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Abstract

In this study, we assess the performance of the Regional Climate Model version 4 (RegCM4) in simulating the climatol-
ogy of the cyclones near the west coast of South America. The synoptic evolution and seasonality of these systems are
thoroughly investigated. The analyses are based on four simulations from the CORDEX-CORE Southern America (SA)
domain, at 0.25° of horizontal resolution: one driven by ERA-Interim and three driven by different GCMs. The reference
dataset is represented by ERAS. Cyclones were detected by an objective scheme in the period 1995-2005 and classified
in three different classes: (i) Coastal Lows (CLs) and cyclones affecting the coast (CAC) (ii) crossing and (iii) not cross-
ing the Andes. In general, RegCM4 is able to reproduce the climatology of cyclones affecting the western coast of SA.
In particular: (i) CLs are shown to be more frequent in austral summer although their frequency is underestimated by the
simulations in this season; (ii) CAC not crossing the Andes represent 76% of all CAC and are more frequent in winter,
with simulation underestimating their frequency by ~22% due to the differences in the simulated upper-level jets, which
tend to get weaker (by ~5-10 m s~ ') northwards of 30°S; (iii) the frequency of CAC crossing the Andes tends to be
overestimated mainly in winter, which is associated with the combination of the stronger upper-level jets and weaker SLP
in the simulations, especially southwards of 40°S.
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2022). Many studies have already discussed the climatology

Cyclones are an important component of the atmospheric
circulation and to the hydrological cycle over Southern
America (SA). They are a relevant source of precipitation
and also of extreme wind and precipitation events (e.g. Pezza
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and dynamics of cyclones over the eastern part of the conti-
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et al. 2021; de Jesus et al. 2021). On the other hand, fewer
works describe the dynamics of these mid-latitudes systems
over the western part (Garreaud et al. 2002; Garreaud and
Rullant 2004; Rasmussen and Houze Jr 2016; Scaff et al.
2017; Gomez-Contreras et al. 2021). Besides extratropical
cyclones (ECs), the climatology of the synoptic systems
influencing the weather over the western SA (in ~ 30°S) also
includes cyclones known as Coastal Lows (Garreaud et al.
2002; Gémez -Contreras et al. 2021), which are associated
with migratory anticyclones and the orographic barrier of
the Andes. In addition, subtropical cyclones also occur in
southeastern South Pacific (Yanase et al. 2014), however, to
the authors’ best knowledge, only one case study described
the processes conducting to subtropical cyclogenesis in this
region (Silva et al. 2022).

As highlighted by several authors (e.g. Barrett et al.
2009; Garreaud 2009; Aceituno et al. 2021), the dynam-
ics of the synoptic disturbances reaching the extratropical
Andes is strongly influenced by the presence of mountains.
Many of the cyclones move from the central South Pacific
and reach the west coast of SA (e.g. Simmonds and Keay
2000; Reboita et al. 2015; Marrafon et al. 2021). Numerous
studies (e.g. Reboita et al. 2020; Crespo et al. 2021) show a
clear maximum density of cyclones between 40°S and 50°S
and extending from 90°W towards the SA west coast. ECs
transport humidity eastwards and, in function of the low-
level circulation, the air might be forced to ascend when
interacting with the Andes, enhancing orographic precipita-
tion events in Central-Southern Chile (Aceituno et al. 2021;
Valenzuela and Garreaud 2019; Espinoza et al. 2020).

Many ECs that affect the western SA, southwards of
30°S, are associated with cutoff lows, cold closed lows in
the mid-upper levels of the atmosphere detached from the
westerlies (Palmen and Newton 1969; Fuenzalida et al.
2005; Reboita et al. 2010; Pinheiro et al. 2017; Mufioz et
al. 2020) and potential vorticity cutoffs (Crespo et al. 2021;
Portmann et al. 2021). Some of these systems can develop
surface cyclogenesis, and they represent an important mech-
anism for generating precipitation in the coastal western
Andes, specifically in the Northern-Central portion of Chile
(Fuenzalida et al. 2005; Barahona 2013; Reboita and Veiga
2017; Muiioz and Schultz 2021) around 24°S, where they
account for up to 50% of the annual rainfall (Aceituno et
al. 2021).

Coastal Low (hereafter CL) was defined by Garreaud
et al. (2002) as ‘“shallow warm-core low pressure cells
with alongshore and cross-shore scales of 1000 and 500
km, respectively”. The genesis of CLs is associated with a
migratory surface anticyclone over southern Chile (~40°S),
which propitiates offshore south-quadrant low-level wind
that, in general, are reinforced by the southerly winds of
the eastern portion of the South Pacific Subtropical High

@ Springer

(SPSH). As the migratory anticyclone moves towards
northeast, adiabatic and stretching processes contribute to
the CL development as follows: the air from the south part
of the anticyclone ascends when approaching the Andes
Mountains - being adiabatically cooled - and the air column
shrinks, consequently, increasing the anticyclonic rotation
(see Fig. 4.11 from Holton and Hakim 2013). At same time,
in the north part of the anticyclone the air parcel is heated by
adiabatic compression when it blows down from the moun-
tains to the coast, followed by a decrease of the anticyclonic
vorticity due to the stretching of the air column, leading to
the formation of a CL. The downslope motion is further
reinforced by the west side of the trough at mid-upper level
associated with the cold air incursions over SA (see Fig. 8
from Garreaud 1999). From the climatological point of
view, the eastern side of the SPSH, north of 35°S (25°S) in
austral summer (winter), is characterized by a trough at the
surface, which is associated with the Andes subsidence (e.g.
Rahn and Garreaud 2014; Crespo et al. 2021; Andrelina and
Reboita 2021).

CLs are more frequent during the austral winter around
30°S, while in the other seasons the maximum tends to shift
towards ~34°S (Goémez-Contreras et al. 2021). According
to these authors, in ERAS reanalysis, the seasonal average
frequency of CLs is of 7 systems in summer, § in autumn, 12
in winter and 12 in spring. Furthermore, CLs cause relevant
and different weather changes over the coast and further in
the inland areas of Chile. CLs produce offshore flows and
enhanced subsidence in the subtropical coast, with a shal-
low maritime boundary layer, stratocumulus dissipation,
and warm conditions. In the northern sector of the CLs,
the strengthened westerlies cause cloudy and moist condi-
tions. Moreover, as CLs are associated with the occurrence
of enhanced subsidence over the continent (Mufioz et al.
2020), large temperature oscillation, drier and stable condi-
tions, clear skies, high temperatures at ~ 1000 m occur, and
therefore a worsening of the air quality in Santiago (Rutl-
lant 1981; Rutllant and Garreaud 1995, 2004; Gallardo et al.
2002; Saide et al. 2011).

Since the CLs and ECs significantly affect the weather
on the west coast of SA and there are only few studies ana-
lyzing the ability of regional climate models in simulating
them (e.g. Garreaud and Rutllant 2003; Reboita et al. 2020,
2021), the aim of this study is to evaluate the performance
of the RegCM4 (Giorgi et al. 2012) in simulating these
systems over the western coast of SA. The RegCM4 was
chosen for its good performance on simulating important
climate aspects in the SA domain, especially cyclones (e.g.
Reboita et al. 2020; de Jesus et al. 2021).

This paper is structured as follows: Background section,
discussing the classes of cyclones that will be addressed
in this study; Data and Methods, describing the datasets
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used and the methodology applied to identify and sort the
cyclones, based on the Background section; Results and
Discussion, discussing the climatological features of the
cyclones in the simulations compared to ERAS; and a final
section of Conclusions.

2 Background

The two types of low-pressure systems affecting the weather
of the southwestern coast of SA to the south of 17°S, the ECs
and the CLs, present different synoptic patterns, life cycles
and impacts on the continent. Thus, this section discusses an
example of each type aiming to help readers to follow the
results and conclusions (Sects. 4 and 5) more easily.

The synoptic descriptions are based on sea level pressure
(SLP), geopotential height at 500 hPa, equivalent poten-
tial temperature (0,) at 850 hPa, cyclonic relative vortic-
ity (RV) and air temperature at 925 hPa, relative humidity
and horizontal wind from 1000 to 400 hPa from the ERAS
reanalysis. Also, 24 h accumulated precipitation from
CPTEC-MERGE (Rozante et al. 2010) is used. Synoptic
fields are shown at the time when the systems’ circulation
(cyclonic RV at 925 hPa) reaches the coast.

The ECs are synoptic-scale low pressure systems typi-
cally associated with the passage of mid-upper troposphere
troughs over a region of strong low-level baroclinicity
(Schultz et al. 2019 and references therein) 20212022 They
may form near the Chilean coast or farther west (over the
South Pacific), later moving eastwards and reaching the
continent. In the latter case, ECs may impact Chile already
in its mature stage, with well developed fronts. An illus-
trative example of this kind is an EC that caused wide-
spread precipitation in central-southern Chile on June 30,
2000 (Fig. 1c). Accumulated daily precipitation reached
50 mm near the coast and up to 130 mm in localized areas
along the Andes. The cyclogenesis of this EC occurred
on June 28, around 110°W, with a pronounced baroclinic
trough configured at 500 hPa (figure not shown). When the
cyclone reached the continent, on June 30, it was already
in its mature stage, with an equivalent barotropic structure
(located at 80°W-50°S in Fig. 1a). The associated cold front
is evident in Fig. 1b as a region of sharp 0, gradient and
strong cyclonic RV near 34°S. Ahead of this frontal zone,
the northeastern flow transports warmer and wetter (higher
0.) air from lower latitudes towards Chile, configuring an
atmospheric river that fuels the precipitation events over
central-southern areas of the country. In this example, the
EC effectively moved over the South American coast, but
sometimes they can influence the coastal weather even
when their center stays and decays away from the coast. For

this reason, they will be referred to as “cyclones affecting
the coast” (CACs).

An example of CL occurred during the first days of July,
2000, just after the EC described before. An area of high
pressure with 1016 hPa moved from the west (Fig. 2a), and
when it was located beneath the 500 hPa ridge, it strength-
ened to 1024 hPa and merged with the SPSH (Fig. 2b). Two
days later, the elongated anticyclone flow contributed to the
formation of the CL (Fig. 2c). This development is in line
with the conceptual model of CLs formation presented by
Garreaud et al. (2002) and later studies (e.g. GémezCon-
treras et al. 2021). On July 05, the CL is identified by the
relatively low pressure near the coast at around 73°W-23°S
(Fig. 1d). The zonally elongated SPSH can also be seen in
the SLP field, and the geopotential height field displays the
500 hPa ridge, whose axis by this time was over Argentina.
This synoptic situation is associated with warming and
drying weather in most of Chile - high temperatures reach
latitudes up to 40°S (Fig. le). The 925 hPa horizontal wind
in this figure also shows a cyclonic circulation alongshore
from 20°S to 35°S. It can be inferred that central and north-
ern coastal Chile is under the influence of Andes’ downslope
winds, known in central Chile as Raco Wind (e.g. Mufioz
et al. 2020). The effects of CL in weather conditions can
be illustrated by the vertical variations of horizontal winds,
air temperature and relative humidity over north and central
Chile (Fuenzalida et al. 2005; Barahona 2013; Reboita and
Veiga 2017; Muifioz and Schultz 2021), and are exemplified
for Santiago (70.5°W-33.5°S) in Fig. 1 f.

This section highlights that CAC and CL features, devel-
opment and coastal impacts are significantly different. How-
ever, the automatic tracking method (Sect. 3.2) does not
discriminate between them, so cyclones need to be sorted
out after the tracking process before further analyses. The
sorting method, based on characteristics described in this
section, is presented in Sect. 3.3.

3 Data and methods
3.1 RegCM4 simulations and ERAS5 reanalysis

The climatologies of cyclones here analyzed are based on a
set of four different simulations produced with the Regional
Climate Model version 4 (RegCM4, Giorgi et al. 2012) in
the context of CORDEX-CORE project (Giorgi et al. 2022):
one driven by ERA-Interim (evaluation run, Dee et al. 2011)
and three driven by the global climate models (GCMs)
from the Coupled Model Intercomparison Project (CMIPS;
climate runs; Taylor et al. 2012). The GCMs used are: (i)
Hadley Center Global Environment Model version 2 (Had-
GEM2-ES; Collins et al. 2008), (ii) Max Planck Institute
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Fig. 1 Synoptic maps from ERAS5 reanalysis illustrating the two main types of cyclones that impact Chile. (a), (d) 500 hPa geopotential height
(black lines, in m) and SLP (shaded, in hPa) for EC and CL, respectively. Black (white) diamonds indicate the EC (CL) position determined by the
tracking algorithm; (b) EC 850 hPa equivalent potential temperature (shaded, in K) and 925 hPa cyclonic relative vorticity (in 1073 s7'); (¢) EC
accumulated precipitation from CPTEC-MERGE (in mm day™); (e) CL 925 hPa air temperature (shaded, in °C) and winds (vectors, in m s~ '); (f)
vertical profile of temperature (lines, in °C), relative humidity (shaded, in %) and horizontal wind from 0000UTC 01 July 2000 to 0000UTC 06
July 2000 in the city of Santiago [white dots in figures (d) and (e) indicate the location of Santiago (70.5°W-33.5°S)]

Earth System Model (MPI-ESM-MR; Giorgetta et al. 2013),
and (iii) Norwegian Earth System Model (NorESM-1 Bent-
sen et al. 2013). The choice of these GCMs as drivers to
RegCM4 was originally based on their relatively good per-
formance in reproducing the mean climate over the COR-
DEX-CORE regions (Elguindi et al. 2014) and by the fact

@ Springer

that they cover the range of possible climate sensitivities
in the CMIPS5 ensemble (Teichmann et al. 2021). Once the
three GCM-driven simulations have ability in reproducing
the features of CL and CAC in the present climate - object
of the present work - they could be used in further stud-
ies to provide an insight on possible future climate changes
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Fig. 2 Synoptic maps from ERAS reanalysis in the days prior to the formation of the CL. SLP (black contours, in hPa), geopotential height at
500 hPa (white contours, in m) and air temperature at 925 hPa (shaded, in °C) are presented for (a) 0000 UTC 29 June, (b) 0000 UTC 01 July and
(¢) 0000 UTC 03 July, 2000. SPSH stands for South Pacific Subtropical High and H stands for the transient anticyclone. The white diamond in (c)
indicates the position of the CL, and the white triangles in (a-c) indicate the position of the EC determined by the tracking algorithm.

of these systems. The dynamical downscaling in the four
simulations were carried out using 25 km as horizontal grid
spacing and 23 sigma-pressure levels.

In the scientific literature, the analysis of the recon-
structed EC activity over a specific area suffers from an
important limitation. In fact, while for tropical cyclones the
observational tracks are usually available, for ECs no refer-
ence tracks exist and, thus, it is difficult to assess the reli-
ability of the simulated cyclone activity and of the related
weather fields (e.g. wind and precipitation). In general,
the approach followed in this case is to compare the simu-
lated cyclone activity with an ensemble of models or with
reanalysis, which uses model to assimilate all observational
dataset available to reconstruct atmospheric variables, such
as ERA-Interim or ERAS, which should provide the best
possible estimation of the synoptic field employed to detect
and track cyclones.

In this work we use ERAS as a reference dataset (Hers-
bach et al. 2020) to evaluate the simulated cyclone activ-
ity and associated synoptic atmospheric variables. The
reason for such a choice relies on the fact that ERAS has
been shown to exhibit several improvements in the SLP and
wind fields with respect to former ERA-Interim (Belmonte
Rivas and Stoffelen 2019; Dullaart et al. 2020; Molina et
al. 2021), which have been widely used so far as reference
data to evaluate cyclone activity and associated synoptic
patterns (e.g. Neu et al. 2013; Flaounas et al. 2018; Reboita
et al. 2020; 2021) over different CORDEX domains. More-
over, ERAS has finer resolution than other reanalyses, being
more suitable to evaluate local scale processes such as flow-
topography interaction, which play a fundamental role in
the dynamics of CLs. At the same time, it has a similar reso-
lution to the simulations and this should make the compari-
son more straightforward (Reale et al. 2021).

The period of evaluation of the RegCM4 performances
is 1995-2005 with a specific focus on the extended austral
winter and summer seasons: June-July-August-Septem-
ber-October-November (hereafter JJASON/winter) and

December-January-February-March-April-May (hereafter
DIJFMAM/summer) respectively.

3.2 The cyclone tracking algorithm

Over the last decades, different automatic schemes have
been adopted to detect and track cyclones. Each of these
approaches reflects the lack of consensus on what a cyclone
really is, which results, in turn, in the use of different physi-
cal variables such as SLP or RV to reconstruct the clima-
tologies of cyclones in a specific area (e.g. see Neu et al.
2013). Several studies based on the IMILAST dataset (e.g.
Neu et al. 2013; Ulbrich et al. 2013; Lionello et al. 2016;
Flaounas et al. 2018; Reale et al. 2019) have pointed out that
the choice of a specific variable to detect and track cyclones
could influence the resulting climatology. Because of that,
the use of different automatic schemes on the same original
dataset should be a better approach for describing the life
cycle of cyclones. However, as the purpose of this study
is to evaluate the performance of RegCM4 in reproducing
the main feature of the cyclones over the west coast of SA,
the evaluation of the sensitivity of climatologies to different
cyclone definitions is left for a further study.

Cyclones are identified and tracked with an automatic
scheme in ERAS5 and RegCM4 datasets. The scheme com-
putes the RV by using 6-hourly u and v wind components
at 925 hPa and identifies the minima of RV using the near-
est-neighbor approach. For each cyclone, the algorithm
provides latitude, longitude and the RV at the center. Only
cyclones with lifetime > 24 h and initial RV < -1.5x 1073 57!
are included in the study (for more details see Reboita et al.
2010). The domain chosen for the tracking is 95.0°W-21.0°W
and 15.0°S-54.5°S. Being a limited domain, cyclones can
enter in the analysis area or have genesis inside it. Then, we
will not focus on the cyclogenesis but in the cyclone stage
when they reach the west coast of SA. In the case of CLs,
they have their genesis always inside the domain.

@ Springer
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3.3 Classification of coastal lows and cyclones
reaching the coast

We adopted the following criteria to separate the cyclones
detected by our tracking scheme in CL and CAC:

i) First, we select all cyclones whose centers are located
westwards of 71°W;

ii) A cyclonic center is classified as CL if its genesis occurs
within 71°-76°W and 20°-35°S (their typical region of
formation, as exemplified by the case in Sect. 2) and if
the distance traveled is <1500 km (since CLs are con-
sidered stationary systems);

iii) Cyclones that are not CLs are considered CAC when
they reach the longitudinal band of 71°W-85°W. As
shown in Sect. 2, important weather impacts may be
occurring along the coast while the cyclone center is
tracked far off over the South Pacific (Fig. 1b). This can
also happen when the cyclone center is even farther,
but their fronts extend toward the coast associated with
continental precipitation, for example. The longitudinal
band was chosen to account for these two situations;

iv) Finally, we also separate the CACs in those crossing the
Andes and those dissipating near the coast. For those
crossing Andes, we only considered systems south-
wards of 40°S when they reach the continent at 71°W.

3.4 Validation of the simulations

The track densities of the simulated systems are compared
with those from ERAS. Statistics significance tests for the
track densities were not computed since they tend to be very
unequal and difficult to analyze (Pezza et al. 2008, 2012).

The same will be done for the synoptic composite fields
of CLs and CACs. For the CLs we analyze —48 and —24 h
apart from their genesis. For the CACs we first consider the
timestep when cyclones reach 85°W and then (based on this
timestep) we select —24 and 24 h apart from this timestep
for the cyclone’s life cycle. It is important to note that the
precipitation composite is represented by the accumulated
precipitation during the cyclones’ life cycle inside the lati-
tudinal range of 85°-71°W for the ones that do not cross
the Andes, i.e., when they are expected to affect the coast.
The variables used for both cyclones categories are based
on case studies (discussed in Sect. 2). In that sense, for CL
we analyze SLP, temperature at 925 hPa, and geopotential
height at 500 hPa. For CAC we considered the same fields
together with specific humidity and horizontal moisture
transport at 850 hPa, accumulated precipitation, and upper-
level winds at 250 hPa.
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4 Results and discussion

This section aims to describe the seasonal climatological
aspects of CLs and CACs in terms of genesis and track den-
sities, the large-scale evolution, and to validate the simula-
tions through comparisons. In both cases ERAS is used as
reference.

4.1 Coastal lows (CLs)

Figure 3 presents the seasonal frequency of CLs genesis and
track densities. CLs are more frequent during austral sum-
mer than in winter. During summer there are two centers of
genesis around 30°S, whereas in the winter CLs maxima
are more meridionally extended and their offshore displace-
ment is shorter than in summer (Fig. 3a-b). Nevertheless,
the track densities show that CLs travel short distances in
both seasons (443.5+73.6 km for all cases), in agreement
with literature (Garreaud et al. 2002; Garreaud and Rutllant
2003).

Regarding the simulation biases, there is an underesti-
mation of the frequency of CL genesis and track density in
summer equatorwards of 35°S, whereas polewards there is
an overestimation (Fig. 3c,e,g,i). Biases in the track density
are quite similar among the four simulations, although Reg-
Nor shows greater underestimation, which might be due the
coarser resolution and to a weaker simulated SPSH in the
driving GCM (figure not shown), which negatively impacts
the frequency of CL formation. In winter the simulations
mainly overestimate genesis and track densities of CLs
(Fig. 3d,f,h,)), especially RegERAI. One explanation for the
overestimation might be due to the more intense simulated
SPSH and the tendency of the driving dataset to simulate its
location closer to the continent. In addition, the four simu-
lations underestimate the track density around 33°S (espe-
cially RegMPI).

Figures 4 and 5 show ERAS and the simulation biases
of the synoptic evolution from 48 h prior until the CLs for-
mation during austral winter. In the 48-hours time window
previous the genesis (-48), a trough at 500 hPa with an axis
around 80°W moves towards the South Atlantic (Fig. 4a;
the same pattern occurs in austral summer). 24-hours after
(-24), the trough practically crosses the Andes (south of
40°S) with a northwest orientation of its axis over the west
coast of SA, driving the adiabatic heating of the atmospheric
column near the coast of Chile. Near the surface, the SPSH
core shows a strengthening and a displacement towards the
west coast. As the anticyclone approaches the continent, its
southern (northern) sector ascends (descends) the Andes.
Then, the adiabatic heating is amplified by the mid-level
trough which reduces the sea surface pressure leading to the
CL genesis (from — 24 to 0 h; Fig. 4a). This pattern occurs in
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both winter and summer. The adiabatic heating around 30°-
40°S over the Andes and west coast can be inferred through
the higher temperatures than the neighborhood at 925 hPa
(Fig. 5a).

The composites in Figs. 4 and 5 are in agreement with
those shown in Garreaud et al. (2002) for austral winter.
By the time of CL formation (0 h), SPSH is intensified by
a mid-tropospheric ridge, and a surface transient anticy-
clone develops to the east of the Andes. This anticyclone
reinforces easterly winds towards the Cordillera, warming
up and drying the Chilean central Valley (Rutllant and Gar-
reaud 2004; Mufioz et al. 2020). 24 and 48 after genesis,
the SPSH tends to weaken while the temperature and winds
over the continent decrease.

In general the four simulations tend to underestimate
(with respect to ERAS) the SLP field southwards of 40°S
over the South Pacific and to overestimate it over the South
Atlantic (as shown in Fig. 4b-e). The simulations, thus,
tend to produce weaker anticyclonic circulation between
the South Pacific and SA (Fig. 4b-e), especially RegMPI.
Because of that, the simulations present lower temperatures
over the southern tip of SA and higher temperatures over
continental areas in the latitudinal band of 30°-40°S due to a
stronger northerly flow east of the Andes (Fig. 5b-e). On the
other hand, at this same latitude band, in the western side of

the Andes there is a cold bias, which might indicate a less
efficient adiabatic heating due to the weaker circulation of
the near-surface anticyclone.

4.2 Cyclones affecting the coast (CACs)

Here, we discuss the cyclones classified as CAC, which will
be divided in two classes: “not crossing the Andes” (that
disappears near the coast) and “crossing the Andes”.

4.2.1 Track and displacement

a) Not crossing the Andes

The cyclones classified as not crossing the Andes repre-
sent~76% of all CAC and are more frequent during winter
(~32 systems) compared to summer (~ 19 systems; Fig. 6a-
b). RegHad and RegMPI tend to reproduce better the ERAS
frequency of the systems in summer (Fig. 6e,g). On the
other hand, in winter all the simulations underestimate the
number of systems by ~22% on average. In terms of track
density, there is an underestimation of the signals in the off-
shore areas of the continent (over the South Pacific) in both
seasons.

The underestimation of cyclones might be due to the dif-
ferences in the simulated strength of the upper-level jets.
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Fig. 4 Climatological evolution of the synoptic environment (from 48 h previous until genesis) of CLs in winter. a) SLP (shaded; hPa) and geo-
potential height at 500 hPa (m; lines) in ERAS and b-¢) the bias of the simulations regarding ERAS (model “minus” ERAS; dashed lines indicate
negative values). The blue rectangle in a) indicates the region of CLs genesis

In fact, all simulated upper-level jets tend to be weaker (by
~5-10 m s~ ') to the north of 30°S (figures not shown). This
could affect the movement of cyclones over western South
Pacific towards the selected domain. Moreover, jet streams
located to the north of 30°S are important for cutoff low for-
mation (Garreaud and Fuenzalida 2007) which could gener-
ate CACs’ development and intensification over the eastern
South Pacific (Campetella and Possia 2007). In contrast,
there is an overestimation of cyclone track density along the
west coast of SA and southern 50°S - possibly due to the fact
that cyclones move faster - confirming, as mentioned above,
the stronger simulated jet streams at higher latitudes. Note

@ Springer

that Fig. 6 shows the first detected location (lines) inside the
tracking domain of CACs not crossing Andes, which does
not necessarily indicate the actual genesis site.

b) Crossing the Andes

The numbers of CACs that cross the Andes are quite sim-
ilar for both seasons, as also their track density (Fig. 7a-b).
Two higher frequency centers, one over the South Pacific
and the other over the South Atlantic, indicate that systems
crossing the Andes might regenerate near 45°S-60°W and/
or be intensified by the Brazil-Malvinas currents confluence,
which transfers baroclinicity to the atmosphere (Reboita et
al. 2012). Simulations tend to overestimate the number of
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systems in both seasons, especially in winter. This overesti-
mation could be explained by the combination of simulated
stronger upper-level jets and lower SLP over the region,
especially southwards of 40°S (figure not shown). In both
seasons, RegERAI and RegNor are in better agreement with
ERAS (Fig. 7c-d and i-j), due to their better representation
of the SLP field over the South Pacific (figure not shown).
RegMPI and RegHad basically simulate a double of sys-
tems during winter with respect to ERAS5 (Fig. 7f, h).

4.2.2 Time evolution

Figures 8, 9 and 10 show the synoptic evolution of differ-
ent atmospheric variables for CAC not crossing the Andes,
from 24 h prior (-24) to after (+24) genesis, and the bias of
the simulations with respect to ERAS. Considering ERAS
(Fig. 8a), a mid-level low-amplitude trough is centered in
~88°W 24 h previous to the cyclogenesis accompanied by
relatively lower pressures underneath over the South Pacific
(around 40°-50°S), while at 200 hPa the upper-level jet is
zonally oriented between 30°-40°S, from the South Pacific
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to the South Atlantic (Fig. 10a). At the same time, the south-
erly winds in the eastern side of the SPSH contribute to
northward advection of cold and dry air along the west coast
of SA in lower latitudes (Fig. 9a). However, large amounts
of precipitation are found to the south of 30°S as a conse-
quence of the cyclone approaching the continent, especially
over land (Fig. 11a).

Although the simulations are able to reproduce qualita-
tively well the spatial pattern of the atmospheric fields shown
by ERAS at this time step, they tend, in general, to overesti-
mate the SLP southern 40°S over the South Pacific, mainly
RegERAI and RegNor (Fig. 8b-e). These pressure differ-
ences do not seem to significantly affect the wind intensity in
the simulations (biases of up to +2 m s~ '; Fig. 9b-e) but they
affect precipitation over land and ocean. As the simulations
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adequately represent the low-level winds, the reason for the
cold bias along the coast of Chile could be associated with
cloud cover and precipitation. Indeed, in Fig. 11b-e there is
an overestimation of accumulated precipitation over Chile
(to the north of 40°S) and Argentina (to the south of 40°S)
in all simulations, whereas underestimation occurs over the
ocean and near the coast. Even knowing that precipitation
biases must be analyzed carefully - since gridded data may
contain errors and not accurately represent the reality of cer-
tain regions, or extreme events, especially the ones with few
observations (Tozer et al. 2012) -, our intention is to provide
a general view of the climatological signal of precipitation
associated with CACs that do not cross the Andes. Simu-
lations also capture well specific humidity fields, except
northward of 30°S where a moist bias over the South Pacific
and a dry one over the continent are noted (Fig. 9b-¢). More-
over at 200 hPa the upper-level jet appears to be displaced
southwards, as shown by the positive bias in the wind inten-
sity mainly in RegHad and RegMPI (Fig. 10b-e).

On the cyclogenesis day (0) in ERAS, the most relevant
differences in relation to the previous day are the amplifica-
tion of the trough over the South Pacific, the slight curvature
of the upper-level jet (Figs. 8a and 10a) and the amplified
cyclonic circulation at lower levels (Fig. 9a). By now, it is
noticeable that CACs have their genesis as a consequence
of dynamic processes (mid-latitude baroclinic waves). This
is in agreement with previous studies, such as Vera et al.
(2002), Hoskins and Hodges (2005), and Reboita et al.
(2012). The biases in the simulations follow the same pat-
tern described in -24, except by the low-level winds show-
ing that simulations produce weaker cyclones compared to
ERAS (approximately 15% weaker; Fig. 9).

The atmospheric fields 24 h after the cyclogenesis (+24)
show a clear eastward displacement of the trough at mid-
upper levels; at this time, the eastern sector of the trough
reaches SA (Figs. 8 and 10). While the baroclinic wave
crosses the Andes at mid-upper levels, cyclolysis occurs
between the South Pacific and the Andes at the surface.
Moreover it is also verified a weakening of the circulation at
925 hPa 48 h after genesis (figure not shown) on the eastern
side of the SA, indicating no regeneration of the cyclones
over the South Atlantic. Nevertheless, our study also shows
that there are cyclones that weaken when they reach the
continent and regenerate in the eastern side of SA after
the upper-level baroclinic wave crosses the Andes (CACs
crossing the Andes).

5 Summary and conclusions

This study assesses the performance of RegCM4 in simulat-
ing cyclones that impact the western coast of South America
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(SA). First, a background of what classes of cyclones affect
the western SA was presented through two case studies,
describing the evolution of synoptic fields accompanied
by the impacts near the coast. These first analyses focused
on extratropical cyclones (ECs) and Coastal Lows (CLs).
The second step consisted in tracking the cyclones using
an automatic algorithm based on relative vorticity. The
algorithm was applied to the ERAS reanalysis, which was
our reference dataset for comparison and in four RegCM4
simulations forced by ERA-Interim and three GCMs for the
period 1995-2005.

Cyclones were then classified into three classes: CLs and
ECs affecting the coast (CAC) splitted into the ones that do
not cross the Andes and the ones that cross the Andes. The
assessment was based on genesis and track densities and the
synoptic evolution of the cyclones. The results in ERAS and
in the respective simulations - named as RegERAI, RegHad,
RegMPI and RegNor - showed that for:

Coastal Lows

e They are more frequent during austral summer than
in winter. In summer there are two centers of genesis
around 30°S, whereas in the winter CLs are more merid-
ionally extended and their offshore movement is smaller
than in summer;

e In summer, simulations underestimate genesis and track
density equatorwards of 35°S, whereas polewards of
this latitude there is an overestimation. RegNor under-
estimates by 50% the CL genesis, which might be due to
the coarser resolution and to a weaker simulated SPSH
in the driving GCM;

e In winter, simulations overestimate genesis and track
densities of CLs, especially RegERAI (~11% more
systems). One explanation might be due to the more
intense and much closer to the continent SPSH in the
simulation;

e During the CL evolution, the four simulations produce
a weaker anticyclonic circulation between the South
Pacific and SA. With a weaker flow crossing the Andes
at latitudes near 45°S, lower temperatures are simulated
over the southern tip of SA and higher temperatures over
continental areas in the latitudinal band of 30°-40°S.

Cyclones crossing the Andes

e The number of systems and their track density are quite
similar for winter and summer;

e The simulations overestimate the number of systems
in both seasons, especially during winter. This could
be explained by the combination of the stronger upper-
level jets and weaker SLP in the simulations, especially
southwards of 40°S;
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Fig.8 Climatological evolution of the synoptic environment (from 24 h previous until 24 h after genesis) of CAC not crossing the Andes in winter.
a) SLP (shaded; hPa) and geopotential height at 500 hPa (lines; m) in ERAS and b-e) the bias of the simulations regarding ERA5 (model “minus”

ERAS; dashed lines indicate negative values)

e The simulations that show better performance are RegE-  Cyclones not crossing the Andes
RAI and RegNor.
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in ERA5 and b-e) the bias of the simulations regarding ERA5 (model “minus” ERA3; lines intervals from —4 to 4 at each 1 gkg™")

e They represent~ 76% of all CAC and are more frequent during winter than summer;
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e RegHad has small bias of the number of systems that are all simulations underestimate the number of systems by
first detected inside the domain during summer, whereas ~22% in winter;
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Fig. 11 Climatological accumulated precipitation (mm) from 24 h previous until 24 h after the first detection of CAC not crossing the Andes in
winter in a) ERAS and b-e) the bias of the simulations regarding ERAS (model “minus” ERAS)

e There is an underestimation in the frequency of cyclones
by the simulations in the offshore areas of the domain
(over the South Pacific) that might be associated with
the simulated strength of the upper-level jets, which in
all simulations are weaker (by ~5-10 m s™!) than in
ERAS to the north of 30°S. In contrast, the overestima-
tion along the west coast of SA might be related with
a faster movement of the simulated cyclones and the
stronger jet streams at higher latitudes;

e RegERAI and RegNor have better performances to rep-
resent the synoptic evolution of these systems.

This study contributes to the knowledge of cyclones that
affect the western coast of SA by describing their synoptic
characteristics, impacts, seasonality and, more importantly,
the ability of RegCM4 in simulating them in a systematic
way. Overall, the RegCM4 is able to represent the character-
istics of both ECs and CLs, with better representation when
forced by specific GCMs. Further studies on how these
results rely on GCMs are important.
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This is a first assessment that provides initial knowl-
edge for further studies on how climate change impacts
cyclones over the region. Moreover, understanding these
systems’ evolution and monitoring them is very important
for planning and mitigation strategies in order to avoid
negative impacts along the western coast of SA and over
Chile (such as abrupt air temperature changes over the con-
tinent, enhancement of air pollutants and high accumulated
precipitation).
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