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In the Andes, the complex topography and unique latitudinal extension of
the cordillera are responsible for a wide diversity of climate gradients and
contrasts. Part I of this series reviews the current modeling efforts in simulating
key atmospheric-orographic processes for the weather and climate of the
Andean region. Building on this foundation, Part II focuses on global and
regional climate models challenging task of correctly simulating changes in
surface-atmosphere interactions and hydroclimate processes to provide reliable
future projections of hydroclimatic trajectories in the Andes Cordillera. We
provide a review of recent advances in atmospheric modeling to identify
and produce reliable hydroclimate information in the Andes. In particular,
we summarize the most recent modeling research on projected changes
by the end of the 21st century in terms of temperature and precipitation
over the Andes, the mountain elevation-dependent warming signal, and land
cover changes. Recent improvements made in atmospheric kilometer-scale
model configurations (e.g., resolution, parameterizations and surface forcing
data) are briefly reviewed, highlighting their impact on modeling results in
the Andes for precipitation, atmospheric and surface-atmosphere interaction
processes, as mentioned in recent studies. Finally, we discuss the challenges
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and perspectives of climate modeling, with a focus on the hydroclimate
of the Andes.

KEYWORDS

Andes, atmospheric modeling, climate projections, kilometer-scale modeling,
hydroclimate

1 Introduction

In the Andes, the complex topography and unique latitudinal
extension of the cordillera are responsible for a wide diversity
of climate gradients and contrasts. From the cold extratropical
Patagonia in the south to the wet tropical Northern Andes or
the hyper-arid Atacama Desert in the subtropics, the region is
facing global and regional environmental changes, including climate
warming, glacier retreat, and land use changes (e.g., deforestation).
These changes are related to strong socio-economic impacts in
terms of water resources, ecosystems, energy and agriculture, among
many others. Therefore, there is an urgent need for the scientific
community to understand and project climate change over this
unique environment. In particular, global and regional climate
models (GCMs and RCMs, respectively) face a challenging task
in correctly simulating changes in surface-atmosphere interactions
and hydroclimate processes to provide reliable future projections of
hydroclimatic trajectories in the Andes Cordillera.

Recently, limited area models (LAM) with kilometer-scale
horizontal resolution have been increasingly used to improve local-
scale atmospheric processes in climate simulations in Andean
regions. Compared to previous generations of simulations with
grid spacing in the range 25–200 km (both from GCMs and
RCMs), kilometer-scale LAM simulations with grid spacings in the
1–25 km range show overall improvements in spatial and temporal
variability of main climatic features over the Andes (e.g., Bozkurt
et al., 2019; Falco et al., 2020; Gutierrez et al., 2024), and better-
resolved local valley-wind and slope processes (e.g., Junquas et al.,
2018; Bozkurt et al., 2019; Schumacher et al., 2020; Rosales et al.,
2022). Weather and climate modeling of fundamental processes
such as deep convection, convective organization, land-atmosphere
interactions, the effects of landscape (e.g., mountains and valleys)
and land-cover heterogeneity require a high level of detail in their
spatiotemporal representation (e.g., Gutowski et al., 2016; Gutowski
et al., 2020; Giorgi, 2019; Palmer and Stevens, 2019; Prein et
al., 2015; Lucas-Picher et al., 2021). This is particularly critical
for modeling the atmospheric phenomena affected by the Andes,
where local circulations such as valley-wind breezes or orographic
enhancement of cloudiness and precipitation interact with regional
atmospheric processes such as low-level jets and gravity waves
(e.g., Junquas et al., 2018; Bozkurt et al., 2019; Posada-Marín et
al., 2019; Schumacher et al., 2020; Chimborazo and Vuille, 2021).
Under climate projections, these processes interplay with large-
scale atmospheric circulations perturbations, local and regional land
cover changes and elevation-dependent warming, among others.
These processes and their interactions strongly shape weather and
hydroclimate in a wide scale range of resolution (i.e., 1–200 km)
throughout the Andes. With high resolutions, it is possible to
achieve a better depiction of “precipitation hotspots” associated
with particular topographic features (e.g., Junquas et al., 2018),

and statistical distributions of simulated precipitation that are more
suitable for representing extreme precipitation events (e.g., Onol,
2012; Di Luca et al., 2013; Torma et al., 2015; Lucas-Picher et al.,
2017; Giorgi, 2019; Baladima et al., 2022). Therefore, the recent
improvement in resolution and complexities of climate models have
driven the publication of high-resolution modeling studies in the
entire Andes for the analyses of hydroclimate variables, that we
propose to assess in this review paper.

However, the LAM models still face challenges associated with
persistent precipitation biases in temporal and spatial variability,
such as an overestimation in some part of the Andes like the
southern tropical highlands (e.g., Mourre et al., 2016; Junquas et
al., 2018; Junquas et al., 2022; Moya-Álvarez et al., 2018a; Moya-
Álvarez et al., 2018b), the central Andes of Chile and Argentina
(e.g., Rojas, 2006; Schumacher et al., 2020), and Patagonia (e.g.,
Villarroel et al., 2013). Such precipitation biases can be due to several
factors, including the use of parametrizations for deep cumulus
convection that is needed for models with grid spacings larger
than ∼5 km, the type/configuration of other parametrizations (e.g.,
microphysics, radiation, etc.), topographic and hypsometric errors,
and inadequate high-quality observational data, particularly over
the high Andes (e.g., Bozkurt et al., 2019; Schumacher et al., 2020;
Fernández et al., 2021; Hodnebrog et al., 2021). Similar difficulties
are common to regions with mountainous terrain (e.g., Maussion et
al., 2011; Bozkurt et al., 2012; Onol, 2012; Solman 2013; Bieniek et
al., 2016). In addition, due to the presence of steep valleys, slopes,
cities, glaciers, lakes and other highly localized surface features, and
considering that the size of the smallest flow structure reproduced
in a dynamical model is approximately 5–10 times the grid spacing
of the simulation (Pielke, 2013), even a kilometer-scale simulation
can barely represent all processes and systems in the Andes. In this
review, we assess the added value of the resolution increase as well
as our enhanced understanding of the processes to be resolved by
the dynamical atmospheric models in order to produce the most
reliable and localized hydroclimate trajectories and changing signals
in the Andes.

This paper is the second part of two review papers focused
on recent advances in climate modeling in the Andes. Part I
(Martinez et al., in revision) proposes a review of the atmospheric
processes and associated precipitation features described by recent
modeling studies, such as mountain-related wind systems, low-level
jets along the Andes, windstorms, gravity waves, and associated
characteristics of diurnal cycle, altitudinal gradient, extreme events
and orographic precipitation, among others. In this second part, we
review the recent advances in atmospheric modeling to identify and
produce reliable hydroclimate information in the Andes. In Section
2, we summarize modeling research on projected changes by the
end of the 21st century in temperature and precipitation over the
Andes, and how they are influenced by the mountain elevation-
dependent warming signal and land cover changes. In Section 3, we
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describe the recent improvements made in atmospheric kilometer-
scale model configurations (e.g., resolution, parameterizations and
surface forcing data) and how they impact the modeling results
in the Andes in terms of precipitation, atmospheric and surface-
atmosphere interaction processes, as mentioned in previous studies.
Finally, in Section 4, we discuss the challenges and perspectives of
climate modeling, with a focus on the hydroclimate of the Andes.

2 Effects of climate and land use
changes

In this section, we aim to review the most recent results
associated with climate and land use changes in the Andes with a
particular focus on modeling advances and improvements adapted
to the hydroclimate complexity of the Andean regions.

2.1 Projected changes in precipitation and
surface temperature

Pabón-Caicedo et al. (2020) summarized some results regarding
climate projections for the Andes region. These authors compared
ensembles of Coupled Model Intercomparison Project CMIP3
and CMIP5 models under historical conditions in the recent
past (1971–2000) and future conditions (2071–2100) under the
Representative Concentration Pathways (RCP; van Vuuren et al.,
2011) RCP8.5 scenario. In general, these models agree on expecting
higher temperatures over the Andes by the end of the century,
although the magnitude of the change depends on the region and
model (Figure 1). The robust signal of temperature increase for
the end of the 21st century was confirmed by recent studies using
CMIP6 models under Shared Socioeconomic Pathways (SSPs; Riahi
et al., 2017) scenarios (e.g., Almazroui et al., 2021;Ortega et al., 2021;
Figure 1), showing reduced biases in general with respect to CMIP5
models in South America (Ortega et al., 2021).

In the case of precipitation, future climate projections are more
heterogeneous in terms of sign of change among both generations
of model and regions (e.g., Pabón-Caicedo et al., 2020; Almazroui
et al., 2021; Ortega et al., 2021; Thaler et al., 2021). The most
robust regional signal among GCMs from CMIP3 and CMIP5 in
the Andes indicates a drying trend over Central Chile (e.g., Pabón-
Caicedo et al., 2020; Figure 1), which is primarily attributed to the
anthropogenic forcing signal (Boisier et al., 2018). While there is
an overall trend of reduced rainfall throughout the year driven by
greenhouse gas forcing, a summer rainfall decline in Chile is shown
to be linked to the depletion of the ozone layer over Antarctica. This
robust projected signal is also found with the generation of CMIP6
models (e.g., Almazroui et al., 2021; Ortega et al., 2021; Rivera and
Arnould, 2020; Salazar et al., 2024), which are able to reasonably
capture the long-term drying trend from the beginning of the
20th century (Rivera and Arnould, 2020). However, the observed
decline is larger than simulated, suggesting future projections
may underestimate the changes (Boisier et al., 2018; Rivera and
Arnould, 2020).

Other projected signals of precipitation are found in CMIP6
models and consistent with earlier projections (CMIP3, CMIP5), as
for example, a decrease over the east of the northern tropical Andes

and northern Patagonia, and an increase over parts of the Andes
in Colombia, Ecuador, Perú, Bolivia and northern Argentina (e.g.,
Pabón-Caicedo et al., 2020; Almazroui et al., 2021; Salazar et al.,
2024; Figures 1, 2). The annual changes are mainly explained by
the wetter part of the year (Almazroui et al., 2021), and opposite
signals can be found considering the season of the year (Ortega
et al., 2021; Thaler et al., 2021; Figure 2). In addition, most of
these precipitation changes remain within the range of variability
of the reference period (Almazroui et al., 2021). From an analysis
of an ensemble of 7-best performing CMIP6 models, Ortega et al.
(2021) found similar results for the northern-central Andes and
central-southern Chile, suggesting stronger trends than the whole
ensemble (Figure 2). This 7-best model selection was based on
annual cycle and statistical evaluations (Taylor diagrams), in terms
of precipitation and surface temperature (compared to satellite and
reanalysis products, respectively) for a present period. However,
the analysis of CMIP6 for Chile made by Salazar et al. (2024)
suggested that caution is needed even with the best-performing
models (identified based on their performance for the present
climate) because among them one finds so-called “hot models” (e.g.,
Hausfather et al., 2022). Indeed, some CMIP6 models are found to
be unrealistic high-sensitivity models with worse climate outcomes
than the previous model generation (CMIP5). They exhibit an
overestimated climate sensitivity, inconsistentwith past assessments,
resulting in future warming thatmay be larger than supported by the
most reasonable projections (Tokarska et al., 2020).

Future projections show an increase in hydroclimate extreme
events associated with a more intense hydrological cycle in South
America (Almazroui et al., 2021). In the Andes, an increase of
extreme drought events in central Chile, as the recent mega-drought
(2010–2015), is projected to increase from one to five events every
100 years by the end of the 21st century (Bozkurt et al., 2018).
In addition, Bambach et al. (2022), using a global variable-grid
atmospheric model, revealed a projected decrease in the timing and
magnitude of water stored as snow in the Andes of Chile, along with
a decrease in the number ofwinterwet dayswith temperatures below
1°C, as well as fewer days withminimum temperatures below 0°C. In
the tropical Andes, the projected increasing minimum temperature
and decreasing stored snow could generate glacier mass loss (e.g.,
Al-Yaari et al., 2023) and a nearly elimination of the Andean Tundra
or Alpine climates at high altitude (Bambach et al., 2022).

Using higher resolutions than most GCMs, regional models
from Coordinated Regional Downscaling Experiment (CORDEX;
Giorgi et al., 2009; grid spacing ∼50 km), also show a general
projected increase in temperature over the Andes under the RCPs
scenarios (Figure 1). In terms of precipitation, the sign of the change
can be mixed, with a heterogeneous distribution over the Andes,
sometimes in coherence with the GCM projections (e.g., in central
Chile) and oftentimes showing the opposite sign of the parent GCM
simulation (e.g., Pabón-Caicedo et al., 2020; Arias et al., 2021b;
Hodnebrog et al., 2021; Figure 3). For example, based on a subset
of CORDEX simulations, Arias et al. (2021b) found that while their
parent CMIP5 simulations suggest wetter future conditions under
the RCP8.5 scenario (except for the September-October-November
season), RCM models from the CORDEX ensemble suggest drier
conditions over parts of the Colombian and Ecuadorian Andes.
An opposite signal of future climate change can also be found
using kilometer-scale numerical downscaling. In eastern central
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FIGURE 1
Long-term total annual precipitation change (top row; %) and temperature change (bottom row; °C) in South America for 2081–2100 with respect to
1995–2014 from 29 CMIP5 models (first column; 2°x2°), 33 CMIP6 models (second column; 1°x1°) and 18 CORDEX South America models (third
column; 0.5°x0.5°). For precipitation, color grid point indicates that the change is robust and likely emerges from internal variability (at least 66% of the
models show a change greater than the internal-variability threshold and at least 80% of the models agree on the sign of change); Light gray color
indicates no change or no robust change (fewer than 66% of the models show change greater than the internal-variability threshold); Dark gray color
indicates conflicting signals where at least 66% of the models show change greater than the internal-variability threshold but fewer than 80% of all
models agree on the sign of change. https://interactive-atlas.ipcc.ch/.

Peru, a wetter future climate is simulated at 50 km for the end
of the 21st century using the Weather Research and Forecasting
(WRF; Skamarock et al., 2008) model (Hodnebrog et al., 2021;
Figure 3). However, when using 10-km resolution with the same
model, the Cumulus scheme interacting with a better resolved
topography of the Andes results in a reduction of the ascent
and moisture convergence over the eastern slopes of the Andes
of Peru, consequently leading to a reduction in precipitation in
future projections. Therefore, some regions of the Andes exhibit
opposite precipitation projections, depending on the model and on
the resolution used, consequently (i) highlighting the importance

to be particularly cautious in the choice of the model and its
configuration inmodeling studies, and (ii) revealing a strong need to
increase our understanding of local-regional interaction processes
to help identifying the most reasonable projection signals (as
discussed in section 4.1.1).

The CORDEX simulations were also used to study the
mechanisms associated with precipitation change. For example,
Torres-Alavez et al. (2021) found that the South American
Low-Level Jet (SALLJ; e.g., Berbery and Barros, 2002; Vera
et al., 2006; see Part I) could become stronger and exhibit
a westward expansion under the RCP8.5 scenario, due to
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FIGURE 2
Seasonal projected precipitation changes (%) identified in Ortega et al. (2021) from a sub-ensemble of selected seven-best CMIP6 models between
2071–2100 and 1971–2000 following the SSP5-8.5 scenario. Dots indicate an agreement of 80% in the sign (positive in blue, negative in red) of the
projected change between the models. Source: Ortega et al. (2021). © International Journal of Climatology. Reprinted by permission from Wiley.

stronger warming over continental areas and an intensification
of the geopotential gradient. Soares and Marengo (2008)
also identified an intensification of the SALLJ under a high
emission scenario associated with an increase of the meridional
temperature gradient between tropical and subtropical South
America east of the Andes. Although a characterization of the
uncertainty range in the simulated SALLJ responses would be
needed, these changes may be related to projected changes in
precipitation over the eastern slopes of the central Andes. However,
results from Blázquez and Solman (2023), based on the CORDEX-
CORE RCMs, highlighted that seasonal mean precipitation is
overestimated throughout the Andes range probably due to
models failing in representing the interaction between the flow
and the topography. Additional kilometer-scale downscaling
experiments are needed to better understand the atmospheric
processes associated with climate change signals at local scale
in the Andes, particularly in the tropics where most of the
uncertainties among models are found.

2.2 Elevation-dependent warming
projected signals

In mountainous terrain, changes in temperature under future
conditions might vary with altitude, exhibiting an enhancement
in warming at higher elevations (known as Elevation-Dependent
Warming, EDW), which has been observed and projected in some
of the major mountain chains in the world (e.g., Palazzi et al.,
2019; Pepin et al., 2022). In the case of the Andes, the lack of a
dense network with long-term records complicates robust trend
estimations in the recent past. In addition, the high resolution
needed for better representing the topography for assessing EDW
also poses a challenge for estimating trends under current conditions
and climate change scenarios (e.g., Pabón-Caicedo et al., 2020).

We highlight two studies devoted to EDW over the Andes based
on atmospheric dynamic models. Based on CORDEX simulations
with the Rossby Centre Atmospheric (RCA) regional model, Toledo
et al. (2021) studied EDW in the Andes between Ecuador and
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FIGURE 3
Projected changes in annual precipitation (%) in 1996–2005 vs 2091–2100 (RCP8.5) for South America (A), central Chile (B) and Peru (C) from three
GCMs and three dynamical downscaling with the WRF model at 50 km and 10 km. Stippling in the CMIP5 and CMIP6 plots in (A) indicates where more
than 80% of the models agree on the sign of change. Source: Hodnebrog et al. (2021). © Springer Nature. CC license.

Chile. The RCA simulations, with a resolution of 0.44° (∼50 km),
involved an ensemble of eight members (downscaled from different
GCMs) representing present-day (1976–2005) conditions, and the
RCP8.5 scenario by the end of the century (2071–2100). Toledo
et al. (2021) found a consistent increase in warming with altitude
in the subtropical Andes, while in the tropical Andes, minimum
temperature exhibits a decrease in EDW. The drivers of EDW were
found to vary between the subtropical and tropical Andes, with a
significant influence of the snow-albedo feedback in the subtropics,
where seasonal snow cover exists, and more significant changes in
downward long- and short-wave radiation in the tropics.

Based on higher resolution (10 km grid spacing) 30-year
simulations, Chimborazo et al. (2022) focused on EDW in
the Ecuadorian Andes. The authors found that the simulations
agree with the observations in showing positive trends in
EDW for the recent past. In addition, for the mid-21st
century (2041–2060), they project positive trends in EDW,
especially on the western slopes of the Ecuadorian Andes.
The study identified enhanced upper-tropospheric warming
at high elevations on both sides of the cordillera, changes
in mid-tropospheric zonal circulation inducing subsidence
and drying, reduced cloudiness over the western slopes,
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and the snow-albedo feedback at higher elevations as key
drivers of EDW.

These studies provide clues about the features of EDW in
the Andes but also emphasize on the need of higher resolution
simulations to better represent the effects of the complex terrain and
to test different land-surface models given their instrumental role in
the simulation of the snow-albedo feedback.

2.3 Deforestation effects on the Andean
climate

The impact of Amazon deforestation over the Andes climate was
analyzed through modeling studies (e.g., Sun and Barros, 2015a;
2015b; Eghdami and Barros, 2019; Sierra et al., 2021). Sierra et al.
(2021) focused on the austral summer precipitation (December-
January-February; DJF) of the Amazon-Andes transition region,
particularly influenced by a large portion of recycled moisture
coming from the Amazonian rainforest transpiration (e.g., Staal et
al., 2018). High-resolution experiments in the Bolivian Amazon-
Andes transition region show a decrease in precipitation associated
with regionalAmazondeforestation particularly over the lower parts
of the Amazonian valleys and during the night (Sierra et al., 2021;
Figure 4). This is due to a strong reduction of the moisture transport
linked to a weakened regional SALLJ. The local moisture circulation
also showed a weakening of the daytime upslope wind. Similar
results were found in quasi-idealized experiments in the eastern
flank of the tropical Andes, where surface evapotranspiration
removal weakened upslope flows by increasing the static stability
of the lower troposphere (Sun and Barros, 2015b). In addition, the
local deforestation in the Andean piedmont is also responsible for a
local feedback between atmospheric conditions and the rainforest
through a soil moisture reduction, leading to decreased rainfall
(Eghdami and Barros, 2019). In addition, Sun and Barros (2015a)
found a precipitation dipole-like anomaly on the eastern flank of
the Andes associated with Amazon deforestation experiments, with
decreased precipitation over the Amazon lowlands and increased
precipitation in surrounding mountains due to a convergence-
divergence anomaly. Therefore, it is expected that both climate
change and Amazon deforestation could significantly affect future
projections of precipitation in the Amazon-Andes transition region
but more experiments would be needed in order to (i) identify
robust signals of precipitation change associated with the Amazon
deforestation in the Andes highlands and (ii) properly distinguish
the different effects of climate change and deforestation over the
future Andean climate.

Regional changes in circulation patterns have been identified
recently in association with projected deforestation patch scenarios
like a large-scale subsidence suppressing the low-level convection
during the dry-to-wet transition season (e.g., Sierra et al., 2023).
However, it is not known how the Andean seasonal variability of
precipitation could be affected by this regional change at local scale.
More high-resolution experiments are needed in order to identify
the effect of the Amazon deforestation over the annual precipitation
regimes in the Andes and to increase the robustness of this signal.

Non-Amazonian Andes have also been subjected to a consistent
historic process of land use and land cover changes. In particular,
Chilean matorral are among the most affected non-Amazonian

ecosystems in South America where the conversion of wooded
grassland to croplands has resulted in awarmer climate, as suggested
by early modeling studies (Salazar et al., 2015 and references
therein). Using a three-members ensemble with a climate model
at a 25-km resolution over a recent 30-year period, Salazar et al.
(2016) also suggested that the loss of natural vegetation in this semi-
arid region has increased the drying and potentially desertification
process due to changes in the hydrological cycle including surface
temperature, evaporation, soil moisture and atmospheric humidity.

3 How model configurations impact
atmospheric modeling results

The design of atmospheric simulations requires important
decisions about the configuration of the model and the numerical
experiment, including a definition of the type of grid and grid
spacing, various physical parameterizations for sub-grid processes,
a version of the static forcing data, among others (e.g., initial
and boundary conditions). For a given model (e.g., with a given
dynamical core), different configurations may produce substantially
different patterns of winds, clouds, temperature, precipitation, and
other variables. In this section we briefly comment on issues related
to grid spacing (or equivalently, resolution), parameterizations
and static forcing data (e.g., land cover) based on studies
about the Andes.

3.1 Role of grid spacing

The grid spacing is directly related to the resolution of the
simulation. The smallest flow structure resolved in a numerical
simulation has an approximate scale of 5–10 times the grid
spacing (e.g., Pielke, 2013). Thus, if properly configured, a smaller
grid spacing facilitates a numerical solution that resolves smaller
details in the flow and other atmospheric conditions, especially
when the topography has important details at smaller scales. As
already described with multiple examples in Part I of this review,
using a small grid spacing is particularly relevant for atmospheric
simulations in the Andes region. At the time of writing, high
resolution refers to horizontal grid spacings at the kilometer scale,
with simulations mostly in convection-permitting (CP) mode (i.e.,
without the use of a deep cumulus convection scheme) when
lower than 5 km. Simulations with grid spacings approximately
in the range 9–18 km can represent some of the major Andean
features and their effects on atmospheric flow (e.g., low-level
jets and wind channelization by major inter-Andean valleys) and
distribution of precipitation (e.g., Insel et al., 2010; Junquas et
al., 2018; Moya-Álvarez et al., 2018a; Posada-Marín et al., 2019;
Bozkurt et al., 2019; Flores-Rojas et al., 2019; Jiménez-Sánchez
et al., 2019; 2020; Schumacher et al., 2020; Sierra et al., 2021;
Fernández et al., 2021;Martinez et al., 2022). However, grid spacings
below 6 km have been found necessary for resolving phenomena
like organized deep convection, orographically forced or enhanced
convection, rain shadows, thermally forced circulations like slope
flows (including katabatic winds) and mountain-valley winds, other
mountain circulations like gravity waves and foehn-like winds (see
for example, Trachte et al., 2010; Lenaerts et al., 2014; Junquas et al.,
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FIGURE 4
Schematic representation of DJF climatological atmospheric conditions at regional (A, B) and local scales (C–F) for normal conditions (A,C,D) and
Amazon deforestation induced anomalies (B,E,F) in WRF simulations. The red square in (A) indicates the approximated location of the Zongo Valley
sketched in (C–F). Black solid (red dashed) thin arrows represent surface moisture transport under normal conditions (deforestation anomalies). Black
(red) thick arrows represent mid-tropospheric moisture flux under normal conditions (deforestation anomalies). Vertical thick arrows represent
ascending and descending motions. Black (red) curved arrows represent evapotranspiration under normal conditions (deforestation anomalies). Blue
and red shaded areas indicate vertically integrated moisture convergence and divergence, respectively. Purple areas indicate pressure changes. Blue
and red clouds indicate rainfall maximum and rainfall reductions under normal and deforested conditions, respectively. Red (blue) hatched area in (C, E)
indicates surface net radiation maximum (reduction) under normal (deforestation) conditions. Source: Sierra et al. (2021). © Climate Dynamics.
Reprinted by permission from Springer Nature.
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2018; 2022; Schumacher et al., 2020; Sauter, 2020; Yepes et al., 2020;
Rosales et al., 2022; Gomez-Rios et al., 2023; see also Part I of this
review, and references therein).

Although there are clear arguments in favor of resolutions of the
order of a few kilometers to reduce persistent and systematic model
biases over the Andes, there still exist some uncertainties in high
resolutionRCMexperiments such as precipitation overestimation in
the Andes, which is one of the most common uncertainty sources.
As seen in other parts of the world, an increased spatial resolution
of RCMs does not always improve all statistics in simulated
precipitation (Mass et al., 2002; Schwartz et al., 2009; Rauscher et
al., 2010). The added value of the resolution increase in the Andes
depends on various factors, including the driving fields, the surface
characteristics of the region, the season, the variable considered
and the temporal variability mode considered (e.g., Falco et al.,
2020; Gutierrez et al., 2024). For example, a 20-km RCM simulation
is able to better resolve the climatological mean of orographic
precipitation “hotspots” over the southern tropical Andes-Amazon
transition zone than 50-km RCM CORDEX simulations (Gutierrez
et al., 2024), and 9-km simulations better reproduce its localization
along the eastern Andean slope than 27-km simulations (Junquas
et al., 2018). Otherwise, over central Chile an improvement is
found after two consecutive downscaling at 50 km and 10 km
from a forcing GCM (MPI-ESM-MR; Figure 4). While the GCM
under-estimates precipitation, the 50-km RCM simulation induces
a positive bias that is then reduced with the 10-km downscaled
simulation (Bozkurt et al., 2019; Figure 5). However, in the southern
tropical Andes, a 2-km simulation shows improvements in the
diurnal cycle of precipitation when compared to a 6-km simulation,
but with a persistent precipitation overestimation (Rosales et al.,
2022). Furthermore, the number of RCM studies with CP horizontal
resolutions (e.g., ∼ 1–4 km) is still limited, and even at such
high resolutions might still be too coarse to deactivate cumulus
schemes for a correct representation of deep convection over the
eastern Ecuadorian Andes (Junquas et al., 2022), where a 1-km
resolution is needed to reproduce the slope and valley processes
associated with the nighttime orographic convection, while not
reproduced at 4 km (Trachte et al., 2010).

3.2 Influence of the physical
parameterization choices over modeled
atmospheric processes

Even using a very fine grid (e.g., kilometer scale), some physical
processes will not be explicitly resolved, because they take place in
spatial scales ranging between a few meters down to the molecular
scale. These sub-grid processes have to be represented by sub-
models or parameterizations, and they are associated with radiative
transfer, cloud microphysics, planetary boundary layer, exchanges
(fluxes) between the first levels of the atmosphere and the bottom
boundary (i.e., land surface or the ocean), among others. For larger
grid spacings, a parameterization for deep cumulus convection
is also needed. For each type of parameterization (e.g., cloud
microphysics), different sub-model versions (schemes) exist, with
a broad spectrum of complexity. The impact of individual schemes
on the emergent patterns of simulated precipitation, temperature,
winds, etc. is very difficult to assess, given the strong coupling

between parameterizations (see e.g., Dudhia, 1989). In this section
we very briefly comment on particular results or trends associated
with different parameterizations inmodeling studies over theAndes.

When the grid spacing is relatively large (e.g., >10 km), a deep
cumulus convection scheme is recommended to be used in order
to represent sub-grid-scale effects of deep and/or shallow clouds.
Some schemes are relatively simpler than others. In the case of
the tropical Andes, the Kain-Fritsch scheme has been widely used,
which is a low-layer controlled scheme, with detailed representation
of the mass flux between different levels in a given atmospheric
column. This approach has often produced a better simulation
of precipitation, compared to deep-layer convective adjustment
schemes (e.g., Betts-Miller-Janjic; Janjic, 1994), or ensemble schemes
(e.g., Grell; Grell and Freitas, 2013; Posada-Marín et al., 2019;
Ochoa et al., 2016; Mamani and Hendrick, 2021). However, the
latter might produce a good representation of precipitation over
parts of the Peruvian Andes (Hodnebrog et al., 2021; González-
Rojí et al., 2022). At kilometer-scale grid spacings, it is usual to
configure the simulations without a deep cumulus scheme (i.e.,
CP configuration), although the range 2–10 km is still a “gray-
zone” for deep convection (e.g., Honnert et al., 2020). In particular,
for grid spacings below 5 km, atmospheric models would be able
to explicitly resolve the major convective elements and processes
associated with deep convection (e.g., Prein et al., 2015; Kendon et
al., 2021). Some studies have tested how this CP configurationmight
affect precipitation performance in the Andes, with conclusions
differing by region. While some studies find improvement with a
CP configuration (e.g., Posada-Marín et al., 2019), others find no
particular benefit (e.g.,Moya-Álvarez et al., 2018a), while others find
better results using a cumulus convection scheme even with grid
spacings as small as 1–3 km (e.g., Junquas et al., 2022).

For simulations over the Andes, most of the recent studies
use full double-moment or partial-double moment (i.e., double
moment only for two water species) microphysics schemes. While
double-moment schemes (simulating both the mixing ratio and
particle number density) can lead to improvement in the simulation
of precipitation (e.g., Junquas et al., 2022; Moya-Álvarez et al.,
2018a; Martínez-Castro et al., 2019) and surface solar radiation
(e.g., Urrego-Ortiz et al., 2019), they can lead to overestimation
of precipitation over parts of the extratropical Andes (e.g., Comin
et al., 2018); in these latter regions, single-moment schemes have
been found to produce better patterns of precipitation (e.g., Comin
et al., 2018). In the case of the Planetary Boundary Layer (PBL)
parameterizations, non-local schemes like YSU (Yonsei University;
Hong et al., 2006) are the most widely used in simulations for the
Andes, because of their good performance in the simulation of
precipitation and temperature (Supplementary Table S1; Ochoa et
al., 2016; Moya-Álvarez et al., 2018a; González-Rojí et al., 2022).
However, 1.5 order schemes (the most recent including a mass-flux
component) can oftentimes lead to a better simulation of different
variables, including precipitation (e.g., Moya-Álvarez et al., 2020;
Henao et al., 2020). In addition, in the Peruvian Andes, Gonzalez-
Roji et al. (2022) found that the choice of parameterization,
and particularly the microphysics could affect differently the
performance of a simulation depending on the season considered,
to correctly reproduce the orographic precipitation gradient in
the “hotspot” region of the Amazon-Andes transition slope
(Figure 6).
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FIGURE 5
Climatological mean 1980–2005 of precipitation (mm) in the Andes of Chile from (A) gridded observation (CR2MET), (B) MPI-ESM-MR (∼220 km), (C)
dynamically downscaled simulations of MPI-ESM-MR at 50-km (RM50) and (D) 10-km (RM10) resolutions. Source: Bozkurt et al. (2019). © Climate
Dynamics. Reprinted by permission from Springer Nature.

PBL schemes may lead to substantial differences in the vertical
profiles of winds in the vicinity of the Andes, especially in the
boundary layer, impacting the distribution of the simulated
precipitation (e.g., Martinez et al., 2022). In addition, as grid
spacing is reduced, better results for the complex terrain
of the Andes might be obtained with a scale-aware PBL
scheme (e.g., Henao et al., 2020). Note that these PBL schemes
are one-dimensional, i.e., column models. At higher resolution
(e.g., a few hundred meters), these approaches would have to be
reconsidered.

The most recent modeling studies over the Andes also tend to
use the more sophisticated radiation schemes, i.e., those including
more spectral bands and interactions with a larger number of
types of gases, hydrometeors and aerosols. An example of such a
comprehensive scheme is the Rapid Radiative Transfer Model for
GCMs (RRTMG). The skill of radiation schemes has been often
assessed by how realistic the resulting precipitation patterns are
(e.g., Ochoa et al., 2016; Moya-Álvarez et al., 2018a; Gonzalez-
Rojí et al., 2022). An example of the skill of the RRTMG in the
simulation of surface solar radiation can be found in the studies by
Urrego-Ortiz et al. (2019) and Cano et al. (2022), who reported a
general overestimation over an intra-Andean valley in the tropics.
On the other hand, land surface schemes are directly related to
the simulation of surface fluxes and near surface temperature.
One example of the direct effects of the land-surface scheme
is the overestimation of surface temperature over parts of the
higher Andes, depending on the modeling of the partitioning of
precipitation into rainfall and snowfall (Mourre et al., 2016; Junquas
et al., 2022). Another example includes regional scale changes in the

low-level winds because of differences in the simulated gradients of
surface fluxes in the vicinity of theAndes (e.g.,Martinez et al., 2022).

3.3 Surface-atmosphere interaction
processes influenced by surface forcing
data

3.3.1 Topography and land use
Regional climate models use two types of forcing data: the

boundary forcing data, generally from reanalysis data or GCM,
and the terrestrial data (e.g., orography, land cover, coastlines,
etc.). Different experiments have been performed to test different
forcing data in the Andes and their impacts on model performance.
For instance, Comin et al. (2018) demonstrated that using ERA-
Interim as boundary forcing improves the performance of the WRF
model in terms of snowfall events for the central Andes of Chile-
Argentina.

In the Andes, the surface-atmosphere interactions in high-
resolution modeling are strongly controlled by terrestrial forcing
data, in particular topography and land use. Several studies have
tested different digital elevation models (DEM) as topography
forcing with the WRF model. The Shuttle Radar Topography
Mission (SRTM; Farr et al., 2007) DEM was identified as a
better topography product than the default DEM (USGS; United
States Geological Survey) in the WRF versions prior to 3.8 in
terms of precipitation and surface temperature (Figure 7) because
of a more realistic mountain and slope forcing over the local
atmospheric circulation (e.g., Saavedra et al., 2020). In addition,
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FIGURE 6
Temporal Spearman correlation of five different parameterizations of Cumulus, microphysics and PBL of a 5-km WRF simulation of the year 2008
against five data products in whisker plots (A–E), and against weather station data and the PISCO dataset in the central map (F). Andes-Amazon
cross-section for the monthly accumulated precipitation for the months of February (G) and July (H) of 2008 are represented for each dataset and
simulations following the color legend indicated in each panel. Source: Gonzalez-Roji et al. (2022). © Copernicus Publications. CC license.

Junquas et al. (2022) found that using a non-smoothed SRTM
DEM (instead of a default smoothed orography) with WRF
version 3.7.1 improves the performance of the model, in terms
of precipitation in a glacier region of Ecuador. A more realistic

representation of the maximum and minimum of the topography
(summits and valleys) lead to a better representation of valley-
wind and slope circulations controlling the local precipitation.
The SRTM DEM was also used as topography forcing by the
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FIGURE 7
Topography of 3-km spatial resolution from (A) USGS and (B) SRTM in the Mantaro valley region, in Peru; (C) shows the difference SRTM- USGS. In (A)
and (B) the Mantaro river system is represented with blue lines. (D) and (E) show the land use of 3-km spatial resolution from (D) USGS and (E) Eva et al.
(2004). Categories of land use are indicated according to USGS definitions. The delimitation of the Mantaro basin and 2000 m. a.s.l. are also indicated
with thin and thick lines, respectively. Source: Saavedra et al. (2020). © Atmospheric Research. Reprinted by the permission of Elsevier.

RACMO2 model in a precipitation study in Patagonia (Lenaerts et
al., 2014).

In Peru, Saavedra et al. (2020) tested a new land-use product
from Eva et al. (2004) and found performance improvements in
terms of precipitation and surface temperature when compared
to the default land use data of the WRF model version 3.7.1
(USGS; Figure 7). The changes in land use produced locally shifts
in the moisture flux and its associated convergence, as well as a
change of local evaporation. Such changes in surface-atmosphere
interactions in relation to the land use forcing was also identified
at a regional scale in experiments including deforested Amazon
(see Section 2.3).

3.3.2 Sea surface temperature
The weather and climate of the Andes are strongly influenced

by Sea Surface Temperature (SST) conditions in the Pacific Ocean.
In particular, the impact of ENSO in the Andes from Colombia to
Chile has been extensively studied, due to its relevance in relation
to infrastructure planning to cope with its societal impacts (e.g., Cai
et al., 2020; Poveda et al., 2020). For instance, El Niño 1997–1998
caused ca. 23,000 deaths and USD 33 billion losses, in addition to

its scientific importance with marked contrasting impacts across
regions and temporal scales.

At the western slopes of the Andes in Peru, Trachte et al. (2018)
analyzed cross-scale precipitation variability related to atmospheric
circulation, local-scale mountain breezes and SST patterns using the
WRF model. Although a link to ENSO could not be established,
the authors demonstrated the impact of varying SST values in
the Nino1+2 region on the precipitation gradient as a result of
alterations in the southeastern low-level winds and upslope flows. To
capture the intricate influence of ENSO in theAndes, high resolution
modeling andmore complex regionalmodels, such as regional Earth
System Models in which the ocean component is coupled with the
atmospheric model are necessary, although broad features of its
impacts can be studied using GCMs. For instance, GCMs capture
present ENSO rainfall anomalies, and projected changes of ENSO
mean state point towarming of eastern tropical Pacific SST, drying of
Central America and northern Colombia, and wetting of southwest
Colombia and Ecuador (Steinhoff et al., 2015).

In a modeling study focusing in the northern Andean regions,
Martinez et al. (2019) showed that a correct representation of the
SST variability is essential as it can affect the regional circulation,
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convergence zones and moisture availability, particularly at inter-
annual scale. In addition, Martinez et al. (2019) found that a lack
of coupling between SSTs and low-level winds could be associated
with very low correlations between precipitation in the Colombian
Andes and SSTs in the Pacific, contrary to observations. In the
Andes of Peru and Chile, the SST variability is also strongly affected
by the Humboldt current system (HCS), also called the Peru-
Chile current system, among the foremost maritime ecosystems
in the world. The HCS is a relevant oceanic forcing that affects
the climate and weather of the Andes. The upwelling is localized,
with continuous influence in Peru and northern Chile, shifting
to a more seasonal influence in central and southern Chile. The
Andes uplift affects the dynamics of the lower troposphere over
the Pacific Ocean, which in turn influences the physical features
of the HCS (Sepulchre et al., 2009). Modeling with lower Andes
height shows that the latitudinal patterns of temperature changes
up to 3°C. Also the Andes uplift forces a southward shift of the
HCS affecting the position and strength of the HCS (Sepulchre et al.,
2009). Thus, the feedback mechanisms between the atmosphere and
the ocean may be better captured with improved SST prescriptions
in high-resolution regional climate models, or with fully coupled
atmosphere-ocean regional climate models.

4 Challenges and perspectives

Numerical modeling for the weather and climate of the
Andes faces different challenges, including the need for more
model experiments for improving our understanding of different
processes and the uncertainties for different variables, the scarcity of
observations for model validation and data assimilation studies and
a substantial lack of funding for local modeling efforts. Additionally,
the development of methodologies for the use of modeling results
for impact studies and policy making is discussed in this section.

4.1 Recent modeling efforts

We can distinguish two main categories of numerical
experiments that cover the Andean region. Local efforts (i.e., by
South American universities and/or small scientific research teams)
tend to cover small spatial areas at various resolutions due to
computational constraints. Meanwhile, international coordinated
efforts like CORDEX, or major projects by institutions like the
National Center for Atmospheric Research (NCAR) and the Met
Office, are capable of covering the entire Andean range thanks to the
ample resources available (see produced data-sets in Supplementary
Table S2). We can also identify two main types of numerical
experiments: (1) climate-oriented studies from which long period
data-sets are produced, and (2) analysis of specific processes via
short term simulations.

4.1.1 Long-term climate change simulations and
applications

The outputs of long-term dynamical atmospheric modeling
under a scenario of climate change can be used for various
purposes. These simulation outputs can be used for the proper
analysis of climate statistics and atmospheric processes, but the

atmospheric variables can also be used as the atmospheric forcing
for the modeling of other earth components (hydrology, glaciology,
ecological systems, etc.), including other dynamical atmospheric
models at higher resolution or for statistical downscaling. However,
various types of atmospheric modeling exist and the choice of the
model outputs to be used has to be determined in function of the
objective of each study.

The most important group of regional models providing
long-term climate change simulations for the Andean scientific
community is CORDEX for the SAM region with resolution from
0.20° to 0.44° (Supplementary Table S2). Each of them is a product
of a dynamical downscaling technique using CMIP5 GCM outputs
as forcing variables for a RCM at higher resolution than the forcing
model, under a RCP scenario. A large number of CORDEX-SAM
models exist (35), allowing to reduce uncertainties and identify
statistically significant climate change signals (e.g., Falco et al., 2020;
Solman and Blázquez, 2019; Blázquez and Solman, 2020). Note
that even if both GCMs and RCMs provide long-term runs, only
GCMs or global stretching-grid models include large-scale climate
change feedback that could affect some regional circulation patterns
in South America and could in turn affect the Andes future climate
(ex. Walker and Hadley cells, Rossby wave-trains, etc.; e.g., Junquas
et al., 2016). However, these global climate change feedbacks have
been scarcely studied in South America, although the representation
of correct altitudes of the Andean highlands, which is rarely the case
in GCMs (e.g., see Figure 1 of Part I), could particularly impact these
global teleconnections.

In addition, as alreadymentioned, in some regions the projected
signal of precipitation is the opposite in GCM and RCM outputs
(e.g., Hodnebrog et al., 2021; Arias et al., 2021b; see Section 2.1).
Therefore, using one single model output for analyzing future
climate impacts should not be considered as a robust source for
inferring the future climate change signal. It is clear that the
computational resources do not always allow to use a large number
of model outputs, and some applications require to initially perform
a selection of the best models adapted to the region and variable of
interest. In this case, in order to reduce uncertainties, a coherent
ensemble of RCMs or GCMs should be used, particularly models
showing a correct present climate representation, as mentioned in
the previous section, and reasonable future tendencies in the studied
region and for the variable of interest.

The local projections of precipitation can vary depending not
only on the choice of the model, but also on the resolution of the
model, even when the downscaled simulation employs the same
model configurations as the forcing output model (see Section
2.1; Hodnebrog et al., 2021). This result reveals the importance in
attributing the relative influence of regional processes (e.g., SALLJ,
SAMS, etc.) and local processes (e.g., thermally-driven winds,
slopes, etc.) on a given local projection signal. While projections
of regional processes in South America can be generally analyzed
from GCM outputs, the high-resolution of an RCM is needed to
explore and increase our understanding of the influence of climate
change over local processes in the Andes. However, the interactions
and potential feedbacks between the local and regional/global scales
are little studied in the region (e.g., Sierra et al., 2021; Sierra et
al., 2023; Ruiz-Vásquez et al., 2020). To conclude, an important
part of the challenge of better identifying the most reasonable
local projected changes in the Andes could be to better understand
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local-regional-global scale interactions processes and how much
each of these processes could explain the local projected signals of
precipitation.

Assessment studies using RCMs and GCMs in South America
including Andean regions exist mainly for surface temperature and
precipitation that could help in the choice of the models (e.g.,
Blázquez and Solman, 2020; Díaz et al., 2020; Almazroui et al.,
2021; Ortega et al., 2021; Thaler et al., 2021; Olmo et al., 2022).
The Working Group I (WGI) of the Intergovernmental Panel on
Climate Change (IPCC) Interactive Atlas is also a valuable tool to
assess GCMs and CORDEX simulations (https://interactive-atlas.
ipcc.ch/). However, the sub-regions defined in the sixth IPCC
assessment report (AR6) offer limited applications in the Andes,
given the large variety of processes and climate change signals
included in each individual domain. For example, the dry Altiplano
system is included in its majority in the same domain that the
Southern Amazon domain (SAM), where a wet climate regime
dominates. On the other hand, the Northwestern Andes domain
(NWS) includes a large part of the tropical Andes, where different
interannual climate variability and rainfall annual regimes co-exist
(e.g., unimodal and bimodal seasonal variability; Segura et al., 2019),
limiting the study of seasonal and interannual climate change signals
when considering these domains. More integrative studies of all the
Andes including modeling studies could be used for a more robust
definition of Andean regions with similar variability and climate
main characteristics, in order to provide information relevant for
studies and other reports (e.g., IPCC and/or national assessments)
useful for decision and policy making.

CP-resolution modeling studies are very few in the Andes (see
part I) and generally performed for a particular region instead of the
entire Andes. In 2021–2023, two international initiatives performed
kilometer-scale climate experiments over South America, one from
UK Met Office (down to 40° South; Halladay et al., 2022; Halladay
et al., 2023) and another one (full continent) from the NCAR ‘South
American Affinity Group’, (SAAG; Dominguez et al., 2024). These
two experiments have been a milestone for the climate sciences in
the region. Halladay et al. (2023) present results of three 10-year CP
simulations (4.5 km grid spacing) for a domain that spans tropical
and subtropical South America. One of the simulations is forced
by reanalysis data (hindcast), while the other two simulations are
forced by data from theUKMetOfficeGCM(present-day and future
conditions). Although these CP simulations contain the Andes,
Halladay et al. (2023) focus their analysis over other parts of South
America. The NCAR project includes two 20-year CP simulations
(4 km grid spacing) for a domain containing all of South America.
One of the simulations is forced by reanalysis (ERA5) while the
other simulation uses a Pseudo Global Warming setup (PGW; Schär
et al., 1996; Rasmussen and Houze, 2016). Additionally, under the
umbrella of CORDEX, the ongoing Flagship Pilot Study (FPS) for
Southeastern South America, has provided a set of six coordinated
convection-permitting RCM simulations covering the subtropical
part of South America (from 15°S to 36°S), which may also be used
for improving our understanding of the impact of the subtropical
Andes on the regional climate.

This type of long-termhigh-resolution simulations could be very
useful for providing robust statistics of processes associated with
the hydroclimate of the Andes. Furthermore, model outputs from
these modeling efforts can constitute high-resolution datasets (both

in time and space) of hydrometeorological variables that can be
of use for process-oriented studies, impact studies, etc. However,
the results from these databases will have to be used with caution,
for various reasons. For example, bias correction methods would
probably have to be implemented before usingmodel output as input
for other (e.g., hydrological) models and/or as tools for decision
making. In addition, uncertainty in the quantification of changes
associated with global warming, as estimated from these projects,
is difficult to assess because of the small number of simulations.
This provides a great dependency of the climate change signals on
the internal model variability and biases, as well as on the specific
future scenarios used. Therefore, performing long-term simulations
at such resolution with a larger diversity of models and scenarios at
the Andes scale would be needed in order to reduce uncertainties
linked to internal model biases or dependencies on particular
scenarios.

4.1.2 Short-term and/or high-resolution
experiments

Short-term simulations (e.g., for a few days) can be performed
at very high resolution (e.g., grid spacing ≾ 1 km, Trachte et
al., 2010; Henao et al., 2020), allowing the study of small-
scale (∼ a few kilometers) and relatively fast (a few hours)
processes within the Andes, e.g., localized convergence, extreme
precipitation events, air pollution over Andean cities, etc.
On the other hand, high resolution CP simulations with a
somewhat larger grid spacing (e.g., ∼4 km) can be performed for
ensembleswith different configurations or different initial/boundary
conditions, allowing the understanding of physical processes
(e.g., experiments varying land over conditions), the estimation
of model uncertainty (e.g., from multi-physics experiments), or
estimating the range of atmospheric variability within the model
(e.g., resembling natural variability). For example, high resolution
simulations with different surface static data would facilitate
the characterization of land-atmosphere interactions associated
with very localized surface properties (e.g., small scale details
in the topography, land cover, land use, etc.), along with the
potential modifications of these interactions under regional or
local changes (e.g., deforestation, urbanization, climate change).
In particular, it is not known how the future change of the
EDW over the Andes (see Section 2.2) could impact the local
valley-wind processes and in turn the local diurnal cycle of
precipitation.

Most of the studies reviewed in the previous sections and in
part I are examples of what we mean by “short-term and/or high-
resolution experiments”. These studies provide understanding of
many processes within theAndes at the basic (fundamental) level. In
this sense, the formulation of basic and application-driven questions
for large scale efforts as for example, the continental scaleCPprojects
by NCAR (Dominguez et al., 2024) and the MetOffice (Halladay
et al., 2023), can greatly benefit from previous smaller-scale but
more detailed (e.g., process-based) studies using kilometer-scale
modeling. Conclusions from the smaller-scale studies may not
directly apply to results from larger-scale efforts, because of potential
feedbacks between larger and smaller scales. If this is the case,maybe
the contrast between small- and large-scale efforts could still provide
an idea of the relative role of local-scale processes and features.
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4.2 Scientific challenges for future
modeling activities

Important challenges that have not been tackled in themodeling
community of the region yet have to do with increasing model
complexity. Several of the processes affecting the main climatic
features along the Andes are based on atmospheric-onlymodels. For
example, given the enormous impact that the SST variability, mainly
in the Pacific Ocean, exerts on the regional circulation patterns
in the proximity of the Andes, the need of coupled atmosphere-
ocean regional models arise as one possible way to move forward.
Of course, other components of the climate system may also play a
significant role in shaping themain features of the regional and local
climate in the Andes (e.g., improved land-surface schemes, coupling
with urban models and with hydrological models, among others).

4.2.1 Earth systems platforms vs. atmosphere
only models

The Andes mountains require the use of the most accurate
and actualized morphological data, as well as, models that are
capable to simulate the multiple processes and interactions that
occur over the area. The Andes is one of the richest regions
in the world in biodiversity with the presence of a large
variety of climates and ecosystems. Ecosystem-climate numerical
experiments must integrate rich processes in order to properly
represent the area (Tovar et al., 2022). Andean water cycle
involves a large diversity of features: local rain, snow, glaciers,
wetlands, high altitude lakes, endorheic basins, and processes such
as monsoon, glacier melting, tropical water recycle, atmospheric
rivers, orographic precipitation, large water transport, groundwater
flooding, and deep convection. In addition, ecosystem-climate
numerical experiments need to consider other processes that
influence the climate over the region such as transport of aerosols,
wildfires and sea-air interactions (e.g., associated with upwellings).

Atmosphere Only Models (AOM) primarily represent the
dynamics of the atmosphere at a high degree of detail (e.g., WRF).
Other components of the climate system tend to not be as well
represented as the atmosphere and they are only provided in a level
of detail that is enough to satisfy the response of the atmosphere
(e.g., land schemes in WRF atmospheric model). This allows a faster
time of integration and less complexity when performing numerical
experiments. However, in recent years, some of these models have
been increasing the representation of the other components of the
climate system, since performance of the model is sensitive to the
dynamics of the other components (e.g., WRF can be used with the
Community Land Model, and the most recent version of NoahMP
land model integrates more processes over each iteration).

On the contrary, the Earth System Modeling platforms attempt
to provide a depiction of the entire climate system as accurately as
possible. These kinds of modeling platforms tend to be based on
the dynamical coupling of dedicated models for each one of the
components of the climate system. For example, RegIPSL11, couples
WRF (atmosphere), ORCHIDEE (land), and NEMO (ocean).
Previous regional modeling studies have coupled global or regional

1 IPSL Regional Earth System model, https://gitlab.in2p3.

fr/ipsl/lmd/intro/regipsl/regipsl/-/wikis/home

atmospheric and oceanic models in order to better represent the
Humboldt current system and the coastal Peru-Chile upwelling
system (e.g., Sepulchre et al., 2009; Oerder et al., 2016). Oerder
et al. (2016) showed in particular a good representation of the
coastal wind-SST coupling, that could in turn influence valley-wind
systems in the western Andes valleys (e.g., Rosales et al., 2022). The
increase of processes and features represented in the models should
contribute to different purposes: (1) better depiction of the dynamics
and response of the entire climate system, (2) better representation of
all the elements present over a given area, (3) increase on suitability
for impact and policy making of the climate data being produced
since specific variables particular of each component are inherently
being processed. The large diversity of features along the Andes
mountain range, provokes a cascade of interactions and coupled
responders of mechanisms and dynamics which are usually not
present in current modeling platforms. This makes it necessary to
enlarge the processes being represented in the modeling tools.

Due to the necessity of creating a coordinated modeling
experiment in theAndes, a CORDEXFPS is currently in preparation
under the umbrella of ANDEX. The main goal of this FPS would
be to construct a tool of hydroclimatic simulation adapted to the
specificity of the Andes in order to respond to the necessities of the
Andean hydro-climate scientific community.

Data assimilation is crucial in atmospheric modeling in
weather and climate for improving model accuracy by integrating
observational data into the simulations (e.g., Hacker et al., 2018).
In the case of the Andes, ground-based in-situ and radiosounding
observations are very sparse, which hinders the use of data
assimilation techniques. Satellite data is available, but mostly with
spatial and temporal resolutions that have limitations for capturing
many of the details over the Andes (e.g., Condom et al., 2020). To
the best of our knowledge, there are no published research studies
of atmospheric modeling including data assimilation focused on
the Andes. Other studies focusing in other components or other
regions have shown evidences of error reductions, for example, in
hydrological modeling in the Amazon (Wongchuig et al., 2024), and
in atmospheric modeling in Southeastern South America (Casaretto
et al., 2023;Maldonado et al., 2020; Dillon et al., 2021; Corrales et al.,
2023) and in other mountainous regions in the world (e.g., Carrió
et al., 2019; Hacker et al., 2018; Doglioni et al., 2024). Therefore,
including data assimilation in future atmospheric modeling studies
in the Andes is among the priority challenges that could help refine
initial conditions, reduce uncertainties, and improve the overall
performance ofmodels in capturing the complex interactions within
the Andean hydroclimate system.

4.2.2 Interactions between the atmosphere and
other climate components

Simulating correctly the spatiotemporal variability of
precipitation in the tropical and subtropical Andes is a challenging
task for an atmospheric model as it is a region of interplay between
tropical convection processes and orographic circulations. It is
paramount that these kinds of studies can be reproduced in other
areas of the mountain range, and for larger periods in order to be
able to truly analyze the climatic patterns in the area.

Future atmospheric simulations will benefit from increased
(kilometer and sub-kilometer) higher resolution and more
sophisticated model parameterizations for representing various
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processes, which will allow better characterizations and prediction
of the atmospheric phenomena that shapes weather and climate
(e.g., Palmer and Stevens, 2019). In addition, a high resolution
(and more realistic) representation of the heterogeneity in land
cover in the Andes is expected to improve the simulation of
surface fluxes and near surface variables. Because of all these
effects, kilometer-scale resolution is expected to be associated
with a more realistic simulation of land-atmosphere interactions
and the atmospheric branch of the hydrological cycle. This
point is particularly relevant for the Andes considering the large
rainforest surrounding this region (e.g., Amazon, Orinoco),
playing crucial role in regional water cycle (e.g., Ruiz-Vásquez
et al., 2020; Sierra et al., 2023; Wongchuig et al., 2021). In
addition, moisture recycling through evapotranspiration is an
important hydroclimate driver that could interact in some
regions of the Andes with low level jets sourcing humidity
(Bedoya-Soto and Poveda, 2024).

In turn, the better representation of some hydrological
components could improve the local atmospheric processes. For
example, in the region of the Altiplano, including the Titicaca
lake (the largest highest navigable and freshwater lake in the
world above 3000 m a.s.l.), some studies suggest that local surface
atmospheric circulation processes (e.g., lake breezes) and associated
convection development, controlling the local diurnal cycle of
precipitation, are directly connected to the presence of the lake
(e.g., Junquas et al., 2018; Zamuriano-Carbajal, 2019; Sierra et al.,
2021). The highest places, where glaciers are situated, could also
beneficiate of a better representation of the land cover, through
improving local atmospheric mechanisms like turbulent and
radiative fluxes (e.g., Wagnon et al., 2003; Sicart et al., 2014) and
local katabatic winds (e.g., Ayala et al., 2015), particularly in a
context of accelerated glacier retreat due to climate change (e.g.,
Vuille et al., 2008; Rabatel et al., 2013). Therefore, more studies are
needed to understand the surface-atmosphere interaction processes
and their relation with convection processes in the Andes, as well as
their future evolution in the context of climate change (e.g., high-
resolution dynamical downscaling, sensitivity experiments of the
surface temperature variability over the local circulation like lake-
breeze winds, katabatic winds, interactions with slope and valley
winds, etc.).

There are still plenty of processes that have not been studied
through numerical modeling which have an impact in the local
and regional scales: high altitude wetland/floodplains, flash floods,
landslides and erosion, biodiversity and impact of the climate
change, deforestation, food production, wildfires and impact and
adaptation studies. With an increase in model resolution, land-
surface schemes would have to be more sophisticated, including
a more detailed representation of some processes, partly due to a
more detailed specification of land cover types. For example, some
land-cover features, like lakes and small urban locations, require a
detailed configuration within atmospheric models, both in terms
of their geophysical parameters (e.g., albedo) and their effects on
surface fluxes (e.g., via the use of lake or urban-canopy models). In
addition, parts of the higher/colder terrain of the Andes can require
amore detailed representation of surface fluxes (e.g., the partitioning
between rainfall and snowfall) associated with glaciers, ice fields,
wetlands, etc. In other parts of the world, it has been shown for
example, the positive impact when including the representation of

the water table on the climate of the great plains in North America
(Barlage et al., 2015) and South America (e.g., Martinez et al., 2016),
or the wetlands of Pantanal when representing the discharge of the
Paraná river (Schrapffer et al., 2020).

On the other hand, PBL schemes will require more testing
and development, especially in sub-kilometer simulations, which
constitutes a gray zone (or “terra incognita”) for these schemes
(e.g., Honnert et al., 2020; LeMone et al., 2019). Currently, most
PBL schemes in atmospheric models are column models, with some
assumptions related to flat terrain which might lead to limitations
over mountainous terrain (Serafin et al., 2018), as in the case of
the Andes. In addition, in sub-kilometer simulations the effects of
both vertical and horizontal eddy fluxes can be equally important,
and a 3D turbulence scheme would be needed (e.g., Olson et al.,
2019). Complex terrain can also impact radiative fluxes, because of
shadow effects from nearby topographic features and/or effects from
upward longwave radiation over nearby slopes (Serafin et al., 2018).
Some numerical models have some kind of representation of these
effects (e.g., Skamarock et al., 2019).

It is worth mentioning that very few studies exist using a
coupled ocean-atmospheremodel to explore how the SST variability
impacts the Andes climate. Recently, Cerón et al. (2021) identified
a particular dipole-like SST structure producing below average
precipitation along the Colombian Pacific region. ENSO events
can also impact the surface component through anomalies in
river discharge, soil moisture and NDVI in the Andes (e.g.,
Poveda et al., 2010; 2011). Consequently, a complete regional earth
system modeling would be required to reproduce the complete
interactions and feedbacks between all sub-systems occurring
during these events. In addition, a better understanding of the
different influences of projected Atlantic/Pacific SST over the
atmospheric processes in the Andes would be needed in the context
of climate change in order to better identify future hydroclimate
trajectories.

4.3 Societal impacts and potential benefits
of models for decision-making

Scientific research by Andean universities and institutes is
highly constrained by a general lack of funding, especially from
the Andean countries with for example, limited amount of tenure
track and postdoctoral positions, scholarships for graduate students,
equipment (including computational resources) and other resources
and tools needed for research in water, weather and climate. In
addition, the lack of funding is also reflected in the scarcity of
observations of crucial variables over the Andes, affecting not only
monitoring operations, but also numerical modeling activities (e.g.,
validation, data assimilation, etc.).

Currently, there are different ongoing projects able to greatly
boost research about numerical modeling of the weather and
climate of the Andes. The GEWEX Regional Hydroclimate Project
for the Andes (ANDEX, https://www.gewex.org/project/andex/)
will assist to create the necessary connections within the
community in order to coordinate efforts and be capable to
tackle the already recognized challenges and the ones to come
in the future. In addition, the South American Affinity Group
(SAAG, https://ral.ucar.edu/projects/south-america-affinity-
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group-saag), hosted by NCAR and gathering more than 100
researchers and scholars, including many from Andean institutions
allows not only access to CP continental scale simulations
(performed by NCAR), but also provides scientists from different
regions (including the U.S. and South America) to share and
discuss about scientific questions and methods relevant to the
hydroclimate of South America (Dominguez et al., 2024), including
the Andes.

Stakeholders, policy making and the society at large over the
Andes can benefit from improving numerical modeling of weather
and climate over the region. Essential Climate Variables (ECVs)
like precipitation, near surface temperature, humidity and winds,
among others, are associated with natural hazards and resources.
Thus, ECVs estimates from numerical models can contribute an
important source of climate information and services, impacting
the safety, livelihoods and economic prosperity of nations, and
the protection of ecosystems and natural resources. Forecasts (e.g.,
at the synoptic or seasonal scale) with atmospheric models can
contribute to Early Warning Systems (EWS) in multiple scales,
informing communities about hazards like heavy precipitation
events or droughts. This is in line with the “Sendai Framework
for Disaster Risk Reduction” (UNDRR, 2015) and the “Early
Warnings for All” initiative from the United Nations (WMO, 2022).
Furthermore, climate projections fromdynamical numericalmodels
are an instrumental tool in estimating the potential changes in
ECVs associated with anthropogenic climate change (IPCC, 2021).
In this sense, the study and improvement of climate projections
is in line with the Climate Action goal of the 2030 Agenda for
Sustainable Development (UN, 2015). As described in part I of
this review (Martinez et al., in revision), the raw values of ECVs
from dynamical models for the Andes are associated with biases
and uncertainties of different types. Therefore, different types of bias
correction, interpolation and other post processing techniques must
be used (e.g., Mourre et al., 2016; Heredia et al., 2018) in order
to provide ECVs estimates suitable for instances, like hydrological,
hydraulic, ecological and other impact models. This task requires
a better integration of climate scientists with researchers from
other disciplines in the Andes, seeking for interdisciplinary fruitful
collaborations.

Numerical modeling of the atmospheric processes that shape
the hydroclimate of the Andes is very challenging, but significant
progress has been made. Future modeling efforts will include
the improvement of dynamical models (e.g., see Section 4.2),
in addition to the coupling with recent advances in Artificial
Intelligence, including Machine Learning methods (e.g., Haupt et
al., 2021). With enough observation-based data dynamical models
could even become obsolete at some point (e.g., Schultz et al.,
2021). In the case of the Andes, there are still many challenges,
including the lack of observations (Condom et al., 2020) and data
assimilation studies (Hacker et al., 2018), as well as the urgent
need for understanding the mechanisms associated with weather
systems (e.g., Arias et al., 2021a), local climate (Espinoza et al.,
2020; Poveda et al., 2020) and their potential changes under global
warming (Pabón-Caicedo et al., 2020). This warrants the scientific
research on both numerical modeling (e.g., Palmer and Stevens,
2019) and basic climate science (Emanuel, 2020), which is expected
to keep contributing to a better recognition and protection of our
environment and communities in the Andes.
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