. (2013), Vuille et al. (2018), and
Masiokas et al. (2020) focused on the Andean cryosphere. In addition, Berbery and Barros (2002)
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described the hydrologic cycle of the La Plata basin in
Southeastern South America. Marengo and Espinoza (2016)
reviewed the hydroclimatic variability of the Amazon river
basin, including the eastern flank of the Andes, with a
particular emphasis on observed and projected extreme
hydrological events.

The current study is part of a series of review papers focused
on the diverse aspects of climate, weather, hydrology and
cryosphere of the Andes cordillera. Among them, Pabón-
Caicedo et al. (2020) provided a review on observed and
projected changes in the hydroclimate of the Andes including
temperature and precipitation variability in the Andes
throughout the last two millennia. Poveda et al. (2020)
reviewed the climatological occurrence of high impact weather
events in the Andes and Condom et al. (2020) discussed the
current observational and monitoring hydrometeorological
networks in the Andes. These reviews provide a state-of-the-
art synthesis of current knowledge, as part of the ANDEX
initiative. ANDEX is a prospective Regional Hydrological
Project (RHP) of the Global Energy and Water Cycle
Exchanges (GEWEX; https://www.gewex.org/) project of the
World Climate Research Program (WCRP; https://www.wcrp-
climate.org/). For more details, see Part I (Espinoza et al., 2020).

In this study, recent advances regarding the Andean
hydroclimate are assessed and discussed. An integrated
overview from the northern Andes to Patagonia is taken into
account. This study is presented in two parts. Part I (Espinoza
et al., 2020) is dedicated to summarize the mean large-scale
atmospheric circulation that characterizes the hydroclimate of
the Andes and the annual cycles of precipitation and runoff. This
second part addresses the hydroclimate variability of the Andes at
a sub-continental scale. Here, the annual long-term water balance
and the annual cycle of hydrological fluxes (precipitation and
runoff) along the Andes are addressed. Then the effects of
orography on precipitation through the study of precipitation
gradients at low and mid-latitudes are discussed. Finally, the
current knowledge on climate variability in the Andes at
subseasonal, interannual and decadal timescales are presented.

HYDROLOGICAL PROCESSES

Surface hydrology in the Andes exhibits a variety of annual cycles
along the entire cordillera. Following Espinoza et al. (2020), this
paper is focused on the following subregions: north tropical
Andes (north of 8°S), south tropical Andes (8°S-27°S),
subtropical Andes (27°S-37°S) and extratropical Andes (south
of 37°S). This section provides a review of the main features of the
annual water cycle in the Andes, with focus on river discharges
and its link to spatio-temporal behavior of rainfall presented in
Espinoza et al. (2020). The contributions from glacier melting
over the south tropical and extratropical Andes are also discussed.

River Flows
Mean Annual River Flows
The latitudinal and longitudinal contrasts that exist in the mean
annual flows of the rivers originating in the Andes are clearly

reflected in Figure 1. In the north tropical Andes and along the
eastern portion of the south tropical Andes, the overall humid
conditions result in numerous large to very large rivers with mean
annual flows in the order of several hundreds or thousands of
cubic meters per second. This is the case, for example, of most
rivers draining the upper Amazon and Orinoco basins.
Substantially lower flows and smaller rivers can be found on
the western, drier portion of the south tropical Andes, where
rivers reaching the coasts of Peru usually show mean annual
values in the order of tens of cubic meters per second (Figure 1A).
The contrast between the eastern and western basins is clearly
evident along the southern sector of the south tropical Andes: the
eastern margins of the Andes in Bolivia and northwestern
Argentina are characterized by lush mountain rainforests
(“yungas”) drained by large rivers, but conditions change
dramatically to the west, where the extreme arid conditions of
the Atacama desert and adjacent regions in northern Chile only
allow very few rivers and creeks with small annual flows in the
order of 0.1–2 cubic meters per second (Figure 1A).

In some upper basins of the south tropical Andes, glacier melt
can contribute to the river discharges. Soruco et al. (2015) showed
that glaciers contribute around 15% of water resources to the La
Paz city (Bolivia) annually, and 14 and 27% during the wet and
dry seasons, respectively. Buytaert et al. (2017) estimated the
relative contribution of glacial melt to the water supply of selected
main cities of the south tropical Andes characterized by different
meteorological conditions, finding a mean annual glacier melt
contribution of 2.2% in Quito (Ecuador), <1% in Lima (Peru),
and 19% in Huaraz (located in the upper Santa River basin in
Peru). Glacier contribution to local water supply is clearly
sensitive to the occurrence of extreme droughts, increasing its
relevance during dry years when precipitation over the basin is
reduced to a minimum (e.g., Dussaillant et al., 2019; Masiokas
et al., 2020). The increasing frequency of these events, overlapped
with the ongoing shrinking trend in Andean glaciers (Masiokas
et al., 2020), will impact the resilience of the local water
management systems in the future (Buytaert et al., 2017).

The flows of most rivers on both sides of the subtropical Andes
show a strong dependence on seasonal accumulation and
subsequent melting of snow in the upper basins (e.g., Masiokas
et al., 2006). Here, the drier conditions in the northern basins
support smaller rivers than further south, and the longitudinal
contrasts between the eastern and western margins of the Andes
are not as marked as described above for the south tropical Andes
(Figure 1). Common mean annual values for the most important
rivers in this region range between 10 and 150 cubic meters per
second (Figure 1A). The Andes at these latitudes contain extensive
areas covered by glaciers and permanent ice-rich permafrost features
such as rock glaciers (Azócar and Brenning, 2010; Zalazar et al.,
2017). Melt water from these ice masses can play an important
hydrological role, as shown by a recent study of theMaipo river basin
(Ayala et al., 2020). These authors estimated that between 1955 and
2016 glaciers contributed, on average, with ca. 37% of the annual
runoff of the basin. This glacier contribution can become especially
important during extended dry periods such as those observed in the
subtropical Andes region since 2010 (Garreaud et al., 2017; Rivera
et al., 2017; Dussaillant et al., 2019).
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To the south, the extratropical Andes in Patagonia and Tierra
del Fuego are lower in elevation and conditions become more
humid, usually resulting in larger river flows than those found
immediately to the north (Figure 1A). Normal mean annual
streamflow values can reach several tens to a few hundreds of
cubic meters per second for the largest rivers. These values usually
depend on the variable amounts of solid and liquid precipitation
that falls in the upper basins. In these regions, few cases exist
where the glacier cover is extensive enough to have a discernible
signal in the annual river flows (Pasquini and Depetris, 2007;
Pasquini and Depetris, 2011; Masiokas et al., 2019).

Seasonal Variations in River Flows
The north tropical Andes exhibits unimodal or bimodal regimes on
river discharge that respond to the annual cycle of precipitation in
the different sectors (see Espinoza et al. (2020) and Figure 1B). In
Colombia, many river basins located north of the Andes exhibit a

bimodal annual cycle with two wet seasons (April-May and
September-November; see e.g., the Cauca river in Figure 1B)
associated with similar patterns in rainfall, evapotranspiration and
soil moisture (Mejia et al., 1999; Poveda, 2004; Poveda et al., 2011;
Urrea et al., 2019). The bimodal annual cycle of rainfall on the Andes
of Colombia results from the combination of the meridional
oscillation of the Intertropical Convergence Zone (ITCZ),
atmospheric moisture advection by the Choco, Caribbean and
Orinoco low-level jets, and strong land surface-atmospheric
interactions (Poveda et al., 2014, Poveda et al., 2020; Arias et al.,
2015; Hoyos et al., 2017; Bedoya-Soto et al., 2019; Espinoza et al.,
2020). Rivers along the Colombian Pacific coast, such as the San Juan
river, show discharge peaks around October-November (Velásquez-
Restrepo and Poveda, 2019). This pattern is similar to that shown by
the Sinu river further north (Figure 1B).

Rivers of the eastern Andean basins in Colombia and Ecuador,
in contrast, are characterized by unimodal cycles with peaks in

FIGURE 1 | (A) Mean annual streamflow for selected rivers along the Andes. (B) Mean annual surface runoff of the same selected rivers. The annual cycles
(expressed asmonthly percentages relative to the annual totals) are also shown for characteristic river basins to illustrate the marked contrasts that exist along the Andes.
Note that these diagrams have different Y-axis scales to highlight the characteristic seasonal variability at each site. X-axis indicates themonth of the year (from 1: January
to 12: December). Also note that as the period of records can vary among stations (Table 1), the values in the figure only provide an overall indication of the long-
term mean annual and monthly conditions at each site.
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July-August (see e.g., the Orinoco and Vaupes rivers in
Figure 1B; Laraque et al., 2007; Arrieta-Castro et al., 2020).
These unimodal regimes are associated with low advective
shallow clouds causing precipitation, influenced by the
advection of water vapor from the Amazon basin and
enhanced easterlies during boreal summer (Campozano et al.,
2016; Segura et al., 2019). The Ecuadorian Andes, however, also
exhibit a large spatial variability in river discharge seasonality and
cases with bimodal annual cycles peaking around March-April
and October can be found in many intra-Andean basins (Laraque
et al., 2007; Campozano et al., 2018). In the lowlands of these
intra-Andean basins, the discharge peaks around June-July and
October-November (Laraque et al., 2007). These patterns reflect
the occurrence of bimodal rainfall regimes, with dry conditions
during boreal summer, caused by strong subsidence that inhibits
the formation of convective clouds (Campozano et al., 2016;
Segura et al., 2019). Rivers of the western Andean basins in
Ecuador and northern Peru are characterized by a unimodal
pattern with peaks around March-April (see Tumbes river in
Figure 1B). In this region, the wet season occurs from late
December through May, corresponding to the southerly
position of the ITCZ (Recalde-Coronel et al., 2014; Rau et al.,
2017; Segura et al., 2019).

In the south tropical Andes, the seasonal discharges are usually
characterized by unimodal cycles peaking between January and
March along both the eastern and western flanks of the mountain
range (Figure 1B). This pattern reflects the occurrence of the
rainy and the dry seasons in December-March and June-August,
respectively, and is partly associated with the South American
Monsoon (see Espinoza et al. (2020) and Influence of the Andes
Topography on Precipitation; also Vera, 2006; Espinoza et al.,
2011; Lavado-Casimiro et al., 2012; Rau et al., 2017; Molina-
Carpio et al., 2017). This relatively consistent unimodal seasonal
pattern can be observed in the hydrographs of the Cañete and
Lluta river basins along the western, drier portion of the region,
and also in the records from the Huallaga, Madre de Dios and
Bermejo rivers, located in the upper and much wetter Amazon
and La Plata river basins (Figure 1B).

In the high subtropical Andes, precipitation usually falls as
snow in winter and remains frozen until the onset of the melting
season in the spring (October-November). In this sector, most
rivers on both sides of the Andes show a unimodal snowmelt-
dominated regime with a peak during the warmer months in
December-January (see e.g., the Copiapó and Tunuyán rivers in
Figure 1B; and Masiokas et al., 2006, 2019). Further south in
Patagonia and Tierra del Fuego, the extratropical Andes are
exposed to the westerlies during most of the year (Garreaud,
2009; Garreaud et al., 2013). This results in a more uniform
seasonal distribution of precipitation with mixed contributions of
rain and snow, depending on the annual cycle of temperatures
and the overall elevation of the different sectors. Rivers in these
regions reflect this rather complex hydroclimatic nature of the
Andes: some sectors show a single discharge peak due to the
higher precipitation levels in winter (e.g., the Bio river in
Figure 1B), while others also show a peak in spring-early
summer due to snowmelt (e.g., the Palena and Magallanes
basins, Figure 1B; see also Pasquini and Depetris, 2007; Lara
et al., 2008; Mundo et al., 2012; Krogh et al., 2015; Masiokas et al.,
2019). The two largest rivers of this southernmost portion of the
Andes are the Baker and the Santa Cruz rivers, which drain
extensive parts of the north and nouth Patagonian Icefields,
respectively. The Santa Cruz river, in particular (see
Figure 1B), drains ca. 3,000 km2 of glaciated areas and shows
a discernible peak in the late summer–early fall largely due to the
contribution of ice melt (Pasquini and Depetris, 2007; Pasquini
and Depetris, 2011; Masiokas et al., 2019).

Evapotranspiration
The exceptional height of the Andes Mountains conditions the
atmospheric circulation at low elevations, and clearly divides the
atmospheric moisture sources east and west of the water divide.
The Atlantic Ocean as well as the Orinoco, Magdalena and
Amazon River basins are the main oceanic and continental
water vapor sources for most of the tropical Andes (Sakamoto
et al., 2011; Arias et al., 2015; Hoyos et al., 2017) and neighboring
regions such as the Altiplano and the Andean part of the La Plata

TABLE 1 | General information of the selected runoff gauges corresponding to the mean annual cycles shown in Figure 1B.

Id Country Station Lat Lon Elevation (m.a.s.l) Period

BERMEJO Argentina BERMEJO-POZO SARMIENTO −23.22 −64.20 296 1986–2015
TUNUYAN Argentina TUNUYAN-VALLE DE UCO −33.78 −69.27 1,200 1986–2015
SANTA CRUZ Argentina SANTA CRUZ-CHARLES FUHR −50.27 −71.89 206 1986–2015
PALENA Argentina CARRENLEUFU-LA ELENA −43.68 −71.30 783 1986–2015
MADRE DE DIOS Bolivia MIRAFLORES −11.11 −66.41 125 1985–2013
LLUTA Chile LLUTA EN ALCERRECA −18.00 −69.63 3,550 1986–2015
COPIAPO Chile COPIAPO EN PASTILLO −28.00 −69.97 1,300 1986–2015
BIO Chile DUQUECO EN VILLUCURA −37.55 −72.03 228 1986–2015
MAGALLANES Chile SAN JUAN EN DESEMBOCADURA −53.65 −70.97 8 1986–2015
SINU Colombia PALMA CENTRAL 9.20 −75.82 6 1991–2010
CAUCA Colombia IRRA 5.27 −75.67 745 1972–2013
ORINOCO Colombia RONCADOR 5.86 −67.58 62 1991–1998
VAUPES Colombia LOS CERROS 0.90 −70.77 195 1990–2013
TUMBES Perú EL TIGRE −3.72 −80.47 40 1969–2004
CAÑETE Perú SOCSI −13.03 −76.2 330 1969–2004
HUALLAGA Perú CHAZUTA −6.57 −76.12 150 1986–2010

Frontiers in Earth Science | www.frontiersin.org February 2021 | Volume 8 | Article 5054674

Arias et al. Hydroclimate Andes Part II

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


River basin (Garreaud, 1999; Garreaud et al., 2003; Falvey and
Garreaud, 2005; Martinez and Dominguez, 2014; Staal, 2018; Sori
et al., 2019; Segura et al., 2020), through the low-level moisture
transport. The important Amazon source means that the
hydrological cycle and water balance of the tropical Andes
system could be particularly sensitive to Amazon land-cover
change (see Espinoza et al., 2020). The Pacific Ocean is an
important atmospheric moisture source for the western Andes
of Colombia (Sakamoto et al., 2011; Arias et al., 2015; Hoyos et al.,
2017), northern Peruvian and Ecuadorian Andes (Segura et al.,
2019), and the main source for the subtropical and extratropical
regions of Argentina and Chile (Garreaud et al., 2009).

If changes in storage over time are considered negligible in the
long term, the surface (SWB) and atmospheric (AWB) water
balance become, respectively:

〈R〉 � 〈P〉 − 〈E〉
〈C〉 � 〈P〉 − 〈E〉

where P is precipitation rate [LT−1], E is evapotranspiration rate
[LT−1], R is runoff rate [LT−1] and C is the net moisture
convergence (or the moisture that is stored in the atmosphere)
(C � -ΛQ, where ΛQ is the net vertically integrated moisture
divergence). 〈 〉 denotes the long-term mean (Builes-Jaramillo
and Poveda, 2018).

Recent water balance estimates by Builes-Jaramillo and
Poveda (2018) show that for the Andes-Amazon system, the
water balance components are of the same order of magnitude
(Figure 2 of Espinoza et al., 2020). In spite of receiving less
precipitation, runoff is higher in the Andean rivers than in the
lowland Amazon (Moquet, 2011). This is probably related to the
Andes-Amazon spatial rainfall variability. The rainiest Amazon
basin regions (“hotspots”) occur in the Andes (Espinoza et al.,
2015; Chavez and Takahashi, 2017), and also the presence of steep
topography that favors higher runoff (Espinoza et al., 2014).
Large negative residuals (P-E-R < 0) were detected in two
important Andean sub-catchments: Borja (Marañón River)
and Rurrenabaque (Andean Beni River) for both the surface
and atmospheric water balance. As the uncertainty of runoff
records is relatively low, the SWB imbalance in these basins
reflects mainly the high spatial variability of P and E (particularly
the former) and the low density of meteorological networks. The
AWB imbalance (both internally and related to SWB) reflects the
uncertainties in the reanalysis data source (Builes-Jaramillo and
Poveda, 2018). SWB negative residuals have been also found for
many smaller Andean basins (Molina-Carpio et al., 2007; Lavado-
Casimiro et al., 2012), suggesting that the study of the
components of the water balance in the Andes remains an
important research topic. In this sense, the different issues that
need to be addressed to better understand the hydrological cycle
in the Andes are: 1) the spatial variability of precipitation at
different spatial scales and the associated causes (see the following
sections); 2) the low density of rainfall and runoff observations
in the region (Condom et al., 2020); 3) the generalized lack
of permanent atmospheric sounding stations, meteorological
radars, and other atmospheric observations (Condom et al.,
2020); 4) the combined roles of diverse atmospheric low-level

jets and atmospheric rivers in the transport of atmospheric
moisture to the Andes (e.g., Sakamoto et al., 2011; Arias et al.,
2015; Chavez and Takahashi, 2017; Hoyos et al., 2017; Kumar
et al., 2019; Segura et al., 2020); 5) evapotranspiration and
moisture recycling processes from the rainforest to the Andes
(e.g, Molina et al., 2019; Ampuero et al., 2020; Ruiz-Vasquez et al.,
2020); 6) the high amounts of precipitation recycling in the
tropical Andes (70–90%) (e.g., Zemp et al., 2014; Zemp et al.,
2017; Staal, 2018); 7) the land-atmosphere interactions in the
Andes (e.g., Saavedra et al., 2020); 8) the role of groundwater
processes in the Andes (karts dynamics, for instance) and its
influence on surface hydrology and sediment transport processes
(e.g., Tovar Pacheco et al., 2006; Ayes Rivera et al., 2003–2016;
Olarinoye et al., 2020); 8) the effects of climate change,
deforestation, and land use changes on different water fluxes
and storages along the Andes (e.g., Pabón-Caicedo et al., 2020); 9)
the physical processes controlling the formation of floods and
droughts along the Andes; among others.

Long-Term Water Balance
Themean annual value of reference evapotranspiration (ET0) (i.e.
the rate at which water, if available, would be removed from the
soil and plant surface of a specific crop (FAO, 1998)), ranging
from 900 to more than 2000 mm/yr, is greater than annual
precipitation in the Altiplano region (Chaffaut, 1998; Molina-
Carpio et al., 2014). In the northern Altiplano, the Lake Titicaca
plays an important regulation role for the local climate and
hydrology. In the arid southern Altiplano, extremely arid
northern Chile and northwestern Argentina, which are the
regions on Earth that receive the greater net solar radiation
(e.g., Rondanelli et al., 2015), ET0 is at least one order of
magnitude bigger than precipitation (Molina-Carpio, 2007). In
most of these regions, runoff can only occur in relation to
groundwater storage (aquifers). Thus, more than 95% of
surface water comes from groundwater dated to some
thousands of years (Aravena, 1995; Chaffaut, 1998; Molina-
Carpio, 2007).

Furthermore, the Altiplano is very sensitive to climate
(Coudrain et al., 2002; Garreaud et al., 2003) and
anthropogenic changes (Minvielle and Garreaud, 2011; Satgé
et al., 2017). Even small changes in the water cycle
components can put at risk the Altiplano hydrological and
natural systems and its population. Given the lack of outlet
drainage, the surface water storage in endorheic catchments
depends critically on the equilibrium among precipitation,
evapotranspiration and groundwater exchange. This
equilibrium is affected, for example, by increases in
agricultural land and irrigation in the Altiplano, which
intensifies evapotranspiration water losses (Torres-Batlló et al.,
2020). Evaporation from lakes and soils may also be exacerbated
by warming temperatures, which is a trend already detected for
the region (Hunziker et al., 2018). In a recent study, Segura et al.
(2020) documented that rainfall variability over the Altiplano is
also modulated by deep convection in the western Amazon,
particularly since 2000. All this highlights the urgent need for
proper water management at the basin scale.
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FIGURE 2 | (A) Distribution of rainfall with elevation during 1972 and 1973 along the western slope of the intra-Andean valley of the Combeima River basin, located
along the eastern slope of the Central range of Colombian Andes. Adapted fromOster (1979). The inset shows the Combeima River valley and the city of Ibagué, denoted
with a black star on panel (C). Source: Google Maps. (B) Distribution of long-term mean annual rainfall with elevation and distance to the floor of the Magdalena River
valley along the eastern slope of the Central Andes of Colombia around 5°N (W-E transect on panel (C). Adapted from Oster (1979). (C) Vertical cross-sections of
long-termmean TRMM rainfall data (3A12 V7) and relative humidity (AIRX3STM v006), along diverse transects over the western and eastern slopes of the Central Andes
of Colombia. These figures were produced using the Giovanni online tool (https://giovanni.gsfc.nasa.gov/giovanni/).
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Considering the large spatial variability of water availability on
both sides of the Peruvian Andes, actual evapotranspiration
shows high differences according to the relative magnitude of
the local water balance components. Few studies have estimated
evapotranspiration in the Peruvian Andes. For instance, Lavado-
Casimiro et al. (2011), using the modified Hargreaves–Samani
method, found a mean annual evapotranspiration of 564 mm/yr
and 996 mm/yr in the Vilcanota and Urubamba river basins
(Cuzco), respectively. In the Mantaro basin (central Peruvian
Andes), these authors estimate that the mean annual
evapotranspiration is 648 mm/yr. Due to increased water
availability in the Amazonian region, evapotranspiration
increases, reaching 1,230 mm/yr and 1,030 mm/yr in average
over the Ucayali and Huallaga basins, respectively (Lavado-
Casimiro et al., 2011). In the basins of the arid Pacific coast of
Peru, evapotranspiration varies from 300 to 500 mm/yr, with the
greatest values in the Moche and upper Santa river basins in the
central Peruvian Andes (Rau et al., 2017). Using a set of
meteorological sensors of latent heat fluxes installed in a
gradient tower 30 m high in the Huancayo observatory
(central Peruvian Andes, 3,312 m.a.s.l.), Flores-Rojas et al.
(2019a) show a clear annual cycle of latent heat fluxes with
monthly maximum in February-March and monthly
minimum in June-July. In the Peruvian Pacific drainage, ET0

is higher than precipitation over most of the year (with exception
of the December-March rainy season). Consequently, river runoff
in the central and southern Pacific basins occurs most of the year
in relation to changes in groundwater storage and, in some cases,
to glacier contributions (Buytaert et al., 2017). In relation to these
hydrological characteristics, agriculture over this region is highly
dependent on national special irrigation projects that regulate the
annual water availability (e.g., ANA, 2012). In the arid Pacific
coast of Peru, groundwater is largely exploited for supply to the
population and agriculture, such as the case of Lima and Ica
regions (Tovar Pacheco et al., 2006). In the Peruvian Andes,
UNESCO (2006) estimated that the available surface water
(difference between rainfall and evapotranspiration) is
16.5 mm/yr in the basins of the Pacific watershed, 130 mm/yr
in the Titicaca basins, and 2,700 mm/yr in the Peruvian Amazon,
considering the 1969–2009 period.

In the extremely dry environment of the subtropical Andes,
snow accumulated over altitudes above 2000 m.a.s.l is subject to
high levels of intensive sublimation, a process that represents a
significant loss of water for this semiarid region. Unfortunately,
the lack of micro-meteorological data in this region precludes a
detailed assessment of sublimations rates, as reported by Réveillet
et al. (2019). The contribution of melt and sublimation to total
ablation has been studied at both the point-scale (MacDonell
et al., 2013) and catchment scale (Gascoin et al., 2013) in one
catchment in the semi-arid Andes. MacDonell et al. (2013)
estimated that the sublimation fraction was 90% of total
ablation at altitudes above 5,000 m.a.s.l., in an extreme
environment with predominantly sub-freezing temperatures
and strong local wind speeds. On the basis of snow modeling,
Gascoin et al. (2013) found that the total contribution of
sublimation to total ablation in the Pascua-Lama area (29.3° S,
70.1°W; 2,600–5,630 m.a.s.l.) was 71%.

INFLUENCE OF THE ANDES TOPOGRAPHY
ON PRECIPITATION
The Andes exhibits a complex topography that induces spatio-
temporal hydroclimate variability at different scales. In particular,
precipitation in the Andes is strongly influenced not only by the
large-scale weather patterns, including the low-level jets (as
described in Espinoza et al., 2020), but also by the interaction
of these atmospheric moisture fluxes with orography. This section
reviews the main orographic effects on convective (over the
tropics and the subtropics) and frontal (over the subtropics
and the extratropics) precipitation in the Andes.

Orographic Effects on Convective
Precipitation Systems in the Tropical and
Subtropical Andes
The orography of the Andes plays a key role on the initiation and
evolution of convective precipitation systems, which dominate
over and around the tropical and subtropical Andes. The
orography strongly modulates the availability of atmospheric
moisture and contributes ascending air masses aloft the
mountain range, two key ingredients for convection initiation
year-round in the tropics and during summer in the subtropics.
Terrain-forced and thermally driven diurnal mountain winds are
the two main forms of orographic lifting by which topography
influences convective activity (e.g., chapters 2 and 3 of Chow
et al., 2013). Terrain-forced winds occur when large-scale
circulation, normally continental easterly winds in the tropics,
encounter the topography and are forced to ascent following the
shape of the terrain. The origin of thermal diurnal mountain
winds is the strong solar radiation heating on the surface, which
in turn induces temperature gradients that generate the diurnal
circulations between the air immediately above the mountain
terrain, and the air surrounding the mountain terrain at the same
level. As a general rule, air moves upward (anabatic winds)
during daytime from lower sectors, adjacent plains and valley
floor, to higher elevations of the mountain range, following the
slope and valley shapes (Bedoya-Soto et al., 2019). The opposite
behavior occurs during late afternoon and nighttime (katabatic
winds) (e.g., Lopez and Howell, 1967; Bendix et al., 2009; Junquas
et al., 2018). Over inter-Andean valleys, there is a strong non-
monotonic relationship between precipitation and altitude above
the valley floor. Annual precipitation increases with elevation,
reaching a maximum at an altitude known as the “Pluviometric
Optimum” (PO), and decreasing upwards (Oster, 1979). The PO
is observed at both tropical and subtropical regions in the Andes.
As an illustration, Figure 1A shows the distribution of
precipitation with elevation along the western flank of the
Combeima River basin, located on the eastern slope of the
central Andes of Colombia (approximately at 75°W, 4°N),
during the years 1972 and 1973. The elevation of the PO
denoted as H* shows variability among consecutive years,
within an altitudinal range of several hundred meters. At
monthly timescales, the situation is much more complex.
Thus, analyses of long-term mean data are required in order
to better understand the governing processes. Figure 1B shows
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the distribution of long-term mean annual precipitation along
the eastern slope of the central Andes of Colombia around 5°N,
with respect to elevation and distance to the floor of the
Magdalena River valley. The PO is located at the elevation of
the Fresno rain gauge. But here too the situation is much more
complex. For instance, an in-depth analysis indicates the
presence of two POs or even the presence of a pluviometric
minimum along different transects of the intra-Andean valleys of
the Colombian Andes (Oster, 1979; Poveda et al., 2019). Such
strong local and regional variability observations constitute an
excellent ground truth for validating convection-permitting
models in tropical mountain settings. The challenge is also
valid for satellite rainfall, given, for instance, the low-skill of
the TRMMdata in capturing rainfall over the Andes of Colombia
(Vallejo-Bernal et al., 2020). Figure 1C shows the long-term
mean vertical distribution of rainfall and relative humidity across
diverse transects along the central Andes of Colombia. Rainfall
data corresponds to TRMM 3A12 V7, at a 0.5° spatial resolution,
for the period spanning from December 1997 to March 2015.
Relative humidity corresponds to AIRS (AIRX3STM v006) data
on board the Aqua satellite, from January 2003 to December
2015 (Poveda et al., 2019). The panels in Figure 1C evidence that
TRMM satellite rainfall is able to capture important differences
in the vertical distribution of rainfall, although rather
simplistically given that it locates the PO everywhere at
1,500 m (∼850 hPa), and that AIRS data show a maximum
amount of relative humidity around 700 hPa, suggesting the
existence of a relative humidity optimum at that height,
which deserves further investigation.

Local wind circulations contribute to explain the PO location,
as well as the strong variability found in the diurnal cycle of
rainfall in the Andes of Colombia (Poveda et al., 2005). A
simplified depiction of the predominant nocturnal and diurnal
wind circulations (4°N- 5°N) is shown in Figure 2A. In addition,
transects of long-term mean annual precipitation across the three
ranges of the Colombian Andes around 6°N, shown in Figure 2
(reproduced from Alvarez-Villa et al., 2011), clearly illustrates
some of the above-mentioned orographic effects. For instance,
the nearly constant value of long-term mean annual precipitation
over the flat terrain of the Orinoco region differs from the largely
variable values within the Andes. Also, the two greatest values are
observed on both slopes of the outermost ranges, which receive
important atmospheric moisture contributions from Amazonia
and the Pacific Ocean. The lowest values coincide with the valley
floors within the Andes cordillera.

Past studies (Oster, 1979; Alpert, 1986) indicate that the
location of the PO depends on diverse factors, such as: 1)
altitude of the valley floor and mountain top above sea level,
2) absolute humidity, 3) local air circulations, 4)
evapotranspiration on the valley floor, 5) temporal scale of
analysis, 6) presence of pre-orographic rains, and 7) the
corresponding landform, valley or hillside. Precipitation below
the PO is lower due to less evaporative input, and above the PO
due to a decrease in air humidity with altitude. Depending on the
orography and altitude of the mountaintop, a secondary
(sometimes primary) maximum could occur over the same
mountain range at higher elevations (Roche et al., 1990;

Molina-Carpio et al., 2019). The association of a PO at
2,700–3,500 m.a.s.l with the existence of the perhumid cloud
forest and subparamo ecoregions within the tropical Andes is
of particular interest for Andean hydrologists and biologists. The
relative dominance of regional or local air circulation patterns has
been recently identified as a key factor for the location (elevation)
of the PO and it can also be related with the precipitation and
wind diurnal cycles (Chavez and Takahashi, 2017; Molina-Carpio
et al., 2019). A thorough understanding of the location and
variability of the PO constitutes a fundamental scientific
challenge.

At the dry western flank of the Peruvian Andes, mean annual
rainfall is estimated to be about 15–20 mm/yr below the
500 m.a.s.l, but this value increase slightly up to 90 mm/yr in
the northern Pacific coast of Peru. The large-scale subsidence
related to the downward motion of the Walker circulation is the
primary cause of the stable and dry conditions along the Pacific
Peruvian coast (Houston and Hartley, 2003; Takahashi and
Battisti, 2007; Garreaud, 2009). Above the inversion layer,
rainfall is generally more abundant (Dollfus, 1964; Johnson,
1976) but very little rainfall may also be recorded at high
altitude (Lavado-Casimiro et al., 2012; Rau et al., 2016).
Annual precipitation can exceed 1,000 mm/yr around
1,000–3,000 m.a.s.l on the western slopes of the Peruvian
Andes. Above 3,000 m.a.s.l, however, rainfall ranges from 500
to 750 mm/yr (Figure 3) (Lavado-Casimiro et al., 2012; Rau et al.,
2016).

At the eastern flank of the tropical Andes, the windward or
leeward exposure of the rain gauges to the dominant moist wind
generates a more complex relationship between rainfall and
altitude (Johnson, 1976; Roche et al., 1990; Guyot, 1993;
Pulwarty et al., 1998; Buytaert et al., 2006; Ronchail and
Gallaire, 2006; Laraque et al., 2007; Bookhagen and Strecker,
2008; Espinoza et al., 2009b; Espinoza et al., 2009a; Rollenbeck
and Bendix, 2011). Extreme rainfall occurs generally at locations
that favor strong air uplift, as Churuyacu (500 m.a.s.l; 5,500 mm/
yr) in Colombia, close to a steep slope, and Reventador
(1,470 m.a.s.l; 6,200 mm/yr), a remote volcano in the Andean-
Amazon transition region in Ecuador. Over the Ecuadorian and
northern Peruvian Amazon-Andes region, the convergence of
nocturnal drainage down the eastern slope of the Andes,
interacting with the warm moist air from the Amazon basin,
triggers mesoscale convective systems (MCS; Bendix et al., 2009;
Trachte et al., 2010a; Trachte et al., 2010b; Trachte and Bendix,
2012; Kumar et al., 2020a). In addition, the occurrence of
katabatic flows during nighttime interacting with the concave
terrain in the south tropical Andes of Ecuador cause the
development of surface cold fronts, initiating the ascent of air
masses to its lifting condensation level and the formation of cloud
clusters (Bendix et al., 2009; Trachte et al., 2010a; Trachte et al.,
2010b; Trachte and Bendix, 2012).

In the eastern flank of the south tropical Andes and the
western Amazonia, high rainfall rates of around
4,000–7,000 mm/yr are observed in windward conditions (e.g.,
Quincemil, San Gabán and Chipiriri stations, Figure 4).
Orographic effects and the exposure to easterly winds produce
a strong annual rainfall gradient between the lowlands and the
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FIGURE 3 | (A) Schematics of local wind circulations among the intra-Andean valleys of the three ranges of the Colombian Andes during night (top) and day
(bottom). Adapted from Oster (1979). (B) Distribution of the long-term mean annual rainfall along four transects (2°N, 4°N, 6°N, 8°N) covering the three ranges of the
Colombian Andes (filled in black), showing the location of the pluviometric optima in the intra-Andean valleys. Results were obtained using diverse variants of Kriging
interpolation at 4-km resolution for all Colombia, denoted with different line types, with information from 1,180 rain gauges covering the period 1950–2005, and
satellite data from the tropical rainfall measuring mission (TRMM) for the period 1999–2005. Source: Alvarez-Villa et al. (2011).
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Andes that can reach 190 mm/km (Espinoza et al., 2015). Using
15 years of TRMM precipitation data and ground-based stations,
Chavez and Takahashi (2017) propose a relationship between
terrain elevation and mean surface precipitation, with a mean
precipitation peak at an elevation of around 1,000 m.a.s.l. This
peak can be explained by the vertical profile of the atmospheric
moisture transport by the South American low-level jet (SALLJ).
The rainfall-elevation relation from TRMM is similar to the one
suggested by rain gauge observations. However, the TRMM
measurements underestimates precipitation compared to
observations (Espinoza et al., 2015; Chavez and Takahashi, 2017).

Wet episodes over this region are frequently related to large
and medium MCS, with greater amount of wide convective and
broad stratiform areas that can be triggered by the orographic
lifting of the moist SALLJ (e.g., Giovannettone and Barros, 2009;
Romatschke and Houze, 2013; Junquas et al., 2018; Kumar et al.,
2019). Above surface elevations of 1,000 m.a.s.l, the largely stable
dry-to-arid environment of the south tropical Andes limits the
development and organization of the MCS (Mohr et al., 2014).
Analyzing the triggering mechanisms of severe thunderstorms in
the central Peruvian Andes (Mantaro Valley) during the
2015–2016 wet season, Flores-Rojas et al. (2019b) found that
thunderstorms are associated with mesoscale convergence of
atmospheric moisture flux generated by the intrusion of the
sea-breeze from the Pacific Ocean, coupled with upper and

middle westerly winds, and moisture advection from low-level
winds at the east of the Andes. In addition, using observations
from a vertically-pointed profile radar in the Mantaro basin,
Kumar et al. (2020b) show that stratiform precipitation in the
central Peruvian Andes is more common and lasts longer, but
with low accumulated precipitation amounts.

Orographic Effects on Frontal Precipitation
Systems in the Subtropical and
Extratropical Andes
The orography of the Andes modifies frontal precipitation
systems coming from the Pacific Ocean within the westerlies,
as they move over the subtropical Andes (mostly in the winter), as
well as in the extratropical Andes. Precipitation is mainly
enhanced when the strong westerly (cross-barrier) winds
associated with the Pacific fronts, are forced to ascent over the
windward slopes of the Andes (Chile, e.g., Figure 5). Precipitation
is then reduced when the westerly flow is forced to descend over
the leeward slopes of the subtropical and extratropical Andes. The
orographic precipitation enhancement has been estimated in
several studies over the windward slopes of the Andes (Chile)
using surface observations, as the ratio of mean annual
precipitation in the upper part with respect to the lower part
of the slopes. They have reported values of 1.51 along the Santiago
Basin at ∼33.5°S (Falvey and Garreaud, 2007), 1.43 between 32.5°S
and 37°S (Viale and Nuñez, 2011), 1.8 between 33° and 44°S (Viale
and Garreaud, 2015), and as a linear precipitation gradient over
the terrain elevation of 6.3 mm/km at 30°S (Scaff et al., 2017).
Estimates of orographic precipitation reduction ratios range
between 5 and 10, when comparing precipitation on the
leeward slopes of the Andes to those in the windward slopes
of the Andes (Viale and Nuñez, 2011; Viale et al., 2019).

Different studies and field experiments allowed for a better
understanding of the physical processes associated with frontal
systems moving over the Andes. The strong blocking effect of the
high subtropical Andes (up to 6,000 m.a.s.l; Falvey and Garreaud,
2007; Barrett et al., 2011; Viale and Nuñez, 2011) can lead to a
negative orographic precipitation gradient on the northern
extend of the frontal system (Scaff et al., 2017). The low-level
blocking effect can produce an enhancement of precipitation
upstream of the barrier. This can happen through a strengthening
of the frontal convergence zones and a modulation of the feeder-
seeder mechanism in the pre-frontal and frontal environment
(Barrett et al., 2009; Viale et al., 2013), changing the precipitation
gradient upwind of the barrier. The thermodynamical processes
and the dynamics of the blocking effect produced by the Andes on
frontal systems still need to be better understood to further
predict the amount and the spatial distribution of
precipitation, especially over the extratropical Andes. The
northerly flow associated with the blocking and the cyclonic
circulation can transport large amounts of atmospheric moisture.
This moisture transport can produce convective instability and a
complex interaction with the flow aloft the mountain, resulting in
convection (Bozkurt et al., 2016). Mesoscale processes affecting
convective initiation in the interior of valleys embedded in frontal
systems need to be studied in more detail, not only to explain

FIGURE 4 | Mean annual rainfall in the Pacific coast of Peru
(1964–2011). Adapted from Rau et al. (2016).
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extreme precipitation events, but also to better describe
postfrontal instabilities. At a monthly scale, a relatively linear
regime characterizes the orographic effect in the Nahuelbuta
coastal mountains at∼37°S (Garreaud et al., 2016) and makes
the rain shadow on the leeside more variable. Understanding the
temporal and spatial variability of the main processes modulating
the rain shadowing downhill remains a great scientific challenge.

Our knowledge of how the upstream flow and successive
rainbands associated with a frontal system are affected by the
Andes, is also incomplete (Viale et al., 2013; Garreaud et al.,
2016). The characterization of the properties of the precipitating
clouds moving over and adjacent to the Andes at mid-latitudes
has shown significant differences in the along- and cross-barrier
directions, suggesting different microphysical processes in
orographic precipitation operating at different sectors of the
Andes (Viale and Garreaud, 2015). The microphysical
processes involved in the orographic enhancement have only
been recently explored. A field experiment during 2015 provided
a better understanding of the frequency of occurrence of cold or
warm orographic rain over the Nahuelbuta coastal mountains, as
well as the changes of drop size in function of the rain type
(Massmann et al., 2017). The influence of maritime, continental
and urban aerosols on the orographic precipitation over the
coastal and the Andes Mountains has not been explored yet
and needs to be addressed.

Summer precipitation has a minimum within the Andes at
mid-latitudes, but the orographic effects are key in the summer

convection initiation at their eastern foothills through diurnal
thermally-driven mountain winds. Once convection is initiated
on the foothills of the Andes, it develops into deep convective
storms farther east in central Argentina (e.g., Zipser et al., 2006;
Rasmussen and Houze 2011). The initiation and development of
convection in this region is still under investigation and big efforts
are now focused on field experiments. Two campaigns have been
performed during the austral summer between 2018 and 2019:
the Cloud, Aerosol, and Complex Terrain Interactions (CACTI),
and the Remote sensing of Electrification, Lightning, And
Mesoscale/microscale Processes with Adaptive Ground
Observations (RELAMPAGO). These campaigns have been
designed to provide a better understanding of the orographic
effects of the Andes and the Sierras de Córdoba on the initiation,
development and propagation of convection. The Andes
Mountains also modulate the SALLJ and the atmospheric
moisture transport that converges over the foothills. Besides
diurnal thermally-driven mountain winds, other orographic
mechanisms could be important to the initiation of
convection, such as the presence of strong atmospheric
moisture gradients (Ziegler and Rasmussen, 1998; Bechis et al.,
2020), cold-pool gravity currents (Rotunno et al., 1988), the
inertial-gravity waves (Li and Smith, 2010; Hierro et al., 2013),
and the initiation of elevated convection due to other wave-types
like bores (Geerts, 2017).

The lack of reliable measurements of solid precipitation in the
Andes, at heights above 2000 m.a.s.l, has been an important

FIGURE 5 | (A)Mean annual rainfall in western tropical South America (mm/yr, 1998–2012) estimated using TRMM 2A25. (B) Topographical profile (gray) and total
annual rainfall from Macusani to Pilcopata meteorological stations (Peru). The x-axis represents the horizontal distance and the y-axis the altitude (m.a.s.l) and the mean
total rainfall (mm/yr) from observations (blue bars) and TRMM 2A25 (blue line). (C) As in (B) but for the La Tamborada-Chipiriri profile in Bolivia highlands. Adapted from
Espinoza et al. (2015) © Water Resources Research. Reprinted by permission from John Wiley and Sons.
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drawback to many of the previous studies in the region (e.g.,
Falvey and Garreaud, 2007; Viale and Garreaud, 2015; Scaff et al.,
2017; Condom et al., 2020). The uncertainty in the precipitation
amount and phase is still proven to be a critical issue to properly
characterize the observed and modeled distribution of
precipitation over the Andes for seasonal water availability in
agricultural activities, natural resources extraction, hydropower
generation, and municipal consumption.

HYDROCLIMATE VARIABILITY IN THE
ANDES AT SUBSEASONAL, INTERANNUAL
AND DECADAL TIMESCALES
Hydroclimate variability in the Andes is modulated by different
large-scale phenomena occurring within the Earth system at
different timescales. Among them, El Niño-Southern
Oscillation (ENSO), the Southern Annular Mode (SAM), and
the variability of Atlantic sea surface temperatures (SST) impose
distinctive interannual variability in the water cycle along the
Andes. At longer timescales, the decadal and multidecadal modes
of SST variability in the Pacific and Atlantic oceans, such as the
Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal
Oscillation (AMO), are among the main modulators of the
Andean hydroclimate. At shorter timescales, the Madden-
Julian Oscillation (MJO), the African easterly waves, and the
high frequency variability of cross-equatorial low-level winds and
the low-level jets are associated with the intraseasonal variability
of different hydroclimatic variables in the Andes. Multiple studies
have addressed the influence of these phenomena on the Andean
hydroclimate. Recently, Cai et al. (2020) provide a review of the
state of the art regarding the climatic impacts of ENSO in South
America. Poveda et al. (2020) discuss the influence of ENSO on
the occurrence of extreme hydrometeorological events along the
Andes. This section reviews the main aspects of hydroclimate
variability in the Andes related to ENSO and other phenomena
influencing regional hydroclimate in the Andes at subseasonal,
interannual and decadal timescales.

Subseasonal Variability
At subseasonal timescales, the MJO is among the main modulators
of climate variability in the tropics (Madden and Julian, 1994).
Over the north tropical Andes (north of 8°S), the MJO is related to
enhanced (reduced) amplitude of the diurnal cycle of precipitation
during its westerly (easterly) phase (Poveda et al., 2005). Also, the
MJO has been identified as a driver of extreme temperature and
rainfall events in the south tropical Andes and the western
Amazonia (Shimizu and Ambrizzi, 2016; Sulca et al., 2018;
Grimm, 2019; Mayta et al., 2019; Recalde-Coronel et al., 2020).
The occurrence of eastward-propagating equatorially confined
MJO events that do not evolve through a complete life cycle are
associated with suppressed rainfall conditions over the tropical
Andes (Mayta et al., 2019; Recalde-Coronel et al., 2020). Moreover,
in the Andes-Amazon transition region, the MJO convection
modulates the basic response of ENSO on extreme precipitation
events in this region, favoring dry (wet) extreme events when the
MJO convection over Indonesia is enhanced (suppressed)

(Shimizu and Ambrizzi, 2016; Shimizu et al., 2016). The
interactions between ENSO and MJO are of particular relevance
since precipitation and temperature anomalies observed in the
south tropical Andes during the different ENSO phases, without
the simultaneous occurrence of the MJO, are modified during
events when ENSO and MJO occur simultaneously (Shimizu and
Ambrizzi, 2016).

Over the south tropical Andes (between 8°S and 27°S),
incursions of low-level southern winds from southern South
America are related to the variability of the cloud cover in the
Cordillera Real in Bolivia (Sicart et al., 2016). In addition,
southerly incursions of cold and dry air along the eastern the
Andes, low cloud cover, surface specific humidity, and soil
moisture are key factors controlling the day-to-day variability
of minimal temperature in the central Peruvian Andes (Saavedra
and Takahashi, 2017; Sulca et al., 2018). During the austral
summer, subseasonal rainfall variability over south tropical
Andes is in part related to the variability of the South Atlantic
Convergence Zone (SACZ) and the Bolivian High–Nordeste Low
system, as discussed in Espinoza et al. (2020) and Jones and
Carvalho (2002). Dry and wet spells in the Peruvian Andes show a
dipole pattern with precipitation anomalies of the opposite sign
over northeastern Brazil, which is related to large-scale changes in
the upper-troposphere circulation over the Bolivian
high–Nordeste low system, in association with northward-
propagating extratropical Rossby wave trains (Sulca et al.,
2016). The active easterly winds at upper troposphere related
to the Bolivian High enhance moisture flux from the lowland
Amazon, which favors wet conditions in the tropical Andes
(Garreaud et al., 2003; Sulca et al., 2016; Chavez and
Takahashi, 2017; Junquas et al., 2018). On the eastern flank of
the south tropical Andes (Peru and Bolivia) and in regions below
2000 m.a.s.l, intraseasonal rainfall variability has been related to
the southerly low-level winds regime (Wang and Fu, 2002) and to
the intensification of the low-level circulation (Espinoza et al.,
2015; Chavez and Takahashi, 2017; Paccini et al., 2017).

Outside the tropical band, the effect of the MJO upon
precipitation is less clear and mediated by Rossby wave
activity propagating across the South Pacific. Yet, recent
studies have shown that rainfall in northern and central Chile
tends to increase during active MJO phases near the central
equatorial Pacific (Barrett et al., 2012; Juliá et al., 2012). These
findings support studies that speculated the Pacific South
American (PSA) teleconnection mode (Mo and Higgins, 1998;
Grimm and Ambrizzi, 2009) was activated when deep convection
moved from the maritime continent into the central Pacific
region, where most precipitation concentrates to the south of
the equator. The role of the MJO in setting the stage for episodes
of heavy precipitation along the subtropical Andes was
particularly evident in late March 2015, when the MJO
reached its largest amplitude on record. Linked to that activity,
a strong blocking anticyclone, sited in the Bellingshausen Sea,
caused extreme high SSTs in southwestern South America and
the Antarctic Peninsula (Rondanelli et al., 2019). At the same
time, a cut-off low crossed over northern Chile causing copious
rain in the otherwise hyper arid Atacama Desert and subtropical
Andes, resulting in flashflood that caused more than 60 fatalities
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and severe damage in infrastructure (Kreft et al., 2016; Rondanelli
et al., 2019). To our best knowledge, no studies have been
conducted relating the MJO to rainfall variability in the
extratropical Andes, but rainfall episodes do exhibit some
clustering during periods of blocking in high latitudes with
intrinsic subseasonal periodicity (Rutllant and Fuenzalida, 1991).

Interannual Variability
Interannual climate variability in the Andes is strongly modulated
by ENSO. For instance, over the north tropical Andes (mainly
Colombia and Venezuela), warm ENSO events (El Niño) are
associated with reduced diurnal, seasonal and annual
precipitation, while cold ENSO events (La Niña) are related
with increased precipitation, runoff and soil moisture (e.g.,
Poveda et al., 2005; Poveda et al., 2006; Poveda et al., 2011;
Bedoya-Soto et al., 2018). The largest ENSO influence in the
region is observed during December-January-February (DJF),

although such influence is stronger (weaker) over the
northwestern (northeastern) Andes (Poveda et al., 2011;
Navarro-Monterroza et al., 2019). The impact of ENSO on the
Colombian Andes relates to weaker (stronger) SST and surface
pressure gradients between the coast of Peru and Ecuador and the
Colombian Pacific (Poveda et al., 2006; Cai et al., 2020) that
induces a weaker (stronger) atmospheric moisture transport to
the region during El Niño (La Niña) (Hoyos et al., 2017; Sierra
et al., 2018; Morales et al., 2020). However, the diversity of ENSO
events also implies a wide range of atmospheric teleconnections
worldwide (e.g., Larkin and Harrison, 2005; Ashok et al., 2007;
Sun et al., 2015; Tedeschi et al., 2013). In the north tropical Andes,
mainly Colombia, Canonical El Niño events, that are
characterized by positive SST anomalies located over the
tropical eastern Pacific, are associated with largest reductions
of precipitation in the region, compared to El Niño Modoki
events, that are characterized by positive SST anomalies located

FIGURE 6 | Transect of annual mean precipitation (Rm, inmillimeters) in the subtropical and extratropical Andes, from the upstream to the upslope zone (both in the
windward side of the Andes). Transects are 1°latitude width (except for the 42°–44° transect due to data availability) and extend from the 33°S to the 44°S, where surface
data were available. The circles correspond to the mean values and the bars to the minimum and maximum annual means over a 10-years period (2002–2011). The
diamond corresponds to the mean annual precipitation estimated from river discharge gauges on upslope sector. Adapted from Viale and Garreaud (2015).
© Journal Geophysical Research–Atmosphere. Reprinted by permission from John Wiley and Sons.
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over the tropical central Pacific (Navarro-Monterroza et al., 2019;
Figure 6). However, the increases of precipitation over the north
tropical Andes during La Niña Modoki events are larger than
those observed during Canonical La Niña episodes (Navarro-
Monterroza et al., 2019). This influence in precipitation is in part
associated with changes in the Caribbean and the Choco low-level
jets (see Espinoza et al., 2020; Poveda andMesa, 2000; Serna et al.,
2018; Sierra et al., 2018).

Although ENSO dominates interannual climate variability in
the north tropical Andes, it is not the only source of interannual
variability in the region. The interannual variability of SSTs over
the tropical north Atlantic (TNA) also has influence on the
regional hydroclimatology The TNA is the main source of
atmospheric moisture for the north tropical Andes (Sakamoto
et al., 2011; Arias et al., 2015; Hoyos et al., 2017). In particular, a
warmer TNA is associated with enhanced precipitation in
Colombia and Venezuela, as well as with a weaker Caribbean
low-level jet, which favors atmospheric water vapor transport
toward northern South America (Arias et al., 2015; Arias et al.,
2020). Farther south, precipitation variability over the eastern
Andes of Ecuador relates to a dipole-like correlation pattern in
the north tropical Atlantic (Vuille et al., 1999). Moreover, to the

east of the Paute river in Ecuador, within the south tropical
Andes, the variability of MCSs is positively correlated to the south
tropical Atlantic SST anomalies, due to the variability of the South
Atlantic subtropical high, exhibiting departures from this
relationship when ENSO-related anomalies occur in the
tropical Pacific (Campozano et al., 2018). In the western side
of the Andes in Ecuador and northern Peru, El Niño events are
associated with intense convective activity related to warm SST
conditions in the eastern equatorial Pacific (e.g., Recalde-Coronel,
2014; Takahashi and Martínez, 2017; Figure 7). In this region, El
Niño is the main modulator of interannual hydrological
variability and catastrophic floods have been associated with
this phenomenon (see Takahashi and Martínez (2017), Poveda
et al. (2020), and Cai et al. (2020) for more details).

Regarding ENSO effects over the south tropical Andes,
different studies document negative (positive) rainfall
anomalies over the Peruvian Andes during El Niño (La Niña)
(e.g., Lagos et al., 2008; Espinoza et al., 2011; Lavado and
Espinoza, 2014; Sulca et al., 2016; Figure 8). In Peru, different
studies have analyzed the different rainfall impacts associated
with Canonical and Modoki El Niño events, synthetized by the
eastern Pacific (E) and central Pacific (C) El Niño indices,

FIGURE 7 | Precipitation anomalies in the north tropical Andes during (A) Canonical El Niño (ENC), (B) El Niño Modoki (ENM), (C)Canonical La Niña (LNC), and (D)
La Niña Modoki (LNM) for DJF according to CHIRPS data. ENSO years are considered according to Navarro-Monterroza et al. (2019) for the period 1981–2015.

Frontiers in Earth Science | www.frontiersin.org February 2021 | Volume 8 | Article 50546714

Arias et al. Hydroclimate Andes Part II

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


respectively (Takahashi et al., 2011). Enhanced coastal and
reduced Andean/Amazonian rainfall is associated with surface
warming in the eastern (Canonical El Niño) and central
equatorial Pacific (El Niño Modoki), respectively (Figure 7).
Both anomalies can occur, with varying relative magnitudes,
during El Niño or (with the opposite sign) during La Niña
(Lagos et al., 2008; Lavado-Casimiro et al., 2013; Lavado and
Espinoza, 2014; Rau et al., 2016; Sulca et al., 2017; Imfeld et al.,
2019; Segura et al., 2019). Both Canonical El Niño and El Niño
Modoki events are associated with a weakened upper-level
easterly flow over Peru, but they are more restricted to the
central and southern Peruvian Andes (Sulca et al., 2017).

A weak (strong) and northward (southward) displacement of
the Bolivian High is associated with westerly (easterly) anomalies
at 200 hPa over the south tropical Andes, which inhibits
(enhances) atmospheric moisture influx from the east, thereby
increasing (reducing) atmospheric stability and reducing
(increasing) precipitation over upper-elevation regions of the
Andes (Garreaud, 1999; Garreaud et al., 2003; Vuille and
Keimig, 2004; Neukom et al., 2015). Segura et al. (2019)
detected a relationship between precipitation at higher
elevations in the Andes north of 10˚S and easterly winds at
200 hPa during February–April. In addition, westerly (easterly)
anomalies at 200 hPa over the south tropical Andes are strongly
associated with warm (cold) SST anomalies in the central Pacific
(see updated studies from Sulca et al., 2017; Segura et al., 2019;
Imfeld et al., 2019). In fact, over the Altiplano, a dominant
negative (positive) relationship of summer (DJF) rainfall with
El Niño (La Niña) events has been identified (Garreaud et al.,
2003; Vuille et al., 2008; Huerta and Lavado-Casimiro, 2020).
This signal becomes rather weak to the north of the Altiplano and
to the sub-Andean valleys of the southwestern Amazon below
1,500 m.a.s.l (Ronchail and Gallaire, 2006). During the drier
austral winter, negative relationships with the TNA SST
appear for the eastern Andean foothills and adjacent
southwestern Amazonian lowlands (Espinoza et al., 2011;

Marengo and Espinoza, 2016; Molina-Carpio et al., 2017),
which are not always mediated by ENSO.

Segura et al. (2019) show that extreme monthly wet events in the
northern Peruvian Andes are related to convection over the equatorial
Amazon during February–April period, showing an atmospheric
relationship between the Amazon and the Andes (Figure 9).
Extreme monthly dry events over the Equatorial Andes (north of
8˚S) during the February–April period are related to a strengthened
Walker Cell, especially in the eastern Pacific. The extreme wet (dry)
events over this region are associated with an anomalous southward
(northward) displaced eastern Pacific ITCZ.

The influence of ENSO on climate variability in central-
southern Chile, thus affecting part of the subtropical Andes
(27°S-37°S), has been known for a long time. Many studies

FIGURE 8 | Linear regression coefficients between ENSO indices (Niño 3.4, C-El Niño Modoki, and E-Canonical El Niño) and PISCO precipitation data (A–C,
respectively) in the south tropical Andes. Values are in mm day−1 for one standard deviation of each corresponding ENSO index. Blue (Red) shading represents positive
(negative) precipitation anomalies in intervals of 0.5 (−0.5) mm day−1 per standard deviation. Black contour represents the climatological isoline of 4 mm day−1. Blue
contours represent significant correlation between ENSO indices and precipitation at the 95% confidence level. Analysis based on the period 1980–2016. Adapted
from Sulca et al. (2017). © International Journal of Climatology. Reprinted by permission from John Wiley and Sons.

FIGURE 9 | Schematics of the El Niño impacts in precipitation over the
Andes. Climate alterations during La Niña events are roughly opposite. “DJF”
corresponds to the December-January season, “JJA” to June-August,
“JFMA” to January-April, and “ASONDJFM” to August-March. “EN”
denotes El Niño while “ST” denotes subtropical.
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have confirmed the existence of a warm–wet/cold–dry relation
between rainfall in central Chile and SST anomalies in the tropical
Pacific related to ENSO (Figure 8) (e.g., Rubin 1955; Pittock
1980; Quinn and Neal 1983; Aceituno 1988; Montecinos et al.,
2000; Montecinos and Aceituno 2003). The interannual
variability of rainfall at lower elevations over central Chile is
tightly coupled with the snowfall accumulation over the Andes
immediately to the east of this region (e.g., Garreaud et al., 2017;
González-Reyes et al., 2017).

Rutllant and Fuenzalida (1991) gave an initial discussion of the
physical mechanisms behind the aforementioned relationship. Their
synoptic analysis found that major winter storms in central Chile
during El Niño episodes are related to persistent anticyclonic
anomalies (i.e., blocking conditions) over the Amundsen -
Bellingshausen Seas (ABS) to the west of the Antarctic Peninsula.
Blocking over the ABS is not infrequent (Renwick and Revell, 1999)
and often associated with wave trains triggered by atmospheric
heating in the tropical Pacific in what is known as the Pacific–South
American (PSA) teleconnection pattern. Frequent ABS blocking in
conjunction with the widespread weakening of the PSA during El
Niño years leads to a equatorward displacement of the storm track
(Solman and Menéndez, 2002) and hence more precipitation in
central Chile and the adjacent cordillera (30°S–35°S). A stronger
subtropical jet stream and enhanced atmospheric moisture
availability over the southeastern Pacific during El Niño years

may also contribute to the rainfall and snowfall surplus
(Montecinos and Aceituno, 2003). Approximately, the opposite
large-scale configuration takes place during La Niña years.
Enhanced cyclonic activity over the ABS, stronger PSA and
weaker mid-level westerlies produce rainfall deficit in central
Chile during the cold phase of ENSO.

Farther south, between 38°S and 45°S, ENSO-related
precipitation anomalies are still marked, but they occur in
summer, when El Niño (La Niña) years often bring less
(more) precipitation than normal over western Patagonia and
the adjacent sectors of the Austral Andes (Montecinos and
Aceituno, 2003; Garreaud, 2018). Farther south, the impact of
ENSO begins to fade at the same time that modulation by the
SAM becomes more prominent. Indeed, SAM has a significant
correlation with rainfall (and possibly snowfall) such that its
positive polarity leads to precipitation deficit across much of the
southernmost part of the Andes cordillera (Gillett et al., 2006;
Garreaud et al., 2009; Silvestri and Vera, 2009). Historically, the
influence of SAM and ENSO on precipitation over the austral
Andes has counteracted each other. Nonetheless, there are some
years in which both effects can couple, as during the summer of
2016, when a strong El Niño event and a positive phase of SAM
were conducive to one of the worst droughts over western
Patagonia and the adjacent Andes (Figure 10 and Figure 11),
with dramatic environmental impacts (Garreaud, 2018).

FIGURE 10 | (A) Composite for CHIRPS precipitation (shaded; p < 0.05 according to a Cramér test) and vertically integrated water vapor flux (vectors) using a
Kramer test with a p-value of 0.05. (B) Similar to (A) but for wet events in the northern Peruvian Andes from February to april. (C,D) Similar to (A,B), respectively, but for
dry and wet events in the transition zone from February to april. (E) Anomalies considering monthly dry events from February to april in the equatorial Andes. Only
significant precipitation anomalies are shown and bold vectors represent significant meridional or zonal vertically integrated water vapor flux anomalies. (F) similar to
(A,B), respectively, but for dry and wet events in the south tropical Andes from December to March. Adapted from Segura et al. (2019). © Climate Dynamics. Reprinted
by permission from Springer Nature.
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Decadal Variability
Despite the lack of long-term measurements of hydroclimatic
variables in the Andes (Condom et al., 2020), different studies
have studied the decadal and multidecadal variability of
Andean hydroclimate. For instance, Kayano and Capistrano
(2014) indicate that the cold (warm) phase of AMO
strengthens El Niño (La Niña) events due to the presence of
a negative inter-Pacific-Atlantic SSTs. Kayano et al. (2019)
found that the low-frequency anomalous SST cooling
(warming) of the tropical Pacific during the PDO cold
phase (warm phase) favors (inhibits) the settling of the La
Niña-related negative SST anomalies in the tropical Pacific.
Moreover, La Niña events are favored during the simultaneous
occurrence of the AMO warm phase and the PDO cold phase
(Kayano et al., 2019). From the mid-1970s to late 1990s, a
positive phase of the PDO was related with more frequent
strong central Pacific La Niña and strong eastern Pacific El
Niño events, including the 1982–83 and 1997–98 Superniños
(Cai et al., 2020). Afterward, the negative phase of the PDO
features more central Pacific El Niño events (El Niño Modoki),
which are smaller in amplitude. This modulation of decadal
modes of variability on ENSO in turn modulates the
teleconnections with rainfall in northern South America,
including the Andes.

Over the north tropical Andes, the PDO and AMO influence
precipitation due to alterations of the Caribbean and Choco low-
level jets (Loaiza Cerón et al., 2020). In particular, the occurrence
of cold SST anomalies in the Pacific during the occurrence of the
AMO warm phase observed during 1998–2016 strengthened
(weakened) the Choco (Caribbean) low-level jet, increasing
atmospheric moisture transport and precipitation in the north
tropical Andes. Moreover, the strengthening of the Choco jet
observed after 1997 is found to be partially related to the
occurrence of La Niña events during the simultaneous
occurrence of a PDO cold phase and an AMO warm phase
(Loaiza Cerón et al., 2020).

Decadal variations in rainfall in the Ecuadorian Andes have
been detected. Mora and Willems (2012) show the
occurrence of positive precipitation anomalies during
1969–1974 in the Paute river basin, within the lowlands of
the Ecuadorian Andes, while the opposite is observed during
1983–1986. Also, in the high paramo regions of the
Ecuadorian Andes, increased (reduced) rainfall is
observed during 1978–1981 (1965–1974) (Mora and
Willems, 2012). Along the Peruvian Pacific coast,
fluctuations in the ENSO - rainfall relationship has been
identified at decadal timescales considering the 1964–2011
period (Bourrel et al., 2015). The authors show shifts in this
relationship in the 1970s and the 2000s, over which main
ENSO characteristics significantly changed (e.g., Canonical
and Modoki modes).

Silva et al. (2008), Marengo (2009), Espinoza et al. (2009b),
and Lavado-Casimiro et al. (2012) identified that multidecadal
variations of rainfall in the western Amazon/eastern tropical
Andes might be linked to SSTs in the subtropical Atlantic.
The AMO affects hydroclimate in this region through
alterations of the SALLJ, with active SALLJ days during
negative AMO phases in association with negative
precipitation anomalies over the Andes-Amazon transition
region and the Atlantic ITCZ (Jones and Carvalho, 2018).
More recently, Campozano et al. (2020) highlight that PDO
modulates the ENSO influence on precipitation in the eastern
Ecuadorian Andes, where the PDO warm phase enhances
(reduces) precipitation when in phase with El Niño (La Niña).
Furthermore, the PDO warm phase influences the connection
between ENSO Canonical events and precipitation in the eastern
Ecuadorian Andes while this link is not affected for the ENSO
Modoki events (Campozano et al., 2020). Over the northern
Altiplano, Segura et al. (2016) documented a significant decadal
variability on hydroclimate variables (including the water levels of
the Titicaca lake). These authors show that this decadal variability
is related to low frequency variability of both the western Pacific

FIGURE 11 | (A) Sea surface temperature anomalies (shaded) and 200 hPa geopotential height anomalies (contoured every 25 m: positive in red, negative in blue
contours) during El Niño austral summer (Dec-Feb). (B) As (A) but for summers with the Southern Annular Mode (SAM) in its positive phase (SAM Index >1). Note how
both modes produce easterly wind anomalies over the Austral Andes (white arrow) conducive to dry conditions in the otherwise hyper humid western Patagonia.
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SSTa and the zonal wind at 200 hPa above the Central Andes. In
the northern Altiplano and the southern Peruvian Andes, a
slightly increase in summer precipitation has been recently
identified (Imfeld et al., 2020; Segura et al., 2020), associated
with an enhanced upward atmospheric moisture from the
western Amazon (Espinoza et al., 2019). This change in the
atmospheric circulation has been related to warming
conditions over the north tropical Atlantic SST during the
last two decades (Segura et al., 2020).

The same signal documented for the northern Altiplano is
detected for the precipitation in the humid valleys (Yugas)
between 1,000 and 4,000 m.a.s.l in the eastern Andean slopes
in Bolivia (Ronchail and Gallaire, 2006; Molina-Carpio et al.,
2019). Decadal variability identified by Segura et al. (2016) shows
a very significant negative correlation with the low frequency
variability of the central Pacific ENSO, particularly with the SSTs
in the Niño four region (Stuecker, 2018). The results of Seiler et al.
(2013) suggest that, in relation to the northern Altiplano, the
southwestern Altiplano exhibits a decadal variability of opposite
sign. Decadal precipitation variability during the drier winter
season (JJA) has been identified in the eastern Altiplano, the
eastern Andean foothills below 1,000 m.a.s.l and the adjacent
southwestern Amazonian lowlands. This variability has been
associated with the TNA SST, as for the interannual variability
(Espinoza et al., 2011; Molina-Carpio et al., 2017; Espinoza et al.,
2019). Several authors, as cited by Stuecker (2018), relate both
interannual and decadal tropical north Atlantic with central
Pacific SST variability.

Along the subtropical and part of the extratropical Andes,
rainfall also exhibits low frequency phenomena, particularly
related to the PDO. Given the ENSO-like structure of the
teleconnections in the southern hemisphere (Garreaud,
1999), its cold (warm) phase tends to produce drier
(wetter) periods with respect to long term mean (Garreaud
et al., 2009; Masiokas et al., 2010; Muñoz et al., 2016;
González-Reyes et al., 2017). The statistical relationship
between PDO and rainfall in central Chile is modest (r ≈
0.4) but such analysis is based on only a few PDO multi-year
blocks during the 20th century (Garreaud et al., 2020). In any
case, the positive phase of the PDO initiated after the shift in
the mid-1970s (Jacques-Coper and Garreaud, 2014) seems
partially responsible for the rainy conditions in this region in
the 1980’s and 1990’s. Since then, the PDO has been trending
toward its negative polarity thus contributing to the drying
trend observed in the extratropical Andes between 30 and
40°S (Boisier et al., 2016) and the maintenance of the central
Chile megadrought since 2010 (Garreaud et al., 2020). The
positive phase of the PDO also seems to produce a slight
warming in the Andes to the south of 40°S (Garreaud et al.,
2009; Jacques-Coper and Garreaud, 2014), presumably in
connection with the excessive insolation when anticyclonic
conditions prevail over the Patagonia. For a further
discussion of hydroclimate variability in the Andes on
longer timescales, Pabón-Caicedo et al. (2020) discussed
the hydroclimate variability over the entire Andes
throughout the last two millennia, including multidecadal
changes.

SUMMARY AND OPEN RESEARCH
QUESTIONS

Due to its long latitudinal extension and its prominent
topography, a large variety of mountain climates are
documented in the Andes Cordillera. These climates vary
strongly across and along the approximately 7,240 km of the
range: from northern South America to southern Patagonia and
Tierra del Fuego, crossing seven countries (Venezuela, Colombia,
Ecuador, Peru, Bolivia, Chile and Argentina). Due to climate
change and the growing human population in this region (more
than 80 million people), the exposure of the Andean societies to
disasters from hydrometeorological extremes is frequently
discussed in the scientific literature. Poveda et al. (2020)
provided a comprehensive review of the main high impact
events associated with hydroclimate variability in the Andes.

Changes in the regional hydrological cycle brought about
from climate variability, climate change and land use changes
are of particular importance because of their impacts on human
and ecological systems. The Andes exhibits a large variety of
hydrological regimes (Figure 1), which are partially influenced
by large and regional-scale climatological conditions, as
discussed in Part I of this two-part review (Espinoza et al.,
2020). For instance, annual cycles of river discharge in the
north tropical Andes (north of 8°S) exhibit unimodal or
bimodal regimes, depending on the annual cycle of
precipitation, the dynamics of atmospheric low-level jets and
the land surface-atmosphere interactions. Rivers of the inner
Andes of Colombia have a bimodal discharge annual cycle
whereas rivers draining into the Caribbean, Orinoco and
Amazon basins exhibit a unimodal annual regime. In the
northern Peruvian and Ecuadorian Amazon, the
hydrological seasonality is more complex (e.g., bimodal or
unimodal) due to the influence of several rainfall regimes.
Rivers of the equatorial Andes of the Pacific drainage have a
unimodal discharge annual cycle, with a peak in March-April in
association with southerly position of the ITCZ. Therefore, it is
relevant to understand the physical processes involved in the
bimodal rainfall annual cycle, restricted on the north tropical
and equatorial Andes, while unimodal cycles are observed
southward in the tropical Andes.

Rivers in the south tropical Andes (between 8°S and 27°S) are
characterized by discharge peaks during February and March,
associated with the wet season in the mature phase of the South
American Monsoon system. Between the southern end of the
Altiplano (27°S) and about 35°S, most rivers also show a unimodal
annual cycle characterized by an austral summer discharge peak,
but in this case largely related to the melting of the winter snow
accumulated in the upper basins. Some rivers in this region also
receive important contributions from glaciers and permanent ice-
rich permafrost features such as rock glaciers. Further south in
the extratropical Andes (south of 37°S), some sectors show a
single discharge peak due to higher precipitation during austral
winter, while others also show a secondary peak in spring-early
austral summer due to snowmelt. Only a few river basins with
large glaciated areas (such as those draining the north and south
Patagonian Icefields) show a discernible glacier melt signal on
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river flows. Masiokas et al. (2020) presented a detailed discussion
on recent changes in the Andean cryosphere.

Despite the clear identification of the different regional
patterns of runoff cycles in the Andes, there are still gaps
limiting a complete understanding of runoff variability in the
region. Particularly, further research is required to explain the
role of precipitation recycling, soil moisture, evapotranspiration,
vegetation, groundwater and aquifers, as well as glaciers and
snowpack, in regulating the annual runoff cycle over the Andes.
Moreover, how climate change will alter these water fluxes and
reservoirs, and how the current warming would affect river flows
at subtropical and extratropical latitudes, are still open questions.
To understand long-term changes (from decades to centuries) in
the Andean hydroclimate, we need further research on the long-
term water and energy balances over the Andes. For instance, we
need to identify if the surface and the atmospheric water balances
exhibit a closure in the long-term. Moreover, we need to estimate
the strength of the coupling between the surface and the
atmospheric water and energy budgets along the different river
basins of the Andes. In addition, we need to determine if the
hydrological variables over the Andes exhibit long-term trends
and/or non-stationaries and their effects on the water balance
closure. Here it is relevant to separate the impacts of climate
change from those arising from low-frequency natural variability
and those related to land use changes.

Local orography strongly modulates the availability of
atmospheric moisture and produces local circulations, which
are key elements to trigger convection in the tropical and
subtropical Andes. In general, air moves upward (downward)
during daytime (nighttime) from lower (higher) sectors, adjacent
plains and valley floor, to upper (lower) sectors of the tropical and
subtropical Andes following slope and valleys, shaping different
diurnal cycles of precipitation. In the subtropics and extratropics,
frontal precipitation dominates in winter, when orography
modifies precipitation systems coming from the Pacific Ocean.
In particular, orography affects the precipitating clouds within a
passing frontal system and enhances precipitation in the
windward (western) side of the Andes by a factor 2–3 with
respect to coastal and lowland values at the same latitude.
Despite the substantial differences in mountain height and
incoming moist-laden westerly flow, still, the mechanisms
involved are not clear. Precipitation is, on the other hand,
greatly reduced downstream of the Andes, creating a very
marked precipitation gradient between southern Chile
(>3,000 mm/year) and southwestern Argentina (<300 mm/
year). However, the lack of sufficient number of spatially
distributed ground-based measurements of precipitation and
other hydroclimatic variables over the Andes (Condom et al.,
2020), including the strong limitations of satellite estimates over
the Andes (Vallejo-Bernal et al., 2020), severely limits the
understanding of the local processes involved in precipitation
and surface hydrology in the region. This results in a poor
estimation of the precipitation and large residuals (usually
negative) in water balances, even for large Andean river
basins. An alternative approach to partially tackle both, the
role of local processes and the high spatial variability in the
Andes is the use of high-resolution (both spatial and temporal)

climate model simulations. They could be calibrated in the few
regions with dense meteorological networks and with the use of
the relatively scarce sub-daily meteorological data available to
study the diurnal cycles of diverse hydroclimatic variables. The
development of high-resolution simulations in the Andes could
provide insights to understand and predict the dynamical and
thermodynamic processes, explaining the location of the rain
hotspots over regions largely influenced by orographic processes,
such as western Colombia, the Amazon-Andes transition zone
and western Patagonia. Even more, the role of the vegetation on
these rain hotspots zones needs to be deeply explored, and that
can be potentially addressed using climate simulations and
improving the observational network, as well as improving the
observational networks in these regions.

Hydroclimate in the Andes is also modulated by different large-
scale phenomena such as the tropical easterly waves, aerial and
atmospheric rivers, low-level jets, and climatic oscillations, such as
MJO, ENSO, SAM, Atlantic SST variability, PDO, and AMO.
Although ENSO is the dominant mode of interannual variability
of hydroclimate in the Andes, different spatial patterns of SST
anomalies over the tropical oceans, like those associated with the
ENSOModoki events in the equatorial Pacific, may induce divergent
responses in the Andean hydroclimate. The influence of the tropical
North Atlantic has been particularly demonstrated as relevant in the
northern Andes and during the winter season in the southern tropical
Andes; however, the influences of the SouthAtlanticOcean conditions
on the hydroclimate on the Andes are largely unknown. Longer time-
scale phenomena such as the PDO or the AMO also modulate
hydroclimate variability in the Andes. In general, further studies
focused on this hydroclimate variability in the Andes are relevant
for seasonal and subseasonal forecasts in the region.

The current knowledge about the hydroclimatological processes
over the Andes highlights the necessity to better understand different
phenomena from local to regional scales, and their interactions at
different timescales. In addition to the research gaps highlighted in
the previous paragraphs of this section, other research necessities
emerge. For instance, the Andes are affected by the activity of
different low-level jets (see Espinoza et al., 2020; Poveda et al.,
2020); therefore, a better understanding is needed on how these low-
level circulations influence the spatiotemporal variability of rainfall,
evapotranspiration, soil moisture and streamflows. The occurrence
of mesoscale convective and midlatitude stratiform precipitation
systems, and their interactions with these low-level jets and
orography in the Andes, needs to be further investigated (e.g.,
Vera, 2006; Viale et al., 2013; Poveda et al., 2020). In addition,
the land-atmosphere interaction among surrounding regions are
relevant for the Andes hydroclimate. For example, how changes in
the Amazon’s vegetation (deforestation or savanization) affect
surface and atmosphere water and energy budgets over the
Andes across scales is of utmost importance. Moreover, we need
to better understand the interconnection of the hydrometeorological,
climatological and biogeochemical feedbacks between the Andes, the
Amazon and the Pacific Ocean. Finally, since local processes play a
key role in the Andes, further research is required on the
mechanisms controlling the high amounts of precipitation
recycling over the tropical Andes and how much water is
sublimated from the dry, snow-capped Andes in the subtropics.
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The above summarized research and knowledge gaps need to be
tackled in the ANDEX research agenda. In particular, the
improvement of the observational and monitoring networks in the
Andes, as well as the development of high-resolutionmodeling studies,
are necessary in order to fill the major research questions related to
recurrent local-scales and orographically-induced physical processes in
the Andean hydroclimate. In this context, two additional major
technical questions emerge: 1) what are the observational
requirements (in terms of what to measure and the spatio-temporal
scales) to better understand the hydrometeorological processes under
climate change in the Andes?, and 2) what is the proper level of
complexity and resolution required to tackle the previous research
gaps? It is required to address these and other research gaps to improve
our understanding of the Andean hydroclimate and its vulnerability to
natural variability and human-induced changes.
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