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We evaluate the benefits of the use of a regional coupled model over its stand-alone atmospheric component
when forced by reanalysis data in the simulation of the South American climate. We find that the coupling allows
for a better simulation of important features of the atmospheric circulation and surface temperature. The
simulated 2 meters air temperature is improved over most of the continent, the sea level pressure over the South
Pacific Anticyclone area is better represented in the coupled simulation and the location of the ITCZ is improved
during the austral winter. The precipitation, especially over the Andes, benefits less from the coupling, although
a more realistic humidity transport leads to a reduction of the precipitation biases over extensive regions. The
austral summer precipitation bias is reduced in areas such as eastern Colombia, northern Bolivia, eastern Brazil
and central Argentina. For austral winter, the coupled model has a better performance in a large part of the
Amazon region, in areas such as east of Peru, west Brazil, north Bolivia and south Argentina. Moreover, the
regionally coupled model not only improves the simulation of important features of the observed atmospheric
fields but also demonstrates good skills in reproducing the Humboldt upwelling system. Therefore, our study
highlights the advantages of regional coupled models for the simulation of the South American climate, as the
ocean-atmosphere interaction is of utmost importance for the circulation mechanisms that determine the climate
of the region.

1. Introduction and Christensen, 1995) and to the existence of the desertic coastal region

that stretches from southern Equator down to central Chile (Rahn and

The climate of South America is shaped by its complex orography,
dominated by the presence of the Andes Mountains and the Amazonian
plains and the influence of the surrounding oceans (e.g., Espinoza et al.,
2020). Besides, it is influenced by ocean-land-atmosphere interactions
and large-scale oceanic and atmospheric circulation patterns. Among
them, the displacements and changes in strength of South Atlantic
Convergence Zone, the South Atlantic Anticyclone (SAA), the South
Pacific Anticyclone (SPA) and the Intertropical Convergence Zone
(ITCZ) play an important role. For instance, the poleward branch of the
SPA influences the meridional winds along the coastal zone of Chile and
Peru, contributing to the formation of the Humboldt current upwelling
system (one of the most important fishery grounds at the world; Pauly
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Garreaud, 2014). Furthermore, the seasonal north-south migration of
the ITCZ in the northern parts of South America and the eastern branch
of the SAA (which brings humid Tropical Atlantic air masses to the
Amazonian region) trigger latitudinal and seasonal variations in the
South America climate (Drumond et al., 2014).

Along with the large scale, regional variations of the temperature
and precipitation are influenced by the semipermanent Chaco Low (CL),
the Bolivian High (BH), and the South American low-level jet (e.g.,
Espinoza et al., 2020; Segura et al., 2019). Additionally, the strength-
ening of the Upper-Level Jet has been observed during El Nino events,
which favors storm and convective conditions (Bruick, 2019). At inter-
annual and decadal time scales, the climate variability is strongly
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determined by the El Nino Southern Oscillation (ENSO) and the Pacific
Decadal oscillation. (e. g. Garreaud et al., 2009; Cai et al., 2020). The
effects of these climate models in different regions are modulated by
other large-scale climate patterns as the Antarctic Oscillation (Silvestri
and Vera, 2003).

Therefore, there is a need for an accurate representation of the
climate in the region, both for process and impact studies. Climate
models, both global and regional, are very important tools for this task,
especially for understanding the future evolution of climate under
different scenarios. In particular, atmosphere-ocean regionally coupled
models (Sein et al., 2015; Lewis et al., 2018; Cabos et al., 2019; Xue
et al., 2020; Bielli et al., 2021; Thompson et al., 2021) make possible
simulations of the climate system at higher resolution than global
climate models, improving our understanding of the finer features of
climate variability, and extreme events. Moreover, being forced by
reanalysis data, they are better constrained to observations than global
models in simulations of present time climate while being able to
adequately represent ocean-atmosphere feedbacks inside the model
domain (Sein et al., 2015).

Many studies have shown the ability of regional atmospheric models
in reproducing the current South American climate (Silvestri et al.,
2009; Carril et al., 2012). However, few studies have explored the
impact of the representation of ocean-atmosphere interaction processes
on the simulation of the South American and Eastern Pacific climate
using high resolution atmosphere-ocean regionally coupled models
(Pezzi et al., 2023; Xie et al., 2007; Ambrizzi et al., 2019). In order to fill
this gap, we introduce a new setup of ROM, a widely used ocean-
atmosphere regionally coupled model in order to evaluate the possible
benefits that coupling brings in the representation of the South Amer-
ican and eastern Pacific climate. For this evaluation we analyze the
performance of the coupled model and its stand-alone atmospheric
component in simulating the main large-scale systems that characterize
the climate in the area of study, as well as the response of the coupled
regional climate system to ENSO variability and the patterns of rainfall
and temperature over the region.

To date, most of the downscaling of global simulations is done using
an atmospheric regional model coupled to a land surface scheme and
driven over ocean by prescribed sea surface temperature (SST). How-
ever, there are regions where the atmosphere-ocean feedback can sub-
stantially influence the spatial and temporal structure of regional
climate (Li et al., 2012). Recent studies have shown that Regional
Climate System Models (RCSMs) are capable of simulating features of
the climate system that otherwise are not resolved by state-of-the-art
global climate models due to their low resolution or by the atmo-
spheric only regional model due to the lack of the representation of the
ocean-atmospheric coupling and/or the low resolution of the SST used
to force them (Soares et al., 2019; Parras-Berrocal et al., 2020; de la Vara
et al., 2021). Therefore, compared to GCMs, RCSMs can achieve much
higher resolution and detailed parameterizations, providing a more ac-
curate representation of the relevant small-scale processes (Sein et al.,
2020) and compared to RCMs, the interaction between the ocean and
atmosphere in RCMSs also give a more realistic representation of the
physic mechanisms than in atmosphere and ocean only regional models
(Sein et al., 2015).

In Section 2 and 3 we present the model configurations, in Section 4
the results and discussion are presented and finally the summary and
conclusions are presented in Section 5.

2. The ROM coupled system

ROM is a coupled system comprising the REgional atmosphere
MOdel (REMO; Jacob and Podzun, 1997), the oceanic model of the Max
Planck Institute (MPIOM; Marsland et al., 2003; Jungclaus et al., 2006),
the Hamburg oceanic carbon cycle model (HAMOCC; Marsland et al.,
2003), the hydrological discharge model (HD; Hagemann and Dumenil-
Gates, 1998, 2001) and a dynamic/thermodynamic sea ice model
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(Hibler, 1979). REMO and MPIOM are coupled through the OASIS3
coupler (Valcke, 2013), while HAMOCC and HD are run as modules of
MPIOM and REMO respectively. ROM has been applied to climate
studies in different areas, demonstrating the benefits of regional
coupling (e.g Cabos et al., 2020; Parras-Berrocal et al., 2020; Vazquez
et al., 2022; Vazquez et al., 2023). For instance, ROM has also been
applied to the simulation of the Central American climate (Cabos et al.,
2019), demonstrating a good representation of the ocean and atmo-
sphere circulation.

2.1. The atmospheric component

REMO is a three-dimensional hydrostatic atmospheric model
formulated in a hybrid system of sigma-pressure coordinates in the
vertical direction and in a rotated grid with Arakawa C discretization in
the horizontal. The physical parameterizations in the version of REMO
used in this work come from ECHAM model versions 4 and 5 (Sein et al.,
2015, Table 1).

2.2. The oceanic component

The Max Planck Institute Oceanic Model (MPIOM) was developed in
Germany (Jungclaus et al., 2013). In the horizontal, it uses curvilinear
orthogonal coordinates on an Arakawa C grid. The vertical discretiza-
tion in the z coordinate (Sein et al., 2015). The MPIOM horizontal res-
olution can be refined near the mesh poles, allowing for a high
resolution in the region of interest while maintaining a global domain. In
ROM, MPIOM uses a global grid, allowing trapped coastal waves
(originating from outside the coupled domain) to influence the vari-
ability of the barotropic sea level and the bottom pressure in the coupled
domain.

2.3. Coupling strategy

The atmospheric and oceanic components are coupled with a time
step of 3 h with the OASIS3 coupler, while the hydrological discharge
model HD interchanges information with REMO and MPIOM with a
frequency of 24 h (Fig. 1a). In the coupled region MPIOM receives heat,
freshwater and momentum fluxes from REMO and in turn provides the
sea surface conditions to REMO. For the rest of the global ocean, MPIOM
calculates the heat, freshwater and momentum flows from the global
model used for boundary conditions with a bulk formulation. HD re-
ceives surface runoff and drainage from REMO and delivers river and
freshwater fluxes to MPIOM (Sein et al., 2015). Both the atmospheric
lateral boundary conditions and the atmospheric forcing for the ocean
outside the area of coupling are obtained from global reanalysis and
GCMs simulations. In the last case, the propagation of the biases in the
global model into the interior of the region of coupling can be
compensated, as the regional model simulates its own climate, largely

Table 1
Description of the parameterization in the REMO and MPIOM.

Parameterization

Reference

Regional atmospheric
model (REMO)

Global Ocean Model
(MPIOM)

Longwave radiation

Shortwave radiation
Cumulus

Microphysics

Bottom boundary layer
slope

Harmonic horizontal
diffusion
Eddy-induced tracer
transport

Deep convection

Fouquart and Bonnel
(1980)

Mlawer et al. (1997)
Tiedtke (1989) and
Nordeng (1994)
Lohmann and Roeckner
(1996)

Marsland et al. (2003)

Griffies (1998)
Gent et al. (1995)

Marsland et al. (2003)
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Fig. 1. a) Coupling scheme for ROM. The atmosphere and the ocean are coupled in the region covered by the REMO domain. The MPIOM and HD domains are global.
b) Spatial domain of the MPIOM (shaded) and REMO (thick line over South America).

independent of the global model (Sein et al., 2015). Some parameters for
the atmospheric and oceanic components of ROM are presented in
Table 1.

3. Numerical simulations

The coupled and uncoupled climate simulations used in this study
share the same REMO configuration. In the coupled simulations, REMO
is run in a rotated mesh of constant resolution and the global MPIOM has
its higher resolution in the area of coupling (which matches the REMO
domain; Sein et al., 2015). The REMO domain has a spatial resolution of
24 km and extends from 60°S to 30°N and from 175°W to 14°W
(Fig. 1b), extending the South America—-CORDEX (Coordinated Regional
Climate Downscaling Experiment Project) domain. This enlarged South
America-CORDEX domain includes the parts of the Atlantic and Pacific
Oceans that directly influence the climate of South America (Garreaud
et al., 2009). In particular, it covers El Nino 1 + 2 (defined as the box
bounded by 10°S, 0°, 90°W, 80°W), Nino 3 (5°N-5°S, 150°W-90°W),

and part of El Nino 3.4 (5°N-5°S, 120°-170°W) regions. As stated above,
the REMO domain determines the region of coupling in ROM and the
MPIOM rotated poles are placed in the north of South America and in
Western Australia (Fig. 1b). This configuration provides a finer grid ~8
km near the eastern coast of South America and 24 km in the central
Pacific. The simulations cover the years 1980-2017, a period in which
strong ENSO events occurred (Sulca et al., 2018).

3.1. Experimental design

For present time, two simulations were carried out with the ERA-
Interim reanalysis as the initial and boundary conditions. The scheme
in Fig. 2 summarizes the two simulations performed, as well as our spin-
up strategy. The spin-up period for REMO and ROM were 2 and 130
years respectively. The ROM spin up was carried out in 3 phases: in the
first phase MPIOM was run for 50 years (1958-2002) forced by ERA 40.
In the second phase, starting from the final state of the MPIOM run, a
coupled simulation was carried out for the 1980-2017 period, also
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Fig. 2. Schematic of the modeling systems used in the study: coupled (ROM)
and uncoupled (REMO) simulations.

forced by ERA-Interim. In the third phase, a new coupled simulation
forced by ERA 40 was performed for the period 1958-2001, starting
from the final state of the previous simulation. We resorted to this
simulation as a significant warming trend in SST in the run forced by
ERA-Interim was observed. This made problematic the use of the final
state of that simulation as the initial state of the production run. After
the last ERA-40 forced run, a quasi-equilibrium state in better concor-
dance with the oceanic observed state at the beginning of 1980 was
reached. Therefore, the final state of this run was used as initial condi-
tions for the production simulation. Table 2 shows some details of the
simulations, such as the spatial resolutions and the vertical levels.

4. Assessment strategy

The model outputs were assessed and compared in terms of seasonal
cycle and inter-annual variability. For the validation, we use monthly
data of the most representative atmosphere and ocean variables: near-
surface air temperature (T2m), sea surface temperature (SST), wind,
precipitation, sea level pressure (SLP), specific humidity in 200 hPa and
850 hPa and ocean temperature. Taken together, these variables allow
for the evaluation of the models’ ability to represent climate at both
large and local scales.

In order to carry out this validation, various statistics were per-
formed with the aim of quantitatively demonstrating the improvement
of coupling compared to stand-alone models. To evaluate the perfor-
mance of the ROM and REMO against ERA5 reanalysis, were calculated
the Root Mean Squared Error (RMSE) and Pearson correlation coeffi-
cient (r), defined as follows:

1 n
RMSE = , |~ Z REF; — MODEL;
na=

where REFi denotes the measured parameter obtained from ERA5 and
MODELi the corresponding parameter obtained from the ROM and
REMO model. Pearson correlation coefficient is defined as follows:

Table 2
Summary of the characteristics of the two simulations.
Simulation Forcing/ Coupler MPIOM REMO Number
period OASIS3 spatial spatial of hybrid
resolution resolution levels
(km) (km)
REMO ERA- Not - 24 31
Interim/ coupled
1980-2017
ROM ERA- Coupled 8-24 24 31
Interim/
1980-2017
ROM spin- ERA- Coupled 8-24 24 31
up Interim/
1980-2017
ROM spin- ERA-40/ Coupled 8-24 24 31

up 1958-2001
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cov(REF,MODEL)

FREF MODEL =
OREFOMODEL

We calculate probability density functions (PDFs). From PDFs, we
calculate the cumulative minimum value of two distributions, thereby
measuring the common area between two PDFs. If a model simulates the
observed conditions perfectly, the Perkin score (PS) will equal one,
which is the total sum of the probability at each bin center in a given PDF
(Perkins et al., 2007):

bin=N

PS =Y min(PDFyoprr PDF i)

bin=1

Finally, in order to measure the added value of the regional atmos-
phere-ocean coupling on simulated precipitation using CHIRPS, TERRA
and ERA5, we apply the formula of Weber et al. (2023) as follows:

_ (REMO — REF)’ — (ROM — REF)’
MAX[(REMO — REF)* ,(ROM — REF)*]

where AV is the added value, REMO and ROM are the simulated pre-
cipitation and T2m of the models, and REF are the respective reference
data sets.

5. Results and discussion
5.1. Wind field and humidity

The most remarkable regional feature of the atmospheric circulation
over South America at the upper levels is the BH (Lenters and Cook,
1997; Espinoza et al., 2020), which is found at 200 hPa in DJF (Fig. 3a;
contour lines). The BH core position, located around 15°S and 65°W in
ERAS5 (Hersbach et al., 2020) is well represented in REMO and ROM,
although both simulations present a slight southeast displacement. The
BH position enhances the occurrence of convective clouds which
contribute to the distribution and the magnitude of the accumulated
precipitation in the Andes and Amazon area of Peru. Thus, the highest
values of specific humidity (HUS, shading in Fig. 3) are found in the
Amazon above 30°S. The REMO and ROM experiments underestimate
the specific humidity (Fig. 3a) with biases that reach 0.03 g/kg in the
region of higher HUS values. Also on the eastern coast of Brazil, the high-
level anticyclonic circulation associated with BH (Virji, 1981; Chen
et al., 1999; Espinoza et al., 2020) leads to a lower specific humidity
above this region. Similar results can be found for the two models in JJA,
when the specific humidity is underestimated in regions north of the
equator, demonstrating the ability of both simulations to reproduce the
seasonal and spatial structure of the summer circulation (Silvestri et al.,
2009; Reboita et al., 2022).

Near the surface, the large-scale circulation is dominated by the
ITCZ, the SPA and the SAA. The SAA in the simulation domain is strongly
influenced by ERA-Interim, as it is mostly outside of the domain. The
two models simulate well the large-scale surface circulation (Fig. 3c-d)
in the two seasons. In DJF, REMO is closer to ERAS5 in the region of the
ITCZ (Fig. 3 c), where ROM overestimates slightly the HUS. Neverthe-
less, both models simulate the ITCZ position in a similar way (Fig. S1).
Also, both REMO and ROM show higher values of the HUS (above 13 g/
kg at 850 hPa) on the eastern slopes of the Andes and the Amazon.
However, in the austral winter (JJA), the coupling leads to a better
representation of the HUS (Fig. 3 d) and the surface circulation (Fig. S2).

It is noteworthy a lower HUS over the Humboldt upwelling system in
DJF, especially in ROM. This signal may be associated with the up-
welling periods, since the coastal surface waters present temperatures
that are lower than those of the atmosphere, therefore, the air adjacent
to the sea surface cools and its relative humidity increases. Note that the
differences found between ROM and REMO are significant for the entire
domain in both seasons (Fig. S3c and f; Fig. S4c and f).
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Fig. 3. a) and b) Climatology of specific humidity and current lines at 200 hPa for 1982-2011. c) and d) Climatology of specific humidity and current lines at 850
hPa for 1982-2011. The first and last columns show the distribution of the biases of REMO-ERA5 and ROM-ERAS, respectively.

5.2. Sea level pressure

The surface large-scale circulation in the South American Pacific
sector is dominated by the semi-permanent SPA, which is located off the
coast of Chile (see Fig. 4) When the SPA is further north, precipitation
over Chile is higher, while it is lower in the east of Argentina, much of
Brazil, Peru, Bolivia and Ecuador (Barrett and Hameed, 2017). In DJF,
ROM reproduces the southern SPA migration better than REMO, and
simulates SLP intensities closer to ERA5 (around 1020 hPa; Fig. 4, upper
panels).

In the austral summer, the location of the SPA core starts to shift

a REMO - ERAS b

north until passes the 30°S parallel in the austral winter (JJA; Fig. 4,
lower panels), determining conditions of the predominance of stratiform
cloudiness on the coasts of Peru (Schemenauer et al., 1988). In this
season, the ERAS5 pressure in the SPA is near 1018 hPa, which is well
reproduced by ROM (Fig. 4j) and underestimated by REMO (2 hPa;
Fig. 4f). So, in both seasons, ROM represents better than REMO (with
significant differences; Fig. S5f) the core of the ERA5 SPA, both in
location and intensity, demonstrating the benefits of an interactive
ocean for the simulation of the characteristic patterns of the circulation
in the atmospheric lower levels.

In order to assess the impact of coupling on the representation of the
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Fig. 4. SLP Climatology for 1982-2011. The first and last columns show the distribution of the biases of REMO-ERA5 and ROM-ERAS, respectively. Black dots

present the regions where the differences are significant.
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temporal evolution (seasonal and interannual variability), we analyze
the SLP averaged over the Nino 1 + 2 and SPA region.

The SLP annual cycle in E1 Nino 1 + 2 (Fig. 5a) reaches values around
1013 hPa in August-September and 1011 hPa in March. In general, there
is a clear improvement of the seasonal cycle in the coupled simulation.
Moreover, ROM simulates better the Probability Density Function (PDF)
than REMO, being closer to ERA5 for both seasons (Fig. 6. b and 6. c).
This improvement is reflected by the Perkins scores: 0.50 and 0.41 for
ROM and REMO respectively in DJF and 0.70 for ROM, 0.50 for REMO
in JJA.

On the other hand, REMO shows a better representation of the
interannual variability of the SLP over the Ninol + 2 region in DJF
(Fig. 5d), although the correlations are non-significant for both simu-
lations. In JJA both simulations present a better representation of the
SLP (Fig. 5e), showing significant correlations with ERA5 (0.56 and 0.59
for REMO and ROM respectively). It is worth noting that the Ninol + 2
SLP anomalies in REMO and ROM show a general agreement with ERAS
except during the extraordinary El Nino events 1982-83 and 1997-98,
when ROM does not simulate well the strong SLP drops that characterize
those events. This fact is related to the prescribed ERA-Interim SST in
REMO, which improves the drop in SLP during these events.

In the SPA region, we use the box defined by the coordinates [10° S -
50° S] and [130° W - 70° W] (Ancapichtin and Garcés-Vargas, 2015).
Here, the seasonal cycle is also better represented in ROM (Fig. 6.a),
showing an overestimation from May to November. This improvement
leads to a better representation of the surface wind along the Pacific and
the coastal regions in both seasons (Fig. S2). The improvement is also
reflected in the PDF (Fig. 6 b and c), with ROM showing consistently
higher Perkin scores than REMO in both seasons: 0.92 (ROM), 0.84
(REMO) in DJF and 0.93 (ROM), 0.84 (REMO) in JJA. Furthermore, the
interannual variability (Fig. 6. d and e), measured by the standard de-
viation, in the SPA is similar in both simulations, 0.64 and 0.62 for
REMO and ROM respectively in DJF and 0.84 and 0.81 for REMO and
ROM respectively in JJA.

5.3. Air temperature
In DJF, the ERA5 T2m shows the highest values over land in the

North SA—Central America and northeast Brazil and the lowest values in
the Andes and the southernmost part of the continent (Fig. 7). Although
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the spatial distribution of the biases over land is similar in both models,
the magnitude is lower in ROM (specially in northeastern Brazil and
Chaco plains, Fig. 7). This could be related to a better simulation of the
South American monsoon system (Vuille et al., 2012). ROM also shows
lower biases over the dry Pacific coastal regions. Over the ocean, biases
in ROM present a more complex pattern than in REMO, which only
presents positive biases. The coupling leads to negative biases near the
Pacific coasts, south of the equator and in the subtropics, with positive
biases in the tropical interior oceans. Those biases reach its higher value
in front of the Peru northern coast and the southern Ecuador coasts, in
the Nino 1 + 2 region.

In JJA, the T2m biases in both simulations are generally lower than
in DJF over the continent. ROM is closer to ERA5 than REMO, showing
weaker positive biases. Over the ocean, REMO presents a quite uniform
bias distribution in the range of 0 to 1 °C, associated with the SST forcing
(ERA-Interim). The ROM biases range between —1.6 °C off Chile coast
(related to the representation of the upwelling processes) and 4 °C in the
region of confluence of the Malvinas and Brazil currents. Noteworthy,
the coupled simulation bias becomes stronger in the Nino 1 + 2 region,
where the overestimation reaches values close to 4 °C. The results ob-
tained at both seasons are opposite to those obtained by Falco et al.
(2019), who found cold biases in most RCMs and GCMs across practi-
cally the entire South American continent.

To quantify the improvements in the representation of T2m over land
due to the coupling, the added value (AV) was calculated following Eq.
4. Positive AV values indicate that the regional climate model (ROM)
T2m is closer to ERA5 than REMO. For DJF (Fig. 8a), positive AV values
are observed over most of the continent, except for some coastal regions.
During JJA (Fig. 8b), positive AV values persist, except for eastern Brazil
and the Peruvian coast.

5.4. Precipitation

The precipitation of the coupled and uncoupled model were
compared against ERA5, CHIRPS (Funk et al., 2015) and TerraClimate
(Abatzoglou et al., 2018). In DJF, REMO and ROM biases show the
largest differences in the eastern slope of the Andes in Peru, Bolivia,
Ecuador and Colombia (Fig. 9). In these regions, both simulations
overestimate the precipitation (around 850 mm/season) in all compar-
isons (less in ERA5), which could be related to a stronger orographic
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convective precipitation in the models (Giorgi et al., 2016), which was
also found by Llopart et al. (2020) using an ensemble of GCMs and
another one from the South America CORDEX. Negative biases (smaller
in magnitude than the positive) are also found, especially in the north-
eastern regions of SA, the forest areas of central, southern Peru and

northern Bolivia. It is noteworthy that these biases cover smaller areas in
ROM than in REMO, showing also lower values.

For JJA, the positive biases over the north and central Andes are
reduced in the two models. Both models underestimate the precipitation
in the northeast of the continent, with biases ranging from —640 to
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—240 mm/season. Positive biases with respect to the three datasets are
found in western Colombia and the eastern part of the central Andes in
Peru, reaching values from 350 to750 mm/season. However, only when
ROM is compared with TERRA and CHIRPS the positive biases extend to
the western part of the Ecuadorian territory. Sanchez et al. (2015) found
that precipitation is mostly underestimated, especially over South
America, by climate models (both GCMs and RCMs). However, here we
show that this underestimation does not occur in all regions, primarily
along the western coast of South America.

The improvements of the simulated precipitation by the coupling is
reflected by the AV (Fig. 10). In DJF, ROM improves the precipitation
mainly in zones as east of Brazil,Colombia and central Argentina. In JJA,
the coupled model performs better than uncoupled over east of the
Andes mountains range, west Brazil, north Bolivia and south Argentina.
This fact is comparable to the improvement shown by the RCMs over the
GCMs in Llopart et al. (2020), where in this case the coupling plays a
greater added value compared to the RCMs.

In the E1 Nino 1 + 2 region, ROM and REMO overestimate the annual
cycle, being the overestimation more evident in ROM for austral summer
(Fig. 11a). In the PDF it is notable how the coupling influences the
representation of the precipitation in DJF, where ROM is not able to
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reproduce the maximum frequency distribution (Fig. 11b). For JJA the
frequency distributions are similar in both models, detecting the
maximum frequency as ERAS (Fig. 11c). Nevertheless, ROM is able to
reproduce the march of the ERA5 seasonal cycle. The amplitude of the
interannual variability is well reproduced by ROM and REMO, although
REMO presents higher correlations with ERA5 in both seasons (ROM
with 0.58 and 0.40, and REMO, 0.68 and 0.76 in DJF and JJA respec-
tively). Both models underestimate the magnitude of the precipitation
anomalies, especially during the strong 1982-1983 and 1997-1998 El
Nino events (Fig. 11 d y e). The fact that REMO better reproduces the
Nino 1 + 2 index from ERA5 than ROM is primarily associated with
REMO being surface-forced by ERA-Interim, resulting in a closer
approximation to the observations. In this case, ROM overestimates the
SST of ERAS in the Nino 1 + 2 region (see the following section), leading
to increased evaporation and consequently an overestimation of
precipitation.

5.5. Sea surface temperature

The OSTIA (Stark et al., 2007) SST, along with ROM and REMO
biases are shown in Fig. 12 for DJF and JJA. The eastern Pacific SST
shows two very characteristic features: the equatorial cold tongue, a
region where temperatures drop to about 24 °C (Penven et al., 2005) and
a pool of warm waters with SST above 26 °C, located between 5°N and
10°N and associated with the latitudinal shifts of the ITCZ (Kang et al.,
2020). These spatial characteristics are present in ROM in both seasons
and, in general, the magnitude of their biases in the eastern Pacific is
usually <2 °C. Positive biases are observed off the northern coast.
However negative biases are found for other regions as off the coast of
Chile. In DJF, these biases are stronger in the warm pool and are asso-
ciated with biases in the simulation of the ITCZ in this season (Fig. 12c).
In JJA although the ITCZ is better represented by ROM, a cold bias is
reflected in the cold tongue (Fig. 12f), which is related to the underes-
timation of precipitation (Fig. S2 and Fig. S7). This fact was found in Zou
and Zhou (2011) over the western North Pacific simulated by a regional
ocean-atmosphere coupled model. The persistent warm anomalies in the
coastal regions of the cold tongue can be related to a lack of upwelling
due to too weak meridional coastal winds off Peru (Vanniere et al.,
2014) or to a too deep mixed layer, which could prevent the upwelling of
colder deeper water, effectively reducing the associated cooling. A cold
coastal bias that extends from the south of Chile up to 19°S during DJF,
signaling a stronger upwelling. The bias has less intensity north of 14°S
and reverses signs in JJA (Fig. 12f).

The warm biases in the eastern part of the cold tongue (Fig. 12c and
f) are reflected in the seasonal cycle of the Nino 1 + 2 index (Fig. 13a).
There, ROM SST follows the seasonal march of the OSTIA SST, although
displaces the seasonal maximum from March to April and is warmer for
most of the year. The warm biases also influence the PDFs: the ROM PDF
is displaced to the right of OSTIA by about 2 °C in the two seasons
(Fig. 13 b and c). In DJF, the mode of the distribution for ROM is located
between 25 and 26 °C while in OSTIA it is between 24 and 25 °C. In JJA
the SST is again overestimated, with the higher frequency between 25
and 26 °C in ROM and 23-24 °C in OSTIA. Finally, we validate the
interannual SST variability, characterized by the root mean square error
(RMSE). Although ROM reproduces well the interannual SST variability,
it is not able to simulate the amplitude of the stronger ENSOs, under-
estimating the intensity of the 1982-1983 and 1997-1998 Nino. The
RMSE values found for ROM are (1.3 for DJF and 1.5 for JJA) and for
REMO (0.24 for DJF and 0.33 for JJA).

The equatorial ocean-atmospheric variability near the coast can be
represented by the Coastal El Nino Index (ENCI, Fig. 14), defined as the
3-months running mean of the monthly SST anomalies averaged over
the El Nino 1 + 2 (Takahashi et al., 2014). The Coastal El Nino Index
time series for the 1981-2017 period is represented in Fig. 14 for ERA5,
REMO (i.e. ERA-Interim) and ROM. Generally, ROM reproduces the
ENCI variability, although during the strongest events it significantly
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Fig. 9. Spatial distribution of the average annual precipitation in 1982-2011 for DJF (summer) and JJA (winter), simulated by ROM and REMO.

underestimates the ERA5 ENCI values. The RMSE values obtained for
ROM were (0.62 for DJF and 1.04 for JJA) and with the SST from ERA-
Interim used to REMO was (0.15 for DJF and 0.22 for JJA).

5.6. Upwelling coastal temperature

One of the main advantages of the regional coupled simulations is
the possibility to evaluate the ocean variables with a higher resolution
than the state of the art climate and reanalysis models. In this case, the
model domain includes one of the most important ecosystems in the
world, the Humboldt upwelling region, which is part of the eastern

boundary current that flows along the south American Pacific coasts
(Garcia-Reyes et al., 2015). In this section, we assess the ability of ROM
to reproduce the signal of the upwelling. For this, we show the cross-
shore section in 15°S and 30°S for DJF(Fig. 15) and JJA (Fig. 16). We
compare our results with SODA reanalysis (Carton et al., 2018) and
IMARPE (Marine Institute of Peru) datasets (Domingues et al., 2017).
In DJF, IMARPE data shows an offshore stratified thermal structure
for both 15°S and 30°S. The 16 °C isotherm in the coastal regions up-
wells from around 120 m in 15°S and almost from 200 m in the case of
30°S. ROM represents this feature well in both temperature and depth,
with apparently no differences with SODA. It is noteworthy that ROM
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accurately reproduces the temperature vertical structure between 100
and 200 m near the coast better than SODA, probably due to a higher
resolution here (e.g. Vazquez et al., 2022). Also ROM reproduces better
the deepening of the upwelling at 30°S, providing a good latitudinal
representation of the Humboldt upwelling system (e.g. Oyarzin and
Brierley, 2019).

Since the Humboldt upwelling is practically non-seasonal from 5°S to
40°S (Kampf and Chapman, 2016), the two cross-sectional transect in
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JJA presents a structure very similar to that in DJF. In both latitudes,
ROM reproduces well the thermal vertical structure of the upwelling.
However, SODA seems to overestimate the upwelling at 30°S, leading to
clearly colder temperatures at the surface for regions closer to the coast.
Therefore, ROM is able to reproduce better than SODA the observed
latitudinal and seasonal structure of the Humboldt upwelling system.
The ROM’s ability to reproduce coastal upwelling opens the possi-
bility of assessing with great accuracy the impact of climate change on
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the coastal upwelling, as well as the mechanisms responsible for them.
6. Conclusions

A detailed assessment of the regional climate, both present and
future, requires increasingly sophisticated tools. State of the art GCMs
are able to capture the large-scale mechanisms, while RCMs, which
downscale the GCM climate variables, provide higher horizontal reso-
lution in specific regions. However, as these RCMs only represent the
atmosphere or ocean independently, important processes, influenced by
ocean-atmospheric interactions can be missed in the downscaled signal.
Therefore, in this study, we propose to assess the ability of the
atmosphere-ocean regionally coupled model, ROM (REMO-OASIS-
MPIOM) to simulate the climate of the South American continent and
the surrounding ocean, and compare it with its atmospheric component
REMO, which prescribes the ERA-Interim SST.

In order to simulate the climate of the South American continent and
the relevant ocean-atmosphere interactions, our simulation covers a
large domain that includes the eastern tropical Pacific and most of the
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Nino3 region. Therefore, it is important to assess the ability of our
coupled model to accurately reproduce the most important large-scale
mechanisms. For instance, both REMO and ROM reproduce well the
upper-level high-pressure centers (Bolivian high), reproducing well the
associated atmospheric circulation and humidity distribution. This is not
unexpected, as at the upper atmospheric levels, the influence of the
coupling should not be important. However, the impact of the coupling
is clearly seen in the simulation of the ITCZ, as it is heavily influenced by
the location of the region of high SST, which is prescribed in the REMO
case. But this specification leads to a too strong convection in REMO,
due to the lack of the cooling of the SST by evaporation, which is present
in ROM. These factors are reflected in the seasonality of the ITCZ pre-
cipitation: in DJF, REMO presents a better representation of the spatial
distribution and intensity of the ITCZ precipitation (Fig. S2). ROM
presents a double band in the ITCZ, a common trait in coupled models
(Zhang et al., 2015). However, in JJA the ITCZ over South America is
better represented by ROM, and its precipitation is closer to ERA5,
especially over the Amazon.

As could be expected, strong differences between the coupled and
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uncoupled simulations can be found in the lower levels of the atmo-
sphere and in the precipitation. For instance, ROM improves the simu-
lation of the position and intensity of the SPA as well as its seasonal
migration (Fig. S5), which may be associated with the colder SST in the
east and with warmer conditions in the west due to poleward advection
of warmer air in the lower troposphere, which enhances the subtropical
zonal SST gradient (Seager et al., 2003). Also, coupling provides a better
representation of the seasonal cycle of sea level pressure in the Nino 1 +
2 and SPA regions. Moreover, ROM and REMO present similar values to
the simulated interannual SLP variability for the period 1980-2017 in
the two regions and for JJA and DJF, which is reflected in the Perkins
score and the PDFs. However, the simulation of the interannual vari-
ability is better in REMO.

The coupling also improves the simulation of the temperature over
land, with ROM showing a lower bias, as reflected in the AV. Some of
these improvements are associated with a better representation of the
monsoon system. Although the spatial distribution of the biases is
similar in both models, the magnitude is lower in ROM. The DJF
improvement in northeastern Brazil and Chaco plains could be related to
a better simulation of the South American monsoon system (Vuille et al.,
2012).

Over the ocean, DJF biases in ROM present a more complex pattern
than in REMO, which presents only positive biases. The coupling leads to
negative biases near the Pacific coasts, north of the equator and in the
subtropics, with positive biases in the tropical interior oceans Over the
ocean, the simulated T2m is strongly influenced by the SST. As in REMO
the SST is prescribed (from ERA-Interim), the biases are stronger in ROM
and reflect the modeled SST (Fig. S6). For instance, the cold biases off
Chile coast and the warm bias along the Peruvian coast and the Nino 1 +
2 region, are likely related to the representation of the upwelling
processes.

Coupling also influences the simulated precipitation over the conti-
nent, as is illustrated by the AV. Inland, outside the Andes, where
convective precipitation is predominant, the biases show a similar
spatial distribution, but their magnitude is different. The improvements
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that coupling brings to the simulation of the precipitation show a
marked seasonality, which could be pointing to an improvement of the
transport of humidity from the Atlantic ocean.

As shown above, even if the atmospheric model has an “ideal”
oceanic forcing (ERA-Interim), a high resolution interactive SST could
improve important features of the simulated atmospheric circulation,
such as the SPA, the JJA ITCZ and the South American monsoon system.
A better representation of atmospheric circulation leads to improved
simulation of the surface air temperature and precipitation. However,
our results show that SST biases (inherent in coupled models) can lead to
a worsening of the simulation, understanding that the atmospheric cir-
culation depends on the magnitude and spatial distribution of the SST, as
in the case of the DJF ITCZ. In DJF, the spatial distribution of positive
SST biases, covering the tropical Pacific, especially in the Nino 1 + 2
region, leads to the overestimation of precipitation in the ROM.

ROM allows us to simulate with high resolution the coupled ocean
variability in the eastern Pacific, a region that is characterized by sig-
nificant SST biases. The biases in the annual cycle are warmer than the
observations during most of the year and although it reproduces well the
interannual variability of the SST it is not able to simulate extraordinary
events, underestimating the intensity as the strong El Nino (1983 and
1997). Both features seem to be related to a too thick thermocline that
reduces the warming during El Nino events.

The ROM’s high oceanic resolution allows for a good simulation of
the Humboldt upwelling. For instance, the coastal vertical structure is
better resolved than in SODA and comparable with the observations,
making ROM an useful tool for the study of the climate in this region,
which harbors one of the most important ecosystems in the world.

When comparing the ROM and REMO simulations presented here
one should keep in mind that for REMO we have used an “ideal” forcing
both in the lateral and lower boundaries. Thus, the main results of this
paper can be summarized as follows:
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- Our regional coupled model shows the ability of improving impor-
tant features of the climate in South America, especially in the
western side of the Continent.

- Over the ocean, ROM improves the simulation of the South Pacific
Anticyclone.

- The coupling improves the simulation of the precipitation in the
regions affected by the transport of humidity from the ocean.

- The high ocean resolution allows for a good representation of the
Humboldt Current upwelling system.

- ROM is a good tool for studying the climate of South America.

The results here give ground to the future use of ROM to gain a
deeper insight into the South America by the end of twenty-first century.
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