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A B S T R A C T

This review concerns the knowledge of the isotopic composition of current precipitation and its association with
climate, geography and orography, in the Central Andes (14–28°S and 75–63°W). This knowledge is required
for the evaluation of other hydrological values, especially aquifer recharge and water resources, in environments
varying from rainy to hyper-arid. Since the 1960s, oxygen (δ18O) and deuterium (δ2H) isotope composition of
natural water have been used as tracers of the global hydrological cycle. In the present article, the goal is to iden-
tify the origin and trajectory of air masses that produce rainfall in the Central Andes and the isotopic composition
of the precipitation, as a first step to evaluate recharge and groundwater resources.The isotopic composition of
rainfall varies spatially and temporarily, depending on the climatic phenomena that originate the movement of
air masses, their moisture content and the isotope fractionation processes that occur until precipitation falls. Most
of the significant and recent literature on the mechanisms of δ18O and δ2H transport and fractionation in precipi-
tation along the Central Andes has been collected and summarized in this review. The precipitation in the Eastern
and Central Andes come mainly from moisture generated in the Atlantic Ocean. Although the processes involved
in isotope content variability of precipitation are well known, the processes involved in isotopic variability in the
Western Cordillera remain poorly understood. This is mostly due to mixing of different moisture sources: from
the Atlantic Ocean in summer and from the Pacific Ocean in winter. In general, winter rainfall is more enriched
in δ18O and δ2H than summer rainfall. Looking at existing data, their distribution is far from being homogeneous
and well-distributed, so spatial accuracy is poor in some areas, especially in the Altiplano. Hydrological and hy-
drogeological research and water resources evaluation in the Central Andes would greatly benefit from initiatives
to obtain broader spatial coverage of rainfall collection to get isotope data for more accurate and continuous as-
sessment of the local weather patterns. Groundwater isotope composition is a future tool to help in increasing the
coverage in data scarce areas.

1. Introduction

Water is a human right, is fundamental for life and ecosystems and
is needed for household and economic activities. In some areas of the
world, such as the Central Andes, the availability of water resources,
the water demand for human activities and the conservation of ecosys-
tems linked to the water maintain a fragile balance. Therefore, it is
necessary to design strategies for optimal and sustainable management
of water resources in a sustainable natural and social environment.

To achieve this objective, the analysis of water stable isotopes is a pow-
erful tool for understanding the regional and the local hydrological cycle
(Mook, 1997, 2001; RAEMIA, 2019; Xi, 2014).

In studies carried out in the Central Andean region by the authors
and collaborators, mostly related to hydrogeology and groundwater re-
sources in arid areas, the origin of rainfall is variable, as more than
one source is possible (Andressen et al., 2007; Garreaud, 1999;
Houston, 2006; Houston and Hartley, 2003; Vuille, 1999). Rain-
fall comes mostly from the Atlantic Ocean via one or two main path
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ways (Bookhagen and Strecker, 2008; Insel et al., 2013; Jordan
et al., 2019; Urrutia et al., 2019), but also from the Pacific Ocean, in
this last case with limited penetration into the Central South American
continent (de Porras et al., 2017; Grilli et al., 1999).

As shown in this article, the research literature on atmospheric cir-
culation and precipitation generation is abundant. However, interpret-
ing the isotopic composition of rainfall is often too sparse or patchy for
evaluating water resources. Detailed studies using advanced tools, such
as water stable isotopes, are needed. These studies should progress fol-
lowing three consecutive stages: 1) knowledge of the origin of precipita-
tion and the isotopic characterization of the precipitation derived from
the different air masses, 2) identification of processes generating water
resources from precipitation, mainly aquifer recharge, and 3) establish-
ing the relationship between rain and snow precipitation, and water re-
sources, taking into account the possible contributions of past climates
to current groundwater storage and the effects of the expectable future
climate and global changes. This article addresses the first stage.

The aim is to review most of the significant literature on oxygen and
hydrogen isotopes in precipitation and on atmospheric circulation in the
Central Andes. This translates into two main objectives: first, to review
and understand the origin of precipitation in the Central Andes (section
2), and second, to review which factors (latitude, altitude, trajectory of
air mass, temperature and precipitation amount) control the spatial and
temporal variations in the isotopic composition (δ18O and δ2H) of pre-
cipitation along the Amazon basin and in the Central Andes (section 3)
between 14°S and 28°S (Fig. 1). Finally, conclusions are presented about
atmospheric circulation and factors that influence on the isotopic com-
position of precipitation in the two cordilleras (ranges) that the Central
Andes is subdivided in this area (Andressen et al., 2007). Some fu-
ture directions that could improve the understanding of the sources of
precipitation and the factors conditioning their isotope contents are sug-
gested (section 4). Some aspects, such as defining which factors dom-
inate the variation of the isotopic composition of precipitation in the
east of the Central Andes, remain unsolved or lack consensus among sci-
entists. Hereinafter, the mountain ranges will be often called cordillera
and the highlands designated Altiplano, following what is common in
South-American geographical nomenclature.

The International Atomic Energy Agency (IAEA) and the World Me-
teorological Organization (WMO) are responsible for the Global Net-
work of Isotopes in Precipitation (GNIP) project. Since 1961, they have
been studying the stable isotopes δ18O and δ2H in precipitation world-
wide through a global network of stations. Within this programme,
in 1978 the Institute of Geochronology and Isotopic Geology (INGEIS,
CONICET-UBA) established a National Network of Collectors (RNC) in
Argentina (Dapeña and Panarello, 2005). Currently, under the aus-
pices of the IAEA, several South-American countries (Argentina, Colom-
bia) are involved in collecting existing data at country level, to produce
and interpret water isotopic maps.

A database has been compiled with data on the isotopic composi-
tion of precipitation as well as other natural waters in the study area
(groundwater, surface water), including relevant information to assist
in the interpretation, when available. Most data come from published
reports. A lesser proportion comes from reports of different kinds and
documents supplied by local institutions and companies. Currently, the
database contains 1448 isotopic data (δ2H + δ18O) for precipitation at
185 different points (Fig. 2) distributed over 880,000 km2. Further to
add new data found in the literature, this database is being improved
and extended by the first author with precipitation monitoring in the
Antofagasta Region (Chile). This is an activity of the Institute of En-
vironmental Assessment and Water Research (IDAEA) of the Spanish
Research Council (CSIC) and the Groundwater Group of the Techni-
cal University of Catalonia (UPC). The data gathered have been gen-
erally produced by recognized laboratories applying well-known tech

niques and using procedures that allow obtaining acceptable analytical
accuracy with respect to standards. Accuracy is often better than 0.2‰
for δ18O and 1‰ for δ2H. Transcription errors seem to be very scarce.

2. Water isotopes in precipitation and continental water

There are two stable isotopes of hydrogen: 1H (protium or common
hydrogen) and 2H or D (deuterium). In natural water in the hydrolog-
ical cycle, of the total hydrogen 999.8‰ is 1H and 0.16‰ is 2H. The
radioactive isotope 3H or T (tritium) is very scarce, generally with o con-
centration less than 5*10−5‰. It will not be considered hereinafter, al-
though existing information is in the database. The most abundant oxy-
gen isotope is 16O, the 997.6‰ of total oxygen, and 2.0‰ is 18O. There
is also the less abundant stable isotope 17O, which is not considered
hereinafter, as available data is scarce and it does not add new signif-
icant knowledge in the context of which is discussed here. Combining
the different isotopes of hydrogen and oxygen, up to 18 different water
molecules can be formed, but only the stable H216O, H218O and 1H2H16O
will be considered, as traditionally done in natural waters (Dansgaard,
1964).

The chemical properties of the different isotopes of the same ele-
ment and of the molecules in which they are integrated are the same,
but there are small physical and physical–chemical differences in ionic
mobility, vapour tension and diffusivity, among other properties. This
causes natural waters to have slight differences in isotopic composition
according to their origin and movement in the hydrological cycle. Iso-
topic fractionations due to changes in the estate of valence (redox re-
actions) are not significant in the hydrological cycle, except under very
extreme conditions.

The isotopic abundance R of the rare heavy atoms relative to the
common light atoms of a given element is used to define the rela-
tive deviation of the sample m relative to a universal standard s, as
δ = (Rm − Rs)/Rs, which is commonly given in per mil (‰). For wa-
ter, the standard is the Vienna Standard Mean Ocean Water (V-SMOW)
(Mook, 2001). δ is not a concentration but in practice behaves as such.

Craig (1961) obtained a linear relationship for the isotopic compo-
sition of non-evaporated waters worldwide and defined a global mete-
oric water line (GMWL): δ2H = 8δ18O + 10‰. The slope defines a lin-
ear relationship between the equilibrium isotopic fractionation of water
hydrogen and oxygen, and 8 corresponds to average conditions. The in-
dependent term is due to non-equilibrium evaporation of oceanic and
continental open water. Its value is 10‰ for average oceanic conditions.
A more accurate average world line has recently been established, us-
ing much more data, but it is only slightly different from Craig’s GMWL.
So, to compare δ2H and δ18O data, the GMWL relationship is used here-
inafter (Fig. 3).

Craig (1961) observed that in a plot of δ2H vs. δ18O, the remain-
ing water in evaporating water bodies (lakes, rivers, bare soil) is heav-
ier (enriched in heavy isotopes) relative to the original composition.
Starting from the initial value, the values plot following a straight line
with a slope which is commonly between 6 and 4, depending on lo-
cal hydrodynamic conditions. Additionally, under low-moisture air con-
ditions, precipitation that falls on the land surface may be affected by
some enrichment with respect to precipitation falling from the clouds,
especially at the start of rain events, due to isotopic exchange with
air humidity during the fall, until equilibrium is attained. Evapora-
tion also occurs during interception and canopy processes on the veg-
etation cover. The slope of the evaporation line depends on the fac-
tors that condition diffusive fractionation of water during evaporation,
mainly humidity, salinity and temperature. Transpiration from well-veg-
etated soils is an isotopically non-fractionating process. A wide body
of literature presents in detail the basic concepts of stable isotopes and
their fractionation, such as (Clark and Fritz, 1997; Cook and Her
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Fig. 1. Location map of the study area: Location of Central Andes, between 14°S and 28°S and 75°W to 63°W, in South America. The purple line corresponds to the location of the elevation
profile of Fig. 4. The base map is from satellite data (SRTM from http://earthexplorer.usgs.gov/). The solid black line shows the countries’ boundaries. The dashed black lines show three
limits separating the Andean regions considered here. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

czeg, 2000; Custodio and Llamas, 1983; Gat, 1981; IAEA, 1989;
Kendall and Mcdonnell, 1998; Mook, 2001; RAEMIA, 2019).

The difference d = δ2H − 8δ18O for each pair of data of a given
water sample is called the deuterium excess or d-excess (Dansgaard,
1964). This is an important parameter for isotopic studies that helps
in explaining the difference between δ2H and δ18O maps and time
plots, as it reflects the possible isotope fractionation processes and char-
acterizes the moisture sources of the air masses (Dansgaard, 1964;
Araguás-Araguás et al., 2000) and the atmospheric transport of wa-
ter vapour (Eriksson, 1965).

The value of d-excess (or simply d) = 10‰ in the GMWL is the con-
sequence of the non-equilibrium evaporation of ocean water under av-
erage conditions. The use of d-excess allows comparison of the δ2H and
δ18O values.

In a plot of δ2H vs. δ18O in natural waters from a given area, which
may include waters subjected to diverse fractionating and non-fraction-
ating processes, the points define an elongated cloud. The line that
best fits these points is called the local meteoric water line (LMWL).
Three processes influence the LMWL: sub-cloud evaporation of rain,
atmospheric remoistening by rainfall evaporation, and conditions of
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Fig. 2. Locations of the samples with published water isotope data in Central Andes: dark blue stars for rainfall, blue triangles for snow, pink squares for surface waters, and green circles
for groundwater. The base map was derived from satellite data (Shuttle Radar Topography Mission (SRTM), from http://earthexplorer.usgs.gov/). The solid black line shows countries’
boundaries. The dashed black lines show three limits separating the Andean regions considered here. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

snow formation (Putman et al., 2019). For the LMWL, the equa-
tion δ2H = mδ18O + i, with m = slope and i = intercept (δ2H for
δ18O = 0) does not give the deuterium excess but the line-conditioned
excess (lc-excess), calculated as lc-excess = δ2H − m δ18O − i
(Landwehr, 2004). The lc-excess can be used to infer seasonal dynam-
ics of evaporation fractionation and evaporation processes due to kinetic
fractionation of precipitation input (Sprenger et al., 2017).

The LMWL line is often reported and used for comparisons, but the
processes affecting water isotopic composition at large scale are much
better shown by combining the δ18O with the d-excess values, as done
hereinafter.

The degree of heavy isotopes depletion is related to geographical
parameters (latitude, altitude, and distance from the coast along the
wind path), temperature and precipitation amount, as has been quan-
tified by applying the Rayleigh distillation model (Araguás-Araguás
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Fig. 3. Isotopic composition (δ18O and, δ2H) of oceanic water and surface water. Relation
between the global meteoric water line and evaporation line with geographic and meteo-
rological parameters (adapted from Xi, 2014).

et al., 2000; Dansgaard, 1964; Kohn and Welker, 2005; Siegen-
thaler and Oeschger, 1980).

The precipitation amount effect refers to the relationship between
isotopic composition and the amount of rain produced in a given event.
Most clouds in the tropics are cumulonimbus generated by convection,
which is a three-dimensional motion of the atmosphere due to often
thermally driven density contrasts (Bowen et al., 2019). When convec-
tion grows and is vigorous, the precipitation drops in the cumulonimbus
increase their mass by collecting water from the cloud, and fall as lo-
cal heavy showers from just above. However, in the final stages of con-
vection, the vertical movements of the air are generally weaker and the
precipitation drops that move downwards are subjected to vapour dif-
fusion with stratiform clouds at a lower elevation (Houze, 1997). The
more intense the convection, the greater is the fraction of atmospheric
vapour condensed and the more isotopically depleted is the remaining
moisture mass and the locally generated rain from this remaining mois-
ture. When convection is strong, drops evaporate less due to a shorter
exposure, so the increase in heavy isotopes by evaporation during their
fall is less (Risi, 2009).

Some studies analyse the water vapour isotopic composition and
the in-cloud microphysical processes (Galewsky and Hurley,

2010; Galewsky and Samuels-Crow, 2015; Risi, 2009; Risi et al.,
2008; Tharammal et al., 2017; Vimeux et al., 2011). Galewsky
et al. (2016) describe the following sequence of processes: (1) deep
convection associated with intense vertical mixing, bringing isotopically
depleted water vapour from the mid troposphere downward; this mix-
ing is undertaken by unsaturated or mesoscale downdrafts; (2) partial
re-evaporation of raindrops that isotopically deplete the water vapour;
(3) diffusive isotopic exchanges between raindrops and vapour when
the air is saturated, so vapour is isotopically depleted; (4) deep convec-
tion associated with convergence of air masses (Fig. 4). The isotopic
composition of precipitation is dependent on the isotopic composition of
vapour in the sub-cloud layer and microphysical processes in the cloud,
such as degree of condensation and post-condensation processes, frac-
tionation during re-evaporation of rain and equilibration of rain with
the surrounding vapour (Tharammal et al., 2017). These microphys-
ical processes in the cloud are not considered in this paper, as they do
not seem relevant at regional scale.

There are strong negative correlations between the relative air hu-
midity and sea surface temperature in the regions of origin of the pre-
cipitations, and the deuterium excess (Jiménez-Martínez and Custo-
dio, 2008; Merlivat and Jouzel, 1979; Pfahl and Wernli, 2008;
Uemura et al., 2008). The deuterium excess has been observed to
be more influenced by air relative humidity during evaporation than
by sea surface temperature (Galewsky and Hurley, 2010; Pfahl and
Niedermann, 2011). The spatial and temporal distribution of the deu-
terium excess according to relative humidity of the oceans is detailed in
Pfahl and Sodemann (2014) and Lewis et al. (2013).

How and why the δ18O and δ2H values of precipitation vary were
understood in 1984. Then, water isotopes were incorporated in different
types of models: the Rayleigh model, including the isotopic kinetic effect
in the case of snow deposition (Jouzel and Merlivat, 1984), differ-
ent interpolation methods (Bowen and Wilkinson, 2002; Bowen and
Revenaugh, 2003), regional atmospheric circulation models (Sturm et
al., 2007), general atmospheric circulation models (AGCM) (Edwards
and Birks, 2000; Hoffmann et al., 2000; Jouzel and Koster, 1996;
Jouzel and Merlivat, 1984; Risi, 2009; Risi et al., 2010, 2008;
Vimeux et al., 2011; Yoshimura et al., 2008), and Lagrangian simu-
lations (Pfahl and Wemli, 2009). Isotopic maps, also called isoscapes,
are recent tools coupled to models to interpret the geographical origin
of a wide spectrum of Earth variables (Xi, 2014). Terzer et al. (2013)
developed global isotopic maps for δ18O and δ2H in precipitation.

In the Central Andes, the isotopic composition of rainfall varies sig-
nificantly in time and space. In recent decades, the provenances of
the different precipitation moisture sources (Aravena et al., 1999,

Fig. 4. Representation of the physical processes involved in the amount effect and δ2H profiles of water vapour in the atmosphere (adapted from Bony et al. 2008). The thick black line
corresponds to water vapour in the environment; the thick green line corresponds to total water detrained from the adiabatic updraft after precipitation; the red dashed line corresponds
to condensed water; the thick red line corresponds to vapour phase; the blue dashed line corresponds to condensed water predicted by a Rayleigh distillation and the thick blue line
corresponds to water vapour calculated with a Rayleigh distillation model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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1989; Dapeña and Panarello, 2011; Fuenzalida and Rutllant,
1986; Garreaud and Wallace, 1998; Vuille, 1999) and the influ-
ence of the moisture source on the isotopic composition of precipita-
tion (Chaffaut, 1998), have been investigated. The influence of dif-
ferent phenomena, such as El Niño-Southern Oscillation (ENSO), Boli-
vian High and South American low-level jet (SALLJ), on the variations
in the spatial and temporal distribution of rainfall, has also been stud-
ied (Vuille, 1999), as shown afterwards, as well as the effects of cli-
matic and orographic conditions on the isotope composition of rainfall
(Houston, 2009). The most common application is the identification
of the topographic elevation of groundwater recharge areas (Acosta et
al., 2013; Acosta and Custodio, 2008; Chaffaut, 1998; Herrera
et al., 2016, 2006; Magaritz et al., 1989; Uribe et al., 2015),
when a close to piston flow pattern can be assumed. Otherwise, when
recharge is spatially distributed and sampling is in large springs and
deep wells, the slope effect has to be considered and corrected (Custo-
dio and Jódar, 2016).

Despite the extensive literature, there is no consensus among spe-
cialists on which physical aspects (latitude, altitude, distance from the
coast, amount of precipitation) or combination of local precipitation mi-
crophysics, source of moisture and cloud type play the dominant role in
δ18O and δ2H contents in precipitation in the Western Cordillera.

3. Characteristics and origin of precipitation in the Central Andes

The topography of the Central Andes controls the distribution of
rainfall (Insel et al., 2009). Precipitation mostly concentrates in the
eastern mountain range (cordillera), whereas from the inner Alti-
plano-Puna Plateau towards the west, conditions become increasingly
arid (Fuenzalida and Rutllant, 1986; Herrera et al., 2018; Saave-
dra et al., 2018, 2017; Vuille and Baumgartner, 1998). In the west-
ern Central Andes, rainfall diminishes sharply from east to west as eleva-
tion decrease (Houston and Hartley, 2003). For this reason, the Hum-
boldt Current and the Pacific High, the West Andes encompasses some
of the driest deserts in the world (Houston, 2006; Lictevout, 2018;
Robinson et al., 2015).

Precipitation is seasonal and controlled by climate factors (Fuen-
zalida and Rutllant, 1986; Garreaud et al., 2010; Vuille et al.,
2003). The highest annual precipitation rates occur during the austral
summer (December-February) and the lowest in winter (June-August),
which is dominantly in the form of snow at the high altitudes and south
of 23°S (Herrera et al., 2016; Saavedra et al., 2017; Urrutia et al.,
2019). In addition, cyclical inter-annual climate regimes cause precipi-
tation in the same season to vary conspicuously from year to year.

To understand the atmospheric circulation of the Central Andes,
the study area must be extended to the South American subcontinent,
since processes of synoptic scale control the origins of precipitation
(Bomshoms et al., 2018; Burgoa, 2007; Garreaud et al., 2003,
2010; Garreaud, 2000, 1999; Garreaud and Wallace, 1998; Insel
et al., 2013, 2009; Silva et al., 2010; Vuille, 1999).

3.1. Atmospheric circulation during the austral summer

The Altiplano rainfall distribution is strongly seasonal. Summer pre-
cipitation (December-February), which is more than 80% of annual pre-
cipitation (Aceituno, 1996; Acosta and Custodio, 2008; Fuenza-
lida and Rutllant, 1986; Gamboa et al., 2019; Urrutia et al.,
2019), this rainy season is locally called “Altiplanic Winter” or “Bo-
livian Winter”. It is produced by the combination of different climate
phenomena affecting the Central Andes. One factor is the seasonal dis-
placement of the Inter-Tropical Convergence Zone (ITCZ) (García et
al., 1998), when the trade winds of the Northern Hemisphere merge
with those of the Southern Hemisphere between 20°N and 25°S (Cor-
rea et al., 2016). During the austral summer, the ITCZ moves to

the south, closer to the Central Andes (Coudrain-Ribstein et al.,
1995; Rozanski and Araguás-Araguás, 1995) and the South Pacific
and the South Atlantic (near Brazil) anticyclones move away from the
highlands (Fuenzalida and Rutllant, 1986). The South Pacific high
pressure systems migrate from 32°S and 92°W to 36°S and 99°W. Simi-
larly, the South Atlantic high pressure system moves to 33°S and 50°W
(Andressen et al., 2007). In La Plata plains (Argentina) and Brazil
the rainy season is influenced by the South American monsoon sys-
tem (SAMS) (Carvalho et al., 2012; Garreaud, 2009; Vuille et al.,
2012).

In the upper troposphere (200 hPa), a warm anticyclone called the
Bolivian High centres over the Altiplano (20°S and 65°W) during the
austral summer (Bomshoms et al., 2018; Burgoa, 2007). At low at-
mospheric pressures, the low humidity (7‰ by weight) Bolivian High
establishes over the Altiplano (Aceituno, 1996). This low pressure sys-
tem saturates the air with moisture near the contact with the anticyclone
emplaced above and produces condensation (Burgoa, 2007). The Boli-
vian High is produced under intense solar radiation in the Altiplano and
warms the near-surface air masses. This air masses ascend, thus creat-
ing a vertical gradient of super adiabatic temperature (the hotter part
have a density and thus tends to rise) across the first 500–1000 m above
the surface (Dalannais, 1979; Garreaud and Wallace, 1998; Gut-
man and Schwerdtfeger, 1965; Zhou and Lau, 1998). Lenters and
Cook (1997) considered that strong subsidence to the west of the Bo-
livian High is important for the maintenance of the High’s warm core,
while large-scale convective overshooting to the east is responsible for a
layer of cold air above the High (Fig. 5).

In the lower troposphere (850 hPa) trade winds turn anticlockwise,
favouring the circulation of north-eastern Ocean Atlantic air masses
through the Amazon basin to the Andes (Garreaud et al., 2003; Gar-
reaud, 2000, 1999; Garreaud and Wallace, 1998; Vuille, 1999).
When the trade winds reach the Amazon region, the orographic bar-
rier of the Andes blocks their trajectory towards the southwest. Dur-
ing summer, the easterly winds intensify and the air masses ascend the
Eastern Cordillera, while cooling and discharging moisture as rain. In
contrast, in the Western Cordillera, low-moisture winds descend while
they warm. This process leads to a sharp decrease in rainfall on the Pa-
cific side of the Western Cordillera (García et al., 1998). The distri-
bution of rainfall depends mainly on moisture transport from the East-
ern Cordillera to the Western flank of the Andes (Garreaud, 2000).
The precipitation originates from cumuliform clouds during the after-
noon, when soil warming favours the development of upward air move-
ment and triggers local rainfall (Aceituno, 1996). This process is called
“convective activity” (Garreaud and Wallace, 1998). The daily con-
vective activity is grouped into weekly sequences (rainy episodes) sep-
arated by daily sequences without convective activity of similar dura-
tion (dry episodes) (Garreaud, 2000; Lowenstein et al., 2003). In
the Cuzco area, Peru, the maximum precipitation develops during the
daylight in the Western Cordillera and during the night in the Eastern
Cordillera. This variation occurs because the stability of the atmosphere
during the night is combined with a stronger South American Low-Level
Jet (SALLJ, see below), resulting in greater blockage of moisture flow on
the mountain slope facing the Amazon and favouring mechanical ascent
during the night (Junquas et al., 2018) (Fig. 6).

The North-western region of Argentina (25°S and 65°W) is charac-
terized by a low pressure system that drives no precipitation but high
temperatures to the Chaco region (the “low Chaco”) (Marengo et al.,
2002). This situation originates a tropical jet current that drags the air
masses off the Amazon, and the Eastern Cordillera channels them to-
wards the south, to the La Plata basin (Argentina) (Romero et al.,
2019). The low-level circulation during the wet season is a poleward
warm and moist current or SALLJ (South American Low-Level Jet), im-
mediately to the east of the Andes (Garreaud, 2009; Insel et al.,
2009; Salio et al., 2002; Silva et al., 2010). The SALLJ intensi
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Fig. 5. Scheme of atmospheric circulation during the austral summer, corresponding to 19 February 2017. Arrows indicate the winds in the upper level of the troposphere (250 hPa).
The source is the Global Forecast System (GFS), as adapted from https://earth.nullschool.net/. The GFS is a weather forecast model produced by the National Center for Environmental
Prediction (NCEP).

fies within the weaker South Atlantic convergence zone (SACZ). During
the summer, the SALLJ and the southward displacement of the ITCZ in-
tensify the moisture supply to the Altiplano (Garreaud et al., 2008).
The SACZ concentrates humidity in the lower atmosphere, which shows
up as a strip of clouds and rainfall with a northwest-southeast orienta-
tion. This strip extends from the Amazon to southeast of Brazil and of-
ten occurs over the subtropical Atlantic Ocean (Carvalho et al., 2012).
This process is associated with the intensification of the southward flow
along the Andes, which represents what is called the Southern Jets (SJ).
When the wind is very strong and penetrates towards the south in north-
ern Argentina and southern Brazil, lasting from 1 to 10 days and more
often from 1 to 5 days, it is called a Chaco Jet Event (CJE). This phe-
nomenon is responsible of up to 55% of the rainfall in north-western Ar-
gentina (Salio et al., 2002), as detailed in Marengo et al. (2012).

The inter-annual variability of summer precipitation is poorly cor-
related when comparing the eastern mountain range (rainfall station in
Oruro, western Bolivia, 17.96°S and 69.1°W) and the western moun-
tain range (rainfall station in San Pedro de Atacama, northern Chile,
22.9°S and 68.19°W) (Vuille and Keimig, 2004). The intensity of the
wind varies with latitude (from 15°S to 30°S), causing humid air con-
ditions in the north and dry air conditions in the south when in the
north the wind is stronger than in the south, and vice versa. The depen-
dence of the southern Andes conditions on the air moisture transport of

the Western Cordillera has not been satisfactorily explained yet. In the
north, the increase in the eastern wind intensity during humid sum-
mers is balanced with reduced southern baroclinicity (density depend-
ing on both the temperature and the pressure) due to cooling (warming)
in low latitudes (mid-latitudes). In contrast, in the south, the eastern
wind anomalies during humid summers are the result of an anticyclonic
anomaly in the upper air, centred on south-eastern South America, lead-
ing to a decrease of the western winds intensity and episodic transport of
humid air towards the subtropical Andes (Vuille and Keimig, 2004).

3.2. Atmospheric circulation during the austral winter

During the austral winter (June-August), the ITCZ (Rozanski and
Araguás-Araguás, 1995) and the Bolivian High anticyclone move to-
wards the north-eastern part of the continent (Gutman and Schwerdt-
feger, 1965), and the SAMS weakens (Rojas et al., 2016) (Fig. 7).
Meanwhile, the anticyclones of the Pacific Ocean (west coast) and the
Atlantic Ocean (Brazil) become closer the South American continent
(Fig. 8). This atmospheric configuration strengthens the west to east
wind from the Pacific Ocean, producing frontal precipitation (Fuenzal-
ida and Rutllant, 1986; Aravena et al., 1999).

The closeness to the Humboldt Current, that is, the polar seawater
flow from the south transporting cold waters from the Antarctic, de
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Fig. 6. Scheme of atmospheric circulation during the austral summer, corresponding to 19 February 2017. Arrows indicate the winds in the upper level of the troposphere (850 hPa).
The source is the Global Forecast System (GFS), as adapted from https://earth.nullschool.net/. The GFS is a weather forecast model produced by the National Center for Environmental
Prediction (NCEP).

creases evaporation in the Pacific Ocean. Therefore, relatively cold,
low-moisture air masses are generated. They do not reach the thermody-
namic cooling conditions necessary to generate precipitation and conse-
quently few rains occur (dry periods) (Garreaud et al., 2003; Pourrut
and Covarrubias, 1995; Vuille, 1999; Vuille and Ammann, 1997).

Snowfall is quite a regular phenomenon in the Western Cordillera,
particularly east of the Atacama salt flat (from 23°S to the south), es-
pecially during wet winters (Houston, 2006; Saavedra et al., 2017).
Snowfall does not usually occur in the Argentinean territory. Conse-
quently, moisture is considered to come mainly from the Pacific Ocean,
but the Andes block the passage to the east of the mountain range
(Vuille and Ammann, 1997). This phenomenon is associated with
wind increase from the north, pressure and temperature decrease in
the west and an humidity increase in the Altiplano (Saavedra et al.,
2018, 2017; Vuille and Baumgartner, 1998). This result is consis-
tent with the mesoscale numerical model of atmospheric circulation,
which simulates and diagnoses regional processes and links local and
large-scale conditions to the climatology of the Central Andes. The pre-
cipitation amount correlates with latitude, increasing 10 times per 5° in
the area southward from latitude 26°S (Houston, 2009). The amount
of snow in the Altiplano east of the Salar de Atacama is a characteris

tic feature associated with increased aquifer recharge (Urrutia et al.,
2019).

The subtropical jet stream has lower intensity and moves towards the
south during the austral summer, while during the winter it has greater
intensity and is located farther north. This situation causes that the area
in winter is dominated by westerly winds throughout the tropospheric
column (Aceituno, 1996).

3.3. Variation in interannual atmospheric conditions

The interannual variation in rainfall distribution in the Central An-
des is produced by a combination of different causes, such as the
displacement of the ITCZ, the SACZ, the Bolivian High, the Chaco
Low, the Pacific decadal oscillation (PDO) (Garreaud and Battisti,
1999; Lavado Casimiro et al., 2013), the ENSO, and the Madden-Ju-
lian oscillation (Garreaud et al., 2008). The Madden-Julian Oscilla-
tion (MJO) is the major fluctuation in tropical weather on weekly to
monthly timescales, which can be characterised as an eastward mov-
ing 'pulse' of clouds and rainfall near the equator that typically recurs
every 30–60 days. The present-day South American climate can sub-
stantially affect the overall rainfall pattern during the SAMS by control-
ling the strength of the SALLJ (Castino et al., 2017). For example,
a strengthening (weakening) of the Bolivian High is associated with a
stronger (weak) SAMS (Rojas et al., 2016). The greater the displace-
ment of the Bolivian High towards the south, the greater is the inflow of
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Fig. 7. Scheme of atmospheric circulation during the austral winter corresponding to 14 August 2017. Arrows indicate the winds in the upper level of the troposphere (250 hPa). The
source is the Global Forecast System (GFS), as adapted from https://earth.nullschool.net/. The GFS is a weather forecast model produced by the National Center for Environmental Predic-
tion (NCEP).

air masses from the Amazon area and the greater the rainfall in the Al-
tiplano (de Porras et al., 2017; Garreaud et al., 2003; Vuille and
Ammann, 1997).

ENSO events are characterized by irregular fluctuations (periodicity
of 2–7 years) between warm (El Niño) and cold (La Niña) conditions.
ENSO events have a dominant influence on the variations in the SAMS
and its isotopic signature (Vuille and Werner, 2005). El Niño corre-
sponds to a warming in the central and eastern tropical Pacific Ocean
and a decrease in the intensity of the Pacific winds, while during La
Niña the water cools in the central and eastern tropical Pacific Ocean
(Gallaire et al., 2000). This phenomenon affects the rainfall varia-
tions across South America differently. During El Niño (La Niña), rain-
fall is lower (higher) than the average in tropical latitudes, whereas
the opposite occurs in subtropical latitudes, as rainfall is higher (lower)
(Aceituno, 1996; Garreaud et al., 2003; Garreaud, 2000; Gar-
reaud and Aceituno, 2001; Ribstein et al., 1995; Thompson et al.,
2017; Vuille et al., 2000; Vuille, 1999). The daily evolution of the
South American Low Level Jet (SALLJ) is affected during ENSO events.
Rainfall increases in El Niño and with greater intensity during La Niña
in the La Plata basin (Silva et al., 2010).

Humid austral summers associated with El Niño occur on the Pa-
cific coast and Central Depression, while winters are wet in the Ata-
cama Desert and dry in the Altiplano. In fact, during El Niño event,
west of the Andes, the temperature increases and wind from the Pacific
Ocean intensifies, blocking the flow of moisture from the Amazon, so

that rainfall decreases during the summer (Garreaud, 2009; Garreaud
and Aceituno, 2001; Vuille et al., 2000; Vuille, 1999). In the
Chilean Altiplano, El Niño events are the dry phases, with scarce rainfall
during summer and winter (Garreaud and Aceituno, 2001) and La
Niña events are the rainy phases, when the summer is wet (de Porras
et al., 2017; Houston, 2007, 2006; Ortlieb, 1995).

Vuille (1999) confirmed the influence of the ENSO in the area of
the Nevado de Sajama volcano, in western Bolivia, near the borders with
Chile and Peru, due to increasing wind from the west during these pe-
riods of lower precipitation. Some authors associate this phenomenon
with drought conditions in summer and winter in the Chilean Altiplano
(Houston, 2009).

Recently, in March 2015, an El Niño event was recorded on the
north coast of Chile, linked to a synoptic scale weather system of the
cold-in-height type, which crossed the Pacific Ocean when the sur-
face temperatures of the ocean were 1–3 °C warmer than the average
value for the month of March. Intense rainfall occurred (Jordan et al.,
2019). The data between 1974 and 2016 from ice cores in Quelccaya
and Nevado Huascarán (southern Peruvian Andes) show the effect of the
recent warming in the tropical Andes, increased by the El Niño effect
(Thompson et al., 2017). However, the direct relationship between
ENSO events and austral winter rainfall is doubtful (Lavado Casimiro
et al., 2013; Vuille, 1999; Vuille and Ammann, 1997).

The opposite situation to that described above occurs during La
Niña events, which are associated with humid summers (Hous
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Fig. 8. Scheme of atmospheric circulation during the austral winter, corresponding to 14 August 2017. Arrows indicate the winds in the upper level of the troposphere (850 hPa). The
source is the Global Forecast System (GFS), as adapted from https://earth.nullschool.net/. The GFS is a weather forecast model produced by the National Center for Environmental Predic-
tion (NCEP).

ton, 2009). Under La Niña conditions, the atmospheric pressure at sea
level is abnormally high in the eastern Pacific (Chaffaut et al., 1998;
Garreaud and Aceituno, 2001). This situation results from pressure
and temperature differences between the tropical and subtropical lati-
tudes of the south, reversing the pattern during dry summers. Therefore,
the pressure gradient is a dominant factor for regulating precipitation in
the Altiplano, pulling up the available moisture from the tropical low-
lands (García et al., 1998; Garreaud et al., 2003). During La Niña
events, the trend is towards heavy rains in the Altiplano and drought at
low elevations (Andressen et al., 2007). Wet winters in the Altiplano
are associated with La Niña events (Garreaud and Aceituno, 2001;
Vuille et al., 2000; Vuille, 1999), although they also depend on
other climatic factors that favour intense air flow from the east (Hous-
ton, 2009). For example, Houston (2009) determined that 62% of all
groundwater recharge produced in the Linzor basin (Region II of Antofa-
gasta, northern Chile, 22.1°S and 67.96°W) is concentrated in La Niña
episodes, with a recurrence time of 4.8 years.

4. Isotopic composition of precipitation in the Central Andes

The first meteoric water line for South America was established by
Albero and Panarello (1980), who verified a precipitation amount
effect in the stable isotopic composition. Subsequently, the main fac-
tors that control the spatial and temporal variations in the δ18O and
δ2H values in precipitation and atmospheric humidity on a global

scale were determined from the isotopic measurements of rainfall reg-
istered by the GNIP (Araguás-Araguás et al., 2000; Rozanski and
Araguás-Araguás, 1995).

The following sections describe the isotopic characterization of the
precipitation formed from the different air masses in the Amazon basin
and then provide details for the study area in the Central Andes, which
includes northern Chile, southern Peru, western Bolivia and north west-
ern Argentina, between 17°S and 25°S. This section is described by oro-
graphic units because each one is affected by different processes de-
scribed in the first section Processes are analysed at continental scale
and not in detail, so the microphysical processes that occur in the clouds
are not expressly considered hereinafter.

4.1. The Amazon basin

Large masses of air moisture originate from the evaporation of sur-
face water bodies, mainly oceans and seas at low latitudes. Therefore,
the initial isotopic composition derive from the deuterium and oxygen
contents of ocean water (Craig and Gordon, 1965). Evaporation is
affected by non-equilibrium isotopic fractionation due to diffusion be-
tween the mixed ocean water and the turbulent atmosphere through
a laminar transition zone (Merlivat and Coantic, 1975). Air masses
along their trajectories through the Amazon basin undergo atmospheric
condensation under equilibrium isotopic fractionation and diffu
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sive fractionation during the evaporation of surface water and water
from non-vegetated soils (IAEA, 1989). Due to condensation in the
clouds, atmospheric vapour is progressively depleted in the heavy iso-
topic species (becomes lighter) with respect to the original values, thus
producing a continental effect along air mass path. However, due to
the large moisture contribution of evaporated continental water to the
atmosphere, the continental effect decreases, which translates into a
smaller horizontal isotopic gradient along the path through the Ama-
zon basin (Salati et al., 1979). In the case of well-vegetated land
with non-shallow water table, evapotranspiration is mostly isotopically
non-fractionating plant transpiration of local precipitation infiltrated
into the soil. This also decreases the continental effect but does not
change the deuterium excess, as does the evaporation from open wa-
ter and non-vegetated land (Fig. 9). If evaporating water is surface wa-
ter coming from inland areas, which is normally isotopically lighter, the
continental effect becomes more complex, but the deuterium excess in-
creases, as studied by various authors (Chaffaut, 1998; García et al.,
1998; Gat and Matsui, 1991; Salati et al., 1979). The model by
Sturm et al. (2007) confirms that the rainfall amount effect due to the
Rayleigh distillation process in the clouds is dominant during the wet
season. During the dry season, raindrops become isotopically heavier
during their fall by evaporation and equilibration with the heavier sur-
rounding atmospheric vapour, so rain collected at land level is isotopi-
cally heavier than precipitation leaving the cloud base, at least during
the initial stages, and total precipitation is isotopically heavier (Mook,
2001).

The origin of air masses may have a dominant role on rainfall isotope
composition with respect the processes described above, depending on
circumstances. Windhorst et al. (2013) determined that the isotopic
composition of rainfall in one of the Amazon sub-basins in Ecuador de-
pends more on the origin of the air mass than on the amount effect. The
change in d-excess is less certain, although it tends to increase moder-
ately.

Deuterium excess values confirm that the moisture recycled from
surface water evaporation along the Amazon basin makes an important
contribution to moisture in the air masses that are dragged by the trade
winds from the Atlantic Ocean to the Andes (Gallaire et al., 2000).
In an east–west profile through the Amazon basin, after Salati et al.
(1979) the deuterium excess increases from 9.8‰ to 14.6‰.

The isotope content of precipitation is correlated with condensation
temperature and the precipitation amount effect (Dansgaard, 1964;
Risi et al., 2008; Rojas et al., 2016; Rozanski and Araguás-

Araguás, 1995; Vuille et al., 2003). Model studies suggest that this
effect is strongest in eastern South America, close to the source of mois-
ture (Atlantic Ocean), and weakens progressively in the Andean area
and in western South America, as explained above.

Recent studies (Esquivel-Hernández et al., 2019; Tharammal et
al., 2017) consider that the stronger the convective nature of a rainfall
event, the greater is the total precipitation amount and the lower is the
degree of moisture isotopic exchange during the fall time to the surface,
Therefore, the factor that finally determines the isotopic composition of
rainfall is not the amount effect but the intensity of atmospheric convec-
tive rain processes, in which case the condensation temperature is not
the main control over the degree of drop evaporation, but the intensity
of convective updrafts. This effect is known in high-relief mountain ar-
eas (Jódar et al., 2016; Lambán et al., 2015).

4.2. The eastern cordillera of the Central Andes

The air masses arriving to the Eastern Cordillera of the Central An-
des from the Amazon experience a progressive and important tempera-
ture decrease as they rise along the eastern slope of the Altiplano. There
is a progressive reduction in the initial air mass moisture, combining
the continental and altitude effects (Yurtsever and Araguás-Araguás,
1993), considering water recycling. Consequently, the remaining atmos-
pheric vapour becomes isotopically lighter. Thus, following its westward
shift, atmospheric vapour can be isotopically very light (Herrera et al.,
2006).

The ITCZ induces rainy seasons (November-March), which affect
the isotopic composition of surface waters in the Bolivian Altiplano
(Coudrain-Ribstein et al., 1995; Salati et al., 1979). Due to the pre-
cipitation amount effect, the more abundant summer rainfall is isotopi-
cally light, while the low rainfall of the austral winter (June-September)
is relatively heavy (Araguás-Araguás et al., 2000; Coudrain-Rib-
stein et al., 1995; Gonfiantini et al., 2001; Rozanski and
Araguás-Araguás, 1995). At altitudes greater than 3000 m a.s.l.,
(Rozanski et al., 1993; Rozanski and Araguás-Araguás, 1995)
identified the amount and air temperature effects on isotopic composi-
tion, which are directly related to altitude.

In the Eastern Cordillera of the Central Andes, several LMWLs have
been defined in different zones (Fig. 10), which are listed in Table 1.
The precipitation has a deuterium excess greater than 10‰, confirm-
ing the recycling process undergone by the air masses due to the move

Fig. 9. Scheme of the continental water recycling process along large Atlantic basins and one a layer atmospheric behaviour. The topographic relief, after Google Earth data, has an
exaggerated vertical scale relative to the horizontal one. The arrows and red isotopic values correspond to evaporation from surface water, the green for evapotranspiration, the light blue
for rain, the dark blue for clouds and the grey for air mass. The liquid state is indicated with L and the vapour state with v. The different values are only orientated, although they one
partly inspired by the results obtained by Risi (2009) in a close by transect. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 10. Transects in the Central Andes where the local meteoric water lines (LMWL) have been calculated by different authors (Table 1). The base map was derived from satellite data
(Shuttle Radar Topography Mission (SRTM) from http://earthexplorer.usgs.gov/). The solid black line shows the countries’ boundaries. The dashed black lines show three limits separating
the Andean regions here considered.

ment along the Amazon basin (Gallaire et al., 2000; Gonfiantini et
al., 2001; Plan Nacional de Cuencas, 2016; Roche et al., 1999).

The depletion in heavy isotopes due to continental processes af-
fecting the air masses vapour is compensated by the enrichment due
to water recycling along the Amazon basin (Gallaire et al., 2000).
In Bolivia, the amount of vapour converted into precipitation is con-
trolled by the condensation temperature. The isotopic depletion eventu-
ally depends on the cooling of the air mass (Gonfiantini et al., 2001;
Vimeux et al., 2005).

Insel et al. (2013) modelled the atmospheric circulation and the
relationship with isotopes in precipitation in four sectors of the An-
des at different latitudes. In the Eastern Cordillera of the Central An-
des, the isotope composition of precipitation depends on precipitation
amount and the Bolivian High related wind path ((Bershaw et al.,
2016; Fiorella et al., 2015; Jordan et al., 2019; Vimeux et al.,
2011; Vuille, 1999). Rohrmann et al. (2014) considered that con-
vective storms can reduce the temperature and altitude effects on heavy
isotope depletion in precipitation of this origin, due to hot air rise trig
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Table 1
Compilation of the local meteoric water lines (LMWL) defined by the authors in the differ-
ent study areas in the central Andes mountain range, between 15°S and 25°S.

Reference LMWL Zone

Albero and
Panarello
(1980)

δ 2H = (8.27 ± 0.53)
δ 18O + (11.66 ± 2.61)

South America

δ 2H = (7 0.65 ± 0.22)
δ 18O + (8.72 ± 1.19)

Southern
hemisphere

Roche et al.
(1999)

δ 2H = (8.09 ± 0.08)
δ 18O + (16.1 ± 0.8)

Bolivia Eastern
Cordillera

Gallaire et al.
(2000)

δ 2H = 8.1386
δ 18O + 13.863

Bolivia

Gonfiantini et
al. (2001)

δ 2H = (8.01 ± 0.08)
δ 18O + (15.2 ± 0.7)

Altiplano –
Yungas (Bolivia)

δ 2H = (7.48 ± 0.16)
δ 18O + (5.1 ± 2.7)

January-
February 1984

δ 2H = (7.45 ± 0.33)
δ 18O + (9.1 ± 2.9)

January-
February 1983

δ 2H = (7.5 ± 0.27)
δ 18O + (16.3 ± 0.9)

July-August 1983

Dapeña and
Panarello,
(2011)

δ 2H = (8.25 ± 0.18)
δ 18O + (15.08 ± 0.96)

Salta (Argentina)

δ 2H = (8.07 ± 0.17)
δ 18O + (17.11 ± 0.81)

Tucumán
(Argentina)

Rohrmann (2014) δ 2H = 8.44 δ 18O + 15.9 Northwest of
Argentina

Fritz et al. (1981) δ 2H = 7.8 δ 18O + 10.3 Pampa del
Tamarugal (I
Región)

Western
Cordillera

Aravena et al.
(1999)

δ 2H = 7.8 δ 18O + 9.7 Northern Chile

Chaffaut (1998) δ 2H = 8.15 δ 18O + 15.3 Altiplano II
Región - Bolivia

Chaffaut et al.
(1998)

δ 2H = 8.2 δ 18O + 16.6 Quisquiro
(northern Chile)

Mardones
(1998a,b)

δ 2H = 8.01
δ 18O + 15.59

Salar de Ascotán
(II Región)

Herrera et al.
(2006)

δ 2H = 7.8 δ 18O + 14 Chungará Lake
(XV Región)

Squeo et al.
(2006)

δ 2H = 7.7 δ 18O + 9.6 North-central
Chile

Villablanca
(2009)

δ 2H = 7.95
δ 18O + 15.89

Loa Alto (II
Región)

Boschetti et al.
(2019)

δ 2H = (7.93 ± 0.15)
δ 18O + (12.3 ± 2.1)

Northern Chile

gered by diurnal heating, with formation of clouds and evaporation of
raindrops. A strengthening (weakening) of the Bolivian High implies
a greater (lower) precipitation amount. Samuels-Crow et al. (2014)
observed that monsoon convection controls atmospheric vapour iso-
topic composition in austral summer, while large-scale advective mixing
(frontal precipitation) is the controlling process in austral winter.

The elevation of the eastern mountain range also controls the iso-
topic composition of precipitation (Bershaw et al., 2016; Fiorella et
al., 2015; Gonfiantini et al., 2001; Roche et al., 1999; Scheihing,
2018). The deuterium excess in precipitation increases with elevation as
a result of vapour recycling (Salati et al., 1979), although this effect
needs further explanation. The d-excess is approximately 9.5‰ below
1000 m a.s.l., 16.4‰ up to 4000 m a.s.l. and 17.8‰ above 4000 m a.s.l.
(Gonfiantini et al., 2001). The contribution of different air masses at
various altitudes may have an important role, as reflected in the isotopic
composition of surface waters across the Andean Plateau and its flanks
(Bershaw et al., 2016).

Roche et al. (1999) observed that the absolute value of the δ18O
altitudinal gradient of precipitation is higher in the humid summer
months (−0.285 ± 0.048‰ per 100 m) than in the dry months of

the austral winter (−0.111 ± 0.012‰ per 100 m). During the dry sea-
sons these values are more uncertain due to the small rainfall (Risi et
al., 2008), although this effect is negligible during the rest of the year.
Vimeux et al. (2011) observed high control over local convective ac-
tivity during the 7 days preceding a rain event. The local process is
based on the progressive depletion of local low-level water vapour after
successive convective events. Temperature decreases with increasing el-
evation. The expectable absolute values of these altitudinal gradients un-
der well-stratified conditions vary between −0.5 and −0.7‰ per 100 m.
The observed decrease is possibly due to the fast altitudinal changes and
vertical air flows. The sparsity of meteorological stations in the study
area does not allow enough geographical accuracy to clearly bound ver-
tical isotopic gradients.

Some studies have analysed the δ18O of snow in the tropical Andes.
Results are controlled primarily by tropical convection and secondarily
by temperature (Vuille et al., 1998; Hardy et al., 2003; Vimeux
et al., 2005). The δ18O of ice cores from Huascarán (Peru), Quelccaya
(Peru) and Sajama (Bolivia) show enriched δ18O values relative to rain-
fall, which seem associated with warm periods, and depleted values dur-
ing cold periods in the tropical Pacific (Vuille et al., 2003).

The austral summer rainfall during El Niño events is scarce and iso-
topically heavier than normal, while rainfall during the wetter La Niña
events is lighter (Fiorella et al., 2015; Roche et al., 1999). In Laika
Cota (La Paz, Bolivia), the stable isotope contents of precipitation cor-
relate better with air moisture than with temperature. At the beginning
of an El Niño event, the moist air masses remain in the Cordillera Real
(mountain chain east of La Paz) and the rain is heavier than at the end
of the El Niño event (dry season), when these moist air masses ascend to
the Altiplano.

In north-western Argentina, rainfall in the Central Andes is char-
acterized by a deuterium excess greater than 15‰ (Dapeña and
Panarello, 2005, 2011). These values depend on the origin of the air
masses arriving from the Atlantic Ocean. Here, the atmospheric circula-
tion is dominated by air masses coming from the South Atlantic Ocean
anticyclone entering the continent and in summer by humid winds com-
ing from the north through the Amazon basin (low layer current). Air
paths from the Amazon have been validated with a model (González et
al., 2009). Precipitation is generally lighter in winter than in summer
due to the temperature effect (Dapeña and Panarello, 2008).

4.3. The Western Cordillera of the Central Andes

The Western Cordillera of the Central Andes separates the Altiplano
from the driest deserts in the world. Unlike the Eastern Cordillera,
the Western Cordillera receives air masses from the Pacific Ocean and
from the Atlantic Ocean (Fuenzalida and Rutllant, 1986; Herrera
et al., 2018; Saavedra et al., 2018, 2017; Vuille and Baumgart-
ner, 1998). Moisture from the Pacific is in a lower and variable propor-
tion but is isotopically heavier than vapour from the Atlantic (Herrera
et al., 2016). The mixture depends on atmospheric circulation, which
strengthens or weakens the contribution of each air mass.

In the Western Cordillera, the isotopic composition of precipitation
reflects the origin and trajectory of the air masses. Each source of mois-
ture is produced under specific evaporation conditions with different
relative humidity, which give a distinct isotopic composition of pre-
cipitation and isotopic fractionation in winter and in summer precipi-
tation (Aravena et al., 1999; Bershaw et al., 2016; DGA, 1985;
Gonfiantini et al., 2001; Grilli et al., 1999; Scheihing, 2018;
Vuille and Werner, 2005). The austral winter rainfall from the Pa-
cific Ocean is heavier than summer rainfall transported from the Atlantic
Ocean (Aravena et al., 1999; Bershaw et al., 2016; Chaffaut et
al., 1998; Cifuentes and Troncoso, 2016; DGA, 1985; Herrera et
al., 2018, 2006; Uribe et al., 2015). These diverse moisture sources
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are also reflected in changes in the deuterium excess (Mardones,
1998a). Chaffaut (1998) and (Chaffaut et al., 1998) estimated val-
ues of d-excess greater than 15‰ in summer and less than 10‰ in win-
ter. The deuterium excess varies according to the study area in north-
ern Chile. It is generally greater than 10‰, which confirms that rainfall
is formed from air moisture incorporating recycled vapour from surface
water evaporation along the Amazon basin.

During the austral summer, the isotopically enriched moist air reach-
ing the Chajnantor Plateau (23°S and 67.7°W) is associated with a south-
ern displacement of the Bolivian High (Galewsky and Samuels-Crow,
2015). The precipitation is depleted in heavy isotopes due to the strong
non-equilibrium fractionation experienced by air masses coming from
the Amazon. When ascending at the eastern flank of the Altiplano, these
air masses are affected by a progressive and important temperature de-
crease (Aravena et al., 1999), which allows preferential condensation,
the separation from the system of the isotopically heavier water mol-
ecules and the consequent isotope depletion of the remaining atmos-
pheric vapour (Mardones, 1998a,b; Herrera et al., 2006). Recycling
up to the Western Cordillera reach 70% (Bershaw et al., 2016). At
latitudes lower than that of the Atacama salt flat (Salar de Atacama,
Chile), the scarce precipitation has two provenances: from the north and
northeast via the Amazon basin, and from the southeast via the Gran
Chaco in summer (de Porras et al., 2017; Moran et al., 2019; Vuille
and Keimig, 2004). Winter precipitation is largely sourced by frontal
systems originating from the Pacific in form of snow (Houston, 2007;
Jordan et al., 2019; Saavedra et al., 2018; Vuille and Ammann,
1997). It is discussed whether this precipitation recharge the aquifers.
Moran et al., 2019 consider that aquifers are not recharged, because
there is sublimation, between 20 and 30%, and there are no permanent
seasonal ice fields. Urrutia et al., 2019 estimate that snow is an im-
portant input flow to the hydrological system in winter. Summer precip-
itation (-1‰ to −20‰ in δ18O and −5‰ to −146‰ in δ2H) is produced
in intense rain events from very humid air masses, whereas winter pre-
cipitation (−2 to −19‰ in δ18O and δ2H −13‰ to −138‰ in δ2H) orig-
inates under drier conditions, is scarce and occurs at lower temperature.
Therefore, the amount and temperature effects dominate (Mardones,
1998a,b; Aravena et al., 1999). Herrera et al. (2006) proposed a
further local moisture contribution of water evaporated from large wa-
ter bodies in the Central Andes, as Lake Titicaca.

There are different theories that explain isotopic fractionation in
winter rain. Mardones (1998a,b) considered that the effect is due
to altitude and continentality, while Aravena et al. (1999) point to
the evaporation of raindrops during the fall. On the Pacific coast and
Cordillera de la Costa, air humidity manifests as fog and/or drizzle (ca-
manchaca) coming from the Pacific Ocean, which is isotopically heav-
ier than the air masses coming from the east (Bershaw et al., 2016;
RAEMIA, 2019).

Other authors relate the seasonal variations in precipitation isotopic
composition in a given location with the type of precipitation and the
different origins of the air masses (Table 2). In summer the clouds are
convective and come from the Atlantic Ocean, while in winter the clouds
are frontal, particularly stratiform clouds formed when polar air inter-
acts with warm air from the Pacific (Aggarwal et al., 2016; Aravena
et al., 1999). This difference affects the isotopic composition of precip-
itation. Stratiform rainfall is isotopically lighter than convective rainfall
(Aggarwal et al., 2016). This situation varied in March 2015, in which
the El Niño event occurred and there was abundant rain from the Pacific
Ocean. These precipitations are enriched in heavy isotopes (Herrera et
al., 2016).

In the large depression of Pampa del Tamarugal, the vertical gradi-
ent of precipitation depends on the elevation, from 3.1 mm/100 m up
to 3500 m a.s.l. to 13.6 mm/100 m above this elevation (Uribe et al.,
2015). Grilli et al. (1999) classified the isotopic composition of pre

Table 2
Summary of factors that condition the isotopic composition of rainfall in the Eastern and
Western Cordillera of the Central Andes after the different authors.

Reference Effect Zone

Rozanski
et al.
(1993)

- Alti-
tude

- Amount
- Conti-

nental
- Tem-

pera-
ture

Eastern Cordillera

Yurtsever
and Araguas
(1993)

- Alti-
tude

- Conti-
nental

Rozanski
and Araguas
(1995)

- Alti-
tude

- Amount
- Tem-

pera-
ture

Coudrain-
Ribstein et
al. (1995)

- Amount
- Dis-

place-
ment
ITCZ

Roche et
al. (1999)

- Alti-
tude

- Amount
Vuille
(1999)

- Boli-
vian
High

Gonfiantini
et al.
(2001).

- Alti-
tude

- Amount
Gallaire et
al. (2000)

- Humid-
ity

Risi et al.
(2008)

- Boli-
vian
High

Dapeña
and
Panarello
(2011)

- Humid-
ity ori-
gin

Vimeux et
al. (2011)

- Type of
storm

Insel et al.
(2013)

- Amount
- Boli-

vian
High

Rohrmann
et al.
(2014)

- Boli-
vian
High
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Table 2 (Continued)

Reference Effect Zone

Fiorella et
al. (2015)

- Alti-
tude

- Boli-
vian
High

Bershaw et
al. (2016)

- Alti-
tude

- Boli-
vian
High

Scheihing
(2018)

- Alti-
tude

- Amount
Jordan et
al. (2019)

- Boli-
vian
High

Magaritz
et al.
(1989)

- Alti-
tude

Western Cordillera

Aravena et
al. (1999)

- Alti-
tude

- Conti-
nental

- Type of
storm

Mardones
(1998a,b)

- Alti-
tude

- Amount
- Conti-

nental
- Humid-

ity ori-
gin

- Rain
out

Salazar et
al. (1998)

- Amount
- Evapo-

ration
Aravena et
al. (1999)

- Amount
- Humid-

ity ori-
gin

- Tem-
pera-
ture

- Type of
storm

Grilli et
al. (1999)

- Alti-
tude

Table 2 (Continued)

Reference Effect Zone

Herrera et
al. (2006)

- Boli-
vian
High

- Hu-
mid-
ity
ori-
gin

Aggarwal
et al.
(2016).

- Type
of
storm

Scheihing
(2018)

- Hu-
mid-
ity
ori-
gin

cipitation according to elevation, with δ18O of rainwater heavier than
−11‰ at elevations below 3500 m a.s.l. Precipitation during the sum-
mer in the Altiplano is more depleted in heavy isotopes than precipita

tion in the foothills and in Pampa del Tamarugal (Grilli et al., 1999).
Magaritz et al. (1989) also considered that the isotopic composition
of rainfall is controlled by elevation and has a deuterium excess of 13‰,
while it is 5‰ in waters sampled in the eastern slopes and in the Tara-
pacá and Aroma rivers. This last is probably due to isotopically fraction-
ating evaporation during recharge. Salazar et al. (1998) found a re-
lationship between depletion in heavy isotopes in rainfall and altitude.
This happens when the air masses come from the Pacific Ocean. How-
ever, in summer the origin of air masses is from the Atlantic Ocean.
Salazar et al. (1998) proposed that winter rainfall from the northwest
is affected by evaporation when falling through the vapour-unsaturated
atmosphere (Acosta et al., 2013; Lictevout, 2015).

The isotopic composition of rainfall can be greatly influenced by
mountain barriers that inhibit the mixing of air masses from the east and
the west in northern Chile (Bershaw et al., 2016; Scheihing, 2018).
This effect is supported by the consistently steep δ18O horizontal gradi-
ents of −1.0‰/100 m found along the Western Cordillera, from Peru to
Chile (Bershaw et al., 2016).

As commented before, as the result of an El Niño event, heavy rains
occurred in March 2015 on the west coast of northern Chile, much
higher than expected in a normal late austral summer. Precipitation and
ephemeral river waters were isotopically heavier than rain, snow and
ephemeral rivers fed by more frequent rainfall events (Jordan et al.,
2019). During this event, snow in Quelccaya and Huascarán, in south-
easter Peru, were also heavier than normal (Tompshon, 2017).

5. Summary and conclusions

The isotopic composition of precipitation is the primary value to
which continental surface and sub-surface meteoric waters can be geo-
graphically or temporally compared. Precipitation is generally the main
source of recharge to aquifers, except under hyper-arid conditions,
where runoff may dominate as a groundwater recharge source (Gamboa
et al., 2019). The subsequent isotopic fractionation of precipitation by
evaporation, mixing or interaction with the lithosphere can be used as a
tracer to quantify the recharge processes, after correcting for the slope
effect and evaporation (Custodio and Jódar, 2016). For these rea-
sons, the first step for the management of water resources is to know
the origin of precipitation, which includes the isotopic characterization
of precipitation derived from the different air masses that recharge the
aquifers.

In general, the δ18O and δ2H reflect a combination of local precipita-
tion microphysics, moisture source and cloud type. In summer, convec-
tion strongly influences the isotopic composition of vapour in the cen-
tral tropical Andes. In winter, convection influences the isotopic com-
position of vapour north of the tropical Andes. This pattern suggests
that monsoon atmospheric convection controls isotopically the vapour
in austral summer, while large-scale advective mixing is the control of
the Andean vapour in austral winter. The d-excess in the troposphere
is strongly tied to in-cloud microphysical processes (Samuels-Crow et
al., 2014).

The factors that control the isotopic composition of precipitation
in the Eastern Cordillera of the Andes are relatively well known. Dur-
ing the austral summer (December-January-February), the highest per-
centage of annual rainfall occurs when the Bolivian High (200 hPa) is
placed over the Altiplano and the South American low-level jet (SALLJ)
(850 hPa) favours the transport of moisture from the Amazon basin to-
wards the Central Andes, with an altitude effect (Figs. 5 and 6). The air
masses originate in the Atlantic Ocean and circulate through the Ama-
zon basin. Along this path, the air masses undergo progressive condensa-
tion and decrease the vapour content, so as the subsequent precipitation
is isotopically lighter than it was at the beginning.

The diverse studies carried out in the Western Cordillera do not
reach a consensus on which factors condition and dominate the spa
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tial and temporal variations in the isotopic composition of precipitation.
The main reason is the existence of mixing of moisture sources and dif-
ferent air masses in the western cordillera, which is variable in space
and time (Table 3). In fact, the summer rainfall precipitation is well
known to originate from air masses over the Atlantic Ocean. These air
masses are affected by water recycling along the Amazon basin. There-
fore, rainfall is greater in the Eastern Cordillera and decreases towards
the west. The low rainfall that occurs during winter, usually as snow,
comes partly from the Pacific Ocean. Thus, the geographical factors, the
amount effect and the origin of the air masses are different throughout
the year and can vary greatly from one basin to another, as the terrain
is very rough. As an example, the precipitation that takes place in the
Salar de Atacama comes from the north and northeast via the Amazon
and from the southeast via the Gran Chaco. This situation complicates
the determination of the factors that dominate the isotopic composition
of rainfall in the Western Cordillera of the Central Andes.

The studies that characterize the isotopic composition of precipita-
tion are from water samples accumulated during a month or from indi-
vidual events, are usually at local scale or along a transect, and cover
short periods. This heterogeneity in the type of water samples and the
poor spatial and temporal distributions causes great uncertainty in the
study of the effects that control the isotopic composition of precipita-
tion. However, it is possible to analyse the isotopic variations in the dif-
ferent regions of the Central Andes and to identify the processes that af-
fect the isotopic composition of rain.

The rain in the Central Andes is gradually depleted in heavy iso-
topes as elevation increases. The lightest values are found in the high-
est plateaus and the heaviest in the lowlands (lower elevation peripheral
plateaus). This occurs on both the east and west sides of the Central An-
des (Fig. 11).

Figs. 12 and 13 show the calculated average values of δ18O and
deuterium excess, respectively, from precipitation data in the data-
base prepared for this study (See Supplementary Information). In
the Eastern Cordillera, precipitation becomes depleted in heavy isotopes
from east to west and the deuterium excess increases with elevation.
These features are consistent with the path of air masses from the At-
lantic Ocean, affected by continental and altitude effects. In the Western
Cordillera, rain is depleted in heavy isotopes from west to east. This de-
pletion is clear for the air masses from the Pacific Ocean. Nevertheless,
most of the rain in this western area is produced by air masses coming
from the Atlantic Ocean. Therefore, when the air masses originate from
the Atlantic Ocean, the depletion of heavy isotopes in the rain, seen from
the nearby Pacific Ocean, is opposite to the continental effect because
other effects are dominant in these situations. Precipitation in northern
Chile (18°S–21°S) has lower deuterium excess values than those in high-
land precipitation. However, the rains that occur at higher latitudes in
Chile (23°S–25°S) have commonly a deuterium excess greater than 15‰.
This result indicates that more than one process affects the isotopic com-
position of precipitation. Their knowledge is still not well known and
lack geographical accuracy in part of the areas.

The precipitation samples collected are more numerous in summer
than in winter (Figs. 14 and 15). Even so, it is observed that, in gen

Table 3
General differences between the conditions of summer and winter rainfall.

Factor Summer (D-M) Winter (J-A)

Air mass origin Atlantic Ocean Pacific Ocean
Dominant rainfall event Convective Stratiform
Annual rainfall ratio (%) 80 20
Bolivian High Over Altiplano Displacement
Dominant wind East West
Pacific anticyclone Far from the continent Close to the continent

Fig. 11. Plot of the δ18O and δ2H values of precipitation samples in the Central Andes: dia-
monds for lowlands and asterisks for the cordillera; orange for the eastern areas and green
for the western areas; purple circles for the Altiplano. Values are from previously published
data. The solid black line is the global meteoric water line (GMWL) with valour + 10‰ of
deuterium excess from Craig (1961). The black dashed line corresponds the global me-
teoric water line with valour + 15‰ of deuterium excess. The cordillera sites are those
defined in Fig. 1. The eastern lowlands are mid-elevation areas on the eastern slopes. The
western lowlands refer to one sample from a rare stormy rainfall event in Antofagasta and
to a few samples in the mid-elevation Central Depression of the Atacama Desert. The high
deuterium excess and isotopically heavy rainfall in samples from the eastern lowlands may
be due to analytical problems and need to be checked. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

eral, the winter rainfall is more enriched in δ18O (−23.5 to −1.7‰) and
δ2H (−172.5‰ to −2‰) than the summer rainfall (−18.6‰ to 9.6‰ in
δ18O and −137‰ to −77‰ in δ2H).

The joint inspection of Figs. 8–15 allows drawing the following gen-
eral conclusions. The dominant isotopic feature is a deuterium excess of
14–21‰. This result is mostly the effect of the dominant origin of pre-
cipitation in the Amazon basin, starting from the Atlantic Ocean. At the
same time, some samples have smaller deuterium excess, which could
be the result of a weak continental effect or precipitation evaporation of
falling raindrops under dry air conditions.

In the western lowlands of Antofagasta and the Central Depression
of the Atacama Desert (midlands), the effect of evaporation manifests
as a decrease in the deuterium excess. This decrease may be a sampling
problem or due to very dry air, but in both cases moisture originates in
the Pacific Ocean. In the database, some samples from the eastern low-
lands (actually midlands) show extremely high deuterium excesses that
cannot be explained, except as analytical errors.

The available isotopic data (δ18O and δ2H) of precipitation are scarce
and have heterogeneous spatial and temporal distributions, which is
a common circumstance in many other areas of the wold. Thus, they
do not allow an accurate description of processes. So, the results are
quite uncertain in many areas, especially around the Western Cordillera.
This is the subject of research under way. Therefore, to improve current
knowledge and to translate isotopic data into water resources manage-
ment guidelines, some complementary action is: (1) carrying out mon-
itoring over time and incorporate new stations to approach a more ho-
mogeneous distribution in the Central Andes, and (2) using the stable
isotope content of surface water and groundwater to complete the cov-
erage, after corrections to compensate for possible isotopic fractionation
and mixing. This last is a subject of research under way.
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Fig. 12. Calculated average oxygen stable isotopic ratios (δ18O in per mil versus the V-SMOW) of previously published precipitation samples collected in the Central Andes. An example of
the δ18O distribution is illustrated to facilitate the understanding of the spatial variability. The base map was derived from satellite data (Shuttle Radar Topography Mission (SRTM) from
http://earthexplorer.usgs.gov/). The solid black line shows the countries’ boundaries. The dashed black lines show three limits separating the Andean regions here considered.
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Fig. 13. Calculated average deuterium excess of previously published precipitation samples collected in the Central Andes. The base map was derived from satellite data (Shuttle Radar
Topography Mission (SRTM) from http://earthexplorer.usgs.gov/). The solid black line shows the countries’ boundaries. The dashed black lines show three limits separating the Andean
regions here considered.

ous researchers, professors and practitioners from Argentina and Chile
(Daniel E. Martinez, Cristina Dapeña and Christian Herrera) have con-
tributed published and unpublished information and their personal ex-
perience.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jhydrol.2020.124899.

18

http://earthexplorer.usgs.gov/
https://doi.org/10.1016/j.jhydrol.2020.124899
https://doi.org/10.1016/j.jhydrol.2020.124899


UN
CO

RR
EC

TE
D

PR
OO

F

S. Valdivielso et al. Journal of Hydrology xxx (xxxx) xxx-xxx

Fig. 14. Calculated average oxygen stable isotopic ratios (δ18O in per mil versus the V-SMOW) of previously published precipitation samples collected in summer (January, February,
March) in the Central Andes. The base map was derived from satellite data (Shuttle Radar Topography Mission (SRTM) from http://earthexplorer.usgs.gov/). The solid black line shows
the countries’ boundaries. The dashed black lines show three limits separating the Andean regions here considered.
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Fig. 15. Calculated average oxygen stable isotopic ratios (δ18O in per mil versus the V-SMOW) of previously published precipitation samples collected in winter (June, July and August) in
the Central Andes. The base map was derived from satellite data (Shuttle Radar Topography Mission (SRTM) from http://earthexplorer.usgs.gov/). The solid black line shows the countries’
boundaries. The dashed black lines show three limits separating the Andean regions here considered.
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