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Abstract

Selecting the most appropriate Global Climate Models (GCMs) is necessary for Regional Climate Models (RCMs) down-
scaling. We propose a methodology to select CMIP6 GCMs based on the representation of the multiple physical processes
which control regional circulation in a specific domain and the uncertainty in the precipitation projections. To develop the
methodology, we identified relevant climate features for the South American (SA) region, focusing on the two most impor-
tant climatological features: the South American Monsoon System (SAMS) and extratropical cyclones. A set of indicators
was defined based on the precipitation in three specific regions (the La Plata and Amazon basins, and Southeastern Brazil)
and circulation patterns that are part of the SAMS and control the tracking of extratropical cyclones (South American
Low-Level jets, South Atlantic and South Pacific Subtropical Highs, trade winds, Bolivian High, cyclonic vortices, and
upper-level jet stream). The selection of the CMIP6 GCM ensemble is based on historical validation of the circulation
patterns and the spread in possible future circulation changes that can lead to different precipitation responses. We used a
storyline approach to assess the spread in the precipitation response controlled by regional circulation uncertainty and to
identify the wettest and driest possible futures. To assess both SAMS (in summer) and extratropical cyclone patterns (in
summer and winter), three storylines were used. The final proposed minimal ensemble comprises four CMIP6 GCMs that
correctly represent the main climatological features in SA and are able to cover the uncertainty in the future precipitation
response in the three examined regions.

Keywords CMIP6 GCMs selection - Downscaling - South America - Circulation uncertainty - Future outcomes

1 Introduction warming at the regional scale has been one of the focuses
of the latest Intergovernmental Panel on Climate Change
Given the great demand for actionable climate informa- (IPCC) Sixth Assessment Report (AR6), and one of the main

tion, research on climate change impacts at a regional scale ~ outcomes was that regional climate changes can affect mul-
has progressed in the last decade. The signature of global tiple climatic impact drivers (WGI IPCC AR6 2023). The
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analysis in the reports of the IPCC relies on data and pro-
jections from Global Climate Models (GCMs) developed
under the Coupled Model Intercomparison Project (CMIP)
and regional climate projections. The CMIP is a coordi-
nated project to improve the knowledge of past and future
climates by means of coupled model projections completed
by different modelling groups worldwide. In recent years,
the CMIP has increased the number of models, as well as
the kind of experiments and number of future scenarios and
has improved the models in each of the cycles (Eyring et
al. 2016).

Nevertheless, GCMs simulate climate projections at the
global scale with a resolution that is not suitable for study-
ing processes at the regional scale. To address this, Regional
Climate Models (RCMs) can be used instead to provide
higher resolution information more suitable for the appli-
cation to impacts and adaptation studies at regional scales
(Giorgi 2019).

Lateral boundary conditions needed to run RCMs are
derived from the available GCM simulations. Running
RCMs is computationally expensive and not all the GCMs
show reasonable performance in representing large-scale
circulations in all regions of the world (McSweeney et
al. 2015). This makes the informed selection of available
GCMs for downscaling purposes a fundamental step in the
process. Therefore, a justified selection criteria must be
based on the performance of CMIP6 GCMs in representing
the relevant physical processes of the regional circulation
for the specific domain of interest. Moreover, uncertainty in
the CMIP ensemble projections at the regional scale is con-
trolled by model uncertainty, especially regional precipita-
tion uncertainty which is controlled by the uncertainty in
the forced circulation response (Shepherd 2014). In order
to represent this source of uncertainty with a small RCM
ensemble, the selection criteria must also consider models
with different yet plausible regional circulation changes.

Selecting a subset of models by evaluating the ability of
GCMs in a historical period and the spread of uncertainty
for temperature and precipitation projections could be a
good approach, and has already been used in several stud-
ies to select CMIP5 GCMs in specific regions (McSwee-
ney et al. 2015; da Silva et al. 2022) as well as for CMIP6
(Olmo et al. 2022; Di Virgilio et al. 2022; Palmer et al.
2023; Zhang et al. 2024; Arias et al. 2025). For this purpose,
a storyline approach can be used to evaluate the regional
responses that are associated with multiple plausible future
climates (Shepherd et al. 2018). One approach to addressing
this issue involves representing the uncertainty in the atmo-
spheric circulation response based on a selection of remote
drivers that capture the most relevant and uncertain features
(Zappa and Shepherd 2017). With this approach, different
plausible futures are identified and articulated in terms of
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the response to forcing of regional circulation drivers and
the sensitivity to this uncertainty in a variable of interest like
precipitation, as used in this work.

Several large-scale circulation features on the South
American (SA) continent are relevant for the evolution of
many meteorological variables in the region, together with
several geographical features that shape the climate of this
region (Silva and Kousky 2012). For instance, the continent
is surrounded by ocean (Atlantic and Pacific subtropical
oceans) that contributes to the moisture transport into the
continent; the Andes mountain contributes to deflecting the
low-level easterly winds (Vera et al. 2006b); the Amazon
Basin contains the largest rainforest of the world; and the
north of Chile holds the Atacama desert (Silva and Kousky
2012). The two most important atmospheric systems that
impact the precipitation variability over SA are the South
American Monsoon System (SAMS, da Silva and de Car-
valho 2007; Marengo et al. 2010; Silva and Kousky 2012;
Llopart et al. 2014), and extratropical cyclones (Hoskins
and Hodges 2005; Reboita et al. 2010a; Gramcianinov et al.
2019; Crespo et al. 2020).

The main aim of the paper is to select which CMIP6
GCM ensemble is most suitable for regional downscaling.
This involves assessing the performance of each GCM in
representing the regional circulation systems that influence
SA climate in the historical period and the uncertainty in
projections in response to anthropogenic forcing. Therefore,
this work addresses the following three main questions: (1)
how do CMIP6 GCMs represent the most important regional
circulation systems in the South America domain; (2) which
models project dry and wet scenarios for the precipitation
hot spot regions, given the uncertainty in precipitation pro-
jections due to the forcing of remote drivers; (3) what is the
optimal sub-ensemble of models to represent the circulation
in the historical period for each dry and wet scenario.

The paper has the following structure. Sections 2.1 and
2.2 describe the reanalysis and observations, as well as
the GCMs used in the analysis. Section 2.3 describes the
regional circulation related to the indicators used for vali-
dation based on the historical period. Section 2.4 describes
the future changes of the main drivers and the storyline
approach. Section 3.1 presents the results from the histori-
cal period evaluation, followed by the results of precipita-
tion response related to each storyline in Sect. 3.2. The final
model selection is reported in Sect. 3.3. Final remarks are
presented in Sect. 4.
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2 Data and methods
2.1 Reference datasets

The CMIP6 models were validated using the precipitation
from the Climatic Research Unit (CRU) observations and
the large-scale circulation variables (u and v components of
the wind at upper and lower levels, 200 and 850 hPa respec-
tively, and mean sea level pressure) from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
fifth-generation (ERAS, Hersbach et al. 2020) reanalysis
as a reference in the historical evaluation. The CRU Time
Series Version 4 (CRU TS4.0) dataset has a monthly tem-
poral resolution, which covers the period from 1901 to
2015. The dataset is based on weather station records (Har-
ris et al. 2020) gridded into a 0.5°%0.5° degree horizontal
resolution (longitude x latitude) grid. The ERAS reanalysis
provides hourly datasets in 137 vertical levels at approxi-
mately ~31 km horizontal resolution (Hersbach et al. 2020).
For this study, we have opted to use monthly datasets, as
our main interest is the evaluation of monthly and sea-
sonally large-scale climatological conditions rather than
the regional conditions and daily variabilities, since those
ones are what the GCMs will pass to the RCM through
the boundary conditions. One advantage of using monthly
temporal resolution is the availability of a wider range of
models. A disadvantage is the smoothing of some regional
characteristics, such as those in the SALLJ, which exhibit
daily variability, and extratropical cyclones, which are tran-
sient events. However, monthly mean precipitation will
reflect daily varying moisture-bearing systems. Despite this
smoothing, our interest in this work is mainly in the sea-
sonal circulation patterns rather than the daily ones.

2.2 CMIP6 GCM datasets

We used a monthly dataset for 38 models (Table 1, https:/
/aims2.1lnl.gov/search) from the Coupled Model Intercom
parison Project Phase 6 (CMIP6, Eyring et al. 2016). The
variables used to evaluate the historical period and future
storylines were precipitation, u and v components of the
wind at 850 and 200 hPa, and mean sea level pressure.
In the validation step, we used one ensemble member per
model, which is referred to in Table 1. Instead, for the story-
lines, we followed the same approach as outlined in Mindlin
et al. (2023), in which we calculated the ensemble mean
for each model that shares the same physics. The simula-
tions’ quantity and the corresponding ensemble member are
reported in Table 1. The climate change analysis was done
for the SSP5-8.5 scenario computing the difference between
the time slice 2070-2099 and the reference climate (1950—
1979) from the historical simulations. The ensemble mean

has a better estimate of the climatology by reducing the
uncertainty from internal variability when using more mem-
bers, as shown by Zappa and Shepherd (2017). With this,
we consider as many members as possible with the same
physics to reduce the uncertainty; however, some models
have different numbers of ensemble members, as shown in
Table 1.

2.3 Main circulation pattern indicators

As mentioned in the introduction, SAMS and extratropical
cyclones are the most important climatological features that
modulate the SA circulation and precipitation regime. A set
of indicators (Table 2) was elaborated to validate the per-
formance of the GCMs in the historical period (1979-2014)
based on the main circulation pattern and precipitation vari-
ability that characterise the SA climate in austral summer
and winter.

Monsoon circulation systems are formed in response to
seasonal changes due to the contrast in temperature between
the continent and the ocean (Vera et al. 2006b). Over SA,
SAMS characterises the atmospheric circulation and pre-
cipitation regime over austral summer (Vera et al. 2006b;
Zilli et al. 2018 and 2021; Coelho et al. 2021). The South
Atlantic Convergence Zone (SACZ), a diagonally north-
western/southeastern oriented convective band, is a crucial
atmospheric feature in austral summer over SA (Kodama
1992 and 1993; Carvalho et al. 2004, Liecbmann et al. 2004).
This atmospheric system brings precipitation from north to
southeastern SA and modulates the SAMS in summertime
(Kodama 1992; Jones and Carvalho 2002; Carvalho et al.
2004; Zilli et al. 2017).

Low-level regional circulation during the SAMS season
enhances the convective band associated with SACZ events
(Kodama 1992 and 1993). For example, moisture and heat
are transported by the northeasterly wind, which is part of
the western part of the South Atlantic Subtropical High
(SASH) and the northwesterly wind known as the South
American low-level jet (SALLJ, Marengo et al. 2004). The
latter is defined as a northwesterly flux strengthening over
the eastern part of the Andes mountains, which contributes
to the precipitation in La Plata basin and south/southeast-
ern Brazil (Liebmann et al. 2004; Montini et al. 2019) and
modulates the SAMS over the region (Vera et al. 2006b;
Montini et al. 2019). Trade winds also cooperate bringing
moisture from the tropics to the Amazon basin (Vera et al.
2006b). The subtropical jet stream at upper levels between
the subtropical latitudes (30°-35° S) is important for the
development of frontogenesis, contributing to convection
over the SACZ region (Kodama 1993). Regional circula-
tion at upper levels such as the Bolivian high and northeast
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Table 1 CMIP6 GCMs list for each method (validation (V), SL1, SL2 and SL3). Resolutions are shown in degrees (lat x lon) or spectral truncation

depending on the model. The number of ensemble members for monthly data available is indicated for the historical and SSP5-8.5 simulations

Models Institution N° Runs Ensemble mem-  Ensemble lat/lon grid Analysis used
historical ber of the histori- member ©)
(ssp585) for  cal (ssp585) for  for the
storyline storyline evaluation
ACCESS-CM2 CSIRO 5(5) rl:5ilplfl rlilplfl 1.2x1.8 V, SL1, SL2, SL3
ACCESS-ESM1-5 40 (40) r1:40ilp1fl rlilplfl 1.2x1.8 V, SL1, SL2, SL3
BCC-CSM2-MR Beijing Climate Center, China 3(1) rl:3ilplfl rlilplfl 1.I1x1.1 V, SL1, SL2, SL3
(rlilplfl)
CAMS-CSM1-0 Chinese Academy of Meteorologi- 2 (2) r1:2ilplfl rlilplfl 1.4x1.4 V, SL1, SL2, SL3
cal Sciences, China
CanESMS5 Canadian Centre for Climate 25 (25) rlilplfl rlilplfl 2.8x2.8 V, SL1, SL2, SL3
Modeling and Analysis
CAS-ESM2-0 Chinese Academy of Sciences, 2(2) r1-3ilplfl rlilplfl 14x14 SL2, SL3
China
CESM2 National Center for Atmospheric 11 (3) rl:11ilplfl rlilplfl 09x1.25 V,SLI,SL2,SL3
Research, Climate and Global (r4,10,11i1p1£1)
Dynamics Laboratory
CESM2-WACCM National Center for Atmospheric 3 (3) rlilplfl rlilplfl 09x1.25 V,SLI1,SL2,SL3
Research, Climate and Global
Dynamics Laboratory
CIESM Department of Earth System Sci- 1 (1) rlilplfl rlilplfl ~1 V, SL2, SL3
ence, Tsinghua University
CMCC-CM2-SR5 Euro-Mediterranean Center 1(1) rlilplfl rlilplfl ~1 V,SL1, SL2, SL3
CMCC-EM2 1(1) rlilplfl rlilplfl 09x1.25 V,SL2,SL3
CNRM-CM6-1 National Center of Meteorological 30 (6) rlilplf2 rlilplf2 T359 V,SL1, SL2, SL3
CNRM-ESM2-1 Research (NCMR), France 10 (5) rlilplf2 rlilplf2 T359 V, SL1, SL2, SL3
E3SM-1-0 Lawrence Livermore National 54 rl:5ilplfl rlilplfl 1x4 V, SL2, SL3
Laboratory and collaborators, (r1-2,3-5ilp1fl)
USA
EC-Earth3 EC-EARTH consortium, The 1(1) rlilplfl rlilplfl 0.7x0.7 V, SL1, SL2, SL3
Netherlands/Ireland
FGOALS-g3 Chinese Academy of Sciences, 6(4) rlilplfl rlilplfl 2.0x2.3 V, SL1, SL2, SL3
China
FIO-ESM-2-0 First Institute of Oceanography, 3(3) rl:3ilplfl rlilplfl 09x1.25 V,SL2,SL3
State Oceanic Administration,
China
GFDL-CM4 National Oceanic and Atmo- 1(1) rlilplfl rlilplfl ~1 V, SL2, SL3
spheric Administration, USA
GISS-E2-1-G NASA Goddard Institute for rl:11ilplfl rlilplf2 2x2.5 V, SL2, SL3
Space Studies, New York, USA (rl:4ilplfl)
GISS-E2-1-H rl:5ilplfl rlilplf2 2x2.5 V, SL2, SL3
(r1:5i1p1fl)
HadGEM3-GC31-LL UK Met Office Hadley Center, 44) rl:4ilplfl r3ilplfl 22x22 V, SL1, SL2, SL3
HadGEM3-GC31-MM UK 4(4) rl:4ilplfl r3ilplfl 0.9%x0.9 V, SL1, SL2, SL3
HTM-ESM Centre for Climate Change 1(1) rlilplfl rlilplfl 0.95x1.87 V,SL1,SL2,SL3
Research, Indian Institute of
Tropical Meteorology Pune
INM-CM4-8 Institute for Numerical Mathemat- 1 (1) rlilplfl rlilplfl 1.5x2.0 V, SL1, SL2, SL3
INM-CM5-0 ics (INM), Russia 10 (1) rlilplfl rlilplfl 1.5x2.0  V,SLI,SL2, SL3
IPSL-CM6A-LR Institute Pierre Simon Laplace, 33 (6) r1:33ilplfl rlilplfl 1.25x2.5  V,SL2,SL3
France (r1:4,6,33ilplfl)
KACE-1-0-G Nat. Inst. of Meteorological 3(3) rlilplfl rlilplfl 2.2x2.2 V, SL1, SL2, SL3
Sciences/Korea Meteorological
Admin
MIROC6 National Institute for Environ- 50 (50) r1:50ilplfl rlilplfl 1.4x1.4 V,SL1, SL2, SL3
MIROC-ES2L mental Studies, Japan 30 (10) r1:30i1p1£2 rlilplf2 45x45  V,SLI,SL2,SL3
(r1:10il1p1£2)
MCM-UA-1-0 University of Arizona, USA 1(1) rlilplf2 rlilplf2 3.75x2.5 V,SL2,SL3
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Table 1 (continued)

Models Institution N° Runs Ensemble mem-  Ensemble lat/lon grid Analysis used
historical ber of the histori- member ©)
(ssp585) for  cal (ssp585) for  for the
storyline storyline evaluation
MPI-ESM1-2-HR Max Planck Institute for Meteo- 10 (10) rlilplfl rlilplfl ~0.9 V, SL1, SL2, SL3
MPI-ESM1-2-LR rology (MPI), Germany 30 (10) rlilplfl rlilplfl ~2.0 V, SL1, SL2, SL3
MRI-ESM2-0 Meteorological Research Institute, 10 (5) rl:10ilp1fl rlilplfl 1.I1x1.1 V, SL1, SL2, SL3
Japan (r1:5i1p1£l)
NESM3 Nanjing University of Information 5 (2) rl:5ilplfl rlilplfl 1.9%x1.9 V, SL1, SL2, SL3
Science and Technology (rl1:2ilplfl)
NorESM2-LM Norwegian Climate Center, 3 (D) rl:3ilplfl rlilplfl 1.9%x2.5 V, SL1, SL2, SL3
Norway (rlilplfl)
NorESM2-MM 3 (1) rl:3ilplfl rlilplfl 0.9%0.9 V, SL1, SL2, SL3
(rlilplfl)
UKESM1-0-LL UK Met Office and NERC 19 (5) rl:19ilp1f2 rlilplf2 1.3x1.9 V, SL1, SL2, SL3
research centers (r1:4,8ilp1f2)
TaiESM1 Taiwan Earth System Model 2(1) rl:2ilplfl rlilplfl 0.9x0.9 V, SL1, SL2, SL3
(rlilplfl)

*V, Validation; SLI, Storyline 1; SL2, Storyline 2; SL3, Storyline 3

trough enhance the circulation pattern at low levels, which
contributes to the precipitation over the SAMS region.

In order to assess the precipitation patterns associated
with SACZ events and SAMS season, three indicators have
been defined (from 1 to 3 in Table 2) focusing on three spe-
cific regions: the Amazon Basin, the La Plata Basin, and
Southeastern Brazil as shown in Fig. 1.

The first indicator was chosen to represent the temporal
and spatial variability in the annual cycle of precipitation
over the Amazon Basin. A Hovmoller diagram has been
used to represent the averaged precipitation along the lon-
gitude range 65°-50° W and the latitude range 0-15°S for
the Amazon basin box for each month of the year for the
CRU TS4.0 observational dataset (see details in Table 2 and
Fig. 2a). Indicator 2 represents the annual cycle of precipita-
tion as shown in Fig. 3 over the three regions: Amazon basin
(AMZ), Southeastern coast of Brazil (SESA-F, Zilli et al.
2018), and La Plata basin (LPB), as highlighted in Fig. 1.
Indicator 3 represents the DJF mean precipitation pattern in
the same three regions as above. Further details are reported
in Table 2.

The upper- and low- level circulation indicators were
developed to assess the physical circulations that contrib-
ute to the development of the SACZ, SALLJ and polar jet
stream features as described above. To validate these circu-
lations for the downscaling approach, these features must be
accurately represented in terms of their spatial patterns, as
GCMs provide the large-scale signatures used in the bound-
ary conditions for RCMs. Thus, to build the indicators, we
considered the climatological positions of the systems con-
sidering relevant variables that describe them in terms of
wind speed and mean sea level pressure. These positions
were identified using ERAS as a reference. Based on the

systems’ identified positions for wind speed and mean sea
level pressure, the indicators evaluate the spatial correlation
between the model climatology and the ERAS climatology
for each season.

An overview of the spatial fields for wind speed at
850 hPa and 200 hPa, and mean sea level pressure for the
austral summer and winter for ERAS, is shown in Fig. 4.
The wind speed fields at 850 hPa for both seasons are shown
in Fig. 4a and b. The maximum wind speed is observed near
Bolivia, indicating the characteristics of the SALLJ pattern,
which is more pronounced in winter and can be associated
with the more intense trade winds in this season. In winter,
the position of SASH is located further north and elongated
towards the continent more than in summer (Fig. 4a, b).
The upper-level jets are indicated in the wind speed field at
200 hPa (Fig. 4c, d), being more intense and closer to the
continent in winter (Fig. 4d).

The spatial correlation of the climatological upper- and
low- level circulation system positions allows us to quan-
tify the model accuracy; if the GCMs do not represent the
regional circulation structure the correlation values are
small (less than 0.5). Higher correlation values mean that
GCMs have a good representation of the low- and upper-
level circulation positions, and consequently, GCMs can be
trustworthy when used for downscaling purposes in a spe-
cific domain.

The circulation indicators are from 4 to 9, with the austral
summer (DJF) between 4 and 6, and winter (JJA) from 7 to
9. Indicator 4 was chosen to capture the spatial variability of
the semi permanent high pressure signature over SA known
as SASH and South Pacific Subtropical High. The indicator
calculates the spatial correlation of the high-pressure core
positions (15°-32° W; 2°N—40°S and 78°-110° W; 15°-45°

@ Springer
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Table 2 Description of the valida-
tion indicators

* SALLJ, South American Low-
Level Jet; SACZ, South Atlantic
Convergence Zone; SASH,
South Atlantic Subtropical High;
SAMS, South American Mon-
soon System

Clima-
tological
circulation

Index
number

Variables Period

Method

South
America
Monsoon

South
American
Monsoon and
extratropical
cyclones

Extratropical
cyclones

Precipitation Annual

DJF

Annual

Sea level DIJF

pressure

Wind speed
at 850 hPa

Wind speed
at 200 hPa

Sea level JJA

pressure

Wind speed
at 850

Wind speed
at 200 hPa

Spatial correlation of the Hovmoller diagram pre-
cipitation patterns in a fixed longitude (65°-50° W)
and variation of latitude (0—15° S) in the Amazon
basin region between CRU and CMIP6 GCMs

Spatial correlation of the seasonal precipitation pat-
tern in the three regions (Amazon basin—50°—65°
W and 0°-15° S, Southeastern Brazil—40°-49°

W; 20°-25° S, and La Plata basin—49°-62° W,
20°-32°8S, Fig. 1) between CRU and CMIP6 GCMs
Temporal correlation of the averaged precipitation
annual cycle in three regions (Amazon basin—50°—
65° W and 0°-15° S, Southeastern Brazil—40°-49°
W; 20°-25° S, and La Plata basin—49°-62° W;
20°-32°8S, Fig. 3) between CRU and each model
Spatial correlation of the mean sea level pressure for
the SASH (15°-32° W; 2°N—40°S) and South Pacific
Subtropical High (78°-110° W; 15°-45°S) positions
as a schematic illustration in Fig. 4a (contours)
between ERAS and each GCMs CMIP6

Spatial correlation of the wind speed at 850 hPa for
SALLJ northwestern-southeastern direction band
position (top left and right end are in 77° W-9° S
and 62° W-10° S and the bottom are 45° W-25° S
and 62° W and 27° S), and trade winds (17°-73°

W; 2° N-12° S) position as illustrated in shaded by
Fig. 4a between ERAS and CMIP6 GCMs

Spatial correlation of the wind speed at 200 hPa for
the upper-level jet stream (80° W—10° E; 27°-53°
S), Bolivian high (82°-57° W; 2°-25°), and north-
east trough (42°-18°; 2° N-25° S) positions as illus-
trated in Fig. 4c between ERAS and CMIP6 GCMs
Spatial correlation of the mean sea level pressure

in the SASH (32° W-2° E; 15°-40° S) and South
Pacific Subtropical High (110°-78° W; 15°—42° S)
positions as illustrated in Fig. 4b (contours) between
ERAS and CMIP6 GCMs

Spatial correlation between ERAS and each model in
the SALLL’s position in a northwestern-southeastern
band (top left and right end are in 70° W—15° S and
62° W-9° S and the bottom are 43° W-28° S and
53° W and 38° S) and trade winds position (62°-28°
W; 2° N-8°S) as illustrated shaded in Fig. 4b

Spatial correlation of the wind at 200 hPa in the
upper-level jet stream position (82°W-2° E; 18°-48°
S) as illustrated in Fig. 4d between ERAS and each
model

S) in DJF as illustrated in Fig. 4a (contours). As explained,
physically, the SASH impacts the SAMS and extratropical
cyclones by transporting warm and moist air from the ocean
to the continent. In order to assess the GCMs’ representation
of the spatial variability of the SALLJ and trade winds as the
main circulation that impacts the SAMS in DJF as explained
before, indicator 5 measures the spatial correlation for the
position of both features in the wind speed at 850 hPa.
SALLIJ position was chosen to capture the maximum core
extension, which is in a northwest-southeastern orientation
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(top left and right end are 77° W—9° S and 62° W-10° S,
and the bottom are 45° W-25° S and 62° W and 27° S) and
for the trade winds the position is 17°-73° W, 2° N-12° S
as illustrated in Fig. 4a. At the upper level, the features that
impact the SAMS and extratropical cyclones’ configuration
are the jet stream, Bolivian high, and northeast trough. With
that, indicator 6 was chosen to capture the system configura-
tion positions, especially the jet stream core. The calculation
is based on the spatial correlation represented by the wind
speed at 200 hPa as illustrated in Fig. 4c.
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Fig.4 Climatological positions of the low- and upper-level circulation
fields for ERAS in Austral summer (DJF) and winter (JJA). Low-level
wind speed at 850 hPa (shaded, m s™') and mean sea level pressure

In austral winter and summer, extratropical cyclones
impact the east coast of SA, which affects coastal cities with
high precipitation accumulations, wind gusts, and storm
surges (da Rocha et al. 2004; Mindlin et al. 2020; Cardoso
et al. 2022). Three main cyclogenetic regions are very well
documented on the east coast of SA (Hoskins and Hodges
2005; Reboita et al. 2010a; Gramcianinov et al. 2019; Cre-
spo et al. 2020), and we are interested in the Uruguay/La
Plata basin region and the southeastern coast of Brazil given
its impact on the precipitation variability in SA. Cyclogene-
sis in these two regions is mostly driven by the moisture and
heat transport from the SASH over the southeastern coast
of Brazil (Mendes et al. 2009; Gramcianinov et al. 2019;
Cardoso et al. 2022), while in La Plata region moist and
warm air transport comes from the SALLJ. Another circula-
tion feature that impacts the cyclogenesis in the region is the
subtropical jet for the southeastern coast of Brazil and the
polar jet for Uruguay/La Plata (Gramcianinov et al. 2019;
Crespo et al. 2020; De Jesus et al. 2020).

The precipitation patterns in both regions (LPB and
SESA-F) have already been represented in indicators 2 and
3, which consider austral summer (DJF) and the annual
cycle, respectively. For the winter climatological regional
circulation, we used similar indicators as for summer ones,
changing the positions accordingly with the season. The
indicators from 7 to 9 summarise the spatial variability of the
climatological patterns influencing extratropical cyclones in
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(contours, hPa) are shown in panels (a) and (b), and upper-level wind
speed at 200 hPa (shaded, m s™') is shown in panels (¢) and (d), for
summer (DJF) and winter (JJA) respectively

SESA-F and LPB in JJA based on the spatial correlation
positions of each system. Indicator 7, as indicator 4, mea-
sures the SASH and South Pacific Subtropical High posi-
tion. In the same way as for the DJF indicator, indicator 8
measures the trade wind and SALLJ position spatial corre-
lation in JJA as illustrated in Fig. 4c. Different from DJF, the
upper level features that impact the extratropical cyclones
in JJA are only the upper level jet, thus indicator 9 captures
the spatial variability of the jet stream position as illustrated
in Fig. 4d.

2.4 Storyline approach to account for regional
circulation uncertainty

2.4.1 Main driver definitions

The spread in multimodel ensembles can be described, at
least in part, with a small set of indices that capture the
uncertainty in the response of the most relevant atmospheric
circulation patterns, here referred to as main drivers (Man-
zini et al. 2014; Zappa and Shepherd 2017; Mindlin et al.
2020 and 2023).

In this work, the indices (detailed in Table 3) were cho-
sen to represent the main drivers for SA precipitation uncer-
tainty based on the main circulation systems that modulate
the precipitation regime, such as extratropical cyclone
changes in DJF (storyline set 1), for which we considered
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Table 3 Definition of the indices Storylines

Season

Index

Description

of the main drivers for the three

. SL1
storylines

SL1

SL1

SL1

SL2

SL2

SL3

DJF

DJF

DJF

DJF

DJF

DJF

JJA

Tropical upper-
tropospheric
warming (AT,
Stratospheric
vortex break-
down delay
(Ayp)

Central Pacific
asymmetric sea
surface tem-
perature change
(ACPasym)
Eastern Pacific
asymmetric sea
surface tem-
perature change
(AEPasym)
SACZ Position
shift (Agacz-snif)

SALLJ strength-
ening changes

(ASALLJ-DJF)

SALLJ strength-
ening changes
(AsarLi-na)

* SALLJ, South American Low- SL3 JIA Polar jet )
Level Jet; SACZ, South Atlantic strengthening
Convergence Zone; SASH, (Apotar-114)

South Atlantic Subtropical High

Change in temperature at 250 hPa zonally averaged between
15° S and 15° N (Mindlin et al. 2020)

Difference between the climatological vortex breakdown in
Julian days in the future projections and the breakdown date
in the historical period (Mindlin et al. 2020)

Temperature changes averaged over the box of 5° N-5° S and
180° E-110° W (Mindlin et al. 2023)

Temperature changes averaged over the box of 0° N-10° S
and 90°-80° W (Mindlin et al. 2023)

The precipitation position band is calculated by applying a lin-
ear regression with longitude as the independent variable and
the latitude of the precipitation maximum as the dependent
variable. The index is the changes, i.e., the difference between
the position of future projections and the historical period
The difference between the future projections and historical
period for the wind speed at 850 hPa in the SALLJ position
averaged area in a northwestern-southeastern direction band
(top left and right end are 77° W-9° S and 62° W-10° S and
the bottom are 45° W-25° S and 62° W and 27° S) as shown
in shading in Fig. 4a

The difference between the future projections and the histori-
cal period for the wind speed at 850 hPa in the averaged box
of the SALLIJ position averaged area (top left and right end
are in 70° W—15° S and 62° W-9° S and the bottom are 43°
W-28° S and 53° W and 38° S) as displayed in Fig. 4b

The index evaluates the wind speed at 200 hPa changes (dif-
ference between future projections and historical period) in
an averaged area of 82°W-2° E; 18°—48° S as illustrated in
Fig. 4d

the results from Mindlin et al. (2023) for this storyline set.
The two other storyline sets are for the SAMS changes in
DIJF (storyline set 2) and extratropical cyclone changes in
JJA (storyline set 3). Here, we used the storyline set termi-
nology to represent the different sets of main drivers that
explain a large-scale choice and different seasons.

In the first storyline set (SL1), we use previous work
results by Mindlin et al. (2023), who considered large-scale
circulation as the driver of uncertainty (index calculations
detailed in Table 3). In SL1, the changes are controlled by
the zonally symmetric upper tropospheric tropical warm-
ing, the seasonal extension of the stratospheric polar vor-
tex (which is represented by the delayed vortex breakdown
date), and asymmetric sea surface temperature warming
patterns. Forced responses in these drivers lead to changes
in the extratropical cyclones’ intensity and position and
Hadley cell expansion, consequently influencing precipita-
tion regimes and circulation changes over the Southeastern

South America region. For more details, we refer to Mindlin
et al. (2023).

The second and third storyline sets, referred to as SL2
and SL3, were developed to analyse regional circulation
uncertainty considering the main drivers that control SAMS
changes (DJF, SL2) and extratropical cyclones (JJA, SL3).
These drivers are the SACZ and SALLJ for SL2 and SALLJ
and the polar jet for SL3. The selection of these drivers and
the definition of indices to capture their changes was done
based on a detailed literature review, presented in the fol-
lowing paragraphs.

A poleward shift in SACZ events has been observed in
the historical periods in both observational datasets (Zilli et
al. 2018) and GCMs (Zilli et al. 2021), mainly because of a
change in the SASH position and intensity (Zilli et al. 2018).
The tropical tropospheric warming induces the southward
Hadley cell expansion and poleward shift of westerly winds
(Butler et al. 2010; Schmidt and Grise 2017), contributing to
the southwestward shift of SASH (Zilli et al. 2018; Reboita
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et al. 2019). We create an index to represent the SACZ posi-
tion changes based on the precipitation band (Table 3) by
applying a spatial linear regression model as in Narsey et al.
(2022). SALLYJ, the second main driver that impacts SAMS
features, shows a strengthening in SALLJ features in GCM
and RCM projections (Soares and Marengo 2008; Torres-
Alavez et al. 2021). Projections show a westward SALLJ
expansion (Torres-Alavez et al. 2021) at the end of the cen-
tury with the RCP8.5 scenario. Therefore, we describe the
SALLJ strengthening changes based on the wind speed at
850 hPa as a measure of the intensity (detailed in Table 3).

With the third storyline set (SL3), we aim to assess the
changes related to extratropical cyclones in the austral win-
ter (JJA) based on the changes in two main drivers. Extra-
tropical cyclones are impacted mostly by moisture and heat
transport by SALLJ, and the polar jet features as already
explained in the section above. The strengthening of SALLJ
throughout the year in response to anthropogenic forcing
was reported by Soares and Marengo (2008). To quantify
SALLJ changes, we defined a similar index as for DJF
(Table 3). The strengthening and poleward shift of the polar
jets in JJA in response to anthropogenic forcing was reported
by many studies (Lu et al. 2007; Riviére 2011; de Jesus et
al. 2020; Mindlin et al. 2020; Gulev et al. 2021), and the
uncertainty in this circulation response can explain a signifi-
cant fraction of the spread in the precipitation response in
southeastern SA during JJA (Mindlin et al. 2020). Thus, we
consider the polar jet change in intensity and position as the
second driver in JJA (Table 3).

2.4.2 Linear regression and storyline frameworks

The storyline approach is used to define different plau-
sible futures considering SAMS and extratropical cyclone
changes in response to greenhouse gas forcing. For that,
the indices (Table 3) of each remote and proximate driver’s
changes explained above are used as covariates in a multiple
linear regression framework. The linear regression frame-
work is used to evaluate the circulation and precipitation
response and quantify the precipitation sensitivity to the
uncertainty of the main drivers’ response (Zappa and Shep-
herd 2017; Mindlin et al. 2020 and 2023). The linear statis-
tical models used in this work are detailed in Appendix A.
In more detail, the storyline assessment aims to inter-
pret the precipitation spread in a model ensemble based
on the spread of a small set of indices that capture the key
atmospheric circulation responses relevant for precipitation
over SA. Each index represents a large-scale driver, such
as changes in the SACZ, SALLJ, or the polar jet. For each
climate model, the response of precipitation and circulation
variables is computed as the difference between a future
period and a reference climatology, and then divided by the
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model’s global-mean warming. This step removes differ-
ences in climate sensitivity across models and isolates the
spatial pattern of the forced response. Similarly, the circu-
lation indices used as predictors are also scaled by global
warming. In this way, both predictors and responses are
expressed per degree of global warming, so that the regres-
sion analysis targets the inter-model spread in the spatial
pattern of change rather than in the magnitude of warming.

We then apply a multiple linear regression framework
in which the scaled precipitation response of each model
for every grid-cell is expressed as a linear combination of
the scaled indices representing the main circulation driv-
ers. The regression coefficients quantify the sensitivity of
precipitation change to each driver, interpreted as the addi-
tional precipitation change per degree of warming that a
model projects if its circulation response in that driver is
one standard deviation larger than the ensemble mean. This
approach provides a statistical estimate of the link between
large-scale circulation responses and regional precipitation
outcomes, attributing part of the inter-model spread to phys-
ically interpretable drivers.

Finally, the regression framework is used to construct
storylines, which are self-consistent combinations of driver
responses designed to span the plausible range of outcomes
within the model ensemble. For each storyline, the precipi-
tation change is expressed as the sum of the ensemble-mean
response per degree of global warming, and the linear con-
tributions of each driver. These contributions are obtained
by multiplying the regression coefficients by the deviation
of the driver from its ensemble mean. In other words, the
storyline quantifies how much wetter or drier the climate
becomes when the circulation response departs from the
mean by a specified standardized amount. In the previous
literature, this standardized departure has been referred to
as the “storyline coefficient”, highlighting its role as the key
parameter that characterizes each storyline. The selection of
storylines aims to represent the extremes of possible circu-
lation futures, while still ensuring plausibility. To achieve
this, we restrict the choices to lie within the 80% confidence
region of the joint distribution of the driver responses (indi-
cated by the ellipse or circle in Fig. 5), which correspond to a
storyline coefficient of 1.26 standard deviation in both driv-
ers (Zappa and Shepherd 2017). Figure 5 shows the ensem-
ble spread in the drivers used in each storyline set and the
80% confidence region. The 80% confidence region selec-
tion generates plausible yet extreme storylines, following
Zappa and Shepherd (2017). Mindlin et al. (2023) instead
conditioned storylines on extreme wet and dry responses,
rather than prescribing a confidence region for the drivers
(Fig. 11 from Mindlin et al. (2023)). Their results show that
the associated remote driver responses still fall within the
70-90% confidence range, with the precise level depending
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Fig. 5 CMIP6 model responses in a SACZ shift and SALLJ speed change in DJF (SL2) and b polar jet speed and SALLJ speed change in JJA
(SL3). The red curve shows the 80% confidence ellipse of the joint distribution with two degrees of freedom

on the region. Since the relevance of remote drivers var-
ies regionally, they conclude that an 80% confidence region
provides a consistent representation of extreme yet plausi-
ble precipitation responses based on a reduced set of drivers
that explain part of the model variance.

The summer storyline set (SL2) is developed based on
an equatorward/poleward shift of the SACZ and a weaken-
ing/strengthening of SALLJ (Fig. 5a). The winter storyline
set is developed based on polar jet speed and SALLJ speed
change in JJA (Fig. 5b). By sampling these phase spaces, we
generate four storylines per season that describe contrasting
but plausible circulation regimes. These regimes can then
be used to evaluate the associated precipitation responses
and to select a sub-ensemble of models that represents both
the mean state and the range of plausible futures. Although
many models project, for example, a poleward SACZ shift
or a strengthening of the SALLJ, some show the opposite
response. The storyline approach thus highlights the spread
among models and provides a structured way of ensuring
that the downscaling ensemble captures both the wettest and
driest plausible futures.

The precipitation response in each model can be con-
trolled by regional and local factors other than the proposed
circulation patterns, some of which could even be related to
misrepresentations of local processes in GCMs. To inform
the model selection we estimated the precipitation response
controlled only by the proposed drivers in the three regions

(SESA-F (SL1), Amazon basin (SL2) and La Plata basin
(SL3)) as a linear combination of the MEM and the sensitiv-
ity to the main drivers multiplied by the standardised value
of the remote driver index in each model. This provides a
summary of the precipitation spread captured by the circula-
tion storylines and allows the identification of the wet and
dry responses for each region, which enables the selection
of a group of models for downscaling.

3 Results
3.1 Historical validation of regional circulation

Indicators were created to represent the most important cir-
culation and precipitation patterns over SA based on a rep-
resentative set of variables (explained in Sect. 2.3). They
summarise whether each model accurately represents SA
climate in the historical period. Their evaluation is pre-
sented in Fig. 6. Indicators 1 to 3 represent precipitation
patterns in the AMZ, the LPB and SESA-F. Indicators 4 to
9 describe the main low- and upper-level climatological cir-
culation patterns over the SA.

In general terms, CMIP6 GCMs have difficulty repre-
senting local processes and topography, which leads to dif-
ficulties in accurately representing the precipitation regime
in austral summer over SA (Sun et al. 2006; Dai 2006; Vera
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Fig. 6 Heatmap for the correlation values of the 9 indicators and the total score (y axis) and 38 GCMs (x axis) for the period 1979-2014

et al. 2006b; Bombardi and Carvalho 2009; Llopart et al.
2014). Most models (12 of the 38 total) present a precipita-
tion spatial correlation for DJF (indicator 2) lower than 0.5;
only 7 GCMs exceed values of 0.7. MIROC6 has the best
performance with a correlation coefficient of 0.83, while
GISS-E2-1-G has the worst performance with a correlation
0f 0.18. On the other hand, the spatial and temporal correla-
tion values for the annual cycle for the Amazon basin (indi-
cator 1) and the three regions together (indicator 3) are high.
Indicator 1 records the lowest correlation of 0.55 in NESM3,
but overall models show good performance (>0.75) with the
highest being 0.95 in NorESM2-MM. CMIP6 GCMs show
good performance when simulating the annual cycle phase
in all three regions (indicator 3, Fig. 3), i.e., they capture the
low precipitation regime from May to September, and high
regime from October to April, which is reflected in the high
correlation (>0.8).

GCMs perform well (correlation greater than>0.8) in
representing the semi-stationary pressure patterns captured
by indicator 4. The circulation patterns of SALLJ and trade
winds are captured by indicator 5, which considers the wind
speed at 850 hPa. Some models have difficulty in represent-
ing these patterns. The NESM3 model presents correlations
of 0.4, while the highest correlations are with the CESM2
and CESM2-WACCM models with 0.95 and 0.94. SALLJ
is influenced by the Andes Mountains (Vera et al. 2006b),
reflecting the lower spatial correlation in representing the
system position among some models. Models with lower
correlations (NESM3 and MPI-ESM3-LR) also have lower
scores in precipitation indicators. SALLJ significantly influ-
ences the precipitation regime over the La Plata basin and
the Amazon (Vera et al. 2006a, b; Jones 2019). Indicator
6 represents the high-level patterns for the Austral summer
(jet streams, Bolivian high and northeast trough as already
discussed). All models have spatial correlations larger than
0.9.

As winter is the dry season over SA (Reboita et al. 2010b;
Coelho et al. 2021; Ferreira and Reboita 2022), only the
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circulation patterns were analysed. In general terms, GCMs
represent very well the JJA position of the semi-stationary
pressure high over the South Atlantic and Pacific Oceans as
was already observed in DJF. GCMs have a better perfor-
mance in representing the SALLJ in winter than in summer
(indicator 8). At upper levels, all models have difficulties
simulating the jet stream position, with most models show-
ing a spatial correlation lower than 0.5 (16 of 38 models).
The jet stream at upper levels in austral winter has a large
contribution to extratropical cyclogenesis over La Plata/
Uruguay and the southeastern coast of Brazil (Reboita et
al. 2012; Gramcianinov et al. 2019; Crespo et al. 2020; de
Jesus et al. 2020). The misrepresentation of jet streams in
winter can result in cyclone frequency errors, and conse-
quently precipitation errors.

Other works developed a different approach to validate
the CMIP6 GCM models. For instance, Olmo et al. (2022)
conducted a GCMs validation for the circulation pat-
terns at low levels and precipitation with 16 GCMs over
South Tropical SA. Their results show that the CESM2,
CMCC-CM2-HR4 and MPI-ESM1-2-HR models have a
good performance in representing six different types of cir-
culation patterns and seasons. However, they also show that
CanESM5 and NorESM2-MM models have good perfor-
mance in representing low-level circulation, precipitation
and other levels of circulation compared to ERAS. Here, we
apply different indices and methodology and we end up hav-
ing some overlapping in the final model selection. Arias et
al. (2025) conducted another study focusing on the bound-
ary regions of regional downscaling and large circulations
features. They showed that the most suitable model can vary
among the indices being used.
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3.2 Circulation and precipitation response to
remote drivers and dynamical storylines of future
changes

This section provides an overview of the precipitation and
circulation response considering the combinations of the
main driver responses defined in Sect. 2.4 for the three
storyline sets. This combination is calculated using the
methodology described in Zappa and Shepherd (2017) and
summarised in the storyline phase diagram (Fig. 5). These
analyses are important to understand the circulation and
precipitation response of the combination of extremes of the
main drivers for each storyline, and to assess that the selec-
tion based on the proposed drivers is representative of the
different plausible futures in each region of interest.

A summary of the circulation and precipitation response
for SL1 is summarised here; for more details the reader is
referred to Mindlin et al. (2023). The drying associated with
the precipitation response in the storyline over SESA-F is
associated with a high upper-tropospheric tropical warming,
an early stratospheric polar vortex breakdown date and a
weak warming of the tropical Pacific sea surface temper-
ature. In contrast, the wetting response is associated with

a

SALLJ) weakening +
Equatorward SACZ shift

SALLJ strengthening +
Equatorward SACZ shift

70°W  60°W  50°W  40°W 70°W  60°W  50°W  40°W
SALL) weakening + SALLJ strengthening +
Poleward SACZ shift Poleward SACZ shift

70°W 60°W 50°wW 40°W 70°wW 60°wW 50°wW 40°W

Fig. 7 Precipitation response per degree of warming (mm day ' K™
associated with plausible storylines of climate change related to
extreme values of South American Monsoon System changes in panel

a low upper-tropospheric tropical warming, a late strato-
spheric polar vortex breakdown date and a strong warming
of the tropical Pacific sea surface temperature. Although
there are more models representing a wetting storyline, the
agreement could be related to model dependence and is no
guarantee of a more probable response.

For SL2 and SL3, the precipitation responses for the
AMZ and LPB in DJF and JJA are shown in Fig. 7. Each
field shows the regional response under a particular combi-
nation of extreme remote driver responses (Fig. 5) estimated
with the linear regression.

Figure 7a shows the precipitation response for SL2
(extreme combinations of SACZ and SALLJ responses),
in which the negative index means poleward (negative lati-
tude change) and the positive index is more equatorward
(positive latitude change). The combination of an equator-
ward SACZ shift (positive change) and a high (low) SALLJ
strengthening leads to a wet (dry) response over the Amazon
basin. On the other hand, the other three combinations show
a general dry condition in the Amazon basin. Even with an
equatorward shift, the precipitation response combined with
a SALLJ weakening remains dry, highlighting the SALLIJ’s
crucial role in the Amazon basin precipitation pattern. In the

SALLIJ strengthening +
High PJ strengthening

SALL] weakening +
High PJ strengthening

0.16
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0.08

0.04
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mm day ' K !

-0.04

-0.08

-0.12

-0.16

50°W 40°wW
(a) and of extratropical cyclone changes in JJA in panel (b). The black

rectangle in a is the Amazon basin (50°-65° W and 0°-15° S) and in b)
La Plata basin (49°-62° W; 20°-32°S)
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large SALLIJ strengthening and equatorward SACZ shift,
we see a cyclonic circulation over Argentina (Fig. Sla).
This results in a more continental and closed circulation pat-
tern, leading to southeasterly winds and a stronger SALLJ.
This pattern can explain the enhanced moisture transport to
the south/southeastern part of the Amazon basin, contrib-
uting to enhanced convection and precipitation associated
with this extreme combination. On the other hand, southerly
winds can be associated with dry conditions, since this pat-
tern can contribute to trade winds weakening (Fig. Sla).

In summary, models project wet conditions in the Ama-
zon basin during DJF only with SALLJ strengthening and an
equatorward SACZ shift. This means that only one extreme
combination indicates wet conditions for the Amazon basin
across the models. The storyline phase space reveals many
models aligned with the extreme storyline related to dry
conditions over the Amazon basin. The SACZ poleward
shift results in a dry response in the Amazon basin, a pattern
associated with a wetter response in SESA.

Figure 7b shows the precipitation response to extreme
combinations of SALLJ and polar jet changes for SL3,
while Fig. S1b presents the circulation response at lower
levels. The extreme combination of SALLJ weakening and
high polar jet strengthening leads to a dry response, differ-
ent from the others. The circulation response for these com-
binations illustrates an anticyclonic circulation between 35°
and 45° S. The northeasterly wind from the western part
of the anticyclonic circulation brings moisture and warm
air from low latitudes and the ocean, resulting in wet con-
ditions over the ocean. Meanwhile, the continent (a large
part of the La Plata basin) experiences dry conditions due to
the weak northwesterly wind associated with SALLJ (Fig.
S1b, left/upper panel). The strengthening of the SALLJ in
winter can lead to an increase in extratropical cyclones and
in frontal systems’ frequency and intensity, since this sys-
tem needs moisture transport for maintenance (Reboita et
al. 2012; Mendes et al. 2009; Gramcianinov et al. 2019).
Because there is more coastal/oceanic precipitation, the wet
response pattern appears to be related to the frontal system
and extratropical pattern. Polar jets have a wet response

SL1 - SESA-F [ |
SL2 - Amazon

SL3 - La Plata

Fig. 8 Heatmap for the precipita-
tion response estimated from the
combination of the multimodel

ensemble mean and the contribu- YA s =
. . . E oo % O $
tions associated with the remote Psa==00U
A N X w0080 g O
driver responses using the multiple DeBoe 7
. . s Qu g o~
linear regression model of SL1, QL £5 5
SL2 and SL3. The grey blocks e’ S

represent models for which there
are no values for SL1
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|
a

CMCC-CM2-SR5

over the adjacent ocean and the western part of the La Plata
basin (Fig. 7b, right panel).

In summary, for SL3, the extreme combinations of the
remote drivers for a SALLJ strengthening show a continen-
tal wet response over the La Plata basin. On the other hand,
weaker SALLJ combinations show a slightly weaker wet
response over the ocean and a dry response over the conti-
nent. This pattern shows that SALLJ plays a big role in the
precipitation regime in future projections, as observed in the
historical period.

3.3 Model selection

The criterion for selecting the models is defined by their
spread in relation to the precipitation response in future cli-
mate through the circulation uncertainty, which is consid-
ered through three storyline sets (Fig. 8) and the validation
of the models in the historical period through indices that
summarise the main climatological patterns in SA (Fig. 6).
Figure 8 presents the precipitation response for each combi-
nation of the storyline set (SL1, SL2 and SL3). The calcula-
tions are based on the linear regression for the storylines
set and for each region. The final result of the precipitation
response heatmap selects a subset of models that capture a
range of future outcomes under both wet and dry conditions.

In this work, we combine the future outcomes information
with the best representation of the climatological patterns in
the historical period (final score in the last row, Fig. 6) and
propose a methodology for the final best-fit model selection.
In summary, we selected a range of models with different
future possibilities, taking into account the three storyline
sets together. For a conceptual example, if a range of models
has wet conditions in SL1 and SL3 but dry in SL2, we refer
to this as a future possibility named A. On the other hand,
if a second range of models indicates dry conditions in SL1
and SL2, but wet conditions in SL3, we label this as a future
possibility B. In principle, if we consider a wet and a dry
change for each storyline set we could have eight combina-
tions. We did not considered the same sign of change (wet or
dry) is simultaneously projected for the three regions. Addi-
tionally, SL1 (LPB) never dries at the same time as SL2
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Table 4 Best minimum model ensemble according to the model vali-
dation and storyline approach

Storylines Wet Dry
SL1 (SESA-F-DJF) NorESM2-MM MRI-ESM2-0
MIROC6
CMCC-CM2-SR5
SL2 (AMZ-DJF) MRI-ESM2-0 NorESM2-
MM,
CMCC-CM2-
SR5
MIROC6
SL3 (LPB-JJA) NorESM2-MM MIROC6
CMCC-CM2-SR5
MRI-ESM2-0

(AMZ) dries and vice versa. Hence, we only need to cover
four possible and relevant combinations, which are repre-
sented by four models that have a good representation of the
climatological patterns in the historical period.

Following this approach, the minimum ensemble of
models that could represent wet and dry scenarios for all
the regions is reported in Table 4 and Fig. 9. Two models
(NorESM2-MM, CMCC-CM2-SRS5) capture SL1 (wet),
SL2 (dry) and SL3 (wet) changes; one (MIROCG6) cap-
tures SL1 (wet), SL2 (dry) and SL3 (dry); and one (MRI-
ESM2-0) SL1 (dry), SL2 (wet) and SL3 (wet). Figure 9
illustrates the chosen model’s range across various parts
of the phase space diagram, corresponding to the different
plausible futures for the drivers that impact the SA domain.
It is notable that the precipitation response for two extreme
conditions (SALLJ weakening+equatorward SACZ shift

and SALLJ weakening+poleward SACZ shift) is a dry
response in AMZ in SL2, resulting in a plausible future
model in just one quadrant in Fig. 9.

4 Final remarks

Regional Climate Models (RCMs) require Global Climate
Models for the dynamical downscaling approach. Due to
the misrepresentation of climatological features in some
GCMs, it is crucial to select the best models for a specific
region among the available GCMs. In this work we have
presented a possible method based on model validation in
the historical period and precipitation projections to account
for uncertainty in precipitation responses in different regions
and to be able to include a wide range of possible future
outcomes.

Three storylines have been proposed for South America
(SA) (SL1, SL2 and SL3), and a set of validation indices
focused on the main large-scale circulation patterns over the
region. The first circulation system is the South American
Monsoon System (SAMS) in the Austral summer, and the
second one involves extratropical cyclones in both the sum-
mer and winter seasons. In addition to that the South Atlantic
Convergence Zone (SACZ), the South America Low-level
Jet (SALLJ), trade winds, Bolivian High, northeast trough,
upper-level jets and South Atlantic and Pacific subtropi-
cal high were analysed and indices have been proposed to
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validate these dynamical drivers of the precipitation circula-
tion regimes over SA.

Almost all CMIP6 GCMs have a good performance in
representing the South Atlantic (Pacific) Subtropical high
in both seasons. However, some models have difficulties in
representing the SALLJ pattern in both seasons due to the
Andes interaction with this system and the models’ misrep-
resentation of topography. Upper-level regional circulation
in summer is better represented than in winter. Additionally,
CMIP6 GCMs show difficulties in representing the precipi-
tation variability in austral summer, while almost all models
perform well in representing the annual cycle of precipita-
tion in all the regions used in the analysis.

In the first storyline set, the dry signal in SESA-F is con-
nected with high upper-tropospheric tropical warming, an
early stratospheric polar vortex breakdown and low tropical
Pacific SSTs with respect to the ensemble mean (Mindlin
et al. 2023). A high upper-tropospheric tropical warming
drives an expansion of the Hadley cell, while an early strato-
spheric polar vortex breakdown represents a small shift of
the westerly jet. The tropical SSTs influence this region via
tropical-extratropical teleconnections. This configuration of
large-scale responses leads to drier changes than those pro-
jected by the ensemble mean (Mindlin et al. 2023). In the
second storyline set (SL2), a significant equatorward shift
of the SACZ results in a wet or dry precipitation response
depending on the SALLJ’s strength over the Amazon basin.
A SALLJ weakening with a small poleward shift of the
SACZ position leads to a strong dry response over the Ama-
zon basin. In the third storyline set (SL3), a wet precipita-
tion response is observed over the La Plata Basin across all
extreme combinations of regional drivers. The wet response
is most intense when driven by SALLJ strengthening, con-
sistent with the direct relationship between SALLIJ inten-
sity and precipitation over the La Plata basin (Berbery
and Barros 2002; Nascimento et al. 2016). The stronger
wet response is independent of the polar jet’s position and
strength, as it has less impact on the La Plata basin when the
polar jet is stronger.

By using both the model selection criteria and the three
storyline sets to define possible futures in the three spe-
cific regions (SESA-F, Amazon basin and La Plata basin),
we propose a selection of models. We used the criteria to
choose the best model for the historical validation for each
of the two most extreme future storylines. The final minimal
ensemble of models to guarantee the broader coverage of
all the possible climate projections and best scoring for the
representation of the large-scale circulation in South Amer-
ica is formed by four CMIP6 GCMs, namely NorESM2-
MM, MIROC6, CMCC-CM2-SR5 and MRI-ESM2-0. This
methodology is a proof of concept and can be used to either
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expand the minimal ensemble or can be applied to other
regions making sure that fit for purpose storylines are used.

APPENDIX A

Assuming pattern scaling (Tebaldi and Arblaster 2014), the
change in the target variable at each grid point x and for each
model m, (AC,,,) is decomposed as AC,,,=P_, AT,. Where
P, is the pattern change per degree of warming AT,,. Then,
P, is modeled as a linear combination of remote driver
responses.

N !
Pom = ag+ Y bix (ARD;/AT), + €zm (A1)

where the intercept a, results in the multimodel ensemble
mean (MEM) and b;, are the sensitivities of the pattern
to one positive standard deviation in the driver responses
(ARD{/AT)’,, N is the number of drivers considered,
means that the index is standardized. e,,, are the errors,
which quantify the remaining uncertainty not explained by
the chosen drivers.
(b, coefficients in Eq. (1)).

P:v exSL = 8yt blzts + b2xts
and (A2)
P:v interSL = Az T blzts + wats

where the exSL are the extreme storylines with the drivers in
the extremes of the distribution and interSL are the interme-
diate storylines where the indices contribute with opposite
signs.
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