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Abstract
Precipitation patterns are expected to change in the future climate, affecting humans through a number of factors. Global cli-
mate models (GCM) are our best tools for projecting large-scale changes in climate, but they cannot make reliable projections 
locally. To abate this problem, we have downscaled three GCMs with the Weather Research and Forecasting (WRF) model to 
50 km horizontal resolution over South America, and 10 km resolution for central Chile, Peru and southern Brazil. Historical 
simulations for years 1996–2005 generally compare well to precipitation observations and reanalyses. Future simulations 
for central Chile show reductions in annual precipitation and increases in the number of dry days at the end-of-the-century 
for a high greenhouse gas emission scenario, regardless of resolution and GCM boundary conditions used. However, future 
projections for Peru and southern Brazil are more uncertain, and simulations show that increasing the model resolution can 
switch the sign of precipitation projections. Differences in future precipitation changes between global/regional and high 
resolution (10 km) are only mildly influenced by the orography resolution, but linked to the convection parameterization, 
reflected in very different changes in dry static energy flux divergence, vertical velocity and boundary layer height. Our 
findings imply that using results directly from GCMs, and even from coarse-resolution (50 km) regional models, may give 
incorrect conclusions about regional-scale precipitation projections. While climate modelling at convection-permitting scales 
is computationally costly, we show that coarse-resolution regional simulations using a scale-aware convection parameteriza-
tion, instead of a more conventional scheme, better mirror fine-resolution precipitation projections.

Keywords Regional climate modelling · Precipitation projections · Extremes · South America · Weather Research and 
Forecasting (WRF)

1 Introduction

Changes in precipitation patterns can affect human society 
in many ways, e.g. through freshwater availability, crop 
yields and hydropower production. While global and annual 
mean precipitation increases at 1–3% per degree kelvin of 
global warming (Boucher et al. 2013; Held and Soden 2006), 
changes are far from homogeneously distributed spatially or 
seasonally (Collins et al. 2013). While global climate models 

(GCMs) are our best tools for projecting large-scale changes 
in precipitation, they have too coarse horizontal resolution 
(typically 1–2°) to project changes at the regional scale. 
Regional climate models (RCMs) were therefore developed 
to resolve the inhomogeneous responses of climate change 
(Giorgi 2019).

There has been a scarcity of regional climate change stud-
ies for South America, partly due to lack of available high 
quality and continuous climate and hydrological data at high 
resolution (Magrin et al. 2014). However, several recent and 
ongoing initiatives, such as through the framework of the 
Coordinated Regional Climate Downscaling Experiment 
(CORDEX) (Giorgi and Gutowski 2015; Gutowski et al. 
2016) and the Europe-South America Network for Climate 
Change Assessment and Impact Studies (CLARIS) (Bou-
langer et al. 2010), have led to an increase in the number of 
publications devoted to regional climate modelling studies 
over South America in recent years (Ambrizzi et al. 2019; 
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Solman 2013). Still, there are few studies with high horizon-
tal resolution (< 40 km) covering long (climatological) time 
horizons (Ambrizzi et al. 2019).

Llopart et al. (2020) found that CORDEX RCMs simu-
lated more realistic precipitation fields in several regions in 
South America compared to their driving GCMs. Assuming 
a high greenhouse gas emission scenario, the Representa-
tive Concentration Pathway (RCP) 8.5 (van Vuuren et al. 
2011), they found large differences between regions and 
seasons in projected precipitation for the end of the twenty-
first century, ranging from + 14% over northeastern Brazil in 
austral summer to − 36% over the Andes Mountains in win-
ter. Results from other RCM studies are summarized in the 
review articles by Ambrizzi et al. (2019) and Solman (2013).

Several studies have documented added value of 
increased model resolution in reproducing historical precipi-
tation (e.g. Bozkurt et al. 2019; da Silva et al. 2019; Posada-
Marin et al. 2019; Solman and Blazquez 2019). However, 
the influence of high model resolution for the magnitude 
and sign of future precipitation change has received less 
attention. Llopart et al. (2020) show, at least in terms of 
water resources (precipitation minus evapotranspiration), 
that the future trends in annual cycles have different signs 
in the GCMs and RCMs in some regions (e.g. the Andes), 
indicating that the choice of model resolution is important 
for the calculated precipitation trend. Bozkurt et al. (2021) 
found that GCMs and RCMs can give notable differences 
in projected precipitation patterns and magnitudes over the 
Antarctic Peninsula. Kendon et al. (2017) focused on the 
midlatitudes and concluded that there was little difference 
in seasonal mean precipitation projections between coarser 
to higher RCM resolution.

High model resolution could be particularly important 
for South America; its climate is characterized by the long 
meridional extent of the continent, from around 55°S to 
10°N, leading to tropical, subtropical and extratropical fea-
tures. In addition, the climate is strongly influenced by the 
complex orography of the Andes Mountains, which extend 
along the western edge of South America and act as a cli-
matic wall (Garreaud et al. 2009; Solman 2013), and by 
the Amazon rainforest, which is a large source of moisture. 
The large-scale phenomenom El Niño Southern Oscillation 
(ENSO) adds complexity and leads to a strong interannual 
variability in the region. The Madden–Julian Oscillation 
(MJO) influences South American climate (Alvarez et al. 
2016; Julia et al. 2012), and Atlantic air-sea interactions 
have been deemed important for the MJO influence on pre-
cipitation in eastern South America (Barreiro et al. 2019). 
Three sub-regions of South America have been selected for 
high resolution (10 km) modelling, each with different cli-
matic features largely shaped by aforementioned large-scale 
patterns and local-scale orography.

A main aim of this study is to investigate future precipita-
tion changes in selected regions in South America at higher 
model resolution than what has commonly been used before. 
By downscaling three different GCM realizations, we also 
assess the influence of lateral boundary conditions on the 
downscaled precipitation projections. To increase our under-
standing of precipitation changes we include energy budget 
analysis and sensitivity experiments. Analysis of the Earth’s 
energy budget has proved useful in understanding responses 
of precipitation to climate change, both globally (e.g. Allen 
and Ingram 2002; Muller and O'Gorman 2011; Myhre et al. 
2018; Pendergrass and Hartmann 2014; Previdi 2010; Rich-
ardson et al. 2018a) and regionally (e.g. Hodnebrog et al. 
2016; Richardson et al. 2018b). We also provide an analysis 
of potential future changes in daily extreme precipitation, 
which historically has shown to impact large areas of South 
America, e.g., in terms of damage to agriculture, water 
resources, and economic losses (Avila et al. 2016; Caval-
canti et al. 2015; Gonzalez et al. 2019; Tencer et al. 2016).

Section 2 gives brief descriptions of the three selected 
study regions and documents the observations, models and 
experimental setup. In Sect. 3, we present our results and 
compare them to observations. The results are further dis-
cussed and compared to previous findings in Sect. 4, and 
summarized in Sect. 5.

2  Methods

2.1  Study regions

This study focuses on high resolution modelling for three 
sub-regions of South America: central Chile, Peru and 
southern Brazil (Fig. 1). The three regions have been chosen 
because they are among the most populated regions in South 
America, they encompass several hydropower plants, and 
they represent different climates. Two of the regions, central 
Chile and Peru, are also exposed to potential climate change 
induced snow cover reductions and glacier retreats, which 
influence water availability (Bozkurt et al. 2018; Masiokas 
et al. 2006; Vuille et al. 2018).

For the Chilean and Peruvian climate, the narrow land 
region between the coastline and the Andes from ~ 30°S to 
5°S is characterized by extreme aridity (e.g., Garreaud et al. 
2009). The east side of the Andes in Peru, however, is influ-
enced by transport of humid air from the Atlantic Ocean 
and Amazonas region in the east, especially during austral 
summer when the Intertropical Convergence Zone (ITCZ) 
is located south of the Equator, and is therefore character-
ized by relatively large precipitation amounts and a relatively 
strong seasonal precipitation cycle (e.g., Segura et al. 2019). 
Low-level jets at both sides of the Andes can transport large 
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amounts of moisture over long meridional distances (Espi-
noza et al. 2020 and references therein).

Central Chile also exhibits a strong seasonal precipita-
tion cycle, but with the largest precipitation amounts during 
austral winter and relatively dry conditions during summer 
(e.g., Viale et al. 2019). Central Chile is on the borderline 
of subtropical and extratropical climate. South of 30–40°S, 
the westerly winds bring humid air from the Pacific Ocean, 
leading to very wet conditions to the west of the Andes, and 
dry conditions to the east, opposite of the conditions further 
north (e.g., Garreaud 2009).

Southern Brazil is part of the La Plata Basin, which is a 
special region seen from a meteorological perspective, with 
the Andes Mountains in the west, Amazon to the north, 
and maritime air in the east. Marengo et al. (2004) give a 
description of the climatology of the region. In short, a low-
level jet is located east of the Andes and brings tropical 
moist air masses from the Amazon, especially during the 
warm season from November to February. During the cold 
season from May to August, transport is more from maritime 
air, which is less humid, and precipitation amounts in the 
region are therefore lower during the cold season.

2.2  Precipitation observations

Gridded observation data from the Global Precipitation 
Climatology Centre (GPCC) (Becker et al. 2013) version 
2018 have been used at a spatial resolution of 0.25° × 0.25° 

(Schneider et  al. 2018). The GPCC product includes 
monthly land-surface precipitation based on ~ 80,000 rain-
gauge stations across the globe and covers the time period 
1891–2016. For central Chile and Peru, individual station 
observations have been taken from version 3.22 of the 
Global Historical Climatology Network—Daily (GHCN-
Daily) (Menne et al. 2012), which contains daily climate 
records from over 100,000 land-based stations world wide 
in the timespan between 1832 and present-day. For southern 
Brazil, individual station observations have been taken from 
Hidroweb from the Brazilian National Water Agency (ANA) 
(Hidroweb 2017).

2.3  Regional WRF model

The Weather Research and Forecasting (WRF) model 
(Skamarock and Klemp 2008) version 3.8.1 has been used 
at a horizontal resolution of 50 km × 50 km covering all 
of South America. One-way nesting was applied from the 
50 km × 50 km domain to a resolution of 10 km × 10 km 
resolution over selected subregions (Fig. 1; Supplemen-
tary Table S1). An outer boundary of 10 grid boxes in each 
domain was ignored for the analysis. The number of vertical 
layers in all domains was 35, extending from the surface and 
up to 50 hPa. Choices of physics schemes are given in Sup-
plementary Table S2.

Table 1 gives an overview of the different experiments 
and the meteorological initial and boundary conditions used 

Fig. 1  Overview of domains used in the WRF model. Location and 
extent of each domain (1st column) and elevation (m) in the high 
resolution domains and the GHCN-Daily/Hidroweb stations (colored 
circles) (2nd–4th column). D1 has a horizontal resolution of 50 km 

and D2–D4 have 10 km resolution. The domains cover South Amer-
ica (D1), central Chile (D2), Peru (D3 and D3large) and southern 
Brazil (D4)

Table 1  Specification of 
meteorological initial and 
boundary conditions and time 
periods for the main WRF 
simulations

Acronym Global model or reanalysis Historical period Future periods

WRF_NNRP NCEP/NCAR reanalysis (Kalnay et al. 1996) 1986–2005
WRF_CESM CESM1-CAM4 (Hodnebrog et al. 2019) 1986–2005 2041–2060 RCP4.5; 

2081–2100 RCP8.5
WRF_CCSM4 CCSM4 (CMIP5: Taylor et al. 2011) 1996–2005 2091–2100 RCP8.5
WRF_ACC ACCESS1-0 (CMIP5: Taylor et al. 2011) 1996–2005 2091–2100 RCP8.5
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(see Sect. 2.4 for description of GCM data used). Bound-
ary conditions were updated in WRF every 6 h and spec-
tral nudging to the global data was applied for temperature, 
horizontal winds and geopotential height in the outermost 
(50 km) domain. We used a spectral nudging coefficient of 
0.0003  s−1 and x/y wave numbers of 6/6, 6/8, 12/17 and 
9/13 for WRF_NNRP, WRF_CESM, WRF_CCSM4 and 
WRF_ACC, respectively. Sea-surface temperatures were 
also from the global reanalysis or climate model data and 
updated daily in WRF. For the southern Brazil domain, the 
WRF_NNRP and WRF_CESM simulations used a slightly 
different WRF version (3.7.1) and a resolution of 12 km 
(Supplementary Fig. 1; Supplementary Table S1), but for 
the analysis the 12 km results were regridded to the 10 km 
domain grid (D4 in Fig. 1). Another difference in the setup 
is that the simulations with initial and boundary conditions 
from the CMIP5 models (WRF_CCSM4 and WRF_ACC) 
are continuous runs with one year of spin-up starting from 
1st of Jan. 1995 for the historical simulation and 1st of Jan. 
2090 for the future simulation, while the other simulations 
(WRF_NNRP and WRF_CESM) have been run in 13-month 
time slices re-initialized at  1st of Dec. each year and with 
the first month disregarded as spin-up. While one month of 
spin-up should be sufficient for the atmosphere, it means 
that soil temperature and moisture are more dependent on 
the initial conditions (coming from the reanalysis or GCM) 
in the time slice simulations than in the continuous simula-
tions. However, any trends in the data should be captured 
through the initial conditions, and an earlier study found 
only small differences in precipitation change when using 1 
vs. 8 months of spin-up (Hodnebrog et al. 2019).

To ensure a good signal-to-noise ratio in the future cli-
mate simulations, we have used GCM boundary conditions 
assuming the high emission pathway RCP8.5, but performed 
additional simulations with WRF_CESM using the more 
moderate emission pathway RCP4.5 (van Vuuren et  al. 
2011). Other than changing the meteorological initial and 
boundary conditions and the greenhouse gas volume mixing 
ratios in the WRF radiation schemes, no other changes, such 
as aerosol concentration changes and land cover changes, 

were made in the WRF simulations for the future time 
periods.

Table 2 describes four additional WRF sensitivity simula-
tions that have been carried out for Peru only, to investigate 
potential reasons to why precipitation projections in this 
region differ depending on model resolution (see Sect. 3.2.3 
for further details). These simulations use CCSM4 as initial 
and boundary conditions and, due to computational con-
straints, are shorter than the main simulations, with three 
years (plus 1 year spin-up) for each of the historical and 
future time periods.

2.4  Global climate models

The GCMs listed in Table 1 have both been used as bound-
ary conditions to the WRF model and been analysed directly 
for comparison to the regional model results. Data for two of 
the global climate models, CCSM4 and ACCESS1-0, have 
been downloaded from the Coupled Model Intercompari-
son Project phase 5 (CMIP5) archive (Taylor et al. 2011) 
for the experiments “historical” and “rcp85”. Ensemble 
member “r6i1p1” was used for CCSM4 and “r1i1p1” for 
ACCESS1-0. The third global climate model, the National 
Center for Atmospheric Research (NCAR) Community 
Earth System Model (CESM1-CAM4) (Gent et al. 2011), is 
essentially the same model as CCSM4, but it is run in-house 
and the setup is documented in Hodnebrog et al. (2019). 
To some extent, the CCSM4 and CESM model simulations 
can be considered two different realizations of the same 
model. The main difference in the setup between the CCSM4 
and CESM simulations is the horizontal resolution, which 
is 1.25° × 0.94° (lon x lat) and 2.5° × 1.88°, respectively. 
ACCESS1-0 has a horizontal resolution of 1.88° × 1.24°. 
To convert from the GCMs’ output in NetCDF format to 
the GRIB format needed by the WRF pre-processor, we 
have modified and used the cam_to_wps utility available at 
https:// github. com/ short wavet rough/ cam_ to_ wps.

In the Results section we also compare with an ensem-
ble mean of 18 different CMIP5 models, and these are 
ACCESS1-3, bcc-csm1-1-m, BNU-ESM, CanESM2, 

Table 2  Sensitivity simulations with WRF for Peru

Acronym Description Historical period Future period

WRF_CCSM4_topo Same as WRF_CCSM4 but with the terrain height in the 10 km domain 
smoothed to equal the 50 km resolution in the outermost domain

1996–1998 2091–2093 RCP8.5

WRF_CCSM4_large Same as WRF_CCSM4 but with increased size of the 10 km domain, from 
150 × 175 to 250 × 280 grid boxes (D3 vs. D3large in Fig. 1)

1996–1998 2091–2093 RCP8.5

WRF_CCSM4_noCP Same as WRF_CCSM4 but with cumulus parameterization turned off in 10 km 
domain

1996–1998 2091–2093 RCP8.5

WRF_CCSM4_cpGF Same as WRF_CCSM4 but with cumulus parameterization changed from 
Kain–Fritsch scheme (Kain 2004) to Grell–Freitas ensemble scheme (Grell and 
Freitas 2014)

1996–1998 2091–2093 RCP8.5

https://github.com/shortwavetrough/cam_to_wps
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CCSM4, CESM1-CAM5, CMCC-CMS, CNRM-CM5, 
CSIRO-Mk3-6-0, FGOALS-g2, GFDL-CM3, GISS-E2-R, 
HadGEM2-ES, inmcm4, MIROC-ESM, MPI-ESM-LR, 
MRI-CGCM3 and NorESM1-M. We also compare with 16 
different CMIP6 models (Eyring et al. 2016) for the experi-
ments “historical” and “ssp585”: ACCESS-CM2, ACCESS-
ESM1-5, CESM2, CNRM-CM6-1, CNRM-ESM2-1, 
EC-Earth3, EC-Earth3-Veg, FGOALS-g3, INM-CM5-0, 
IPSL-CM6A-LR, MIROC6, MPI-ESM1-2, MRI-ESM2-0, 
NESM3, NorESM2-MM and UKESM1-0-LL. The CMIP5 
and CMIP6 data were all for ensemble member “r1i1p1” and 
regridded to 1° × 1° resolution for the analysis.

2.5  Reanalysis datasets

In addition to the WRF simulations using boundary condi-
tions from GCMs, reanalysis data have been downscaled 
using boundary conditions from the National Centers for 
Environmental Prediction (NCEP) / NCAR Reanalysis Pro-
ject (NNRP) (Kalnay et al. 1996) in the simulation named 
WRF_NNRP (Table 1). For comparison with GPCC and the 
WRF simulations, we have also analysed a different data-
set, ERA5-Land (Muñoz-Sabater 2020), which is based 
on the  5th generation reanalysis from the European Centre 
for Medium-Range Weather Forecasts (ECMWF), ERA5. 
ERA5-Land is a replay of the land component in ERA5 
at a finer spatial resolution of approximately 9 km × 9 km 
(regridded to 0.1° × 0.1°), compared to 30 km × 30 km in 
ERA5.

2.6  Atmospheric energy budget analysis

Precipitation is constrained by the atmospheric energy bal-
ance (Allen and Ingram 2002). The regional atmospheric 
energy budget can be used to better understand how precipi-
tation responds to a perturbation in climate (denoted δ) and 
can be written (e.g. as in Richardson et al. 2018b)

where L is the latent heat of condensation, P is the surface 
precipitation flux, LW and SW are the atmospheric long-
wave and shortwave radiative cooling, respectively, SH is 
the sensible heat flux from the surface, Hdry is the dry static 
energy flux divergence, LH is the latent heat flux from the 
surface and M is moisture convergence. δHdry and δM are not 
calculated explicitly in the model but taken as residuals in 
the analysis. The global atmospheric energy budget is repre-
sented by the same equation except that δHdry and δM would 
be zero. Changes in horizontal and vertical winds drive Hdry, 
while M is equivalent to precipitation minus evapotranspira-
tion (P–E).

(1)L�P = �LW + �SW − �SH + �Hdry = �LH + L�M

3  Results

3.1  Model evaluation

3.1.1  Annual precipitation distribution

Figure  2 shows that the WRF model simulations and 
ERA5-Land broadly reproduce the main features of the 
South American precipitation, as represented by the GPCC 
precipitation observations; a peak in annual precipitation 
in the north, dry conditions in the west, and another but 
weaker precipitation peak in the southwest. These fea-
tures are also reproduced by the GCMs used as boundary 
conditions to WRF (Supplementary Fig. S2). However, 
there is too much precipitation over the northern parts 
of South America in WRF compared to both GPCC and 
ERA5-Land, and this is more prominent in the WRF_ACC 
simulation. Further investigation indicates that this is due 
to more moisture transport from the Atlantic in the east 
in WRF_ACC compared to the two other simulations, 
and this is particularly evident during austral winter (not 
shown).

In central Chile, WRF and ERA5-Land compare very 
well to the GHCN-Daily precipitation observations 
(Fig. 2), but WRF has more precipitation in the mountain-
ous eastern part of Chile compared to the GPCC obser-
vations (see Fig. 1 for elevation map). However, GPCC 
precipitation is based on spatial interpolation from station 
observations, and very few stations are available in this 
area. Thus it is difficult to know the actual precipitation 
amounts, but the precipitation pattern in the WRF simula-
tions agree relatively well with the ERA5-Land reanalysis 
(Fig. 2). Lack of high-quality surface precipitation obser-
vations in the Andes has also been mentioned previously 
(Alvarez-Garreton et al. 2018; Bozkurt et al. 2019).

In Peru, the very dry conditions near the coast are seen 
in all datasets; GPCC, GHCN-Daily, ERA5-Land and all 
WRF simulations (both forced with reanalysis and with 
free-running GCMs). Further from the coast, GPCC and 
WRF disagree, and the few GHCN-Daily stations that 
exist indicate that WRF has too much precipitation in the 
eastern part of Peru, in particular in WRF_CCSM4 and 
WRF_CESM. In the southeast of Peru, overestimation of 
precipitation is also seen in the GCMs used as boundary 
conditions to WRF (Supplementary Fig. S2).

In southern Brazil, GPCC shows a peak in annual pre-
cipitation in the center of the domain (Fig. 2). The pre-
cipitation pattern in GPCC is similar in ERA5-Land, and 
also reasonably well reproduced in the WRF simulations, 
except for very low precipitation amounts in the western 
part of the domain in WRF_ACC.
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Fig. 2  Annual mean precipitation (mm  month−1) over land in GPCC observations (1st row), ERA5-Land reanalysis (2nd row) and WRF simula-
tions (3rd–6th row). Colored circles are GHCN-Daily/Hidroweb station observations
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3.1.2  Seasonal precipitation cycle

Figure 3a and Table 3 show that the spatially averaged 
seasonal precipitation cycle is very well reproduced for 
all regions by WRF when driven by the NNRP reanalysis 
data, both in terms of monthly amounts and the temporal 
distribution. Interestingly, for the central Chile and Peru 
regions there is better agreement with the GPCC observa-
tions for the WRF_NNRP run at 50 km (yellow dashed 
lines) than at 10 km (yellow solid lines). However, the 
higher precipitation amounts in the 10 km run compared 
with the 50 km run, during austral winter in central Chile 
and austral summer in Peru, are in mountainous regions 
where rain gauge station observations are sparse (Figs. 1, 
2). This may indicate that GPCC, which is purely based on 
rain gauge stations and no modelling or satellite products, 
does not account for these high precipitation amounts in, 
and close to, the Andes Mountains. It is, however, reas-
suring that the 10 km resolution WRF results compare 
relatively well to the ERA5-Land reanalysis (Fig. 3a). For 
central Chile, Bozkurt et al. (2019) performed a compari-
son of runoff-precipitation covariability using observa-
tions of discharge, and found indications of precipitation 
underestimation in gridded observational datasets.

Comparison with individual GHCN-Daily station obser-
vations shows very good agreement for WRF_NNRP for 
central Chile, with slightly better performance for the 10 km 
run compared to the 50 km run (Supplementary Fig. S3). 
For Peru, WRF_NNRP at 10 km resolution performs better 
than 50 km resolution for the high altitude stations while 

Fig. 3  a Historical 10-year average (1996–2005) monthly precipita-
tion cycle (mm  month−1) in GPCC observations, ERA5-Land, GCMs 
and WRF for different regions, and b future changes (1996–2005 vs. 

2091-2100RCP8.5) projected by GCMs and WRF. Landmasks have 
been used to only consider land gridpoints for the regional averaging

Table 3  Correlation coefficient between seasonal land-only precipita-
tion cycle in GPCC observations vs. ERA5-Land, GCMs and WRF 
simulations

S. America C. Chile Peru S. Brazil

ERA5-Land 0.99 0.98 0.99 0.98
ACCESS1-0 0.93 0.92 0.96 0.97
WRF ACC 50 km 0.92 0.90 0.95 0.92
WRF ACC 10 km 0.91 0.89 0.89
CCSM4 0.92 0.60 0.94 0.96
WRF CCSM4 50 km 0.95 0.84 0.89 0.94
WRF CCSM4 10 km 0.88 0.93 0.91
CESM 0.87 0.53 0.86 0.92
WRF CESM 50 km 0.92 0.91 0.86 0.90
WRF CESM 10 km 0.93 0.92 0.90
WRF NNRP 50 km 0.97 0.98 0.96 0.99
WRF NNRP 10 km 0.99 0.91 0.97
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the 10 km resolution run seems to overestimate precipita-
tion amounts at some of the low altitude stations with low 
observed precipitation amounts. In southern Brazil, both 
the monthly amounts and the temporal distribution of the 
observed seasonal precipitation cycle at individual Hidroweb 
stations are well reproduced by the WRF_NNRP simulation, 
and there are no large differences between results from the 
10 km and 50 km resolution runs.

WRF simulations using boundary conditions from a 
reanalysis dataset, as in WRF_NNRP, are expected to per-
form better than WRF simulations using boundary condi-
tions from free-running GCMs, because reanalyses include 
assimilation of actual observations. Comparison to GPCC 
indicates that the seasonal precipitation cycle is exagger-
ated for Peru and southern Brazil when using GCMs as 
boundary conditions, particularly for WRF_CESM and 
WRF_CCSM4, with too low values during austral winter 
and too high values during austral summer (Fig. 3a). Again, 
this may partly be due to lack of observations in the Peru-
vian mountain regions. Comparison to individual station 
observations shows a similar tendency of an exaggerated 
seasonal cycle at some stations in both Peru and southern 
Brazil (Supplementary Fig. S3), but it should be noted that 
the comparisons against observations are made for a histori-
cal period of 10 years (1996–2005) and therefore expected to 
be influenced by natural variability (only the WRF_NNRP 
simulation, and not the simulations based on free-running 
GCMs, can be expected to reproduce the meteorology dur-
ing this exact period). It may also be that an even higher 
model resolution than 10 km is needed to better resolve the 
highly complex terrain and climate zones in Peru. Improved 
representation of fine-scale orography and variations of 
surface fields can be especially beneficial in mountainous 
regions, partly because surface heterogeneity is an important 
driver for deep convection (Prein et al. 2015, and references 
therein). It has also been shown that even 3 km resolution is 
insufficient to reproduce precipitation amounts at individual 
stations in a region of complex terrain (Hodnebrog et al. 
2019). For Chile, there are relatively small biases against 
GHCN-Daily in the 10 km WRF runs and the correlation 
coefficient is above 0.70 for all stations.

3.2  Projected precipitation changes

3.2.1  Future changes in the annual precipitation 
distribution

Figure 4a shows that the three GCM simulations broadly 
agree on a future decrease in precipitation in the northeast 
and southwest of South America and on an increase in 
the west and southeast. These patterns are also similar to 
those projected by the ensemble mean of 18 CMIP5 and 16 
CMIP6 GCMs. As expected, the CCSM4 and CESM model 

simulations, which are based on a very similar setup and 
model version, show more similarities to each other than 
ACCESS1-0 to either of CCSM4 or CESM. The three GCM 
simulations show the least agreement in the sign of the pre-
cipitation change in the northwest of South America and 
in parts of Brazil. In most of South America, patterns of 
precipitation change are relatively similar between the WRF 
50 km simulations and their driving GCM, but the magni-
tude of the relative precipitation change often differ more 
(e.g. ACCESS1-0 vs. WRF_ACC in northern Argentina). 
Inter-model differences in precipitation pattern changes 
could be linked to potential changes in circulations patterns 
at synoptic scales. Analysis of future changes in surface 
pressure does reveal somewhat stronger reductions in surface 
pressure in the Amazon region, and stronger increases in the 
western and southern part of South America, in ACCESS1-0 
compared to CCSM4 and CESM (Supplementary Fig. S4). 
However, differences between WRF 50 km simulations and 
their driving GCM are again relatively small.

For central Chile, the projected precipitation reduc-
tions are consistent between the CMIP5 and CMIP6 multi-
model mean, the three GCMs used for downscaling, and the 
WRF simulations at both 50 and 10 km horizontal resolu-
tion (Fig. 4a, b). WRF results at 10 km show reductions of 
5–20% in WRF_CCSM4 and WRF_CESM, and 40–50% in 
WRF_ACC, with the exception of the northernmost part of 
the domain which shows a precipitation increase in WRF_
ACC. The strong precipitation increase in the east/northeast 
part of the domain in WRF_ACC is mainly due to enhanced 
convective precipitation (not shown). While this increase 
is much less noticeable in absolute precipitation amounts, 
enhanced convective precipitation is also projected in sum-
mer and this could potentially be important due to the very 
low precipitation amounts during this season in the historical 
period. Precipitation reductions in central Chile are also pro-
jected for the middle-of-the-century RCP4.5 for the CMIP5 
multi-model mean (Supplementary Fig. S5), and for CESM 
and WRF_CESM (Supplementary Fig. S6), though with 
weaker magnitudes due to a smaller climate change signal 
compared to that in the end-of-the-century RCP8.5. Thus, 
expectations of a future reduction in precipitation in central 
Chile can be seen as a robust result.

The CMIP5 and CMIP6 multi-model means show a future 
increase in precipitation in Peru, except near the border of 
Brazil (Fig. 4a). The CMIP5 models do not agree on the sign 
of the change, indicating model diversity. The three GCM 
simulations used for downscaling agree with the multi-
model mean, of a future precipitation increase in most of 
Peru (Fig. 4c). However, the WRF simulations at 50 km hor-
izontal resolution differ from their driving GCMs and show 
very different patterns of precipitation change over Peru. The 
higher resolution in WRF compared to the GCMs leads to a 
more inhomogeneous pattern in the precipitation changes, 
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and the choice of resolution could be of major importance 
for this region governed by orographic precipitation. The 
precipitation change patterns are further refined in 10 km 
resolution and now broadly agree between the different WRF 
simulations downscaled from three GCMs. In contrast to the 
GCMs, all three WRF simulations show that precipitation 
increases are confined to a narrow band on the Pacific side of 
the Andes Mountains, while a more widespread precipitation 

decrease is simulated inland. Furthermore, the inland pre-
cipitation changes differ between the 50 and 10 km resolu-
tion simulations. Results for WRF_CESM for mid-century 
RCP4.5 show almost the same pattern of precipitation 
change, but magnitudes are weaker (Supplementary Fig. S6). 
A likely cause of the differences in precipitation change pat-
terns between the resolutions is the better representation of 

Fig. 4  Projected changes in annual precipitation (%) in 1996–2005 vs. 2091–2100 (RCP8.5) for a South America, b central Chile, c Peru and d 
southern Brazil. Stippling in the CMIP5 and CMIP6 plots in (a) indicates where more than 80% of the models agree on the sign of change
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the complex orography in the higher resolution simulations, 
and this is investigated further in Sect. 3.2.3.

In southern Brazil, the multi-model CMIP5 and CMIP6 
means show a future precipitation increase, both for mid-
century RCP4.5 and end-of-the-century RCP8.5 (Fig. 4a; 
Supplementary Fig. S5). The three GCM simulations agree 
on a future precipitation increase in southern Brazil, but 
CCSM4 and CESM show a precipitation reduction in the 
northern part of the domain, in contrast to ACCESS1-0 
(Fig. 4d). The WRF 50 km resolution simulations largely 
agree with projections from the GCMs used as boundary 
conditions, highlighting the strong influence of the driving 
model for the downscaled results. As for the Peru region, 
there are noticeable differences when moving towards high 
resolution. All three WRF 10 km simulations show lower 
precipitation increases in southern Brazil compared with 
the 50 km WRF simulations and their driving GCMs. Inter-
estingly, the WRF_CESM 10 km simulation for the mid-
century RCP4.5 show a precipitation reduction in most of 
southern Brazil (Supplementary Fig. S6).

3.2.2  Future changes in the seasonal precipitation cycle

Figure 3b shows the projected change in the seasonal precip-
itation cycle from the GCMs and WRF, averaged over each 
region in Fig. 4. For the central Chile domain, a future pre-
cipitation reduction is projected for most of the year and the 
different WRF simulations agree well with the projections 
of their driving GCM, both in terms of monthly amounts 
and temporal distribution. In austral summer, CESM and 
WRF_CESM show a precipitation increase, and this can be 
attributed to the projected precipitation increase in Argen-
tina (Fig. 4b).

In contrast to the Chile region, the seasonal precipitation 
change in Peru projected by the WRF model at 10 km hori-
zontal resolution differs to that projected by WRF at 50 km 
resolution (Fig. 3b). The WRF simulations also differ from 
their driving GCM simulations. This shows that it is not 
only the spatial pattern of precipitation change that differs 
between the resolutions, as discussed in Sect. 3.2.1, but also 
the magnitude of change and how the precipitation is distrib-
uted throughout the year. Most of the WRF 10 km simula-
tions show the strongest absolute precipitation reductions 
in August to October, but the WRF_ACC simulation also 
show strong reductions in the last part of the year. GPCC 
observations and simulations show that the rainy season lasts 
from around August to April (Fig. 3a), but the projected 
changes in the WRF 10 km simulations are relatively small 
early in the year, especially for WRF_CESM (Fig. 3b). In 
the WRF 50 km simulations and the three GCM simula-
tions, precipitation increases are projected mostly in the first 
few months of the year. The fact that the major differences 
in precipitation change between resolutions are occurring 

during austral summer, when precipitation is dominated by 
convective precipitation, may indicate that the convection 
parameterization scheme could be a potential source for the 
differences.

In southern Brazil, the choice of driving GCM seems 
more important than the choice of horizontal model reso-
lution for changes in the regionally-averaged seasonal pre-
cipitation cycle (Fig. 3b). While the projected precipitation 
changes in WRF_CCSM4 and WRF_CESM have differ-
ent sign between many of the months, WRF_ACC shows 
increased precipitation throughout the year, except Febru-
ary to April in the 10 km simulation. However, in all WRF 
simulations there is a tendency of less increase, or more 
reduction, of precipitation when going from 50 to 10 km res-
olution, similarly to what was found for the Peru region. Pos-
sible causes for these differences are discussed in Sect. 3.3.

3.2.3  Sensitivity simulations to understand model 
differences for Peru

Table 2 lists the sensitivity simulations that have been car-
ried out to better understand the large differences in pro-
jected precipitation changes in Peru between the WRF 
simulations using 50 and 10 km horizontal model resolu-
tion, as described in Sects. 3.2.1–3.2.2. Due to the complex 
orography of the Andes Mountains, one potential reason for 
these differences is that precipitation, and particularly oro-
graphic precipitation, is better resolved in the 10 km resolu-
tion than the 50 km resolution due to the finer representation 
of elevation in the first. This has been investigated in the 
WRF_CCSM4_topo simulation, a 10 km simulation where 
orography has been smoothed to 50 km resolution (maps 
of the smoothed and unsmoothed topography are shown 
in Supplementary Fig. S7). Another potential cause is that 
the 10 km result is inaccurate because the domain is too 
small. Although an outer boundary of 10 grid boxes has been 
removed for the analysis, it may be necessary with a wider 
boundary because of the mountains extending well outside 
of the domain. A sensitivity simulation, WRF_CCSM4_
large, has been performed with a much larger 10 km domain, 
D3large, which is 2–3 times larger than D3 (Fig. 1).

Parameterization of convection has been identified as a 
major source of uncertainty in future climate projections by 
global and regional models (Kendon et al. 2017; Prein et al. 
2015). So-called “convection-permitting modelling”, where 
deep convection is explicitly resolved, has shown to improve 
modelling of the diurnal precipitation cycle and precipita-
tion occurrence, but require vast computational resources. 
Typically, a horizontal model resolution smaller than 4 km is 
considered necessary to resolve deep convection (Prein et al. 
2015). However, recent findings show that turning off the 
deep convection parameterization scheme may be beneficial 
up to around 25 km model resolution (Vergara-Temprado 
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et al. 2020). For this reason we have turned off the deep 
convection parameterization scheme in the 10 km resolution 
domain in the simulation WRF_CCSM4_noCP (Table 2), 
to see if this impacts the precipitation projection. In a sepa-
rate simulation, WRF_CCSM4_cpGF, we have tested the 
effect of using a different deep convection parameterization 
scheme. Here, the Kain-Fritsch scheme (Kain 2004) was 
replaced by the Grell-Freitas ensemble scheme (Grell and 
Freitas 2014) in both the 50 and 10 km resolution domains. 
While the Kain-Fritsch scheme is a mass flux parameteri-
zation, the Grell-Freitas scheme is based on a stochastic 
approach and has shown to work well for simulations with 
varying horizontal resolutions (Gao et al. 2017; Jeworrek 
et al. 2019).

Figure 5 shows the projected precipitation change aver-
aged over the Peru domain for the different 3-year sensitiv-
ity simulations. For the CCSM4 and WRF_CCSM4 simula-
tions, where the full 10 years are available, we see that the 
3-year averages are representative of the 10-year averages 
(black vs. open diamonds). Maps of the 10-year vs. 3-year 
average precipitation change reveal that the spatial distribu-
tion of the changes is also similar (not shown). In four of the 
sensitivity simulations, changes have only been made to the 
10 km resolution domain and results in 50 km resolution are 
therefore approximately equal. Interestingly, the change in 
non-convective precipitation has the same sign in all WRF 
simulations and at both resolutions while the convective 
precipitation change differs substantially. By replacing the 
Kain–Fritsch convection parameterization scheme with the 
Grell–Freitas scheme (purple bars), the sign is switched for 
convective precipitation change in 50 km resolution and now 

shows similar results as in 10 km resolution, although with a 
smaller magnitude. Switching off the convection parameteri-
zation scheme did not have a strong impact on the results 
other than a smaller precipitation reduction in 10 km (orange 
bar compared to blue bar), which presumably is related to 
less precipitation in the historical (1996–1998) simulation 
when the scheme is deactivated (not shown). The result that 
switching off the convection parameterization scheme gives 
a similar, although slightly smaller, projected precipitation 
change as the 10 km simulations with the parameteriza-
tion scheme enabled, gives confidence that we can trust the 
10 km results that have the convection scheme turned on.

Surprisingly, smoothing of the terrain height field in the 
WRF_CCSM4_topo simulation (red bar in Fig. 5) did not 
have a noticeable impact on the results, other than changing 
the partitioning of convective vs. non-convective precipita-
tion change. The precipitation change in Peru when increas-
ing the extent of the high-resolution (10 km) domain (green 
bar), also only had a small impact on the results.

3.2.4  Future changes in daily extreme precipitation

A common metric for extreme precipitation is Rx1day, which 
is the annual maximum 1-day precipitation amount (Alex-
ander 2016). 10-year means of the historical (1996–2005) 
Rx1day amounts differ strongly between the GCMs and 
WRF, and between 50 and 10 km WRF resolutions (Supple-
mentary Fig. S8). Whereas the mean of GCMs do not show 
more than 75 mm  day−1 in any of the three regions, WRF at 

Fig. 5  Projected changes in 
annual precipitation (mm  day−1) 
in 1996–1998 vs. 2091–2093 
(RCP8.5) for the Peru region 
(D3 in Fig. 1, both land and 
sea gridpoints) for different 
simulations and horizontal 
model resolutions. 3-year 
averages of total precipita-
tion changes (black diamonds) 
have been split into convective 
(dark coloured bars) and non-
convective (light coloured bars) 
precipitation. Total precipitation 
changes for the full 10-year 
periods (open diamonds) are 
shown for comparison when 
available. Error bars show the 
standard deviation representing 
the interannual spread
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10 km resolution exceeds 200 mm  day−1 in some locations 
in the Andes, both in the central Chile and Peru regions.

Figure 6 shows future changes in Rx1day, averaged over 
the three GCMs and WRF simulations. Despite the strong 
model agreement of a future precipitation reduction over 
central Chile (Sect. 3.2.1), there is no such agreement for 
Rx1day change, and both the GCMs and the WRF simula-
tions differ in the sign of change. Decreases in mean pre-
cipitation combined with relatively unchanged daily extreme 
precipitation have also been projected before in other regions 
(e.g., Hodnebrog et al. 2019), and is related to the fact that 
daily extreme precipitation increases more than annual mean 
precipitation on a global scale (~ 7% vs. 1–3% per degree 
global warming, respectively) (Allen and Ingram 2002; 
Boucher et al. 2013).

For Peru, the GCMs agree on an increase in Rx1day, with 
a model mean typically in the range 20–30% (Fig. 6). How-
ever, after downscaling with WRF, the diversity is larger 
and only parts of Peru show consistent Rx1day increases. 
For southern Brazil, the projected increase in Rx1day by 

the GCMs largely persists also in the downscaled WRF 
simulations.

Potential changes in dry conditions could be particu-
larly important for water availability and have been ana-
lyzed here in terms of the annual number of dry days 
(days with precipitation < 1 mm). The three regions show 
very different patterns with < 100 dry days in some inland 
regions of Peru and > 250 dry days along the coast of Peru 
and in central Chile (Supplementary Fig. S9).

Figure 7 shows future changes in the number of dry 
days, and for central Chile there is a projected increase 
of 10–30 days, which is consistent between the GCMs 
and WRF at 50 and 10 km resolution. For Peru, there is 
also an overall increase projected for the future, but this 
is much more prominent in the WRF 10 km resolution 
simulations than in WRF at 50 km and in the GCMs. There 
are only weak changes in the number of dry days over 
southern Brazil, and with much less agreement on the sign 
of change.

Fig. 6  Projected relative changes in Rx1day daily extreme precipita-
tion (%) in 1996–2005 vs. 2091–2100 (RCP8.5) for a central Chile, b 
Peru and c southern Brazil. Results are averaged over the three GCM/

WRF simulations CESM/WRF_CESM, CCSM4/WRF_CCSM4 and 
ACCESS1-0/WRF_ACC. Stippling indicates where model simula-
tions agree on the sign of change
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3.3  Atmospheric energy budget analysis

Figure 8 shows the atmospheric energy budget according to 
Eq. (1) (see Sect. 2.6). Differences in precipitation changes 
between regions, model simulations and resolutions can 
mainly be attributed to the Hdry and M terms, but also with 
smaller contributions from SH and LH. In all three regions 
and for all model resolutions, the three different model simu-
lations agree well for the atmospheric shortwave and long-
wave radiative cooling terms. Increased surface temperature 
as a result of increased  CO2 concentrations is the main driver 
for changes in the perturbed climate. As explained in Rich-
ardson et al. (2018a), the surface warming from higher  CO2 
concentrations lead to increased longwave radiative cooling 
(i.e. positive LW term in Fig. 8). Globally, the atmospheric 
radiative cooling from increased troposheric temperature is 
more than compensated by stratospheric temperature reduc-
tion. Increased water vapour from increased atmospheric 
temperatures leads to longwave and shortwave radiative 
heating (reducing precipitation). Furthermore, clouds may 

cause both radiative heating and cooling depending on the 
altitude of the clouds. Inspection of our WRF results con-
firms an increase in atmospheric temperature and humidity 
over South America in the future simulation, but also reveal 
important changes in clouds (Supplementary Fig. S10), 
which also influence the energy budget fluxes. The pro-
jected cloud changes over South America, with reduced low 
and middle level clouds and increased high clouds, agree 
with multi-model results of global cloud changes caused by 
increases in atmospheric  CO2 concentrations (e.g., Fig. 1 in 
Hodnebrog et al. 2020).

For central Chile, differences between the GCM results 
and WRF in 50 and 10 km resolution are relatively small 
(Fig. 8). The spatial pattern of changes in P is also simi-
lar between the two WRF resolutions, except for a more 
inhomogeneous pattern in 10 km resolution (Supplemen-
tary Fig. S11). The precipitation reduction (P < 0) can 
be explained by less moisture transported into the region 
(M < 0), but P is slightly modulated by increased evaporation 
within the region (LH > 0) (Fig. 8). Differences between the 

Fig. 7  Projected absolute changes in the annual number of dry days 
in 1996–2005 vs. 2091–2100 (RCP8.5) for a central Chile, b Peru 
and c southern Brazil. Results are averaged over the three GCM/

WRF simulations CESM/WRF_CESM, CCSM4/WRF_CCSM4 and 
ACCESS1-0/WRF_ACC. Stippling indicates where model simula-
tions agree on the sign of change
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simulations are larger, however, and Hdry and M are more 
negative for ACCESS1-0 and WRF_ACC compared to the 
other simulations.

For Peru, the different GCM simulations agree on the 
sign and approximate magnitude for each of the terms in 
the atmospheric energy budget (Fig. 8). There is a small 
exception for the M term, which is slightly negative for 
ACCESS1-0 and positive for CESM and CCSM4. In the 
50 km resolution WRF simulations, there is a large spread 
for several of the budget terms, most notably for Hdry and 
M, with the latter having a range from about − 20 W  m−2 
(WRF_ACC) to + 10 W  m−2 (WRF_CCSM4). While all 
three model simulations agree on more evaporation in the 
future (LH > 0), there is considerable uncertainty regarding 
how much of the moisture that will end up as precipitation 
within the region and how much that will be transported 
out of the region. It is also interesting to note that the SH 
term switches sign between the GCMs and their downscaled 
(50 km) WRF results. For the 10 km resolution WRF results, 

the three different simulations again tend to agree for most of 
the terms. However, the results are now very different from 
their driving GCMs, with net negative moisture convergence 
(M < 0), meaning that more moisture is transported out of 
than into the region in the future compared to the historical 
climate. Local evaporation compensates only partly for this 
moisture reduction and P is therefore negative.

Analysis of the Peru sensitivity simulations presented in 
Sect. 3.2.3 shows that the difference in projected precipita-
tion change between the resolutions is related to the param-
eterization of convection. The very different value of Hdry 
between the resolutions (Fig. 8) strongly indicates that there 
are differences in horizontal and/or vertical winds. Figure 9 
shows that there are strong differences in the vertical veloci-
ties at ~ 500 hPa (W) between the resolutions. The ascend-
ing air masses in the northeast strengthen in the future in 
50 km resolution, while they weaken in 10 km resolution. 
This region is also the area where the difference in absolute 
precipitation change is the largest between the resolutions, 

Fig. 8  Atmospheric energy budget for the three focus regions (both 
land and sea gridpoints). Markers show results for the individual 
model simulations and bars represent the mean. Positive values 
denote atmospheric cooling, which means increased precipitation 

according to Eq. (1), and results are shown for 1996–2005 vs. 2091–
2100 (for CESM and WRF_CESM the time periods are 1986–2005 
vs. 2081–2100)
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and the patterns of change in Hdry are very similar to the 
precipitation change patterns, which again shows similarities 
to the pattern of change in convective precipitation. In con-
trast, only a very small part of the changes in P in the Chile 
simulations were due to changes in convective precipitation 
(Supplementary Fig. S11). In the northeast region of the 
Peru domain, the planetary boundary layer height (PBLH) 
becomes lower and higher in 50 and 10 km, respectively, in 
the future, and this is a clear indication of changes in verti-
cal motions since convection is a main driver for changes in 
the PBLH (Fig. 9).

For southern Brazil, there is a precipitation increase in 
the GCM simulations, as for Peru, mainly caused by the 
transport terms (M and Hdry) (Fig. 8). However, the inter-
model difference is large with CESM and CCSM4 showing 
small changes (< 5 W  m−2) and ACCESS1-0 large changes 
(> 30 W  m−2). The large transport and precipitation terms 
for ACCESS1-0 become much smaller when downscaled 
with WRF, and especially in 10 km resolution. Interestingly, 
all three model simulations have a negative Hdry term in 
the highest resolution and P differs in sign and magnitude 
between the three simulations. As for Peru, and in contrast to 
Chile, the changes in precipitation are mainly due to convec-
tive and not large-scale precipitation changes (Supplemen-
tary Fig. S11). Since there are no major differences between 
projected circulation patterns in the WRF simulations at 
50 km resolution and their driving GCM (Supplementary 
Fig. S4), it is therefore likely that differences between 50 and 
10 km precipitation are connected to the convection param-
eterization scheme, similarly as for Peru. A main difference 
between the two resolutions is that the center of the region 
experiences enhanced ascending air in 50 km, and therefore 
a positive precipitation change through the Hdry term, while 
the contribution to increased P due to enhanced ascending 
air is smaller in the 10 km resolution results (Supplementary 
Fig. S11).

4  Discussions

Comparison to observations in Sect. 3.1 shows that WRF_
NNRP, which is WRF downscaled from a reanalysis dataset, 
generally performs well for all three regions, indicating that 
the chosen setup is sound. The performance for WRF when 
using initial and boundary conditions from GCMs is more 
variable, but this is to be expected since the GCMs are free-
running (i.e. no assimilation of observations) and the quality 
of regional climate modelling is conditional on the quality of 
the boundary conditions (e.g. Rummukainen 2010).

The difference between results with WRF using CCSM4 
and CESM is relatively small. While this can partly be 
expected because the two models are very similar, their 
setups differ in terms of horizontal model resolution and 

Fig. 9  Annual mean vertical velocity at ~ 500 hPa (W in m  s−1) and 
projected changes in vertical velocity (∆W), planetary boundary layer 
height (∆PBLH in m), dry static energy flux divergence (∆H in mm 
 day−1; see Eq. 1), total precipitation (∆P in mm  day−1) and convec-
tive precipitation (∆Conv. P in mm  day−1) according to WRF results 
in 50 and 10 km horizontal resolution over Peru. Results are averaged 
over the three simulations WRF_CESM, WRF_CCSM4 and WRF_
ACC and changes are between 1996–2005 and 2091–2100. Results 
for central Chile and southern Brazil are in Supplementary Fig. S11
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spin-up length when used to drive WRF (see Sect. 2.3–2.4 
for details). The relatively similar precipitation change pat-
terns in WRF_CCSM4 and WRF_CESM, shown in Fig. 4, 
further indicate that there is a strong signal-to-noise ratio 
and relatively small influence of natural variability.

The projected precipitation changes using WRF in 50 km 
resolution agree well, qualitatively, with those projected by 
the RCM simulations in Llopart et al. (2020) (different units 
and time periods hinder a quantitative comparison of the 
two studies), e.g. with reduced precipitation in central Chile 
and a slight increase in southern Brazil (Fig. 4b, d vs. their 
Figs. 4b, 5b). For Peru, the increase during DJF and slight 
decrease during JJA projected by the RCMs in Llopart et al. 
(2020) is also found in WRF 50 km resolution (Fig. 3b). Our 
finding that the increase in precipitation for Peru is smaller 
in WRF 50 km resolution than in the GCMs (e.g. Figure 4a) 
is also reflected in the Llopart et al. results (their Figs. 4, 5). 
However, we also show that the convection parameterization 
appears to be a more important factor than the spatial resolu-
tion of the orography in affecting precipitation projections 
for the region.

Previous studies have highlighted the importance of the 
 CO2 physiological effect for precipitation changes in South 
America, through reduced evapotranspiration from plants 
due to reduced stomatal conductance at elevated  CO2 con-
centrations (e.g. Langenbrunner et al. 2019). While the 
physiological effect is most important for the eastern Ama-
zon, where it is the main driver of future drying, it has also 
shown to increase precipitation along the west coast of South 
America, including Peru (Richardson et al. 2018b; Skinner 
et al. 2017). Future studies should carry out high-resolution 
RCM simulations with the physiological effect included for 
long (climatological) time scales, to reduce uncertainties 
associated with projected precipitation changes in South 
America.

5  Summary and conclusions

To better understand projected precipitation changes in 
South America, historical and future climate model simula-
tions from three GCMs have been downscaled and analysed 
in terms of changes in the atmospheric energy budget. The 
regional model WRF has been used at 50 km horizontal 
resolution for the whole continent and at 10 km resolution 
over three focus regions: central Chile, Peru and southern 
Brazil. A reference WRF simulation with reanalysis data 
(NNRP) as initial and boundary conditions is able to repro-
duce historical (1996–2005) precipitation patterns and sea-
sonal cycles from a gridded observation data set (GPCC) 
and a high-resolution (~ 9 km) reanalysis data set (ERA5-
Land). The performance of the WRF simulations using the 
GCMs as initial and boundary conditions is more variable 

but still relatively good, and indication of added value when 
going from 50 to 10 km horizontal resolution is particularly 
evident in the spatial precipitation distribution over Peru for 
WRF downscaled from the ACCESS1-0 GCM.

Future simulations (2091–2100) assuming a high green-
house gas emission scenario (RCP8.5) show reductions in 
annual precipitation in central Chile. This is considered a 
robust result because of good agreement between different 
CMIP5 and CMIP6 models and between different horizontal 
model resolutions down to 10 km. The good agreement is 
also reflected in the atmospheric energy budget, which is 
very similar across resolutions. An additional WRF simula-
tion downscaled from the CESM GCM for the mid-century 
(2041–2060), assuming a less greenhouse gas intensive sce-
nario (RCP4.5), shows a very similar precipitation reduction 
but with a smaller magnitude.

For Peru, precipitation projections from GCMs gener-
ally agree on an increase in the future (2091-2100RCP8.5). 
However, the different WRF simulations in 50 km resolu-
tion, downscaled from the three different GCM simulations, 
disagree on the sign of the precipitation change. The 10 km 
WRF simulations, on the other hand, agree on a future pre-
cipitation reduction over Peru. Sensitivity simulations show 
that the more detailed representation of orography, in this 
mountainous region, does not cause the strong difference 
in precipitation projections between 50 and 10 km resolu-
tion, but that differences are rather linked to parameteriza-
tion of convective precipitation. Future changes in vertical 
velocity and planetary boundary layer height differ strongly 
between resolutions and, in particular, enhanced (weakened) 
ascending air masses east of the Andes Mountains in 50 km 
(10 km) resolution leads to increased (decreased) precipi-
tation in this region. Analysis of the atmospheric energy 
budget confirms that differences between resolutions are 
related to transport, e.g. with strongly net negative moisture 
convergence in 10 km resolution, meaning that more mois-
ture is transported out of than into the region in the future 
compared to the historical climate.

In southern Brazil, precipitation increases are projected 
for the future (2091-2100RCP8.5) from the CMIP5 and 
CMIP6 model ensembles, the three selected GCMs and 
WRF at 50 km resolution. However, there is considerable 
model diversity and precipitation changes are small in the 
10 km resolution WRF simulations. The mid-century projec-
tion (2041-2060RCP4.5) with WRF_CESM even shows a 
small reduction in precipitation. As for Peru, this is linked to 
different representation of convective precipitation between 
the resolutions and the atmospheric energy budget shows 
that the dry static energy term switches sign for all three 
models between the GCM and WRF 10  km resolution 
simulations.

In conclusion, this study provides future high-resolution 
precipitation projections and explains reasons for future 
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changes in regions where such detailed climate projections 
currently are lacking. While high model resolution has been 
deemed important for projections of summertime extreme 
precipitation at midlatitudes (Kendon et al. 2017), this study 
highlights the importance of using high model resolution 
when projecting changes in annual precipitation for regions 
in the sub-tropics and tropics, where convective precipitation 
constitutes the major share of the total precipitation.

Using results directly from GCMs, and even from coarse 
resolution RCMs, may give incorrect conclusions about pre-
cipitation projections on a regional scale. Ultimately, this 
may lead to wrongly informed policy-makers, who deals 
with decisions concerning adaptation to, and mitigation of, 
climate change. Hence, there is a need for an ensemble of 
model simulations at high spatial resolution, ideally using 
convection-permitting modelling, to make reliable precipita-
tion projections for regions dominated by convective precipi-
tation, such as Peru and southern Brazil. While convection-
permitting modelling is still computationally expensive for 
large regions and/or long time scales, a lot can be gained in 
coarse-resolution RCM simulations by choosing an appro-
priate convection parameterization scheme. Our results show 
that the scale-aware Grell-Freitas convection parameteriza-
tion scheme applied in WRF at 50 km resolution is able 
to reasonably reproduce projected precipitation changes at 
10 km resolution.
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