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Abstract

We introduce variable-resolution enabled Community Earth System Model

(VR-CESM) results simulating historical and future climate conditions at

28 km over South America and 14 km over the Andes. Three 30-year simula-

tions are performed: a historic (1985–2014), a near future (2030–2059), and an

end-century (2070–2099) simulation under the RCP8.5 scenario. Historic

results compare favourably to several temperature and precipitation reanalysis

products, though local biases are present, particularly during austral summer.

Future simulations highlight broad warming patterns (+3–6�C by end-century)

and heterogeneous precipitation responses across South America that qualita-

tively agree with prior modelling efforts. Our results reveal that the interaction

between temperature and precipitation changes produce shifts in several

Köppen–Geiger climates. Notable changes include the near-elimination of the

Andean Tundra or Alpine climates, a 15% decrease in Tropical Rainforests and

a Tropical Savannah expansion of 20%. To provide a regionally focused analy-

sis of projected climate change and to illustrate the benefits of variable resolu-

tion modelling, we analyse changes in the magnitude and trend in seasonal

and daily temperature and precipitation in Chile. We also examined several

metrics [e.g., snow water equivalent (SWE), temperatures on wet days, and

days below 0�C] to evaluate potential impacts of climate change on the

Chilean cryosphere between the end-of-century and historic periods, finding

wide-ranging indications of cryospheric decline. These changes are interpreted

through reductions in the timing (1–2.5 months earlier peak SWE) and magni-

tude (200–1,000 mm SWE decreases) of water stored as snow in the Andes, a

10–30% decrease in number of cool season wet days with temperatures below

1�C, and 50–200 fewer days (annually) with minimum temperatures below

0�C. Our aim in producing a high-resolution dataset of climate projections
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from VR-CESM is to support analyses of climate change throughout South

America but especially in vulnerable montane regions and to provide addi-

tional results for comparison with previous, ongoing, and upcoming modelling

efforts.

KEYWORD S

Andes, Chile, climate change, Earth System Models, hydroclimate, South America,
variable-resolution global climate models

1 | INTRODUCTION

The recent Intergovernmental Panel on Climate Change
report indicates medium-to-high confidence that since the
late 20th century, human-induced climate change has
increased temperatures and made precipitation patterns
more variable and extreme in South America
(Field, 2014). The ramifications of these changes are cor-
roborated by studies that investigate enhanced droughts
(Garreaud et al., 2017, 2020; Naumann et al., 2019; Rodri-
gues et al., 2020), more severe fires (Bowman et al., 2019;
Fonseca et al., 2019; G�omez-Gonz�alez et al., 2019), more
frequent heat waves (Rusticucci et al., 2016; Feron
et al., 2019; G�omez-Gonz�alez et al., 2019) and flood
events (Bozkurt et al., 2016; �Avila et al., 2019; Rondanelli
et al., 2019; Valenzuela and Garreaud, 2019; Huggel
et al., 2020; Poveda et al., 2020), and substantial
cryospheric decline (Huss et al., 2017; Masiokas
et al., 2020). These hazards highlight the need for climate
model projections at scales relevant to decision making
(Gutowski et al., 2020), particularly since there may not
be historical analogues that can be used for climate adap-
tation. However, a limited number of regional climate
model (RCM) experiments have been conducted over
South America and only one RCM, the Brazilian
National Institute for Space Research Eta model, has
been developed within the region (Chou et al., 2000). Sol-
man (2013) identified that over the last two decades, less
than 100 model-based studies were published and only a
handful of coordinated regional downscaling experiments
have been performed over South America. These experi-
ments include: the Coordinated Regional Climate Down-
scaling Experiment [CORDEX, (Solman et al., 2013;
Solman, 2013)], the Europe-South America Network for
climate Change Assessment [CLARIS, (Boulanger
et al., 2010)] and impact studies in the La Plata Basin
[CLARIS LPB, (Penalba et al., 2014)], and, most recently,
the Universidad de Chile RegCM4 and Eta RCM simula-
tions for Chile (Bozkurt et al., 2019).

These modelling experiments represent a monumen-
tal effort and a major step forward to informing climate
change policy throughout South America. However, most

RCM simulations in these experiments were performed
at �50 km horizontal resolution with added value from
the forcing global climate models shown to be model-
dependent (Solman and Bl�azquez, 2019). Although a
best-attempt given limited computational resources,
�50 km horizontal resolution is insufficient to resolve
the diverse microclimates that arise due to the complexity
of South American terrain, especially along the coast and
in regions near the extreme topographic gradients
resulting from the Andes. Giorgi (2019) notes that sub-
stantial added value in model fidelity, particularly in
regions of complex terrain, occurs at resolutions of �10–
15 km. Given this resolution-dependence, it is not sur-
prising that the multi-model ensemble of CORDEX simu-
lations showed considerable biases, even in
climatological averages of surface temperature and pre-
cipitation. These biases were attributed to several factors
such as overly coarse model resolution, land-surface
parameterizations, and a lack of RCM development
within South American institutions (Solman, 2013).

One of the major features that need to be resolved to
increase model performance over South America is the
Andean mountains. Extending more than 8,000 km from
north to south, the South American Andes are the lon-
gest continental mountain range in the world (Espinoza
et al., 2020; Masiokas et al., 2020) and the second largest
by area (Huss et al., 2017). They extend continuously
from the North Pacific Coast of South America (�10�N)
to the southernmost tip of the continent in the Patago-
nian archipelago (�52�S). Seven countries with �90 mil-
lion people rely on the Andes as a source of water,
energy, minerals, timber and agricultural products. The
Andes are considered the most biodiverse region in the
world and are home to numerous ecosystems, endemic
species, and indigenous cultures (Pab�on-Caicedo
et al., 2020). The northwestern flanks of the Andes are
home to one of the wettest regions of the world (mean
annual precipitation totals of �13,000 mm). In the north-
ern tropical Andes, the eastern flanks provide rainfall
(�7,000 mm�year−1) that form the birthplace of the Ama-
zon River (Espinoza et al., 2020). In contrast, to the west
of the subtropical Andean crest lies the hyperarid
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Atacama Desert where a confluence of regional ocean
and atmospheric circulations and the blocking effects of
topography result in annual precipitation totals as low as
�5 mm�year−1 (Garreaud et al., 2010).

Studies evaluating regional climate change along the
Andes are needed due to the critically important ecosys-
tem services they provide and their vulnerability to cli-
matic change (Masiokas et al., 2020). A meta-analysis by
Huss et al. (2017) indicates that several Andean regions
are heavily reliant (50% in some regions) on water
derived from snow and glacial melt. These areas could
face upwards of an 80% reduction in glacier volume by
end-century, with some studies indicating Andean gla-
ciers are among the fastest shrinking on Earth
(Dussaillant et al., 2018). Elevation-dependent warming
has not been systematically observed in the Andes
(Pab�on-Caicedo et al., 2020). This lack of observation
could be partly due to the sparse network of Andean
mountain observations in both space and time (Viviroli
et al., 2011; Ochoa-Tocachi et al., 2018; Condom
et al., 2020), as well as the influence of interdecadal cli-
mate variability (Vuille et al., 2015). However, projected
warming may trigger accelerated snow and ice loss due
to snow-albedo feedbacks (Pepin et al., 2015).

Many South American countries are embodied by
the Andes in some fashion. The Andes form nearly the
entire western border of Chile, �4,500 km, and nearly
64% of Chile's territories are mountains (FAO, 2012).
Thus, Chile heavily relies on natural services provided
by its mountain areas for some of the most arid and
wettest parts of the Andes. Currently, Chile is
experiencing one of the most severe droughts on record
(Garreaud et al., 2020). Yet during this same period,
several extreme precipitation events have affected both
densely populated and rural areas throughout the coun-
try (Bozkurt et al., 2016; Rondanelli et al., 2019; Vale-
nzuela and Garreaud, 2019). Moreover, extreme high
temperatures and heatwaves are becoming more fre-
quent and harmful along the foothills of Chile and have
set the stage for severe wildfires (G�omez-Gonz�alez
et al., 2019).

Providing a quantitative, physically based, and
decision-relevant estimate of anthropogenic climate
change requires the use of high-resolution climate
models (Gutowski et al., 2020). We introduce model
results from a set of historical and future climate simula-
tions of South America using the variable-resolution
enabled Community Earth System Model (VR-CESM) at
28 km over all of South America and 14 km over the
Andes, hereafter referred to as VR-Andes for this specific
study. Three 30-year simulations were performed: a his-
toric (1985–2014), a near future (2030–2059), and an end-
century (2070–2099) under Representative Concentration

Pathway 8.5 (RCP8.5) scenario. VR-Andes is a novel,
regional telescoping approach that allows for high-
resolution Earth System Model (ESM) simulations at con-
siderably less computational cost than conventional
ESMs (Skamarock et al., 2012; Harris and Lin, 2013;
Rauscher and Ringler, 2014; Zarzycki et al., 2014b, 2015;
Ferguson et al., 2016).

These simulations provide a more consistent global-
to-regional downscaling approach than conventional
RCMs whereby large-scale dynamics, atmosphere–ocean
teleconnections and cross-scale interactions are simu-
lated within a single ESM simulation. The use of a single
ESM also eliminates the multi-model cascade of bias
associated with conventional RCMs and ESMs, which
also demonstrate a weak “home-field advantage” in per-
formance based on the country where they were devel-
oped (Watterson et al., 2014). The variable resolution grid
used in this study is illustrated in Figure 1, which shows
the regional telescoping performed in this study with a
base 111 km global horizontal resolution that is refined
to 55 km over the east Pacific, 28 km over the entire
South American continent and, finally, to 14 km over the
South American Andes.

Further, the fidelity of VR-CESM simulations have
been extensively evaluated over the last half-decade,
especially in the representation of the processes that
shape Atlantic and Pacific tropical and extra-tropical
cyclones (Zarzycki and Jablonowski, 2014; Zarzycki
et al., 2014a; Zarzycki et al., 2015, 2016; Zarzycki, 2016)
and, of relevance to this study, the mountainous western
United States (Huang et al., 2016; Huang and
Ullrich, 2016; Rhoades et al., 2016; Huang and
Ullrich, 2017; Rhoades et al., 2017; Wu et al., 2017;
Gettelman et al., 2018; Rhoades et al., 2018; Wang
et al., 2018; Wang and Ullrich, 2018; Xu et al., 2018; Rho-
ades et al., 2020a, 2020b) showing comparable perfor-
mance to widely used RCM approaches. While
telescoping ESMs such as VR-Andes add value to model-
ling studies and provide improvements over RCMs, they
are not without problems. These problems arise due to a
lack of development of scale-aware physics parameteriza-
tions (e.g., convection, entrainment, turbulence, and
cloud macrophysics) and the use of the hydrostatic
approximation in the dynamical core at sub-10 km reso-
lutions (Arakawa and Jung, 2011; Herrington and
Reed, 2017, 2020).

We begin with details regarding model set-up,
datasets used, and data analysis approaches (Section 2).
Then we evaluate the veracity of the VR-Andes down-
scaling approach over South America against several
observation-based temperature and precipitation
reanalysis products (Section 3.1). We next assess projec-
ted near-future and end-century changes in seasonal
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temperature and precipitation and convey the interac-
tions of these changes via the Köppen–Geiger climate
classification system across South America
(Section 3.2.1). This is followed by a more nuanced
assessment focusing on Chile, with the specific aim to
explore the impacts of a warming climate on the Chilean
cryosphere (Section 3.2.2). Next, we discuss the value-
added by and limitations of the VR-Andes simulations
within the broader literature (Section 4). We conclude
with key findings as well as suggestions for future
research needs (Section 5).

2 | DATA AND METHODS

2.1 | Community Earth System Model

The Community Earth System Model (CESM) is a state-
of-the-art model with representations of the atmosphere,
land-surface, ocean, land- and sea-ice, and river transport
that can be either stand-alone or fully-coupled
(Danabasoglu et al., 2020). To capitalize on the regional
telescoping capabilities within CESM (Zarzycki
et al., 2014b), we utilize the Community Atmosphere

FIGURE 1 (a) Variable-

resolution (VR) cubed-sphere grid

developed for this study and

implemented into the Community

Earth System Model (hereafter, VR-

Andes). VR-Andes has a quasi-

uniform 111 km (1.00�) global
resolution, 55 km (0.50�), and 28 km

(0.25�) transition refinement regions

over the East Pacific and South

America, and an innermost

refinement region of 14 km (0.125�)
over the South American Andes.

(b) South American VR-Andes

topographic resolution. Comparison

of Chilean topographic

representation across a standard

CESM resolution [111 km; Panel (c)],

the resolution used in VR-Andes

[14 km; Panel (d)], and a 1 km digital

elevation model from the

U.S. Geological Survey [GTOPO30;

Panel (e)]
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Model (CAM) with the spectral element dynamical core
(CAM-SE) version 5.4. Notable changes from CAM5.0-SE
(default in CESM1.0) to CAM5.4-SE are related to a new
floating Lagrangian vertical coordinate and, important to
this study, a prognostic microphysics scheme that enables
the advection of raindrops and snowflakes between grid
cells (Gettelman et al., 2015; Gettelman and
Morrison, 2015), further discussed in Rhoades et al. (2018).

The variable resolution grids for this study (Figure 1)
were generated with SQuadGEN (Ullrich, 2014) and
incorporated in all model components of CESM used in
this study, namely the atmospheric and land-surface
models. Notably, the 28 km refinement domain in VR-
Andes was designed according to the South American
CORDEX (SA-CORDEX) regional climate simulations
discussed in Solman et al. (2013) and Solman (2013).

We couple CAM5.4-SE with the Community Land
Model (CLM) version 5.0 (Lawrence et al., 2019). Com-
pared with CLM4.0, CLM5.0 offers improved perfor-
mance across a wide-range of the International Land
Model Benchmarking (ILAMB) metrics (Collier
et al., 2018). Overall, CLM5.0 preliminary results high-
light that processes shaping the ecosystem and carbon
cycle are markedly improved while drawbacks were seen
in surface runoff and water storage anomalies (Lawrence
et al., 2019). Of interest to this study's focus on the
Chilean Andes, which stores large amounts of water in
seasonal and perennial snowpack as well as glaciers, are
the major enhancements to the CLM snow model (van
Kampenhout et al., 2017). These enhancements stem
from augmenting the previous over-dependence on tem-
perature thresholds for snow density and the inclusion of
wind transport effects. In addition, the snow model now
has 12 layers and is not artificially constrained to
1,000 mm of snow water equivalent. This reduces poten-
tial sources of error in seasonal estimates of snowpack,
especially in the high elevation and high latitude regions
of the Andes. Forest canopies can now capture both rain
and snow (Lawrence et al., 2019). These updates, along
with a new firn snow parameterization, were found to
significantly enhance the simulation of land-ice in Green-
land (van Kampenhout et al., 2017).

Our VR-Andes simulations were run over a 31-year
historical period spanning 1984–2014. One year of spin-
up (all of 1984) was performed to ensure that the soil
moisture in CLM5.0 reached equilibrium. To limit com-
putational cost and ensure that important South Ameri-
can large-scale climate variability drivers were well
represented, we ran our VR-Andes simulation with pre-
scribed sea-surface temperature and sea-ice concentra-
tions, following the protocols of the Atmosphere Model
Intercomparison Project (AMIP; Gates et al., 1999). Full
chemistry and aerosol processes in CAM5.4 were turned

off and prescribed instead to reduce computational costs.
To further capitalize on the 14 km horizontal resolution,
we set CLM5.0 to satellite phenology mode and utilized
the 5 km, year 2000, land-surface cover dataset
(Figures S1 and S2). The dynamics time step, dictated by
the finest-resolution domain, was 30 seconds and the
physics time step was set to 450 s, one-fourth the default,
to account for finer horizontal refinement and ensure
tighter coupling with the dynamics time step. Given the
aforementioned choices, the VR-Andes simulations per-
formed at 4.7 simulated years per day using 100 nodes
(dual-socket nodes, 18 cores per socket) on the National
Science Foundation Cheyenne supercomputing facility
[145,152 total cores with 2.3-GHz Intel Xeon E5-2697V4
(Broadwell) processors] and resulted in �70 TB of data
with most variables output at monthly frequencies and
select variables at daily and 3-hourly. To project the cli-
mate of South America, we performed two 30-year simu-
lations under the RCP8.5 scenario (Riahi et al., 2011),
plus 1 year of spin-up for each 30-year period (all of 2029
and 2069). One simulation spanned 2029–2059 and the
other 2069–2099, respectively. For these simulations, the
AMIP-style simulations used sea-surface temperatures
and sea-ice from a fully coupled, bias-corrected CESM1.0
simulation analogous to Rhoades et al. (2017).

2.2 | Reanalysis datasets

To evaluate the performance of the VR-Andes historical
simulation, we compared our results against five different
surface temperature and six different precipitation
reanalyses, akin to Solman et al. (2013) and Solman
et al. (2013). After considering the temporal period of
record, variety of available observations, and spatiotem-
poral resolution of reanalysis products, we converged on
three monthly reanalysis products. These include the Cli-
mate Hazards Center InfraRed Precipitation with Station
data version 2.0 (CHIRPS, precipitation), The Modern-
Era Retrospective Analysis for Research and Applications
version 2 (MERRA-2, temperature), and the University of
Delaware (UDEL, temperature and precipitation). Fur-
ther considerations were gleaned from studies like Con-
dom et al. (2020) who show that CHIRPS provides
reasonable satellite-based rainfall estimates in Chile and
recommends its use for hydrological applications.

2.2.1 | Climate Hazards Centre InfraRed
Precipitation with Station (CHIRPS)

CHIRPS has a spatial resolution of 0.05�, spans 1981–
present and covers 50�S–50�N latitude across all
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longitudes (Funk et al., 2015). To generate precipitation
estimates, CHIRPS combines in-situ measurements and
satellite retrievals. The in-situ measurements range from
32,000 observations in the early-1980s to around 14,000
in the mid-2010s. Observations include the Global Histor-
ical Climate Network-Daily [GHCN-D; (Menne
et al., 2012)], Global Summary of the Day, Global Tele-
communication System and Southern African Science
Service Centre for Climate Change and Adaptive Land
Management. Satellite-based retrievals are derived from
five satellites that sample in the microwave and infrared
wavelengths. To merge in-situ measurements with satel-
lite retrievals, CHIRPS developers utilize local regression
at every latitude and longitude using between one and
three co-variates from the satellites and topography
(e.g., elevation and slope). To account for bias, a five-
station weighted-average ratio is combined with a
station-by-station de-correlation distance.

2.2.2 | Modern Era Retrospective Reanalysis
2 (MERRA-2)

MERRA-2 spans 1980–present with 72 vertical levels
(surface to 0.01 hPa) and a spatial resolution of 0.5� by
0.625� over the whole globe (Gelaro et al., 2017). The
Goddard Earth Observing System (GEOS) assimilation
system produces the MERRA-2 reanalysis product. GEOS
utilizes 15 different observational sources, primarily from
aircraft and satellites, with up to 5 million observations
every 6 hr. Bias correction is applied to these estimates
and is tailored for each individual satellite sensor chan-
nel. Precipitation is corrected using a variable weighting
between GEOS model-based estimates and gauge-based
global precipitation products, particularly at low-to-mid
latitudes. Recent modifications from MERRA to
MERRA-2 include conservation of dry air mass and water
balance.

2.2.3 | University of Delaware (UDEL) air
temperature and precipitation

UDEL is a global, 0.5� degree resolution reanalysis that
spans 1900–2014 (Willmott and Matsuura, 1995; Willmott
and Robeson, 1995). To derive air temperature and pre-
cipitation, UDEL utilizes the Global Historical Climate
Network Daily [GHCN-D; (Menne et al., 2012)] and sev-
eral spatial interpolation schemes. One scheme is called
climatologically aided interpolation (CAI; Willmott and
Matsuura, 1995). CAI leverages high-resolution, long-
term average global fields to compute deviations at each
station location which are then spatially interpolated

using a spherically based inverse-distance weighting
method. This yield mean absolute errors lower than tra-
ditional methods (i.e., 1.3�C in heavily instrumented
regions and 1.9�C in data scarce regions). However,
because of the use of long-term averages in the interpola-
tion, interannual variability is dampened. Another
scheme utilizes a digital-elevation-model (DEM; Willmott
and Robeson, 1995). Adding in the DEM-based interpola-
tion method, specifically a mean environmental lapse
rate of 6.5�C�km−1 for temperature, adds further
improvement (i.e., accuracy increase of 35% in the conti-
nental United States, or mean absolute error of 0.38�C).
In this study, we use the UDEL product that leverages
both the CAI- and DEM-based methodologies.

2.3 | Dataset regridding and statistical
analysis

VR-Andes simulations were re-gridded from their native
unstructured grid to the original resolution of each of the
reanalyses on a regular latitude-longitude grid and com-
pared. Thus, comparison to MERRA-2 and UDEL were
performed at 55 km and CHIRPS to 6 km, respectively.
When comparing across VR-Andes simulations, we re-
gridded each simulation to a regular latitude longitude
grid of 14 km, the finest resolution employed over the
Andes. Re-gridding was performed using the Earth Sys-
tem Modelling Framework (ESMF) Offline Re-gridding
Weight Generator using the first-order conservative re-
mapping procedures available in The NCAR Command
Language (Version 6.6.2) (2020), particularly since many
reanalyses comparisons were at coarser resolution than
the native resolution of VR-Andes. To test statistical sig-
nificance of differences between reanalysis and historical
model output and between future and historical model
output, we performed two-tailed Student's t-tests. We
limit Type-1 errors in these significance tests by
employing the False Discovery Rate (Benjamini and
Hochberg, 1995; Wilks, 2016). For seasonal trend ana-
lyses, we performed linear regressions and calculated the
significance of the trend using the nonparametric Mann–
Kendall test (Hamed and Ramachandra Rao, 1998).

2.4 | Köppen–Geiger classification maps

Maps illustrating how climate change may lead to the
spatial redistribution of historical climate regions are lim-
ited. One method to devise these maps is the Köppen–
Geiger classification system (Köppen and Geiger, 1954),
which splits all regions of the globe into five categories:
equatorial, arid, temperate, cold, and polar. These regions
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are then sub-divided based on annual and/or monthly
precipitation and temperature thresholds and/or ranges
(Kottek et al., 2006; Chen and Chen, 2013; Rubel
et al., 2017; Beck et al., 2018). Beck et al. (2018) presented
the first global high-resolution maps of the Köppen–
Geiger classification system for both historic and future
climates. While several versions of the Köppen–Geiger
climate classification have been developed, in this study,
we followed the criteria detailed in Kottek et al. (2006). A
detailed list of criteria based on temperature and precipi-
tation indices is presented in Tables S1 and S2. Climato-
logical monthly mean surface temperature and total
precipitation for the historic, near-future, and end-
century periods were obtained from the VR-Andes
datasets to compute Köppen–Geiger climate
classifications.

3 | RESULTS

3.1 | Historical climate

To assess the veracity of the VR-Andes simulations in
representing the historical climatology of South America,
we first compare the simulated seasonal climatologies of
2 m surface temperature and accumulated precipitation
to a diverse range of reanalyses (Figures 2 and 3). We
focused our analyses on austral winter, June–July–
August (JJA), and austral summer, December–January–
February (DJF). Notably, there are well-known in-situ
measurement gaps in the South American Andes.
Although there are 14,595 meteorological and hydrologi-
cal monitoring stations throughout the Andes, 60% are in
Colombia and ≈70% of the stations are between 0 and

FIGURE 2 1985–2014
Climatological differences of 2 m

surface temperature between VR-

Andes and MERRA-2 [Panels (a and

c)] or UDEL [Panels (b and d)] for

austral summer (DJF, top-row) and

winter (JJA, bottom-row). Stippling

indicates statistically significant

differences in seasonal averages

using the student t-test and

corrected for Type-I error using the

false discovery rate (FDR, Benjamini

and Hochberg (1995); Wilks (2016))

at p-values of .01 (light grey) and

.001 (dark grey)
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2,000 m elevation (Condom et al., 2020). This undoubt-
edly influences any station-based reanalysis estimates of
2 m surface temperature and precipitation, especially at
high elevations. This motivated our choice to use
reanalyses that primarily rely on either station-based
(e.g., UDEL) and/or satellite-based measurements
(e.g., CHIRPS).

VR-Andes simulated a historical climate average of
23.1�C over South America in austral summer
(Figure 4). This is slightly warmer than MERRA-2
(22.9�C) and cooler than UDEL (23.4�C), although with
important differences observed in the high-altitude
Andes and the western Amazon area (Figure 2). The
austral winter average temperature simulated by VR-
Andes was 19.1�C, which is 0.5�C warmer than
MERRA-2 and nearly identical to UDEL (Figure 4). Dif-
ferences in most regions are not statistically significant

or are in regions that have sparse in situ networks. Un-
centred Pearson product–moment coefficient of linear
correlations between VR-Andes and the reanalyses
were nearly 1 for both austral winter and summer. Sim-
ilar to JJA, disagreement was largest in the highest ele-
vations of the Andes, over the Amazon, and portions of
coastal Argentina (Figure 4). These results are consis-
tent with the SA-CORDEX multi-model ensemble dis-
cussed in Solman et al. (2013) and Solman (2013), in
which a similar cold bias in the highest elevations of
the Andes in both DJF and JJA was found. However,
VR-Andes biases are more localized in the Andes, likely
due to more refined model resolution, and lower over
most regions. Importantly, our comparison of VR-
Andes is for a single-model simulation against two
reanalyses, independently, whereas Solman et al. (2013)
and Solman (2013) compared a multi-model ensemble

FIGURE 3 1985–2014
Climatological differences of

accumulated precipitation between

VR-Andes and CHIRPS [Panels

(a and c)] or UDEL [Panels (b and d)]

for austral summer (DJF, top-row)

and winter (JJA, bottom-row).

Stippling indicates statistically

significant differences in seasonal

averages using the student t-test and

corrected for Type-I error using the

false discovery rate (FDR, Benjamini

and Hochberg (1995); Wilks (2016))

at p-values of .01 (light grey) and .001

(dark grey)
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with a multi-reanalysis average. VR-Andes appears to
perform reasonably well when compared against this
multi-model ensemble average.

Overall, the magnitude and spatial pattern of austral
winter accumulated precipitation are well represented by
VR-Andes, yet larger differences are found during the
austral summer (Figure 3). Differences are maximized in
DJF when precipitation is dominated by mesoscale con-
vection and minimized in JJA when synoptic-scale sys-
tems dominate (e.g., extratropical cyclones and
associated atmospheric rivers). For both seasons, esti-
mated precipitation has statistically significant differ-
ences compared to either CHIRPS or UDEL (Figure 5).
However, DJF (JJA) un-centred Pearson product–
moment coefficient of linear correlations between VR-
Andes and UDEL and CHIRPS were very similar at 0.90
and 0.92 (0.86 and 0.91), respectively. For the entire
South American region, during DJF (JJA), we observed a

mean precipitation difference of 223 (66) and
251 (97) mm between CHIRPS and UDEL, respectively.
Compared with Solman et al. (2013) and Solman (2013),
a general improvement in simulated precipitation occurs
in JJA but is less apparent in DJF. The results from the
SA-CORDEX ensemble identified a positive precipitation
bias (about 50%) over south-eastern Brazil and Uruguay
during the austral winter (Solman et al., 2013) while VR-
Andes estimates closely resemble the total mean winter
precipitation for SACZ and LPB Regions (Figure 6). Dur-
ing the austral summer (DJF), VR-Andes tends to over-
estimate the total precipitation in about 8% in contrast to
an underestimation of about 20% previously reported by
Solman et al. (2013) for northern South America. A
follow-up study that evaluates the potential precipitation
drivers and biases during JJA (e.g., extratropical cyclones
and atmospheric rivers) and DJF (e.g., convective precipi-
tation) is planned.

FIGURE 4 1985–2014 Climatological average 2 m surface temperature for VR-Andes [Panels (a and d)], MERRA-2 [Panels (b and e)],

and UDEL [Panels (c and f )] for austral summer (DJF, top-row) and winter (JJA, bottom-row)
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To further evaluate VR-Andes historical simulation
skill relative to the three reanalysis datasets, we gener-
ated box-and-whisker plots for average austral winter
and summer accumulated precipitation and 2 m surface
temperatures using the seven South American subregions
described in Falco et al. (2019) (Figure 6). These regions
sample different portions of South America that are
influenced by key regional atmospheric circulations
(e.g., South American Monsoon and South American
Low-Level Jet) and large-scale patterns (e.g., South Atlan-
tic Convergence Zone) that shape the heterogeneity of
the South American hydroclimate. For six of these seven
regions, interquartile ranges in austral winter accumu-
lated precipitation overlap with reanalyses. The sole mis-
match was found in the subtropical South American
(SSA) region where VR-Andes precipitation was larger
than either reanalysis estimate. Notably, the interquartile
ranges of CHIRPS and UDEL did not overlap for this

region. A consistent positive precipitation biases in SSA
has been reported in previous regional and global climate
model analysis (Falco et al., 2019; Díaz et al., 2021). As
such, the SSA region will be explored in further detail in
a follow-up study, namely to explore the role of atmo-
spheric rivers in driving precipitation totals (Viale
et al., 2018). More disagreement in VR-Andes relative to
reanalysis dataset estimates of accumulated precipitation
was found in austral summer throughout South America.
Three of the seven region's interquartile ranges did not
overlap, specifically the SSA region, La Plata Basin (LPB)
and northeastern Brazil (NeB), with VR-Andes precipita-
tion totals higher than either CHIRPS or UDEL. These
results contrast previous studies showing a negative austral
summer precipitation bias for LPB, yet the bias found for
the NeB region seems uncertain when compared to other
modelling efforts (Solman et al., 2013; Solman, 2016; Falco
et al., 2019). Seasonal average 2 m surface temperature had

FIGURE 5 1985–2014 Climatological average accumulated precipitation for VR-Andes [Panels (a and d)], CHIRPS [Panels (b and e)],

and UDEL [Panels (c and f)] for austral summer (DJF, top-row) and winter (JJA, bottom-row)
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less disagreement between VR-Andes and reanalysis
datasets. VR-Andes interquartile ranges overlapped with at
least one reanalysis dataset across all seven regions for both
austral winter and summer.

Classification systems like the Köppen–Geiger pro-
vide intuitive ways to understand the interactions
between precipitation and temperature. In comparison to
previous Köppen–Geiger historical estimates, VR-Andes
generally depicts similar patterns over South America
(Figure 7). However, VR-Andes differs in several ways,
particularly in the Andes. The Tundra, or Alpine, climate
category (sub-climate of Polar), corresponding to climate
conditions of at least 1 month of average temperature
high enough to melt snow (>0�C) and no month where
mean temperatures are above 10�C, is markedly different.
Although Tundra climates are expected to be found over
the highest elevations of the Andes, particularly in mid-
latitudes, this is generally not found in Beck et al. (2018).
This could result from limited observational records
within those areas and almost certainly results from the
coarse resolution of the climate simulations that were
used to construct those Köppen–Geiger maps.

3.2 | Future climate

3.2.1 | South America

Near-future and end-century changes in temperature and
accumulated precipitation over South America are shown
in Figures 8 and 9. By near future, South American aus-
tral summer is expected to follow the warming trend
observed and projected by previous climate studies
(Marengo et al., 2010, 2012; Solman et al., 2013; S�anchez
et al., 2015; Bozkurt et al., 2019; Díaz et al., 2021). Sum-
mer temperatures, on average, are expected to increase
up to +2.1�C by mid-century and reaching +4.3�C by the
end of the century (Figure 8). Precipitation changes are
heterogeneous across the South American region. During
austral summer, a clear drying trend is projected for the
northwest and southwest regions of the continent, the
Amazon region to the east of the Andes and the south of
Brazil. A summer increase in precipitation is projected
over the Northern windward Andes, Northeast Brazil,
and La Plata Basin regions. In austral winter, slightly
wetter conditions are expected over the highest peaks of

FIGURE 6 Historical (1985–
2014) austral winter (JJA, Panels a

and c) and summer [DJF, Panels

(b and d)] seasonal average box-and-

whisker plots (i.e., minimum, 25th

percentile, median, 75th percentile,

and maximum) for seven South

American subregions introduced in

Falco et al. (2019) and indicated in

each column using a corresponding

colour bar to the map figure in the

upper right. These regions include

subtropical South America (SSA;

navy blue), La Plata Basin (LPB; light

blue), South Atlantic Convergence

Zone (SACZ; salmon), northeast

Brazil (NeB; orange-red), South

American Monsoon (SAM; orange),

Amazon (Am; green), and North

American Monsoon (NAM; light-

green)
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the Andes in central Chile, the western region of
Colombia, southeast Brazil, and the western Patagonia
region (Figure 9). Winter drying trends are projected for
the southern Chile and areas over northeastern South
America.

Regions of more notable climate changes emerge in
austral winter systematic wetting or drying occurs with
indicate amplified warming from the near future to end-
century. Specifically, most of central South America and,
in particular, the Andes show an amplified warming sig-
nal, as hypothesized in Pepin et al. (2015). Chile has one
of the more unique changes in accumulated precipitation
trends across South America with a meridional dipole in
precipitation change projected. From 25�S to 55�S lati-
tude, the climate is projected to become wetter in the
northernmost regions, drier over the central and south-
ern areas, and wetter over the southernmost regions. The
region projected to become drier has also been at the epi-
centre of an ongoing Chilean megadrought (Boisier
et al., 2018; Garreaud et al., 2020).

The interactions between changes in precipitation
and temperature can be illustrated by using Köppen–
Geiger classification maps. Strikingly, future VR-Andes
projections show that the Tundra climate will become
virtually nonexistent over South America by the end of

this century (Figure 10). These changes are expected to
largely impact the Andes and Patagonia glaciers, follow-
ing the trends observed in the last few decades
(Dussaillant et al., 2018). Another large change simulated
by VR-Andes at end-century is a 15% decrease in the
Tropical Rainforest climate, particularly in the northeast-
ern coastal region of South America, where the Tropical
Savannah might expand by 20%. However, the Tropical
Rainforest climates in the northwestern to northern areas
of South America appear more stable and could be con-
sidered a ‘climate refugia’. The increase in surface area
by the Arid Steppe Hot climate type in Argentina and
Desert conditions in Chile and Peru illustrates projected
changes that will drastically impact those regions.

3.2.2 | Chile

We next focus our analysis over Chile to leverage the
higher resolution output from the VR-Andes simulations.
Bozkurt et al. (2019) highlighted the expected added
value from higher resolution simulations over this coun-
try given its complex topography and the wide range of
climate conditions that occur there. The heterogeneous
response of precipitation (Figure 9) and desertification

FIGURE 7 South American Köppen–Geiger climates simulated by VR-Andes over 1985–2014 [Panel (a)] and compared with two state-

of-the-art Köppen–Geiger estimates, Rubel et al. (2017) [Panel (b)] and Beck et al. (2018) [Panel (c)]. Climates are given in letter-based

categories using climatological monthly averages following the nomenclature from Köppen and Geiger (1954). For more information on how

each letter-based category is computed, please see Tables S1 and S2. The colour scheme follows Kottek et al. (2006)
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(Figure 10) illustrate some of the projected climate
changes. Over its long (4,500 km) and narrow (350 km)
expanse, Chile has some of the highest mountain peaks
in the world, one of the most agriculturally productive
valleys, and a thriving coastal community. In addition,
about one-third of Chile's population is located in its cap-
ital city, Santiago. Santiago is largely dependent on water
supply provided by a few headwater basins, most impor-
tantly the Maipo basin that supports up to 80% of the
potable water supply to the more than 5 million inhabi-
tants (Undurraga et al., 2020). Many Chilean watersheds
are highly susceptible to flooding and drought, with

water resource infrastructure highly impacted by sedi-
ment accumulation events that decrease water quality
(Saldías et al., 2016; Garreaud et al., 2017). Extreme sedi-
mentation can even create widespread and at times pro-
longed water supply shortages (Andreoli et al., 2012).
These characteristics of Chile highlight the need for high-
resolution modelling provided by the VR-Andes simula-
tions. Given the wide range of climate conditions along
Chile, we defined four regions: North, Central, South,
and Austral. Overall, from the northern to southern
regions it is projected that an increase in temperature
(Figure 11) with less clear changes in annual

FIGURE 8 2030–2059 [Panels (a–c)] and 2070–2099 [Panels (d–f)] Climatological differences of 2 m surface temperature [Panel (a and

d)], accumulated precipitation [Panel (b and e)] and percent changes in accumulated precipitation [Panel (d and f )] from the historical VR-

Andes simulation (1985–2014) for austral summer (DJF). Stippling indicates statistically significant differences in climatologies based on

seasonal average student t-test and corrected for Type-I error using the false discovery rate (FDR, Benjamini and Hochberg (1995);

Wilks (2016)) at p-values of .01 (light grey) and .001 (dark grey)
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precipitation (Figure 12) will occur. However, given
Chile's complex topography, considerable heterogeneity
of conditions is found within each defined region. A non-
significant trend in future Chilean-wide accumulated
precipitation is found for both seasons. This holds across
all four subregions of Chile as well (Figure 12). Notably,
a systematic drying trend in JJA of �30–40 mm�decade−1
is found in the southern region of Chile (35�S–40�S) and
is consistent with the significant drying seen in the Bío
Bío and Araucanía provinces of Chile (Figure 9). Con-
versely, a step-wise shift in mean JJA accumulated pre-
cipitation occurs over the northern region of Chile (17�S–

27�S), coinciding with the non-significant increase in
precipitation in the Atacama Desert as well as wetter
and non-significant JJA conditions in the austral
regions of Chile, likely due to enhanced interannual
variability (Figure 9). Warming trends in Chile are spa-
tially coherent and significant across both seasons with
an increase of 0.4–0.6�C�decade−1. Regionally, warming
trends are greatest at near future and diminish at end-
century in JJA in the northern half of Chile (17�S–
35�S), yet continually and significantly increase with
time in the southern half of Chile (35�S–55�S;
Figure 11). Across all time periods and regions, DJF

FIGURE 9 2030–2059 [Panels (a–c)] and 2070–2099 [Panels (d–f)] Climatological differences of 2 m surface temperature [Panels (a and

d)], accumulated precipitation [Panels (b and e)] and percent changes in accumulated precipitation [Panels (d and f)] from the historical VR-

Andes simulation (1985–2014) for austral winter (JJA). Stippling indicates statistically significant differences in climatologies based on

seasonal average student t-test and corrected for Type-I error using the false discovery rate (FDR, Benjamini and Hochberg (1995);

Wilks (2016)) at p-values of .01 (light grey) and .001 (dark grey)
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temperature trends consistently and significantly
increase (Figure 11).

To further contextualize JJA and DJF seasonal
changes in Chile across the four subregions, Figure 13
provides box-and-whisker plots for historical, near future,
and end-century seasonal averages from the VR-Andes
simulations along with historical estimates from the
three reanalyses. This is done to provide context between
historical bias relative to future changes. Similar to the
trend analysis, VR-Andes results indicate a systematic
increase in spread in JJA accumulated precipitation from
historical to near future to end-century in Austral Chile
(42�S–55�S) and a downward shift in median accumu-
lated precipitation in the southern region of Chile. This is

accompanied by a systematic warming whereby the mini-
mum seasonal average temperature at end-century is
above the maximum (75th percentiles) of historical (near
future) simulations across most regions of Chile. The
median accumulated precipitation does not change sig-
nificantly in the Northern, Central, or Austral regions of
Chile during DJF or JJA. Median precipitation declines
with time in the Southern region during both seasons.
The Southern region is projected to experience median
accumulated precipitation that is below the lower quar-
tile of the historic period compared to the near-future
and end-century periods. The broadening interquartile
range during JJA and DJF in the Austral region suggests
an increase in precipitation variability. In all regions,

FIGURE 10 South American Köppen–Geiger (Koeppen, 2011; Rubel et al., 2017) climates simulated by VR-Andes over 30-year

historical [Panel (a)], near future [Panel (b)], and end-century periods [Panel (c)]. Climates are given in letter-based categories using

climatological monthly averages following the nomenclature from Köppen and Geiger (1954). The colour scheme follows Kottek

et al. (2006). Summary of total estimated surface area (coloured bars) per climate class and the corresponding projected change in percentage

(clear bars) [panel (d)]. For more information regarding how each letter-based category is computed, please see Tables S1 and S2
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Figure 12 indicates future years may experience singular
wet or dry seasons that exceed the range simulated for
the historic period. Similar to JJA, DJF seasonal tempera-
tures systematically increase from historical to near
future to end-century (Figure 11).

We note there are discrepancies in historical seasonal
averages estimated from the CHIRPS (provides accumu-
lated precipitation) and MERRA-2 (provides tempera-
ture) reanalyses compared with the UDEL reanalysis
(provides accumulated precipitation and temperature).
More agreement is seen in accumulated precipitation
(save for the austral region of Chile), yet a significant
mismatch is found for temperature across most regions of
Chile (southern region of Chile notwithstanding). Specifi-
cally, UDEL has a more constrained interannual variabil-
ity compared with other reanalyses and VR-Andes for
both accumulated precipitation and temperature. This is
likely a result of its reliance on the climatologically aided
interpolation (CAI) scheme to fill in situ network gaps
(see Willmott and Matsuura (1995)). When comparing

MERRA-2 against VR-Andes we note that seasonal inter-
quartile range overlap occurs for temperatures across all
regions during both seasons. Similarly, VR-Andes and
CHIRPS are largely in agreement for all regions in DJF
and most regions in JJA, save for the southernmost
Chilean regions. In these two regions, VR-Andes simu-
lates significantly higher seasonal totals, which is consis-
tent with climatological comparisons in Figure 5 as well.

Many regions of Chile are largely reliant on the stor-
age of seasonal precipitation through the form of Andean
snowpack, or snow water equivalent (SWE), and/or run-
off from glacial melt. Changes in the seasonal cycle of
Andean SWE and/or annual glacial mass balance pro-
vides a unique glimpse into the interactions between pre-
cipitation and temperature on both shorter (annual) and
longer (decadal) timescales. For brevity, we focus our
analysis of SWE estimates provided by the land-surface
model (CLM5.0; Lawrence et al. (2019)) in the VR-Andes
simulations between the end-century and the historic
periods. A key result is the projected decline of the

FIGURE 11 VR-Andes simulated 30-year seasonal trends for austral winter (JJA, left column) and summer (DJF, right column) 2 m

surface temperature across four subregions of Chile (centre figure) for a historical (1985–2014, navy blue), near future (2030–2059, orange-
red), and end-century (2070–2099, dark red) time period. Of note, 95% confidence intervals are shown via translucent lines for each season.

If a trend line (black) is statistically significant at a p-value of, at least, .05 the linear equation in the upper left of each figure is emboldened

and coloured. Chilean subregion trends are ordered from top-to-bottom as northern Chile [dark red, Panels (a and e)], central Chile [yellow,

Panels (b and f)], southern Chile [light blue, Panels (c and g)], and austral Chile [dark blue, Panels (d and h)]
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Chilean cryosphere as interpreted through the first-order
metrics of snowpack, temperature, and precipitation. The
maximum amount of water stored in Chilean SWE dur-
ing the extended austral winter (June–December; inter-
preted through the metric of median peak SWE) are
projected to decline substantially throughout the range
(Figure 14a–c). The largest declines will occur in the cen-
tral Andes (≈200–600 mm; 35�S) and the austral Andes
(≥1,000 mm; 47–52�S). The region between 38�S and
42�S is projected to become nearly snow-free in an aver-
age sense (median peak SWE = 0 mm) by the end of the
century (Figure 14b). Smaller magnitude declines, partic-
ularly in the central Andes and at lower elevations in the
austral Andes, are suggestive of the loss of seasonal snow-
packs. The declining magnitude of peak SWE in the aus-
tral Andes, which exceeds 1,000 mm in some locations,
are interpreted to indicate not only snowpack loss but
also loss of perennial snow. Curiously, there is a projec-
ted increase in water stored as snow in the subtropical
Andes on the order of 100–200 mm (Figure 14c). These

increases are likely the result of the projected increase in
precipitation for this region (Figure 8e). Consistent with
the smaller peak SWE magnitudes and broad warming
trends over the region (Figure 8d), the median timing of
annual peak SWE is projected to occur between one to
more than 2 months earlier compared to the historic
period (Figure 14d–f). There are indications of elevation-
dependent warming as suggested by Pepin et al. (2015),
with regions closer to the Andean crest undergoing the
largest shifts (≥75 days) towards earlier peak SWE timing
(Figure 14f).

Several mechanisms are likely responsible for driving
the decline in peak SWE magnitudes and the earlier
timing of peak SWE. For example, the annual number of
days with minimum temperatures below 0�C are projec-
ted to decrease between 50 and 200 days (Figure 15a)
with the largest decreases in the Northern, Southern, and
northern Austral regions of the Chilean Andes and the
smallest increases in the Central region. The number of
days with maximum temperatures below 0�C is less

FIGURE 12 VR-Andes simulated 30-year seasonal trends for austral winter (JJA, left column) and summer (DJF, right column)

accumulated precipitation across four subregions of Chile (centre) for a historical (1985–2014, navy blue), near future (2030–2059, orange-
red), and end-century (2070–2099, dark red) time period. Of note, 95% confidence intervals are shown via translucent lines for each season.

If a trend line (black) is statistically significant at a p-value of, at least, .05 the linear equation in the upper left of each figure is emboldened

and coloured. Chilean subregion trends are ordered from top-to-bottom as northern Chile [dark red, Panels (a and e)], central Chile (yellow,

Panels (b and f)], southern Chile [light blue, Panels (c and g)], and austral Chile [dark blue, Panels (d and h)]
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widespread with the largest increases concentrated
within the north central and especially the glaciated
regions of the austral Andes (Figure 15b). Declines in the
fraction of cool season (June–December) precipitation
occurring at temperatures near freezing (when precipita-
tion can still fall as snow due to the time it takes hydro-
meteors to melt [Jennings et al., 2018]) are between
10 and 20% throughout much of the northern Andes
(Figure 15c). The largest decreases (≥30%) occur in the
areas south of 45�S, with some regions of Austral Chile
projected to have decreases of 50%. Throughout Chile,
there are increases in the annual number of days projec-
ted to exceed the historical maximum temperature
(Figure 15d). These increases are generally on the order
of 150 days and are indicative of broad-scale warming.
The changes are most notable in the Atacama region and
in the glaciated regions of the southern Andes. In these
regions, changes are upwards of 200 days (south) and
300 days (north). Consistent with earlier findings regard-
ing the drying of the south-central region of Chile, dry
days increase by 10–30 days (Figure 15e). We note a
change in the temperature on cool season wet days
Chile-wide on the order of 2–3�C (Figure 15f). The largest

wet day warming is projected to occur in the northern
and central regions, where warming is on the order of 4–
5�C. Indications of elevation-dependent warming are
shown by changes in cool season wet days, especially in
the northern and central regions of the Chilean Andes.

4 | DISCUSSION

Our results are broadly consistent with other recent
modelling efforts that project future climate change over
South America. Both DJF and JJA show broad warming
throughout South America (+3–6�C by end-century), yet
precipitation trends are more heterogeneous and season-
ally dependent with dipole-like responses in both the
meridional and zonal directions. These two trends are
consistent with the more qualitative South America-wide
changes shown in Solman et al. (2013) and Solman (2013)
(c.f. Figure 4) for DJF and JJA, yet are provided with
more spatial granularity in the VR-Andes simulations.
Cold biases are observed over the Andean region and
warm biases are significant over southern Brazil, the
Altiplanic region over Chile, Bolivia, Peru, and

FIGURE 13 Austral winter

[JJA, Panels (a and c)] and summer

[DJF, Panel (b and d)] seasonal

average box-and-whisker plots

(i.e., minimum, 25th percentile,

median, 75th percentile, and

maximum) for the four Chilean

subregions (indicated in each column

using a corresponding colour bar to

the map figure in the upper right)

including northern Chile (dark red),

central Chile (yellow), southern Chile

(light blue), and austral Chile (dark

blue) for historical (1985–2014) and
future (2030–2059, 2070–2099)
periods
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Argentina, and the Argentinean Pampa. These tempera-
ture biases present patterns previously found by Falco
et al. (2019), but overall those biases were slightly larger
in magnitude compared to VR-Andes. Positive biases in
accumulated precipitation are significant across all the
Andes during summer within the tropical region and
winter over the subtropical region. Wetter austral winter
conditions are projected for the tropical, central, and
southern-most Andes, the exit region of the Chaco jet,
and Colombia into central Venezuela. The precipitation
bias in this region is consistent with previous studies
pointing the outstanding need of better characterizing
the structure and dynamics of the east Pacific Intertropi-
cal Convergence Zone (ITCZ) as simulated in CESM
(Woelfle et al., 2019), as well as other General Circulation
Models (GCM) (Adam et al., 2018). Conversely, drier con-
ditions are projected in the VR-Andes simulation for the
northern and coastal regions of Brazil, much of the
central–southern Andes, and west of the Chaco jet exit
region over Paraguay. Similarly, we find consistent

qualitative agreement between our findings and those of
Nunez et al. (2009), Cabré et al. (2016), Falco
et al. (2019), and Bozkurt et al. (2019) regarding changes
in Chilean precipitation under a high emissions scenario
(A2) or the RCP8.5 scenario. More specifically, drier (wet-
ter) conditions in the south-central (southernmost)
region of Chile in JJA and generally drier conditions
throughout Chile during DJF.

Although some South American regions do not show
a statistically significant change in precipitation
(e.g., Chile), an increase in interannual variability, or
more volatile precipitation characterized by “booms and
busts”, is found. In addition, warming across the Andes
leads to large reductions in snowpack and a near com-
plete loss of the Tundra Köppen–Geiger climate, which is
missed when coarser model projections of future climate
are used (Beck et al., 2018). Many of the hydroclimatic
outcomes identified in this study such as elevation-
dependent warming, increased winter-season precipita-
tion volatility, and loss of snowpack are consistent with

FIGURE 14 Historic [1985–2014; Panel (a)], future [2070–2099; Panel (b)], and the difference between future and historic [Panel (c)] of

peak snow water equivalent (SWE) magnitude (mm). Historic [1985–2014; Panel (d)] and future [2070–2099; Panel (e)] timing of peak SWE

starting from June 1. Change in timing of peak SWE between future and historic [Panel (f)]
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climate change findings of other midlatitude mountain
ranges (Rangwala and Miller, 2012; Pepin et al., 2015;
Huss et al., 2017; Rhoades et al., 2017; Beniston
et al., 2018; Swain et al., 2018; Rhoades et al., 2020b).

An important challenge for this model evaluation is
related to the ability of reanalysis data sets to represent
the observed precipitation and temperature reliably
across regions of complex topography and limited num-
ber of observations (Condom et al., 2020). One of the
most alarming conclusions from multiple reanalysis eval-
uation studies is that we cannot completely trust data
products that are often considered truth (Lundquist
et al., 2019), since statistical gridded products are not
equivalent to actual observations. Schumacher
et al. (2020) found that different reanalysis data sets vary
significantly over the Chilean Andes, and the differences

are mostly attributed to spatial resolution and the num-
ber of observations used. Large discrepancies between
products are also prevalent for precipitation estimates
over arid regions due to the methodological challenges
associated with the rare occurrence of precipitation
events (Alvarez-Garreton et al., 2018).

While our VR-Andes simulations are a major step for-
ward in providing future climate projections over South
America that can inform actionable climate adaptation
strategies, they come with important limitations. These
limitations stem from the fact that the VR-Andes simula-
tions are a single-model, single 30-year member and only
project one future climate scenario (all due to computa-
tional constraints). Nonetheless, our 30-year historical
VR-Andes simulation shows comparable or better agree-
ment with three reanalyses than previous modelling

FIGURE 15 Differences between future (2070–2099; and historic (1985–2014) periods for the [Panel (a)] median annual number of days

below freezing (Tmax ≤ 0�C), [Panel (b)] change in fraction of cool season precipitation occur at or below +1�C, [Panel (c)] change in Tmax

on wet days, [Panel (d)] change in the number of hot days (Tmax ≥ 40�C), and [Panel (e)] change in the number of days exceeding the 95th

percentile (parenthetical values in the colour bar)
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studies (Solman, 2013; Solman et al., 2013; Solman and
Bl�azquez, 2019). However, we find that agreement is bet-
ter in 2 m surface temperature than precipitation, with
notable disagreement in the Andes during austral sum-
mer. These differences are undoubtedly influenced by the
lack of long term, spatially complete in situ networks
throughout the South American Andes Poveda
et al. (2020), but may also be due to long-standing model
biases. This includes: drizzle effects from sub-grid-scale
parameterizations (e.g., too-often saturated model col-
umns from the cumulus parameterization [Chen and
Dai, 2018]), an long-standing erroneous double intertrop-
ical convergence zone (Wehner et al., 2014), and non-
convergence of mean and extreme precipitation with res-
olution refinement (Wehner et al., 2014; Herrington and
Reed, 2017; Chen and Dai, 2019; Herrington and
Reed, 2020). That said, there are multiple lines of evi-
dence showing that more refined model resolutions, par-
ticularly over mountainous and glaciated regions,
enhance model veracity in CESM (Wehner et al., 2014;
Rhoades et al., 2016, 2018; van Kampenhout et al., 2019).

Last, our choice to use a static, high-resolution land-
surface cover for all simulated periods may be unrealistic
given expected land-use changes (e.g., deforestation and
wildfires). The aforementioned limitations could all be
addressed with more follow-up studies that assess VR-
Andes sensitivities to horizontal resolution, the use of
convective parameterizations, land-surface cover resolu-
tion and change, and/or future climate scenario.

Through our analysis of South American-wide cli-
matic changes in temperature and precipitation, we iden-
tified several sub-regions within South America that
warrant further study. These include: (a) the wet, dry,
wet latitudinal pattern in Chile during austral winter;
(b) the widespread increase in convective precipitation
across the high-altitude Andes; (c) the drying of the
northeastern portions of the Amazon in both austral win-
ter and summer; and (d) the consistently wetter condi-
tions in the region most influenced by the presence or
absence of a Chaco jet (Ramos et al., 2019) over the
southeastern coastline of Brazil. Further, we identified
“hot spots” of climatic change through the use of
Köppen–Geiger climates that account for the interactions
between temperature and precipitation. Major changes in
historical Köppen–Geiger climates include the near
Andes-wide elimination of the Tundra (or Alpine) cli-
mate, the desertification of western coastal regions of
South America, and the large expansion of dry winter
tropical savannah in the northeastern and central regions
of South America.

One challenge with Köppen–Geiger climatological
classifications, however, is that this approach does not
explicitly account for changes in snow accumulation and

persistence, which is expected to undergo notable reduc-
tions (14). This, in addition to changes in the type, fre-
quency, and magnitude of extreme weather and climate
events, poses a limitation for estimating the true ecologi-
cal impact of Köppen–Geiger climate changes. Therefore,
these changes may be conservative estimates of climate
change impacts on natural and human systems.

Although beyond the scope of this study, we plan to
more robustly investigate the causal mechanisms of some
of the aforementioned climate projections. For example,
the expected changes in meridional precipitation distri-
bution over Chile are hypothesized to result from shifts
in atmospheric river activity and character, analogous to
the western United States (Rhoades et al., 2020b).
Supporting this hypothesis is the finding that northern
Chile does not experience an increase in the number of
wet days, but precipitation (Figure 15) and peak SWE
does increase (Figure 14). In the southern region of
Chile, precipitation remains similar (or increases); how-
ever, an increase in the number of dry days is observed.
In both cases, this would imply that precipitation days
will become more extreme, which is consistent with
recent trends of more frequent and severe extreme pre-
cipitation events in the Andes (Poveda et al., 2020). By
analysing changes in Chilean ARs we will implicitly
identify shifts in midlatitude storm track and potentially
explain the marked increase in the number of dry days in
central Chile. This may also provide insight on the mech-
anisms that promote drought in this region and how
drought regularity and persistence may shift due to cli-
mate change (Garreaud et al., 2020).

The impacts of projected warming and drying in Cen-
tral Chile in the VR-Andes simulations will be com-
pounded by the near-complete elimination of the Chilean
cryosphere by end-century if greenhouse gas emissions
continue unabated. We hypothesize this decline results
from an increase in the background temperature, specifi-
cally the number of days above 0�C, and a net warming
of temperatures during precipitation events (Figure 15).
The combined effect of warming and precipitation phase
shifts (i.e., more rain and less snow) are likely the key
contributors to the reduced quantity and earlier timing of
water stored as snowpack. Alterations to precipitation
phase is most pronounced over glaciated regions
(Figure 15c,f). As such, we expect acceleration of glacial
retreat as temperatures continue to rise (Figure 15a,d).
These marked changes in the Chilean cryosphere have
important implications on both water availability and
natural hazard risk on downstream communities
(Immerzeel et al., 2020) as well as sea level rise
(Dussaillant et al., 2018). This warrants a more fine-tuned
analysis. Examples of future studies include an examina-
tion of changes in various snowpack properties in both
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the accumulation and melt season across the Andean
hypsometry, the implications of the snow-albedo feed-
back versus atmospheric moistening that shape
elevation-dependent warming, and alterations to the

frequency of compound extremes (e.g., rain-on-snow and
extreme precipitation on saturated soils and resultant
landslide hazard). Given their unprecedented spatiotem-
poral resolution, VR-Andes simulations can also serve as

FIGURE 16 A summary of projected climate change impacts on mean temperature, mean annual precipitation, and median peak snow

water equivalent and timing across four major regions of Chile
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input to glaciological models enabling the examination of
glacial mass loss and retreat. The various Chilean hydro-
climatic changes shown in this study are summarized in
Figure 16, which distil some key findings discussed
throughout this study and aims to inform decision
makers in need of climate change information (Briley
et al., 2020) over this region. Our findings are qualita-
tively consistent with previous work, however the more
refined resolutions over the Andes provides additional
evidence for the negative impacts of warming on society
and ecosystems, especially when viewed through the lens
of the loss of the Andean cryosphere and potential impli-
cations for water supply reliability. To better tailor these
results to decision making, we anticipate additional eval-
uations of changes in other high elevation regions
(e.g., Argentina, Bolivia, Ecuador, and Peru).

5 | CONCLUSIONS

Variable-resolution enabled Community Earth System
Model simulations that telescope grid resolution from
111 km to 14 km over South America (defined as VR-
Andes in this study) was done following the South Ameri-
can Coordinated Regional Downscaling Experiment
domain specifications and the Atmosphere Model
Intecomparison Project protocols. A primary goal was to
produce high-resolution simulations over the topographi-
cally complex and climatically sensitive Andean mountains
and provide a more detailed analysis of regional climatic
change, namely in the Chilean Andes. Austral winter pre-
cipitations and temperatures and austral summer tempera-
tures from the historical simulation (1985–2014) were
found to compare well against commonly used reanalysis
products at the continental scale, particularly when juxta-
posed with previous modelling experiments. Notable biases
were found in austral summer precipitation throughout
much of the Andes, but may be partly due to the sparse in
situ network. The VR-Andes simulations were also per-
formed for two 30-year periods in the near future (2030–
2059) and end-century (2070–2099) under the RCP8.5 sce-
nario. We found a wide spread and significant warming
across South America in both the near future and end-cen-
tury, irregardless of season, and a more heterogeneous
response in precipitation. Drastic climate changes emerged
over certain South American regions including Chile, the
northeastern Amazon, the eastern coast of Brazil, and the
Andes, particularly when viewed through the lens of the
Köppen–Geiger climate classification system. To provide a
more granular analysis of one of these climate change “hot
spots” we focused on Chile due to its meridional extent
and reliance on Andean-derived water supply. The key
regional changes for Chile are summarized as an

infographic in Figure 16. Qualitative comparisons with pre-
vious climate change projections over Chile are consistent
with VR-Andes in both the sign and spatial location of
change in DJF and JJA (Nunez et al., 2009; Solman, 2013;
Cabré et al., 2016), yet are provided with more granularity
in this study. Results indicate robust warming and spatially
heterogeneous changes in precipitation variability and vol-
atility. Earlier timing of peak snow water equivalent,
warming of wet days, and fewer days below 0�C all are
expected to drive a decline of Chile's cryosphere.

Despite these stark projections, we do note that we
only examine one future climate scenario, which corre-
sponds to a world in which greenhouse gas emissions
continue to rise unabated through the end of the century.
If global effort to cut emissions is successful, we expect
the simulated changes to be less severe for the end-
century period. However, future climate scenarios typi-
cally differ less during near-future periods, so our mid-
century results are likely to occur even if aggressive miti-
gation policies are pursued in the coming decades. Many
open questions result from our analysis including how
climate change influences the drivers, character, and
prevalence of climatic extremes such as impactful atmo-
spheric river events (Viale et al., 2018), heat waves (Feron
et al., 2019), drought (Rodrigues et al., 2019) and other
wildfire-favouring conditions such as downslope wind-
storms (Abatzoglou et al., 2020), glacial decline (Braun
et al., 2019), and flood events (Li et al., 2020). Similarly,
ecosystem responses to climate change including the
identification of ecoregions that are most susceptible to
or most resilient to change [e.g., ‘climate refugia’;
[Ackerly et al., 2020)] requires further investigation.
Follow-up studies that examine these phenomena are
planned and we welcome collaboration in this effort. We
hope that the VR-Andes simulations will enable more
granular assessments of projected climate change and
help to build climate resiliency in South America.
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