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This study documents the projected changes in several components (precipitation,

runoff, snow cover and depth, soil moisture) of the hydrological cycle in Central-Western

Argentina (CWA) based on the simulations from the IPSL-CM6A-LR model for the

warming levels proposed in the Paris Agreement. These warming levels represent the

future increase in mean annual temperature of 1.5 and 2◦C compared to pre-industrial

conditions. A novel regional approach, that uses a set of low-emissions shared

socioeconomic pathways (SSP) compatible with the Paris Agreement goals, has been

applied here for the evaluation of the potential impacts of temperature increase in both

the mountainous areas of the Andes and the lowlands on the eastern portion of CWA.

Our results show that the timing of reaching the 1.5◦C warming level would be between

2032 and 2036 in the CWA lowlands east of the Andes, while this warming level in the

Andes mountains of CWA would be 10–15 years earlier as result of the stronger warming

with elevation. The higher 2◦C warming level would be reached before 2050 in the Andes

mountains. Even using the more aggressive mitigation pathways available in the scientific

literature (SSP1-1.9 and SSP1-2.6), the IPSL-CM6A-LRmodel ensemble shows a robust

drying signal in the wintertime precipitation over the Andes mountains, which is a

concerning result because it implies a reduction of the already scarce water resources

draining to the adjacent semi-arid foothills. Our results also show that this drying should

be linked to the poleward expansion of the Hadley Circulation. In the lowlands farther east

from the Andes, the summertime monsoonal precipitation provides the water resources

that are projected to increase under the selected emissions pathways. The expected

changes in the analyzed components of the hydrological cycle would be strengthened

under the 2◦C warming level, particularly the decline of snow amount and surface runoff

in the Andes. The results of this study provide insights into the expected impacts of

the 1.5 and 2◦C warming levels in the CWA regional water resources, which may set

the stage for the new discussions of possible options to mitigate them at country and

regional levels.
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INTRODUCTION

Global warming is expected to cause widespread changes to
the terrestrial water cycle, as a result of variations in large-
scale circulation patterns. Changes like the narrowing of the
tropical rain belts, the variations in the monsoon systems,
the poleward expansion of the Hadley Circulation and its
consequent displacement of the extratropical storm tracks,
will likely exacerbate water scarcity in some regions and the
occurrence of flooding events in others (Byrne and Schneider,
2016; Deng et al., 2018; Ma et al., 2018; Markus et al., 2019;
Cook et al., 2020). In particular for the arid to semi-arid
regions of the world, the water availability for cities, energy
production and agriculture, among other activities, is facing
more recurrent reductions (Cai et al., 2012; Herrera-Pantoja
and Hiscock, 2015; Donnelly et al., 2017). This is the case
of Central-Western Argentina (CWA), a dry region where the
interplay between the complex topography and the atmospheric
circulation determines a wide range of hydroclimatic features
(Camisay et al., 2020). In terms of temperature, the CWA
region has experienced since the second half of the twentieth
Century a sustained increase in the annual mean temperatures,
particularly in the daily minimum temperatures, a reduction in
the occurrence of frost days, an increase in the frequency of
heat waves and a raising of the zero degree isotherm altitude
(Barros et al., 2015; Castex et al., 2015; Rusticucci et al., 2016;
Secretaría de Ambiente y Desarrollo Sustentable, 2019). In terms
of precipitation, positive trends in the annual rainfall, more
frequent extreme precipitation events and hail occurrences were
documented in the lowlands sector of the CWA region, where a
monsoonal precipitation regime dominates (Barros et al., 2015;
Castex et al., 2015; Rivera et al., 2020). Conversely, a sustained
precipitation decline is observed over the Andes mountains at
the CWA latitudes, where the Mediterranean-like climate faces
decreases in snow accumulation, glacier mass balance losses,
and streamflow droughts (Rivera et al., 2017; Masiokas et al.,
2020; Rivera and Arnould, 2020). The main socio-economic
activities over CWA, particularly along the Andean foothills, are
only possible through irrigation. The main water source for the
irrigated oases of the region depends on streamflow from the
main rivers of the region, which have a strong dependency on
snowmelt (Masiokas et al., 2006) and glaciermelt, mainly during
years with low snow accumulation (Crespo et al., 2020). Thus,
winter snow accumulation along the Andes plays a major role
in the water availability during summer months, with crucial
relevance for agriculture (Viale et al., 2018).

These observed changes in the precipitation patterns and its
implications for the hydrological cycle components it the CWA
region have been linked to changes in large-scale atmospheric
circulation induced by increased greenhouse gases (GHG)
emissions and ozone depletion (Staten et al., 2018; Villamayor
et al., 2019; Mindlin et al., 2020). In particular, the poleward
expansion of the Hadley Circulation has been attributed to
play a significant role in the observed long-term precipitation
decline along South-Western South America. The position of the
descending branch of the Hadley Circulation over the Southern
Hemisphere exhibited a trend to a poleward expansion of

between 0.2 and 0.5◦ latitude per decade during the last 40 years,
according to different metrics and reanalysis datasets (Staten
et al., 2018). This expansion was also identified through the
position of the semi-permanent South Pacific anticyclone, with
its southern rim reaching higher latitudes (Flores-Aqueveque
et al., 2020) and an increase in the sea level pressure along
its domain (Rivera and Arnould, 2020). These changes favored
the southern shift of the storm tracks, leading to precipitation
declines on seasonal and annual time scales.

Considering the future projections based on the Coupled
Model Intercomparison Project Phase 5 (CMIP5), most of
the available research over CWA focused on the use of
climate models forced under moderate to high representative
concentration pathways (RCP) emissions scenarios. For example,
by looking at the 2075–2099 period under the RCP8.5 scenario,
Cabré and Nuñez (2020) found a significant displacement
of winegrowing regions of western Argentina toward higher
altitudes closer to the Andes foothills. This is consistent with a
significant increase in temperatures in the whole CWA region,
affecting also the hydroclimate of the region through an early
snowmelt peak, a reduction in the albedo and projected glacier
mass balance losses (Barros et al., 2015; Zazulie et al., 2018; Hock
et al., 2019). The projected changes are strongly dependent on
the considered emissions scenario, with substantial differences
in the magnitude of the temperature and precipitation changes
depending upon the use of moderate emission scenarios as the
RCP4.5 or the high-emission scenario RCP8.5, particularly by
the end of the Twenty-first Century (Secretaría de Ambiente
y Desarrollo Sustentable., 2015). These differences highlights
the role of the mitigation strategies to reduce GHG emissions
and its associated impacts on the hydroclimate of the region,
playing a pivotal role in the socio-economic activities that are
dependent on surface runoff and groundwater. From a dynamical
perspective, Fahad et al. (2020) have identified a poleward
displacement and an increase in the intensity of the South Pacific
semi-permanent anticyclone for the second half of the Twenty-
first Century using a high emissions scenario. Thus, it is expected
that the mechanism favoring the precipitation decline along the
western portion of CWAmight continue over the next decades.

In order to significantly reduce the risk and impacts of
climate change, the 2015 Paris Agreement brought the United
Nations Framework Convention on Climate Change (UNFCCC)
member states to put forward actions to limit global warming
well below 2◦C above pre-industrial levels and to pursue further
efforts to limit the average temperature increase to 1.5◦C
compared to pre-industrial levels (United Nations Framework
Convention on Climate Change, 2015). To achieve the 2◦C
goal, the anthropogenic CO2 emissions eventually must cease,
including decarbonization options and a massive transformation
of the global energy system (Sanderson et al., 2016). For that
purpose, nations worldwide pledged emissions reductions and
agreed to periodically review these pledges to strengthen their
level of ambition (Santos Da Silva et al., 2019). These mitigation
alternatives are intended to be performed on the basis of equity,
and in the context of sustainable development and efforts
to eradicate poverty (Mba et al., 2018). Evaluations of the
possible options available in terms of mitigation policy and its
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implications for the Paris Agreement temperature goals have
been discussed extensively in the current scientific literature
(Schellnhuber et al., 2016; Schleussner et al., 2016; Robiou du
Pont et al., 2017; Larkin et al., 2018; Rogelj et al., 2018).

Global evaluations of the projected impacts of the 1.5 and 2◦C
goals have shown the potential advantages of limiting warming
to 1.5◦C, particularly considering ecosystems and human systems
(Hoegh-Guldberg et al., 2019). This kind of evaluation has been
performed at regional scales, showing a significant reduction in
regional and local climate risks as a consequence of limiting
the temperature increase to 1.5◦C (Mba et al., 2018; Nikulin
et al., 2018). In order to understand the impacts of climate
change generated by the 1.5 and 2◦C warming levels, we
investigate here the projected changes in the hydrological
cycle over the CWA region, considering the evaluation of
precipitation, runoff, snow cover and depth, snow amount, and
soil moisture. For this purpose, we selected a range of low
emissions shared socioeconomic pathways (SSPs, O’Neill et al.,
2016), using the IPSL-CM6A-LR model from the Coupled Model
Intercomparison Project Phase 6 (CMIP6). From a dynamical
perspective, we also evaluate the future changes in the position
of the Southern Hemisphere descending branch of the Hadley
Circulation under the selected warming levels. Considering the
dependence on scarce water resources for the development of
regional socio-economic activities over CWA, this study uses
the new generation of emission scenarios to provide insights
regarding the future hydroclimate of the region. We aim to
provide relevant information for scientific and governmental
plans under the Paris Agreement, analyzing the potential options
for mitigation both at regional and country levels.

METHODS

Study Area
The study area covers the CWA, a region located between the
Andes and the Pampas roughly between 30◦S and 37◦S and 64◦

to 70◦W, comprising the provinces of Mendoza, San Juan, San
Luis, the western portion of Córdoba province, the northern part
of Neuquén and La Pampa provinces, and the southern part of
La Rioja province (Figure 1). This region is characterized by a
strong influence of topography on the regional and local climate
(Viale et al., 2019). Two distinct sub-regions can be differentiated
in terms of precipitation seasonality, the Andes mountains and
the Lowlands. This sector of the Andes range is characterized by
a narrow width (<200 km), a north-south orientation centered
at 70◦W, and a mean elevations of ∼4,500m with peaks that
can exceed 6,000m.a.s.l. (Garreaud, 2009). The precipitation over
this mountainous region has a Mediterranean regime (Viale and
Nuñez, 2011), with precipitation concentrated mostly during
the cold season (April to September) and a dry warm season
(October to March) in response to the seasonal displacement
of the Southeastern Pacific High (Rivera et al., 2017). On the
other hand, the Lowlands region is characterized by a monsoonal
precipitation regime, with a more marked seasonality near the
Andean foothills (Doyle, 2020). Due to the marked rain shadow
effect, the climate in the Lowlands is arid to semi-arid in the west
and sub-humid in the east, with convective warm-season rainfalls

FIGURE 1 | Study area with the delimitation of the main regions analyzed

(Andes and Lowlands) and the provinces included in the CWA. CBA, Córdoba;

LP, La Pampa; LR, La Rioja; MDZ, Mendoza; NQN, Neuquén; SJ, San Juan;

SL, San Luis. The dashed line divides the Eastern and Western portions of the

Lowlands region.

favored bymoist air masses from the Amazon and Atlantic basins
(Garbarini et al., 2019; Viale et al., 2019; Camisay et al., 2020).
The agroindustrial activities depend mainly on grape and olive
production on the plains near the Andes (Cabré and Nuñez,
2020), while cattle production and crops as peanuts, maize and
soybean are more relevant in the eastern portion of CWA (east
of 67◦W).

Long-term surface observations have showed negative
precipitation trends along the Andes region (Rivera and
Arnould, 2020), which favored a sustained glacier mass loss over
the higher elevations of the Andes ranges (Dussaillant et al.,
2019), and positive precipitation trends over the Lowlands region
(Maenza et al., 2017; Rivera and Arnould, 2020). The interannual
rainfall variability over the whole CWA region has been partially
attributed to El Niño-Southern Oscillation (ENSO), with El Niño
events favoring positive precipitation anomalies (both snow
and rainfall) and La Niña events accounting for precipitation
deficits, although with spatial heterogeneity (Masiokas et al.,
2006; Penalba and Rivera, 2016; Hurtado and Agosta, 2020).

Reference Data for the IPSL-CM6A-LR
Model Validation
For the validation of the precipitation and temperature data from
the IPSL-CM6A-LR model outputs we used records from the
Climatic Research Unit (CRU) Time-Series (TS) version 4.04
(Harris et al., 2020) as reference in the comparison. The CRU
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dataset covers the period 1901–2019 with a 0.5◦ × 0.5◦ spatial
resolution, and provides monthly grid land-based observations
derived from archives of meteorological stations from national
meteorological services and other external agencies. For the
validation of the remaining variables (runoff, snow cover, and
depth), including also precipitation and temperature, we used
data from the ERA5-Land product (Hersbach et al., 2020),
which spans the period 1981–2020 at 0.1◦ × 0.1◦ horizontal
resolution. Despite the availability of observations for runoff,
snow cover and snow depth over the region, we decided to use
the gridded ERA5-Land outputs given the difficulty to compare
between variables measured at hydrometeorological stations with
variables averaged spatially over a grid square.

IPSL-CM6A-LR Model Data
The IPSL-CM6A-LR global climate model was developed at the
Institut Pierre-Simon Laplace (IPSL) to study natural climate
variability and climate response to natural and anthropogenic
forcings (Boucher et al., 2020). The previous version of the model
(IPSL-CM5A-MR) was found to be the best model among 24
climate models from the CMIP5 in representing the regional
present-climate over the study area (Cabré and Nuñez, 2020).
Moreover, the IPSL-CM6A-LR showed a good representation
of precipitation patterns and long-term trends considering the
CMIP6 historical runs over the CWA, with a significant pattern
correlation coefficient (PCC = 0.55, p < 0.05) between the
observed and the simulated fields of precipitation trends over
Southwestern South America during 1901–2014 as a result of
increases in the regional sea level pressure pattern (Rivera
and Arnould, 2020). Significant improvements in the model
climatology (particularly for temperature and precipitation) were
documented compared to previous model versions, a factor that
is particularly linked to the new version of the atmospheric
component of the model (Boucher et al., 2020; Hourdin et al.,
2020). The horizontal resolution of the model is 2.5◦ × 2.5◦.

In order to achieve the objectives of this research, we used a
combination of the IPSL-CM6A-LR historical runs and future
projections. The historical simulations are forced with estimates
of natural (e.g., volcanic eruptions, solar, and orbital variability)
and anthropogenic (e.g., greenhouse gas emissions, aerosols,
land use change) climate forcings to simulate climate change
and variability over the period covered by the observational
record (Cook et al., 2020). Following the CMIP6 protocol,
these simulations cover the 1850–2014 period for the IPSL-
CM6A-LR model. We selected 10 out of 32 simulations for the
characterization of past climate variations over the study area,
in order to reduce computational costs and considering the lack
of sensitivity to the choice of the members (Boucher et al.,
2020). These simulations differ slightly in their atmospheric and
oceanic conditions at the beginning of the model runs. Following
the evaluation performed by Rivera and Arnould (2020), these
model runs were regridded to 1◦ × 1◦ resolution using bilinear
interpolation, which led to consider 14 grid points over the
Andes region and 35 grid points over the Lowlands. The model
ensemble was calculated as the average of the 10 selected runs.

We used a set of low emissions scenarios from the new
ScenarioMIP pathways of future emissions (O’Neill et al., 2016).

In this sense, we considered the updated version of the RCP2.6
(SSP1-2.6), which represents a low end of the range of future
forcing pathways and will produce a multi-model mean of <2◦C
warming by 2100. Additionally, we used the SSP1-1.9 scenario,
which represents the very low end of the range of scenarios in the
literature, generated from the policy interest for scenarios that
would inform a possible goal of limiting global mean warming to
1.5◦C above pre-industrial levels (James et al., 2017). Thus, SSP1-
1.9 and SSP1-2.6 pathways are expected to provide information
relative to limit global warming to 1.5 and 2◦C, respectively.
Finally, we also analyzed the SSP4-3.4, which fills the gap at the
low end of the range of future forcing pathways, reaching 3.4W
m−2 by 2,100 and a temperature increase slightly above 2◦C
with respect to pre-industrial levels. The three selected scenarios
show the lowest levels of CO2 concentration and temperature
change by the end of the Twenty-first Century (O’Neill et al.,
2016). The IPSL-CM6A-LR has 6 runs for the SSP1-1.9 and
SSP1-2.6 scenarios, while only 2 runs are available for the SSP4-
3.4. Compared to the total set of scenarios, the selected ones
received less attention in the climate modeling community when
compared with, for example, the scenarios SSP2-4.5 or SSP5-
8.5 (updates of the RCP4.5 and RCP8.5, respectively). Following
the procedure performed for the historical runs, the future
projections were regridded to 1 × 1◦ horizontal resolution and
the model ensemble was calculated as the average of the model
runs for the three selected scenarios.

From the selected model runs, we assessed the projected
changes in near-surface temperature over the study area (see
Warming levels section). Moreover, we selected the following
variables in order to evaluate the projected changes in the
hydrological cycle over the study area considering different
warming levels: precipitation (pr), total soil moisture content
(mrso), total surface runoff (mrros), total runoff (mrro), snow
area percentage (snc), snow depth (snd), and surface snow
amount (snw). Table 1 provides information relative to the
selected variables. The changes in the snow related variables
were calculated only for the period with significant snow
accumulation, i.e., from May to October (Masiokas et al., 2006;
Figure 2D).

Warming Levels
To investigate the future changes in the hydroclimate of CWA
considering the targets of the Paris Agreement, we calculated
the periods for which the predefined near-surface temperature
anomalies of 1.5 and 2◦C relative to pre-industrial levels are
reached. For this purpose, several definitions are available in
the recent literature, typically starting with some pre-industrial
baseline period, an averaged window period, the calculation
of the anomalies relative to the baseline period and the
identification of the year when the warming levels are reached
(James et al., 2017; Nikulin et al., 2018). Firstly, considering that
the rate of warming is amplified with elevation (Rangwala et al.,
2013; Pepin et al., 2015; Zazulie et al., 2018), it is expected that
high-mountain environments (Andes region) will warm faster
than environments at lower elevations (Lowlands region), and
so we calculated separately the regional warming levels for these
two sub-domains. The pre-industrial period is defined as the
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TABLE 1 | Description of the variables of the IPSL-CM6A-LR model analyzed for the evaluation of the changes in the hydrological cycle over the CWA.

Variable name Long name Units Description

tas Near-surface air

temperature

◦C Near-surface (usually, 2 meter) air temperature

pr Precipitation mm month−1 Precipitation at surface; includes both liquid and solid phases from all types

of clouds (both large-scale and convective)

mrso Total soil moisture

content

kg m−2 The mass per unit area (summed over all soil layers) of water in all phases

mrros Surface runoff mm month−1 The total surface runoff leaving the land portion of the grid cell (excluding

drainage through the base of the soil model)

mrro Total runoff mm month−1 The total runoff (including drainage through the base of the soil model) per

unit area leaving the land portion of the grid cell

snc Snow area percentage % Fraction of each grid cell that is occupied by snow that rests on land portion

of cell.

snd Snow depth m Computed as the mean thickness of snow in the land portion of the grid cell

(averaging over the entire land portion, including the snow-free fraction)

snw Surface snow amount kg m−2 Computed as the mass of surface snow on the land portion of the grid cell

divided by the land area in the grid cell

multi-century period prior to the onset of large-scale industrial
activity around 1,750 (IPCC, 2018). Hawkins et al. (2017) showed
that the 1720–1800 period is the most suitable to be defined
as pre-industrial in physical terms, although the 1850–1900
period provided a reasonable approximation. For this study,
we selected the 1861–1890 period as an approximation of pre-
industrial conditions, in line with the choices of others previous
research (Kjellström et al., 2018; Mba et al., 2018). Each of the
simulated regional warming time series was smoothed with a 30-
year moving average filter. A warming level is reached by the first
time when the central year of the 30-year moving average is above
1.5 or 2◦C compared to the pre-industrial baseline. A control
period 1981–2010 was selected to compare the future changes
in the analyzed variables, calculating differences among 30-year
periods. While several studies opted to show projected changes
compared to pre-industrial periods, thus describing the full
scale of changes resulting from anthropogenic forcing (Neukom
et al., 2015; Mba et al., 2018; Cook et al., 2020), the expected
changes from this comparison would be much larger than those
computed relative to the 1981–2010 control period and this can
be misinterpreted by policymakers. It must be noted that a small
overlap between the control and 1.5◦C periods is present only for
the Andes region (see Results). The control period was also used
as reference for the validation of the model outputs.

RESULTS

Evaluation of IPSL-CM6A-LR Model
Performance: 1981–2010
As first step, we performed a comparison between the reference
datasets (CRU TS 4.04 and ERA5-Land) and the IPSL-CM6A-
LR model outputs, considering the most relevant variables
(pr, tas, snc, snd, and mrros). These variables were averaged
over the Andes and Lowlands domains (Figure 1) and its
annual cycles computed over the control period were compared
among the selected datasets. In general, there is a good
representation of the seasonality of precipitation, snow cover,

and depth and runoff over the Andes domain, highlighting
the ability of the IPSL-CM6A-LR model to represent the
Mediterranean regime, as well as the monsoonal summer
precipitation regime over the Lowlands domain (Figure 2).
The simulated precipitation by the IPSL-CM6A-LR model
agrees better with ERA5-Land than with CRU TS 4.04
dataset in both sub-domains, which might be linked to the
limited amount of observations over CWA that are used as
input for the CRU TS 4.04 database (Rivera and Arnould,
2020). Over the Andes, the IPSL-CM6A-LR model shows
an underestimation of precipitation between September and
April and an overestimation during austral winter (Figure 2A),
compared to the ERA5-Land dataset. This overestimation was
previously shown not only for the IPSL model but also for other
models of CMIP5 and CMIP6 (Zazulie et al., 2017; Rivera and
Arnould, 2020).

In terms of temperature, differences between the model
outputs and the CRU TS 4.04 and ERA5-Land are evident
over the Andes domain, particularly between October and
April. Thus, there is a good agreement between model outputs
and observation datasets between May and September, but
for the summertime months there is an underestimation
or overestimation considering as reference the ERA5-Land
or the CRU TS 4.04 datasets, respectively (Figure 2B). The
comparison between ERA5-Land and IPSL-CM6A-LR in terms
of surface runoff, snow cover, and snow depth generally shows
an underestimation from the model outputs (Figures 2C–E).
Nevertheless, caution should be taken considering that these
variables depend on the size of the grid cells. Over the Lowlands
region, differences between CRU TS 4.04 and ERA5-Land are
observed in terms of precipitation, although with a similar annual
cycle. The IPSL-CM6A-LR shows a better agreement with the
ERA5-Land precipitation, although matching the CRU TS 4.04
records between May and September (Figure 2F). In terms of
temperature, there is a good agreement between the model
outputs and the observations over the Lowlands, although a cold
bias is verified during austral spring (Figure 2G).
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FIGURE 2 | Annual cycle of the variables considered for the validation of the IPSL-CM6A-LR model runs over the 1981–2010 control period. (A–E) Show the annual

cycle over the Andes domain, while (F,G) show the annual cycle over the Lowlands. The black lines represent the model ensemble mean considering the 10 historical

runs selected, the blue lines represent the annual cycle obtained through the CRU TS 4.04 database, the green lines show the variables obtained through ERA5-Land

reanalysis. The gray shading indicates the 5 and 95% quantiles derived from the dispersion of the historical runs. (A) pr (mm), (B) tas (◦C), (C) mrros (the depth in mm

the water would have if it were spread evenly over the grid box), (D) snc (the fraction of the cell in % occupied by snow), (E) snd (m), (F) pr (mm), and (G) tas (◦C).
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Timing for Reaching 1.5 and 2◦C Above
Pre-industrial Conditions
From the methodology described in the Warming levels section,
we obtained six time series of 30-year window temperature
anomalies relative to the pre-industrial baseline; for each scenario
(SSP1-1.9; SSP1-2.6; and SSP4-3.4) and region (Andes and
Lowlands). Considering the limited number of runs for the SSP4-
3.4 pathway, a factor that can increase the uncertainty in the
determination of the year when temperatures are expected to
reach the selected warming levels, we only show in Figure 3 the
temperature anomalies for the SSP1-1.9 and SSP1-2.6 pathways.
The historical runs show that the Andes region has been
warming faster than the Lowlands, as expected from previous
research considering the Andes (Zazulie et al., 2018) and other
mountainous regions as the Himalayas or the Rocky Mountains
(Rangwala et al., 2013). Some of the proposed mechanisms for
elevation-dependent warming were related to factors that affect
the net flux of radiation at the surface such as albedo, clouds,
water vapor, aerosols, and their feedback mechanisms (Pepin
et al., 2015). In this sense, Zazulie et al. (2018) showed a strong
projected reduction in the winter albedo for elevated areas of
the Central Andes, a factor that is expected to increase the
surface absorption of solar radiation owing to a reduced snow
cover (Rangwala et al., 2013). These factors contribute to the
anticipated timing of 1.5 and 2◦C regional warming levels in
the Andes region with respect to the results from the Lowlands
region. The estimated year to reach the warming level of 1.5◦C in
the Andes region is 2020 (2006–2035) under the SSP1-1.9 and
SSP1-2.6 scenarios and 2019 (2005–2034) under the SSP4-3.4
scenario. The samewarming level will be reached in the Lowlands
region during 2035 (2021–2050) under the SSP1-1.9 scenario;
2036 (2022–2051) under the SSP1-2.6 scenario; and 2032 (2018–
2047) under the SSP4-3.4 scenario. These results are in line with
the projected time for reaching the 1.5◦C global warming level
between 2030 and 2052 at the current observed warming rate
(IPCC, 2018). Thus, a difference of approximately 15 years for
the 1.5◦C target results from the differential warming between
the Andes and the Lowlands. One reason for policy concern is the
fact that, even considering the lowest emission scenarios available
in the scientific community, the IPSL-CM6A-LR model shows
that the warming level of 1.5◦C will be reached before 2050 in
the whole CWA region. Efforts to pursue the most aggressive
mitigation scenario (SSP1-1.9) will be translated in a temperature
overshoot around 2050, returning to values below the 2◦C level in
the case of the Andes region and below 1.5◦C in the case of the
Lowlands region (Figure 3).

Considering the warming level of 2◦C, only the SSP4-3.4
project that the Lowlands region will reach this level during
2064 (2050–2079), with the most aggressive mitigation scenarios
limiting the regional warming below 2◦C (Figure 3). However,
the simulations for the Andes region will reach the 2◦C
warming level in all the scenarios considered: 2042 (2028–2057)
under SSP1-1.9; 2038 (2024–2053) under SSP1-2.6; and 2035
(2021–2050) under SSP4-3.4. These results show that increasing
mitigation actions will translate to a delay in the zero emission
year (de la Fuente et al., 2017) over the CWA.

Changes in the Water Cycle Components
at 1.5 and 2◦C Warming Levels
Once the 30-year periods were defined for each warming level,
region and scenario, we assessed the projected changes in
several variables related to the hydrological cycle of the CWA
relative to the control (1981–2010) period. Figure 4 shows a
comparison of the projected changes in annual total precipitation
for a warming level of 1.5◦C considering the scenarios SSP1-1.9
and SSP1-2.6. It must be noted that the Lowlands region was
divided into two sub-domains: its Eastern and Western portions.
This decision was made considering the spatial gradient of the
expected changes in precipitation (Cabré and Nuñez, 2020), the
observed trends over the last Century (Díaz et al., 2020; Rivera
and Arnould, 2020), and the differences in the precipitation
seasonality, which is more marked in the Eastern Lowlands than
in the Western Lowlands (Doyle, 2020). The projected changes
in annual total precipitation exhibit an east-west gradient,
with increases in the Eastern Lowlands and decreases over
the Andes region; although the uncertainties in the results are
high due to the dispersion in the model simulations (Figure 4).
A similar spatial pattern of future precipitation changes was
found by Cabré and Nuñez (2020) using RCP4.5 and RCP8.5
scenarios. Comparing the median values of the simulations, the
transitional Western Lowlands region is expected to experience
a slight reduction in annual precipitation under the SSP1-1.9
scenario but a slight increase under the SSP1-2.6 and SSP4-3.4
scenarios. The projected increase in annual precipitation over
the Eastern Lowlands will be even higher considering the SSP4-
3.4 scenario, suggesting the role of GHGs concentrations in the
circulation patterns favoring a wetting trend over Southeastern
South America, particularly during the austral summer (Zazulie
et al., 2018; Cook et al., 2020). The expected decrease in
precipitation over the Andes region is not dependent on the
selected scenario and has less uncertainties than the projected
changes in the Lowlands.

The expected decline in precipitation and increase in
temperature over the Andes will have undoubtedly a strong
impact on the projected changes in snowpack characteristics.
Figure 5 shows the projected changes in snow area percentage
and in snow depth considering the 1.5 and 2◦C warming levels
and the three selected scenarios. Most of the simulations show
future decreases in the snow area percentage of about 10–15%
considering the 1.5◦C warming level, regardless of the selected
scenario, a factor associated with the similar timing of the
warming level. A half-degree temperature increment translates
into an additional 10% decrease in snow area percentage over
the Andes region, with some model runs exceeding losses of
30% relative to 1981–2010 (Figure 5). Regarding snow depth,
the projected decreases for the 1.5◦C warming level are expected
to be between 15 and 25%, although there is a large dispersion
among the model runs. The 2◦C warming level is projected to
generate a decline in snow depth of about 25 to 35% relative
to the control period, with the most relevant changes linked to
the SSP1-1.9 scenario. Even considering the large uncertainties
represented by the model spread, the influence of the forcing
pathways generates a consistent regional response in terms of
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FIGURE 3 | Near-surface air temperature (tas) anomaly time series relative to the 1861-1890 pre-industrial baseline for the Andes (left panels) and Lowlands (right

panels) regions and for the SSP1-1.9 (upper panels) and SSP1-2.6 (lower panels) scenarios from the IPSL-CM6A-LR runs. The dark gray lines show the series from

the historical model ensemble; while the blue and orange lines continue the series using the model ensemble from the future projections under the SSP1-1.9 and

SSP1-2.6 scenarios, respectively. The gray and light blue shading indicates the 5 and 95% quantiles derived from the dispersion of the historical runs (1850–2014)

and future runs (2015–2100), respectively. The thick black line shows the 30-year moving average. The horizontal dashed lines indicate the 1.5 and 2◦C thresholds,

while the vertical lines show the year when the simulations reach the defined increases in temperature.

reduction of snow area extent and snow depth as a function of
temperature increase and precipitation decline over the Andes.

The temporal evolution of the changes in surface snow
amount relative to the 1981–2010 control period is shown in
Figure 6. The historical period is mostly characterized with
positive anomalies in the snow amount, particularly during the
pre-industrial period, although with large dispersion between
the model simulations and increments relative to the control
period that can exceed 200%. A marked decline in snow amount
is observed during the last years of the simulated historical
runs, a factor that can be linked to the more pronounced
increase in temperature along the Andes (Figure 3) but also to
the declining trends in observed precipitation (Boisier et al.,
2016). The projections for the Twenty-first Century show a pre-
dominance of negative anomalies in the snow amount relative to
1981–2010 (Figure 6). Mean decreases from around 19 to 23%
are projected for the 1.5◦C warming level, depending on the
forcing pathway considered, while the 2◦C warming level shows
a decline of about 26 to 34% in the snow amount. An apparent

recovery can be observed considering the model ensemble under
the SSP1-1.9 scenario during the last decades of the Twenty-first
Century, a result likely related to a return to lower temperatures
after 2050 as a result of mitigation actions (Figure 3). Large
interannual variability is observed considering the ensemble of
SSP4-3.4 runs given the limited number of available model runs,
making uncertain the expected changes in snow amount under
this scenario. Therefore, changes in the snow characteristics
along the Andes region will likely exacerbate the recent glacier
mass losses (Dussaillant et al., 2019) in the next 30 years.

The snowpack accumulated in the Andes region is the main
water source of the major rivers of the CWA (Masiokas et al.,
2006). Thus, it is expected that the projected decline in snow
characteristics will have an impact on regional runoff. Figure 7
shows the projected changes in total runoff over the Andes
region, for the selected warming levels and scenarios. The
majority of the model runs show median decreases between
5 and 15%, although with large dispersion indicated by the
interquartile values between 0 and −20% and even some model
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FIGURE 4 | Boxplot of the projected changes in annual precipitation (pr) for the warming level of 1.5◦C, expressed as the percentage of change relative to the

1981–2010 baseline period, over the Andes and Lowlands domains. The Lowlands region was divided into its Eastern and Western parts for a more detailed

description of the expected changes in precipitation. The left (right) panel shows the projected changes considering the SSP1-1.9 (SSP1-2.6) scenario when the

temperature anomaly reaches 1.5◦C above preindustrial levels. Each boxplot shows the median and first and third quartiles, while the whiskers extend to the data

values that are 1.5 times the interquartile range above or below the quartiles.

runs projecting total runoff increases. To determine if this
projected increase would be related to increased glacier melt
contribution to groundwater runoff is beyond the scope of
this study, but could be explored using a combination between
downscaled model projections to run hydrological models at the
basin scale, as performed by Bozkurt et al. (2018, 2019) and
Omani et al. (2016). However, the sign of the expected changes
for most of the simulations is in line with the projected changes
in snow characteristics, temperature and precipitation along the
Andes, as shown previously. The largest decreases in total runoff
are projected under the SSP1-1.9 and SSP1-2.6 scenarios for the
2◦C warming level (Figure 7).

Figure 8 further illustrates the temporal evolution of the
surface runoff changes relative to the 1981–2010 control period,
considering the historical runs and the scenario runs for
the 1850–2100 period. Similar to what was found for the
snow amount over the Andes region, a period with pre-
dominant positive runoff anomalies was simulated between
1850 and 1950, with more variable signs between 1950 and
2000 and predominantly negative afterward, although with
large interannual variability (Figure 8). Considering the SSP1-1.9
scenario, the average of the projected decreases for the warming
levels of 1.5 and 2◦C relative to 1981–2010 will be between
8 and 16%, respectively. Similar changes are expected under
the SSP1-2.6 scenario, with decreases ranging from 10 to 16%,
while the SSP4-3.4 scenario project decreases in surface runoff
between 9 and 15%.

An opposite behavior in the projected changes in runoff is
observed for the eastern portion of the CWA, where the increases
in precipitation for the warming levels of 1.5 and 2◦C translate to
increases in both total and surface runoff. In this sense, projected
increases in surface runoff range from 18 to 30% (16 to 34%)

following the SSP1-1.9 scenario (SSP1-2.6 scenario). The east-
west spatial gradient in runoff changes was also found by Cook
et al. (2020), with higher contrast in the sign of the regional
changes considering high emissions scenarios.

In the Western Lowlands, agriculture is a key activity that
is only possible through irrigation (Montaña et al., 2016).
Large artificial oases are located in the region, with vineyards,
olives, and fruit trees being the main crops (Contreras et al.,
2011). A large fraction of the water used for irrigation is
generated through snowmelt (Massone et al., 2016), with a future
contribution that will be determined by the projected increases
in temperature and decreases in snow amount. Moreover, the
projected changes in precipitation over the Western Lowlands
have large uncertainty in their sign (Figure 3), making more
complicated the quantification of future water availability for
agricultural purposes. One key variable for agriculture is soil
moisture, which is likely connected to increases in evaporative
demand mediated by vegetation responses and water use
(Cook et al., 2020). In this sense, we evaluated the projected
changes in total soil moisture content in particular along
the Western Lowlands, considering the 1.5 and 2◦C warming
levels relative to the control period. The projected changes
are expected to be relatively small, with large uncertainty
given the range of changes among the model simulations, but
with the majority of the projected runs indicating a decrease
of ∼2% for the 1.5◦C warming level under the SSP1-1.9
and SSP1-2.6 scenarios (Supplementary Figure 1). Considering
the Eastern Lowlands, the uncertainty in the sign of the
projected differences between the 1.5◦C warming level and
the 1981–2010 control period is also high, although positive
changes are mostly expected in response to the projected
precipitation increases. This result can be beneficial for rainfed
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FIGURE 5 | Boxplot of the projected changes in snow area percentage (snc, upper panel) and snow depth (snd, lower panel), expressed as the percentage of change

relative to the 1981–2010 baseline period, over the Andes domain. The changes are based on the periods where the temperature anomaly is projected to reach 1.5

and 2◦C above preindustrial levels, considering the SSP1-1.9, SSP1-2.6, and SSP4-3.4 scenarios. Each boxplot shows the median and first and third quartiles, while

the whiskers extend to the data values that are 1.5 times the interquartile range above or below the quartiles. Outliers are represented by asterisks.

agriculture given the potential decrease in the irrigation
demands over the region. However, the projected agricultural
expansion can generate greater water use, highlighting the
role of human-modified systems in the uncertainty of future
water resources.

Hadley Circulation Expansion as a Driver of
the Future Andean Hydroclimate
From a dynamical perspective, one of the main drivers of
the long-term precipitation decline along Southwestern South
America can be related to the poleward expansion of the Hadley
Circulation (Cai et al., 2012; Rivera and Arnould, 2020). This

is associated to an increase in sea level pressure (SLP) along
the subtropical Southeast Pacific Ocean, which is adequately
captured by the IPSL-CM6A-LR model (Rivera and Arnould,
2020), and also in the atmospheric pressure at middle levels of
the troposphere (Garreaud et al., 2020). This expansion may
have also favored the southward shift of the storm tracks and
the consequent decline in seasonal and annual precipitation over
the Andes region. Possible causes behind this tropical expansion
were attributed mainly to increased GHG emissions and ozone
depletion effects and, to a lesser extent, to internal climate
variability (Staten et al., 2018; Villamayor et al., 2019; Mindlin
et al., 2020).
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FIGURE 6 | Mean annual variations in surface snow amount (snw) over the Andes region, considering historical (1850–2014) and future (2015–2100) runs of the

IPSL-CM6A-LR model, expressed as the percentage of change relative to the 1981–2010 baseline period. The black line represents the ensemble mean for the

historical runs, the shading in gray indicates the 5 and 95% quantiles across the historical model runs. The blue, orange, and red lines show the ensemble mean of the

future surface runoff projections considering the SSP1-1.9, SSP1-2.6, and SSP4-3.4 scenarios, respectively. The light-blue shading indicates the 5 and 95% quantiles

across the future runs.

FIGURE 7 | Boxplot of the projected changes in total runoff (mrro), expressed as the percentage of change relative to the 1981–2010 baseline period, over the Andes

domain. The changes are based on the periods where the temperature anomaly is projected to reach 1.5 and 2◦C above preindustrial levels, considering the

SSP1-1.9, SSP1-2.6, and SSP4-3.4 scenarios. Each boxplot shows the median and first and third quartiles, while the whiskers extend to the data values that are 1.5

times the interquartile range above or below the quartiles. Outliers are represented by asterisks.

For the evaluation of the projected expansion of the Hadley
Circulation under the 1.5 and 2◦C warming levels, we calculated
two widely used metrics of the position of the Hadley Circulation
edge. One is the UAS metric, defined as the subtropical latitude
where the zonal-mean near-surface zonal wind switches sign
from tropical easterlies to midlatitude westerlies (Davis and
Birner, 2017), and the other is the SLP metric, defined as the
latitude of the subtropical sea-level pressure maximum (Choi

et al., 2014). For its calculation we used the simulated sea level
pressure and eastward near-surface wind from the IPSL-CM6A-
LR model for the historical runs (1850–2014) and the future
projections (2015–2100) forced under the SSP1-1.9; SSP1-2.6;
and SSP4-3.4 emission scenarios. Both metrics closely capture
the variability in the zero-crossing latitude of the 500 hPa mass
streamfunction (Ψ 500)–the conventional, dynamical definition
of the Hadley cell edge (Waugh et al., 2018; Staten et al.,
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FIGURE 8 | Mean annual variations in surface runoff (mrros) over the Andes region, considering historical (1850–2014) and future (2015–2100) runs of the

IPSL-CM6A-LR model, expressed as the percentage of change relative to the 1981–2010 baseline period. The black line represents the ensemble mean for the

historical runs, the shading in gray indicates the 5 and 95% quantiles across the historical model runs. The blue, orange, and red lines show the ensemble mean of the

future surface runoff projections considering the SSP1-1.9, SSP1-2.6, and SSP4-3.4 scenarios, respectively. The light-blue shading indicates the 5 and 95% quantiles

across the future runs.

2020)–considering reanalyses and models (Solomon et al., 2016;
Davis and Birner, 2017; Waugh et al., 2018). The metrics were
calculated using the Tropical-width Diagnostics (TropD) code
package (Adam et al., 2018) applied to the zonally and time
average wind field (Grise and Davis, 2020).

Figure 9 shows the projected changes in the poleward
expansion of the Hadley Circulation based on the SLP and
UAS metrics for the periods when the temperature anomaly is
projected to reach 1.5 and 2◦C above preindustrial levels along
the Andes region with respect to the 1981–2010 baseline. In
general, all the model runs show a poleward expansion of the
Hadley Circulation, a factor that is consistent with the expected
decline in snow characteristics, runoff and precipitation over
the region. The interquartile range shows expansions between
0.1 and 0.3◦ latitude for the SSP1-1.9 and between 0.1 and 0.4◦

latitude for the SSP1-2.6 (Figure 9), consistent with an increase
in CO2 levels. Even when both metrics are highly correlated,
the UAS tends to project an expansion larger than the obtained
through the SLP under both scenarios, with both metrics
showing a far southward position of the Hadley Circulation edge
considering the warming level of 2◦C compared to the position
at the level of 1.5◦C.

DISCUSSION

This work provides an evaluation of the projected changes in
several components of the hydrological cycle along the CWA
using a set of scenarios characterized by low emissions pathway,
with the objective to provide insights of the expected impacts
generated by 1.5 or 2◦C warming levels. These levels arise
from the Paris Agreement, where nations committed to mitigate

and reduce GHG emissions in order to limit the impacts of
global warming. In this sense, we expect that the outcomes
of this study can motivate national to sub-national mitigation
measures in order to increase the efforts for substantial and
rapid decarbonisation.

In the case of Argentina, the intended Nationally Determined
Contribution (NDC) of the country had an unconditional GHG
emissions reduction of 15% by 2030 compared to a business as
usual (BAU) projection, with an additional reduction of 15%
conditioned to international financial support (Dash and Gim,
2019). With the ratification of the Paris Agreement in 2016,
Argentina presented a revised NDCwith a more ambitious target
of 18% reduction in all GHGs below BAU for 2030, not exceeding
the net emission of 483 MtCO2e (Santos Da Silva et al., 2019).
The revised conditional target increased to a reduction of 37% by
2030. Nevertheless, these expected reductions are far from being
fair and ambitious to achieve the Paris Agreement goals (Robiou
du Pont et al., 2017), with one of the lowest targets of GHG
emissions reduction of Latin America (Santos Da Silva et al.,
2019) and requiring further actions to meet the NDC (den Elzen
et al., 2019). All the Parties are expected to communicate new or
updated NDCs by 2020, in line with more ambitious mitigation
and adaptation policies (Farinosi et al., 2020).

In order to implement the NDC by 2030, the National
Climate Change Cabinet of Argentina provides the framework
for the creation of climate change sectorial plans, which are
part of the National Climate Change Adaptation and Mitigation
Plan (Secretaría de Ambiente y Desarrollo Sustentable, 2019).
The sectorial distribution of the National GHG inventory
is dominated by energy and agriculture. To cope with the
unconditional reduction in GHG emissions, the country will
need to increase the energy efficiency by reducing the energy
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FIGURE 9 | Boxplot of the projected southward expansion of the Hadley Circulation based on the SLP and UAS metrics, expressed as the change in the latitude of

the Hadley Circulation edge over the periods where the temperature anomaly is projected to reach 1.5 and 2◦C above preindustrial levels along the Andes region

compared to the 1981–2010 baseline. Each boxplot shows the median and first and third quartiles, while the whiskers extend to the data values that are 1.5 times the

interquartile range above or below the quartiles. Outliers are represented by asterisks.

FIGURE 10 | Conceptual diagram summarizing the expected changes in the hydroclimate of the CWA. Upward and downward arrows show positive and negative

changes in the water cycle components for the selected warming levels, respectively. The combination of upward and downward arrows reflects the uncertainty in the

expected changes.
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intensity to more than 2% annually, together with an increase
in the proportion of renewable energy (Cervantes-Bravo et al.,
2017). The national Government has established targets for
the energy policy, with 10,000 MW of renewable energy by
2025 representing 20% of the national electricity consumption
(Arango-Aramburo et al., 2020). An examination of the historical
development of renewable energy policy regime in Argentina
showed that the policy density–the extent to which a certain
policy area is covered by governmental activities– ranked among
the lowest compared to Brazil, Canada, Mexico and USA, while
the policy intensity–the strength the policy has toward meeting
specific goals–showed one of the highest scores (Pischke et al.,
2019). There is limited growth prospect in nuclear capacity for
Argentina (Santos Da Silva et al., 2019), although some deep
decarbonization pathways project an increase in the electricity
generation through nuclear power in 2050 (Bataille et al., 2020).
The CWA has the potential to provide solar and wind energy as
part of this transition to a higher proportion of renewables in the
near future. The installed solar and wind capacity of the country
is well below the capacity from other countries as Brazil, Chile or
Uruguay (Arango-Aramburo et al., 2020). The reader can refer to
Wilcox et al. (2020) to know about possible technological options
for climate change mitigation to address the goals of the Paris
Agreement and effectively limiting global warming.

Our results show that the timing for the analyzed warming
levels will depend on the emissions pathways considered. Heavily
mitigated emissions as in the SSP1-1.9 scenario will led to a
delay in the emergence of the 2◦C warming level in the Andes
region, also avoiding Lowlands region temperature to reach this
level. Lowering the efforts for effective mitigation, as seen under
the SSP1-2.6 and SSP4-3.4 pathways, will increase the chance
for anticipated emergence of the warming levels over the Andes
region, even with the possibility of reaching the 2◦C target
along the Lowlands region before 2100. Nevertheless, we need to
consider the inertia and internal variability of the climate system,
factors that are expected to delay the emergence of a discernible
response to strong, sustained mitigation (IPCC, 2018; Samset
et al., 2020).

The expected changes in the water cycle are characterized
by a heterogeneous spatial response to the warming levels, as
summarized in Figure 10. As previously shown using long-
term observations (Díaz et al., 2020; Rivera and Arnould,
2020) the Andes disrupts the precipitation patterns creating
significant west-east asymmetries and gradients, with decreases
in precipitation in the Andes region–particularly south of 35◦S–
and increases in precipitation east of the Andes foothills. The
most relevant precipitation declines over the Andes are projected
south of 35◦S showing a dependency on future scenarios, with
higher decreases in precipitation (Zazulie et al., 2018) and
increased drought frequency and severity under high emissions
scenarios (Spinoni et al., 2020). These spatial features are
expected to continue in the future under the selected warming
levels, with decreases in precipitation along the Andes region and
increases particularly over the Eastern Lowlands relative to the
1981–2010 control period. The Western Lowlands constitute a
transitional region where uncertainty in the projected changes
in precipitation is high, and the sign of the change depends

upon the selected scenario and timing of warming level. The
east-west gradient is also evident considering the changes in
meteorological drought characteristics, with projected increases
in drought frequency and severity along the Andes region and
decreases in the Lowlands region (Spinoni et al., 2020). The
projected changes in temperature and precipitation are expected
to contribute to the geographical shifts of Argentina winegrowing
regions (Cabré and Nuñez, 2020). These changes were already
observed in Mendoza considering the last 32 years, with a
vineyard expansion in the upper Tunuyán river basin (Rojas
et al., 2020) as an effective adaptation strategy to a warming and
drier climate.

The projected changes in snow and its consequent impact
on runoff along the headwaters of CWA will likely stress the
capacity for hydropower generation in the region. A prolonged
drought condition since 2010 affected snow accumulation over
the Andes. Since the snowmelt is the most relevant source
of water, the reduced snowfall over the mountains propagated
the drought signal through the streamflows in the adjacent
foothills east of the Andes ranges (Rivera et al., 2017). Our
results show that the decreases in snow amount will likely
contribute to more hydrological drought conditions over CWA
in the future, with higher snow and runoff deficits considering
the 2◦C warming level. Other studies using high emissions
scenarios and projections for the end of the Century estimated
an increase in runoff associated with an increase in glacier melt
contribution due to higher warming levels expected (Omani
et al., 2016). While this scenario is plausible, the cold season
snow accumulation represents the 90% of the variability of
streamflow (Villalba et al., 2016), a factor that links the projected
decreases in snow characteristics to decreases in surface and
total runoff. Similar results considering the runoff over the study
area were found by Cook et al. (2020), supporting our findings.
One of the plausible mechanisms behind the drying signal along
the Andes region is the poleward expansion of the Hadley
Circulation, which is projected to continue its expansion in the
near future at a rate that is dependent on the emissions scenario
and warming level selected. Our results are consistent with the
projected changes in the intensity and the poleward extension of
the anticyclonic high-pressure system of the Subtropical Pacific
Ocean (Fahad et al., 2020), which has a significant influence in
the Andean hydroclimate. Using the SSP5-8.5 high-emissions
scenario, Grise and Davis (2020) found a poleward expansion
in the Southern Hemisphere Hadley Circulation that is outside
the range natural variability since the year 2000, highlighting
the role of anthropogenic forcings in the dynamics of projected
precipitation decline over CWA.

Irrigation and a variety of socio-economic activities are
highly dependent on streamflow, particularly in the Andes
foothills. Therefore, the projected decreases in runoff will
likely generate higher irrigation demands, particularly over the
Western Lowlands of the CWA (Figure 10), where the irrigation
efficiency is strikingly low and the dependence on snowmelt is
significant. In the case of this region, the water for irrigation
is distributed based on the water rights inherent to each parcel
and not according to the water need of the different crop types
(Schwank et al., 2014). Therefore, in view of the expected changes
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it is advised a shift in irrigation practices toward more modern
systems based on drip irrigation. Using two NDC scenarios,
Santos Da Silva et al. (2019) projected a significant increase in
the water demand for agricultural irrigation in Argentina in the
coming decades, as a result of the expansion of the croplands and
the increase in crop production, factors that are expected to play a
significant role over the Lowlands east of 67◦W. In this sense, the
projected increases in precipitation, total soil moisture and runoff
might compensate for the expected increase in water needs due to
the agricultural expansion, although the evaporative demand is
expected to increase too, setting a complex configuration in terms
of the irrigation demand for this region. Moreover, the fraction of
land used for bioenergy crop production could increase across
the Eastern Lowlands, in line with the projected agricultural
intensification for 2030 over Argentina (Piquer-Rodríguez et al.,
2018), particularly considering biofuel production based on
soybean. However, dedicated bioenergy crop production in
Argentina is not projected as a major source of land-use
pressure under the NDC scenarios (Santos Da Silva et al., 2019).
According to Law 26.0931, is mandatory to include 10% of
biodiesel and 12% of bioethanol in the sales of gasoline and diesel
in Argentina, a proportion that should be projected to increase if
the country aims to cope with the target of NDC.

It is expected that the projected precipitation changes along
the CWA Lowlands favor not only the agricultural expansion
and intensification but also the development of the cattle sector,
which is a major source of income and GHG emissions (Arango
et al., 2020). Another aspect regarding water resources is the
projected population growth, a factor that will likely increase
the pressure over water to sustain the socio-economic activities,
which can overlap the signal of climate change to set a complex
scenario along the Andes foothills.

While the objective of the study is not to provide alternatives
for mitigation and reduction of GHG emissions to achieve the
pledges of Argentina regarding the Paris Agreement goals, we
have shown that the effects of the projected warming levels will
have serious consequences for the water resources over the CWA
in the near future, even under the most aggressive mitigation
pathways. These results should motivate a more ambitious
unconditional target for GHG reductions, to achieve a more
efficient transition toward renewable energy sources, sustainable
forest management including afforestation and reforestation,
and an improved efficiency in the transport, industry, and
building sectors.

This study constitutes the first step for the evaluation of future
changes in the hydroclimate of Argentina using low emissions
scenarios. Next steps will consider the use of both downscaled
General Circulation Models and hydrological models to provide
critical information at the basin scale considering the complex
topography of the Andes mountains. This kind of studies has
been recently developed in Brazil by Avila-Diaz et al. (2020a,b),
who provided information regarding the projected evolution
of extreme precipitation and temperature indices, and in Chile
by Araya-Osses et al. (2020), who generated climate change
projections of daily maximum and minimum temperature and

1Available online at: https://www.argentina.gob.ar/normativa/nacional/ley-
26093-116299/texto (accessed July 2020).

precipitation in more than 400 locations. The outcomes of
this future study will provide tailored information that can aid
decision-making processes in near-term agricultural practices
and water management.

CONCLUSIONS

The impacts of a regional increase in temperature considering
the 1.5 and 2◦C warming levels was evaluated on several
components of the hydrological cycle of the CWA region,
through simulations from the IPSL-CM6A-LR climate model.
As a first step, we showed that the model outputs accurately
represent the annual cycle of the most relevant variables over
both the Andes and Lowlands regions, although misrepresent
the winter seasonal totals over the Andes, as was shown by
previous studies. The main findings of this study indicate that
the critical temperature thresholds will be reached between 2020
and 2048 over the Andes region, depending on the selected
warming level and future projection, a timing that is 10–15
years earlier than that for the Lowlands region and highlights
the enhanced warming with elevation. The projected changes
in the hydrological cycle in the CWA would imply a reduction
of snow amount, cover and depth over the Andes, leading to
a reduction of runoff and compromising the socio-economical
activities along the Andean foothills. This would imply the need
for improving water management practices, particularly through
an increase in irrigation efficiency. The documented long-term
drying trend over the Central Andes it is expected to continue
even considering the most aggressive mitigation pathways. From
a dynamical perspective, this trend could be attributed to the
poleward expansion of the descending branch of the Hadley
Circulation over the Southern Hemisphere, a mechanism that
is expected to continue in the future as consequence of the
increased GHG concentrations. On the other hand, precipitation
increases were projected over the Eastern Lowlands, with a likely
benefit for the agricultural activities considering the projected
expansion of agricultural areas there. The outcomes of this study
can contribute to further steps toward the evaluation of future
climate projections over the region. Future studies could consider
the use of downscaled projections to provide information on
basin scale, together with the evaluation of changes in the
occurrence of precipitation and temperature extremes. This may
provide a comprehensive picture to evaluate mitigation strategies
on a regional basis.
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