Climate Dynamics (2021) 56:537-557
https://doi.org/10.1007/500382-020-05490-1

=

Check for
updates

Multi-model climate projections of the main cyclogenesis hot-spots
and associated winds over the eastern coast of South America

- Rosmeri Porfirio da Rocha' © - Natalia Machado Crespo’

- Luiz Felippe Gozzo®

Eduardo Marcos de Jesus'
Michelle Simbes Reboita?

Received: 27 February 2020 / Accepted: 5 October 2020 / Published online: 15 October 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

In this study, multi-model ensembles are used to understand regional features of future climate trends of cyclones and associ-
ated winds in eastern South America. For this, we consider three cyclogenetic hot-spot regions located in south-southeastern
Brazil, extreme southern Brazil-Uruguay, and southern Argentina, named, respectively, RG1, RG2 and RG3. The multi-model
ensembles consist of four RegCM4 downscalings (RegCM4s) nested in three different global circulation models (GCMs)
from CMIP5 under RCP8.5 for the period 1979-2100. ERA-Interim, and CFSR provide the reanalyses ensemble. For the
present climate (1979-2005), RegCM4s and GCMs simulate the main characteristics of the cyclone’s genesis and propaga-
tion. There is greater agreement between RegCM4s and reanalyses regarding the magnitude and location of stronger winds
associated with intense cyclones starting in RG1 and RG2. An important added value is the greater ability of RegCM4s to
capture the observed features (phase and amplitude of the annual cycle, intensity, and near surface winds) of cyclogenesis
starting in regions away from the boundary domain, such as in RG1 and RG2. In these regions, RegCM4s present smaller
(higher) error (correlation) for the frequency of cyclones than GCMs, which improves the representation of cyclones for
the whole southwestern South Atlantic domain. RegCM4s are able to simulate in greater agreement with reanalysis than
GCM:s, the initially stronger cyclones and associated low level winds. For these intense cyclones in the future climate, an
intensification of low-level winds off the coast (south-southeast Brazil and south Argentina) and a shift to the south of the
upper-level polar jet are projected. Furthermore, there is a clear trend towards decrease in the number of cyclogeneses in
each hot-spot region, indicating that each intense cyclone will be associated with stronger low level winds near the eastern
South America coast at the end of the twenty-first century.
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1 Introduction redistribution of heat, moisture and momentum in the atmos-

phere (Peixoto and Oort 1992). In terms of day-to-day vari-

Cyclones are low-pressure systems associated with intense
rotation from lower to upper levels of the troposphere. From
a climate perspective, cyclones are crucial to the north—south

< Eduardo Marcos de Jesus
eduardo.jesus @iag.usp.br

Departamento de Ciéncias Atmosféricas, Instituto
de Astronomia, Geofisica e Ciéncias Atmosféricas,
Universidade de Sao Paulo, Sdo Paulo, SP, Brazil

Instituto de Recursos Naturais, Universidade Federal de
Itajub4, Itajuba, MG, Brazil

3 Bauru Meteorological Centre (IPMET), Faculdade de
Ciéncias, Universidade Estadual Paulista (Unesp), Bauru, SP,
Brazil

ability, cyclones cause abrupt weather variations and adverse
conditions such as intense winds and heavy precipitation
(Knox et al. 2011; Pfahl and Wernli 2012; Hawcroft et al.
2018; Brancus et al. 2019; Bentley et al. 2019). The eastern
coast of South America is the most populated zone in the
continent, and cyclones have important economic and soci-
etal impacts in the region through storm surges (Muis et al.
2016; Ribeiro et al. 2019; Reboita et al. 2010, 2020), high
waves (da Rocha et al. 2004; Cecilio and Dillenburg 2019),
and intense winds and precipitation (da Rocha and Caetano
2010; Machado et al. 2016; Utsumi et al. 2017; Gramciani-
nov et al. 2019).

There are three main cyclogenetic hot-spot regions over
eastern South America (Reboita et al. 2010, 2018; Crespo
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et al. 2020): the first specifically located in south-southeast
Brazil; the second in extreme southern Brazil and Uruguay;
and the third in southern Argentina; and they are labeled as,
respectively, RG1, RG2 and RG3. Cyclogenesis in regions
RG3 and RG2 are primarily associated with the mid and
upper-level troughs from the westerlies, which arise from
baroclinic instability (Necco 1982; Seluchi 1995; Sinclair
1996; Vera et al. 2002; Reboita et al. 2012; Crespo et al.
2020). For both regions, the position of the jet stream and
the frequent occurrence of potential vorticity (PV) streamers
near the cyclogenetic regions contribute to a more baroclinic
environment, especially in summer for RG3 and in winter
for RG2 (Crespo et al. 2020). The presence of the Andes
Mountains also contributes to cyclogenesis in these regions
through the lee effect (Sinclair 1995; Hoskins and Hodges
2005), and, particularly in RG2, by inducing a semi-station-
ary upper-level wave, with the respective trough located near
Uruguay (Satyamurty et al. 1980; Reboita et al. 2012).

Other important factors for cyclogeneses in RG2 are:
warm and moist air advected from the Amazon basin by
the South American low-level jet (Sinclair 1996; Silva et al.
2011) enhanced baroclinicity forced by strong sea surface
temperature gradients associated with the Brazil-Malvinas
confluence (Sinclair 1995; Gramcianinov et al. 2019), and
diabatic processes (da Rocha et al. 2010; Reboita et al.
2012). Cyclogenesis in RG1 is also associated with baro-
clinic instability and the dynamics of the upper-level sub-
tropical jet, especially in winter (Hoskins and Hodges 2005;
Gramcianinov et al. 2019; Crespo et al. 2020). However,
diabatic processes (moist convection and air-sea energy
transfer) and low-level circulation associated with both the
low-level jet east of the Andes Mountains and the South
Atlantic Subtropical Anticyclone have great influence on
cyclogenesis over RG1 (Sinclair 1995; Vera et al. 2002; da
Rocha et al. 2010; Piva et al. 2011; Reboita et al. 2012;
Gozzo et al. 2017; Gramcianinov et al. 2019). In function
of these characteristics, RG1 is the most favorable region
for the development of subtropical cyclones in the South
Atlantic, i.e., one-third of all cyclogeneses in RG1 in austral
summer-autumn have a subtropical vertical structure (Gozzo
et al. 2014).

Enhanced availability of atmospheric moisture and
modification in the meridional gradients of temperature in
response to climate change may modify cyclone develop-
ment and storm tracks around the globe (Watterson 2006;
Tierney et al. 2018). Analyses of the current climate already
indicate certain trends in cyclone features. For the Southern
Hemisphere (SH), Simmonds and Keay (2000), using NCEP-
NCAR reanalysis for the period 1970-1990, found a 10%
reduction in cyclogenesis in the latitudinal belt 70°S-30°S.
Focusing on winter storms, Pezza and Ambrizzi (2003) also
obtained a decreasing trend in the total number of events, but
with an increase in more intense ones from 1973 to 1996. On
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the other hand, there are studies showing positive trends in
the number of cyclones over the SH in different reanalysis
data (Allen et al. 2010; Wang et al. 2013, 2016). Regarding
this discrepancy, Reboita et al. (2015) point out that there
may be important differences in cyclone trends as a function
of the analyzed period and region; for instance, they found
negative and positive cyclone frequency trends, respectively,
near southern Argentina and eastern Uruguay. Therefore, it
is of fundamental importance to discover whether numeri-
cal atmospheric circulation models are able to represent the
climatology and characteristics of cyclones in the present
climate and on a regional scale in order to gain confidence
to explore future climate change scenarios.

A great number of studies using a wide range of Global
Climate Models (GCMs) or Regional Climate Models
(RCMs), from the most simplified to the most complex
ones, have shown cyclone projections for all of the SH or
for oceanic basins without focusing on the specific cyclon-
egetic regions. Most individual studies using a wide range
of GCMs show that a poleward shift of the storm track is
expected in both hemispheres in response to climate change
(Fyfe 2003; Bengtsson and Hodges 2005; Wu et al. 2011;
Tamarin-Brodsky and Kaspi 2017; Mbengue and Schneider
2017; Zappa 2019). This shift is associated with a displace-
ment of the upper-level westerly winds toward the pole and
an expansion of the Hadley circulation cell. Stratospheric
ozone depletion over SH high latitudes is also expected to
play a role in this shift during the second half of the twen-
tieth century according to Grise et al. (2014) while other
studies discuss the possibility of an equatorward shift of the
storm track due to anthropogenic forcings (Ming et al. 2011;
Pfahl et al. 2015), and, in recent years, due to the strato-
spheric ozone recovery (Banerjee et al. 2020). Shaw et al.
(2016) analyzed the complexity of this discussion, point-
ing that the thermodynamic response of the atmosphere to
global warming may lead to different possible shifts of the
storm tracks in the future.

The representation of storm tracks and characteristics
of individual cyclones can be significantly impacted by the
resolution of numerical models. The refinement of the reso-
lution of climatic projections by downscaling methods is
expected to better represent the crucial role of latent heat
release in cyclone development (Willison et al. 2013; Mar-
ciano et al. 2015) and of smaller-scale features associated
with wind, precipitation extremes, and cold and warm fronts
(Giorgi 2019; Reboita et al. 2020). Extremes of precipitation
and wind are projected to become more frequent accord-
ing to high-resolution GCMs and downscaling experiments
(Bengtsson et al. 2008; Champion et al. 2011; Pryor et al.
2012; Reboita et al. 2020). With respect to air-sea interac-
tions, Feng et al. (2019) pointed out that that low-frequency
variations associated with oceanic forcings in the North
Pacific storm track are improved when the resolution of
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the European Centre for Medium-Range Weather Forecasts
(ECMWF) model increases.

Uncertainties in climate projections arise from the limited
theoretical knowledge of physical processes, the incomplete
description of certain processes in the model, or from the
parameterization of small-scale phenomena (Knutti et al.
2010). The multi-model ensemble approach is frequently
used to minimize these uncertainties by combining models
of similar structures into a single projection. With respect to
the Northern Hemisphere (NH), GCM and RCM ensembles
corroborate the accentuated decrease in cyclone frequency in
winter and summer seasons in the future (McDonald 2011;
Zappa et al. 2013). Some analyses of GCM ensembles indi-
cate a decrease in extreme low-level winds associated with
extratropical cyclones in basin-wide or hemispheric scale
(Zappa et al. 2013; Chang et al. 2018) while others have
identified an increase in these winds on a regional scale
(Leckebusch and Ulbrich 2004; Zappa et al. 2013), and for
sting jets within the Shapiro-Keyser cyclones (Martinez-
Alvarado et al. 2018). For the upper troposphere, Mizuta
(2012) showed that many CMIP5 models (Taylor et al. 2012)
project an enhanced polar jet in the future, leading to the
formation of more intense surface cyclones, especially over
the North Pacific.

Analyses performed using RCMs reinforce the afore-
mentioned and observed the current climate decrease in the
total number of cyclones over the SH, but considered future
climate change scenarios (Kriiger et al. 2012; Pepler et al.
2016; Reboita et al. 2020). The projected decrease reaches
-11.4% over the southwestern Atlantic Ocean (SAO) at the
end of the twenty-first century as revealed by a downscaling
of the Regional Climate Model version 4 (RegCM4) nested
in HadGEM2-ES GCM (Reboita et al. 2018). According to
these authors, RegCM4 downscaling added value to GCMs,
improving the spatial pattern of cyclogenesis over the whole
SAO. This would result from the use of more appropriate
parameterization schemes for cumulus convection and tur-
bulent heat fluxes together with better representation of the
topography in RCMs, one of crucial aspects for cyclogenesis
in eastern South America.

Investigations of the future changes in the wind field
associated with extratropical cyclones as well as trends
focusing on specific cyclogenetic hot-spots over the SH
are still scarce. Chang et al. (2017), based on 26 simula-
tions of CMIP5-GCMs, found a consistent increase in
extreme 850 hPa and near-surface winds in winter cyclones
in the SH. However, these results represented an average
between 30 and 60°S. Considerable spatial dependence on
the response of the models (Reboita et al. 2020) suggests
that further investigations with a regional approach would
be useful. Hence, further research related to future changes
in the lower and upper-level winds associated with intense
extratropical cyclones is greatly needed, especially in the

regional context (Catto et al. 2019; Zappa 2019), and, to
our knowledge, this is the first study addressing this topic in
relation to South America.

In this context, our objective is to understand regional
aspects of future climate trends of cyclones in eastern South
America through multi-model ensembles. We also focus on
the trends of intense cyclogenesis (according to relative
vorticity) and associated winds for systems starting in the
three main cyclogenetic hot-spots. Therefore, we assess the
historical period and four projections from RegCM4 down-
scaled into three CMIP5 GCMs under RCP8.5, this being
a new approach for the region. We present for the first time
the future trends of the winds related to intense cyclogenesis
in a warmer climate, which is crucial to prepare the popula-
tion and create mitigation plans in eastern South America.
The present analysis contributes with the discussion of the
response of cyclogenesis and its impacts on climate change
in the SH.

The study is organized as follows: Sect. 2 describes the
data and characteristics of the simulations, along with a
description of the cyclone-tracking algorithm; Sect. 3 dis-
cusses cyclone density and wind fields in the present and
future climates; and Sect. 4 presents the summary and
conclusions.

2 Data and methods
2.1 Data

We used the dataset of the ERA-Interim from ECMWF
(Dee et al. 2011) and the Climate Forecast System Rea-
nalysis (CFSR) from the National Center for Environment
Prediction (NCEP; Saha et al. 2010) to obtain a reanaly-
sis ensemble mean. We used ERA-Interim and CFSR data
with horizontal grid spacing of, respectively, 1.5°x 1.5° and
0.5°%0.5° of latitude by longitude and time frequency of
each 6 h (00, 06, 12, and 18 UTC).

2.2 RegCM4 downscaling in the CREMA project

RegCM4 is the limited area model used here. Basically,
RegCM4 solves the equations for a compressible atmosphere
using a hydrostatic dynamic core in the sigma-pressure verti-
cal coordinate (Giorgi et al. 2012).

RegCM4 simulations used in this study are from the
CREMA (CORDEX REgCM4 hyper-MAtrix experiment)
Project described by Giorgi et al. (2014). CREMA is a mini-
ensemble of RegCM4 downscaling for different CORDEX
subdomains considering two RCPs (4.5 and 8.5; Riahi
et al. 2011) and three CMIP5 GCMs as initial and bound-
ary conditions. Specifically for the South America domain,
RegCM4-CREMA downscaling has ~ 50 km of horizontal
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grid spacing, 18 sigma-pressure levels for continuous runs
covering the period 1970-2100.

The three CMIP5-GCMs used in CREMA downscaling
are: HadGEM2-ES (Martin et al. 2011), MPI-ESM-MR
(Giorgetta et al. 2013), and GFDL-ESM2M (Dunne et al.
2012), which provides the global model ensemble mean
(GCMs). These models have horizontal resolution varying
from approximately 1.25 to 2.5 degrees (Table 1).

From CREMA, we used four RegCM4 downscaling dif-
fering in terms of GCM forcing and physical parameteri-
zations as synthetized in Table 1. These RegCM4 simu-
lations provide the regional ensemble mean (RegCM4s).
All RegCM4 simulations analyzed in this study used the
parameterizations of short and longwave radiation from
NCAR-CCM3 (National Center for Atmospheric Research-
Community Climate Model version 3; Kiehl et al. 1996),
Holtslag et al. (1990) to solve boundary layer processes,
and SUBEX to calculate the grid scale precipitation (Pal
et al. 2000). According to Table 1, RegCM4 simulations
consider the Emanuel (Emanuel and Zivkovic-Rothman
1999) and Grell (Grell 1993) parameterizations to represent
deep moist convection while the land-surface-atmosphere
interaction processes are solved by Community Land Model
version 3.5 (CLM3.5; Tawfik and Steiner 2011) or the Bio-
sphere—Atmosphere Transfer Scheme (BATS; Dickinson
et al. 1993). The pressure deepening associated with precipi-
tation over the continent is a characteristic feature preceding
most of the oceanic cyclogenesis in southeast South America
during the year (Reboita 2008; da Rocha and Caetano 2010;
Gozzo et al. 2014). In this way, both convective and land-
surface-atmosphere parameterizations are expected to play
arole in the cyclone climatology near the coast.

Only the RCP8.5 high greenhouse gas emission scenario is
analyzed since it is the only one with four members while the
RCPA4.5 has only one simulation available in CREMA-South
America (da Rocha et al. 2014). More details related to the

Table1 RegCM4 CREMA simulation setups and GCMs used as
boundary conditions and physical parameterizations (land-surface
and convective schemes)

Forcing GCM to RegCM4 RegCM4 land- RegCM4
surface scheme convective
parameteri-
zation
MPI-ESM-M (1.875 % 1.875) CLM3.5 Emanuel
GFDL-ESM2M (2.0225 x2.6) CLM3.5 Emanuel
HadGEM2-ES (1.25x%1.875) CLM3.5 Emanuel
HadGEM2-ES (1.25x 1.875) BATS Emanuel
over ocean
and Grell
over land

The horizontal grid spacing (in degrees) of GCMs are in parentheses
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CREMA-South America simulations performance are found
in Llopart et al. (2014) and da Rocha et al. (2014).

2.3 The cyclone tracking algorithm

Cyclones are identified using an algorithm based on the
cyclonic relative vorticity described in detail by Reboita et al.
(2010). In a nutshell, the algorithm initially searches for mini-
mum values of cyclonic relative vorticity (negative values in
the SH). The minimum is defined by comparing the grid point
with the 24 surrounding points. The cyclone center takes on
the minimum value that also needs to be smaller than a pre-
defined threshold at each time step. In a next step, vorticity
fields are refined using a finer grid to have a greater accuracy
to locate the cyclone center. In a final stage, the algorithm
searches for the next location of the cyclone center extrapolat-
ing the mean velocity between two previous time steps.

Cyclone tracking can be computed from different vari-
ables: mean sea level pressure, relative vorticity and geo-
potential height (Murray and Simmonds 1991; Sinclair
1996; Hanley and Caballero 2012; Trenberth 1991; Blender
et al. 1997). Uncertainties associated with different methods,
as well as comparisons between them, are documented in
Neu et al. (2013). Trackings based on relative vorticity are
extensively used to study cyclone climatology and trends
(Sinclair 1995; Hoskins and Hodges 2005; Gozzo et al.
2014; Flaounas et al. 2014; Reboita et al. 2018; Gramciani-
nov et al. 2019; Crespo et al. 2020) since they are suitable
to identify both weak systems and cyclones embedded in
the westerly flows that may not be captured by the mean
sea level pressure field (Sinclair 1994). As cyclones with
both features occur over the subtropics or the southern tip
of South America, we opted to track cyclones by using the
vorticity method.

For the tracking, we employ thresholds for cyclonic rela-
tive vorticity at 925 hPa less or equal — 1.5x 10~ s™' and a
lifetime of at least 24 h. Before applying the tracking algo-
rithm, all datasets (reanalysis and simulations) are interpo-
lated to a regular grid with 1.5° latitude by 1.5° longitude
using a bi-linear method in the “tracking area” (delimited
by red lines) shown in Fig. 1. We then analyze only the
cyclogenesis over the southwestern South Atlantic, i.e., from
the eastern coast of South America to the end of the track-
ing area over the ocean, referred to in the text as the South
Atlantic domain (SAD). The outputs of the tracking algo-
rithm are cyclone location (latitude and longitude), central
relative vorticity, and pressure, and the date at each 6 h.

2.4 Cyclones: climatology, trends, and associated
winds

The information of the cyclone tracking allows the calcu-
lation of several quantities such as cyclogenesis (the first
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Fig.1 RegCM4 simulation domain (blue lines) and topography
(shaded), cyclones tracking area (red lines; 15-57°S; 81-21°W),
main cyclogenetic regions (black lines; RG1: 23.5-32.5°S; 49.5-

location of cyclone) and trajectory (all positions of cyclone
during its lifecycle) densities, time series of the frequency,
and trend of cyclones. We calculate the densities using the
cyclone locations (latitude and longitude) projected on a
3°x%3° grid, and then, the number of positions is divided
by the grid area (km?) and multiplied by 10°. The annual
and monthly series of cyclone frequencies for the present
(1979-2005), near (2020-2050) and far (2070-2099) future
climate time slices are discussed to evaluate the trend of
cyclones in each cyclogenetic hot-spots.

In addition, the cyclone dates and positions are used to
obtain the associated wind speed for intense events. We ana-
lyze composites for lower (1000 hPa) and upper (300 hPa)
level winds associated with stronger cyclogenesis. For each
hot-spot region, we select only events with initial cyclonic
relative vorticity lower or equal to the 25 percentile of each
ensemble (Table 2) since relative vorticity in the Southern
Hemisphere is negative by definition. Although the cyclone
tracking is carried out at 925 hPa, we analyze the 1000 hPa
wind since it is the available level nearest to the surface with
direct impacts on the population and because the 10 m high
wind is not available for the three GCMs in Table 1.

3 Results
3.1 Present climate
a. Density and intensity of the cyclones

For the present climate (1979-2005; Fig. 2), the
annual mean cyclogenetic densities for reanalysis and

20°wW 10°E m

35.5°W, RG2: 33.5-42.5°S; 59.5-45.5°W, RG3: 43.5-52.5°S; 67.5—
53.5°W as defined in Reboita et al. (2010))

Table 2 Initial relative vorticity (X 107 s71) thresholds (25% per-
centile) for each ensemble used to identify intense cyclones in each
cyclogenetic region

Cyclogenetic Reanalysis GCMs RegCM4s
region

RG1 —2.61 —2.44 —2.68
RG2 —3.65 -3.07 —3.34
RG3 -3.09 -2.99 -3.63

These values are obtained for the historical period 1979-2005

simulation ensemble highlight three main cyclogenetic
regions: the southeastern Argentina coast (RG3), the
southern Brazil-Uruguay coasts (RG2) and the south-
eastern Brazil coast (RG1). These regions were also
identified in previous studies (Hoskins and Hodges
2005; Reboita et al. 2010, 2018; Gramcianinov et al.
2019; Crespo et al. 2020).

The GCMs and RegCM4s ensembles (Fig. 2b, c)
are able to simulate cyclogenesis densities in similar
locations as reanalyses (Fig. 2a). However, some dif-
ferences exist: for instance, along the Argentine coast
(~40°S-53°S) cyclogenesis is more widespread in the
RegCM4s compared to GCMs and reanalyses; i.e.,
GCMs better capture the local maximum of cyclogenesis
near 50°S of reanalyses. On the other hand, GCMs pre-
sent fewer cyclones to the east of 40°W in the SAD than
RegCM4s and reanalyses. Considering the SAD (see
Fig. 1), while the GCMs underestimate the frequency
of cyclones in — 18% per year, the RegCM4s present a
small overestimation of + 6%. Therefore, for the whole
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Fig.2 Annual mean of cyclogenesis density (shaded) for the present climate (1979-2005): a reanalyses, b GCMs and ¢ RegCM4 ensembles.
The density unit is cyclone per area (km?)x 10° per year. In the right corner of the figures is also shown the annual mean and standard deviation

SAD the bias in RegCM4s is considerably lower than in
GCMs, which represents an important added value of
the dynamic downscaling, although the main patterns
of cyclogenesis in RegCM4s follow that of the forcing
GCMs.

Figure 3 presents the cyclogenesis (grey lines) and
trajectory (shaded) densities from cyclones begin-
ning in each main cyclogenetic region (RG1, RG2 and
RG3; see their locations in Fig. 1). For RG1, GCMs
and RegCM4s are able to capture the main features of
genesis and preferred trajectory of cyclones present
in reanalyses (Fig. 3a—c), however, while the GCMs
ensemble presents a considerable underestimation of the
annual frequency of cyclogenesis (26.6 +4.6), RegCM4s
(34.4+£6.6) is closer to the reanalyses (33.0 +£6.0). The
interannual variability of cyclones in RG1 is also better
reproduced by RegCM4s than GCMs as indicated by
similar standard deviations of RegCM4s and reanalyses
(also shown in Fig. 11). In reanalyses, cyclone trajec-
tories are concentrated near RG1 during most of their
lifetime (Fig. 3a). This is correctly represented by the
GCMs and RegCM4s (Fig. 3b, ¢). The concentration
of trajectories indicates the quasi-stationary character-
istic of most cyclones developing in RG1, also found by
Gozzo et al. (2014), while the others have preferential
displacement to the southeast.

The RG2 cyclogenesis hot-spot is located near the
border of Uruguay and southern Brazil (Fig. 3d, e,
f). In reanalyses, around 37.8 +5.7 cyclogeneses per
year occur in RG2, with more trajectory density over
the region and gradually decreasing to the southeast
(Fig. 3d). For RG2, the annual number of cyclogeneses
is underestimated by GCMs (34.6 +5.4) and overesti-
mated by RegCM4s (40.1+6.2). In terms of trajectories,
both ensembles have similar patterns as in reanalyses,
but both underestimate (overestimate) the density in the
region of maximum near the coast of Uruguay (between
30° and 20°W).
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The cyclogenetic region RG3 (Fig. 3g) has the highest
number of geneses per year (62.3 +7.4) over the eastern
coast of South America, which is in agreement with pre-
vious studies (Reboita et al. 2010; Kriiger et al. 2012;
Gramcianinov et al. 2019; Crespo et al. 2020). Despite
the similar trajectory density between the three ensem-
bles, GCMs and RegCM4s underestimate the number
of cyclogeneses per year (56.3+7.3 and 56.1+7.6,
respectively) compared to reanalyses (62.3 +7.4). How-
ever, having similar standard deviations, the ensembles
realistically capture the interannual variability present
in reanalyses. In addition, the maximum cyclogenesis
and trajectory densities are slightly displaced to the west
compared to reanalyses (Fig. 3g—i). In RG3, frequencies
and trajectories of cyclones are similar in both simula-
tion ensembles, which can be explained by the greater
proximity of the boundary of the RegCM4s domain,
resulting in greater influence from GCMs in the regional
downscaling.

For a more detailed evaluation, the annual cycles of
cyclogenesis frequency in the three main hot-spots and
for the SAD are provided in Fig. 4. For RG1 (Fig. 4a),
reanalyses present an irregular annual cycle charac-
terized by higher (lower) frequency of cyclones in
December-January (March). For most of the months,
the simulated frequency of cyclones in RegCM4s is
closer to reanalyses than that of GCMs, which is syn-
thetized by a higher correlation coefficient and a lower
mean square root error (RMSE). In RG1, the higher
frequency of cyclones in the austral summer is more
associated with thermodynamics than dynamic forc-
ing mechanisms (Reboita et al. 2010, 2012). Between
summer and autumn, the Brazilian current is warmer
than in the other seasons and transports warm water
poleward (Reboita 2008), which may contribute to the
intense transfer of latent and sensible heat to the adja-
cent air. Moreover, RG1 is a region where the moisture
flux transported by the low-level jet and the winds of
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Fig.3 Annual mean of cyclones trajectory density (shaded) and
cyclogenesis density (grey lines; intervals of 3.1, 18.1, 30.1, and
70.1) for RG1 (a, b, c—top), RG2 (d, e, f—middle) and RG3 (g, h,
i—bottom) hot-spots for: a, d, g reanalyses; b, e, h GCMs; and ¢, f, i

the South Atlantic Subtropical Anticyclone converge
(Gozzo et al. 2014, 2017), initiating a cyclonic circula-
tion. In addition to these thermodynamic processes, the
semi-stationary wave at mid-upper levels through the
effect of the Andes topography and/or transient waves
can disturb the surface, also contributing to cyclogenesis
in RG1 (Reboita 2008; Reboita et al. 2012, 2019).
GCMs and RegCM4s are able to simulate the
observed phase and amplitude (high correlations and
small RMSEs) of the annual cycle of cyclogenesis fre-
quency in RG2 (Fig. 4b), except by underestimation
in the peak months (July—August). In RegCM4, this
deficiency was associated with the simulation of mid-
level troughs with lower amplitude than in reanalyses
(Reboita et al. 2010). A transient trough in the middle-
upper troposphere moving from the South Pacific to the

RegCM4s. The density unit is cyclone per area (km?)x 10° per year.
The period is the present climate (1979-2005). The right corner of
the figures shows the annual mean and standard deviation

South Atlantic is the main forcing for cyclogenesis in
RG2 (Reboita et al. 2012).

For RG3, both ensembles simulate most of the fea-
tures of the annual cycle of cyclogenesis in agreement
with reanalyses, except in October (Fig. 4c). This is
reflected in a decrease in the correlations between simu-
lations and reanalyses. The weak amplitude (from 5 to
6 events per month in reanalyses) of the annual cycle
would be explained by the driver mechanisms occur-
ring during the year in RG3. Cyclogenesis in this region
results mainly from the regeneration of systems moving
from the west to the east after crossing the Andes and
baroclinic instability (Gan and Rao 1991; Hoskins and
Hodges 2005; Reboita et al. 2012).

For the SAD, the observed phase and amplitude of
cyclogenesis is better reproduced by RegCM4s than
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Fig.4 Annual cycle of the frequency (lines) and standard deviation
(shaded) of cyclogenesis in the present climate (1979-2005) for: a
RGI1, b RG2, ¢ RG3 and d South Atlantic domains. The correlations

GCMs, as indicated by smaller RMSE and similar cor-
relations. The use of an ensemble to obtain RegCM4s
results in small biases in the phase and amplitude of the
cyclogenesis annual cycle over the SAD and represents
a clear improvement compared with previous RegCM3/
CMIP3 (Kriiger et al. 2012) and only one CREMA
member (Reboita et al. 2018).

Histograms of central relative vorticity at cyclo-
genesis time in each hot-spot are depicted in Fig. 5.
Overall, the RegCM4 ensemble improves the GCMs
cyclogenesis intensities in both RG1 and RG2 (Fig. Sa,
b). There is greater agreement between RegCM4s and
reanalyses for both frequencies of weaker and stronger
cyclogenesis. For RG3, GCMs are closer to reanalyses,
while RegCM4s underestimate the frequency of weaker
cyclogenesis (cyclonic vorticity up to — 3x 107 s7!)
and overestimate the stronger ones (Fig. 5c¢). For the
whole SAD both ensembles show a similar frequency of
cyclogenesis weaker than — 4 x 107 s™! as a reflection of
each hot-spot region (Fig. 5d). An important point is the
better performance of RegCM4s to simulate very intense
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and RMSEs between reanalyses and simulations for the annual cycle
are indicated in each panel

cyclogenesis, presenting frequencies closer to the reanal-
ysis than GCM s for events up to — 5x 107 s~! (Fig. 5d).
This kind of cyclogenesis was greatly underestimated in
the previous regional downscaling of RegCM3 nested in
CMIP3 (Kriiger et al. 2012) and the NCEP reanalysis (in
the RG2; Reboita et al. 2010).
Winds associated with intense cyclones

It is well known that extratropical cyclones are associ-
ated with intense near surface winds and upper-level jet
streams (Browning 2004; Reboita et al. 2012; Dowdy
et al. 2019; Domingues et al. 2019). In this section, we
evaluate wind features associated with initially intense
cyclones in the three main cyclogenetic hot-spots.

Table 2 presents the thresholds of the 25th percen-
tile of the initial relative vorticity used to characterize
intense cyclogenesis in each hot-spot. These thresholds
are obtained from the historical period and used to iden-
tify intense events in both historical and future periods.
As already indicated by the frequency distribution in
Fig. 4, the RegCM4s thresholds are closer to reanalyses
than GCMs in RG1 and RG2, while the opposite occurs
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in RG3. Furthermore, comparing the three regions, the
stronger cyclogeneses in reanalyses and GCMs occur in
RG2, while in RegCM4s are in RG3.

For the present climate, in Fig. 6 we present the com-
posites of the wind at 1000 hPa for stronger cyclogenesis
in the three hot-spots selected using the thresholds in
Table 2. Figure 6 also highlights the boxes delimiting
the area of stronger winds near the coast used to calcu-
late the time series of the mean wind speed discussed in
Sect. 3.3. Both simulations reproduce the core of maxi-
mum northeasterly winds associated with intense cyclo-
genesis in RG1 in a similar location compared to the
reanalyses (Fig. 6a—c), to the northeast of RG1. Other
aspects observed in reanalyses, which are also captured
by the ensembles, are the intense easterly winds in the
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Fig.5 Annual frequency of the relative vorticity (x 10~ s™!) at cyclogenesis in the present climate (1979—2005) for: a RG1, b RG2, ¢ RG3 and d
South Atlantic domains

northern sector of the South Atlantic subtropical high
and an elongating band of southerly/southeasterly winds
from southern Brazil toward northeastern Argentina.
Reanalyses show the maximum northeasterly/north-
erly winds associated with intense cyclogenesis in RG2
located along the coast, from southeast Brazil to Uru-
guay (Fig. 6d). The location and intensity of the stronger
winds are very well reproduced by the simulations;
RegCM4s (Fig. 6f) simulate the region of intense winds
in greater agreement with reanalyses than GCMs, which
represent an important improvement in the wind field
representation compared to GCMs (Fig. 6e). According
to reanalyses, the intense cyclogeneses are associated
with more intense westerly/northwesterly winds in RG3
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Fig.6 Present climate (1979-2005) composites of the mean wind
(arrows and intensity in shaded, m s™1) at 1000 hPa associated with
intense cyclones in RG1 (a, b, c—top), RG2 (d, e, f—middle) and
RG3 (g, h, i—bottom) hot-spots for: a, d, g reanalyses; b, e, h GCMs;

(Fig. 6g), and their position is well reproduced by both
simulations (Fig. 6h, 1).

In general, for the three boxes highlighted in Fig. 6,
the wind speed at 1000 hPa is slightly overestimated
(~0.5t02.0ms™h by the ensembles, as shown by the
mean values in each panel in Fig. 6. In RG1 and RG2,
RegCM4s simulate the location of the stronger winds
associated with intense cyclones in better agreement
with reanalyses compared to GCMs. According to
these results, RegCM4s add value to the GCMs in the
representation of the near surface wind field. Another
important feature from reanalyses is the stronger winds
occupying the warm sector (northeast sector in the SH)
of the incipient cyclone, which is in accordance with
previous studies (Bengtsson et al. 2008) and is very well
captured by the ensembles.
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and c, f, i RegCM4s. The rectangles indicate the areas used to calcu-
late the mean wind speed; the values on top of each panel indicates
the mean wind and standard deviation inside the respective rectangle

The composites of wind at 300 hPa for intense cyclo-
genesis in each hot-spot are shown in Fig. 7. The upper
level jet associated with intense cyclogenesis in RG1 is
located to the south of the formation region, with gen-
esis occurring in the equatorial entrance of the jet stream
(Fig. 7a—c). According to Crespo et al. (2020), the jet
stream for all cyclogenesis occurring in RG1 is more
likely to be far from (close to) the region in summer
(winter). Nevertheless, the mean in Fig. 7 shows the jet
stream near RG1, which is related to a stronger influence
of the baroclinic instability for the stronger cyclogenesis.
The jet pattern occurs in reanalyses and simulations, but
reanalyses have a slightly stronger jet streak compared
to the ensembles (Fig. 7a—c).

In reanalyses the upper level jet stream (with two
maximum speed cores) is over and downstream RG2 for
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Fig.7 Present climate (1979-2005) composites of the mean wind
(arrows; magnitude in shaded, m s71) at 300 hPa associated with
intense cyclones in RG1 (a, b, c—top), RG2 (d, e, f—middle) and

RG3 (g, h, i—bottom) hot-spots for: a, d, g Reanalysis; b, e, h
GCMs; and ¢, f, i) RegCM4s. The rectangles indicate the cycloge-
netic regions

intense cyclogenesis (Fig. 7d). The location and inten-
sity of the maximum upper-level winds is reasonably
well simulated by the ensembles (Fig. 7e, f). However,
in simulations the jet stream is more elongated than in
reanalyses from the South Pacific, crossing the continent
and reaching the South Atlantic.

brings confidence to the evaluation of their climate
change scenarios.

3.2 Spatial trends: near and far future climates

For RG3, the upper-level jet in the ensembles has a
similar pattern in the reanalyses and models (Fig. 7h—j),
with GCMs showing greater similarities with reanalyses
in the vicinity of RG3 than RegCM4s. The position of
the upper-level jet streak confirms the strong influence
of baroclinic instability on the cyclogenesis in RG3,
which develops in the exit sector of the polar jet.

The previous discussion confirms that the ensembles
are able to reproduce the main climatological observed
cyclogenesis features (density, trajectory, intensity and
associated winds) in eastern South America, which

Trajectories

The spatial distributions of the trend in cyclone trajec-
tories for all life cycles starting in the three cyclogenetic
hot-spots are shown in Fig. 8. The trend is calculated
as the difference of the trajectory densities between the
future (near/far) and present climates. Hypothesis tests
were not included in cyclones density since they occur
in different grid points and we end up with many zeros,
which may affect the tests. Therefore, the climate change
signal needs to be carefully interpreted since cyclones
present high variability and the significance tests tend
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Fig.8 Trends of trajectories density (future “minus” present) for a, b, e, f, i, j near (2020-2050) and ¢, d, g, h, k, 1 far (2070-2099) future cli-
mates for GCMs and RegCM4s in a, b, ¢, d RG1, e, f, g, h RG2 and i, j, k, ] RG3. The density unit is cyclone per area (kmz) x10° per year

to be very patchy, as discussed by Pezza et al. (2008,
2012).

For the near future, both ensembles present a gen-
eral decrease in the cyclonic activity near southeastern
Brazil and the adjacent ocean, which are the main paths
from cyclones starting in RG1 (Fig. 8a, b). Some areas
of increasing cyclone trajectories surrounding the main
negative core are also projected, mainly to the north in
RegCM4s (Fig. 8b). This indicates a shift to the north
of preferred paths of cyclones starting in RG1 in the
near future climate. For cyclones starting in RG1, the
far future climate projections indicate a strong decrease
in the cyclone trajectories in a large area surrounding
RGl1, especially in GCMs (Fig. 8c, d).

In RG2, there is a projection of an increase in cyclone
activity in a wide area over the South Atlantic adjacent
to the coasts of Uruguay and Argentina in the near future
climate although there are still some areas of a weak
decrease in cyclone pathways (Fig. 8e, f). This pattern
is similar in GCMs and RegCM4s for near future projec-
tions, and it is consistent with present climate observa-
tions discussed by Reboita et al. (2015). On the other
hand, by the end of the century, a predominance of a
negative trend in trajectory densities for both ensem-
bles, with some spatial differences, is projected (Fig. 8g,
h). The GCMs ensemble projects a greater decrease in
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cyclone pathways over and near RG2 than RegCM4s,
and there is a northwest-southeast “line” of increase in
the trajectories in GCMs, also simulated by RegCM4s
(Fig. 8g, h). This feature would indicate a shift to the
south of the main pathways of cyclones starting in RG2.

There is agreement between ensembles regarding the
trajectory density trends for cyclones starting in RG3.
Both project a great decrease in the cyclone activity over
the South Atlantic, around 45°-50°S, in the near future
(Fig. 81, j), which will become stronger in the far future
(Fig. 8k, 1). The trends in Fig. 8 agree with the reported
decrease in the cyclone frequency over all South Atlantic
and a slight increase near Uruguay (Kriiger et al. 2012;
Reboita et al. 2018, 2020).
Lower and upper-level winds

For each cyclognetic hot-spot, Table 3 synthetizes
the mean relative vorticity of only initial intense cyclo-
geneses (25th percentile). They are expected to slightly
intensify in the near and far futures in the three hot-
spots according to RegCM4s projections, while in
GCMs this occurs only for RG1 and in the near future
for RG2 (Table 3). The variability of the relative vor-
ticity, as measured by the standard deviation, will also
increase in RegCM4s (Table 3). The projected changes
in the circulation associated with intense cyclogenesis
in the future climate are evaluated considering the trends
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Table 3 Mean and standard deviation of the initial cyclonic vorticity
(x 107 s71) for historical (bold) and near (italic) and far (underline)
future periods

Cyclogenetic region GCMs RegCM4s
RG1 - 3.16+0.67 -3.39+0.69
- 3.15+0.67 - 3.44+0.74
—321+0.68 —344+0.74
RG2 —4.06+0.92 —4.33+0.92
- 4.04+0.91 —4.32+092
—4.03+0.84 —4.35+0.94
RG3 - 3.75+0.67 —4.60+0.90
—-3.80+0.75 —4.71+0.99
=376+0.71 —4.66+0.95

(future “minus” present climate composites) of the wind,
respectively, at 1000 (Fig. 9) and 300 hPa (Fig. 10).

In the near future, for intense cyclogenesis there
are no remarkable changes in the circulation and wind
intensity near the eastern coast of South America at
1000 hPa, except in RG1 for GCMs (Fig. 9a) and RG2
for RegCM4s (Fig. 9f). The former projects a decrease
in the wind speed around 44°S (weakening of the west-

erly winds), while the latter projects an increase over the
ocean near Uruguay (36°S—-58°W).

Both GCMs and RegCM4s projections indicate the
development of an anticyclonic circulation in the RG1
and RG2 composites, located to the southeast of RG1
(Fig. 9a, b; centered on ~44°S-35°W) and RG2 (Fig. 9e,
f). The establishment of this anticyclonic circulation con-
tributes to reinforce the westerly winds at mid-latitudes
(Fig. 9a, b, e, f) and to explain the decrease in the trajec-
tory density during the near future climate for cyclones
starting in RG1 since the basic state becomes more unfa-
vorable for cyclogenesis (Fig. 8a, b).

For RG3, the most important projected change in the
low-level winds is the intensification of the westerlies
near RG3 and the establishment of a cyclonic circulation
to the southeast of the region (Fig. 91, j). These features
are more intense in GCMs than in RegCM4s, followed
downstream by an anticyclone, as also identified for
RGI1 and RG2.

Regarding the far future climate, the projections indi-
cate a general increase in the wind speed at 1000 hPa
associated with intense cyclogenesis (Fig. 9c, d). For
instance, in RG1 the northeasterly winds can be up to
1.5 m s™! stronger near the southeastern Brazilian coast
(Fig. 9c, d). For intense cyclogenesis in RG2, an increase
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in the 1000 hPa wind speed (up to 1 m s~!) near the
southeastern coast of Brazil is also projected (Fig. 9g, h),
i.e., to the north of the strongest winds associated with
cyclogenesis in the present climate (Fig. 6d—f). Also for
RG2, GCMs and RegCM4s indicate a strengthening
of the anomalous anticyclone over the South Atlantic
(centered on~53°S-35°W), i.e., to the southeast of that
for RG1 (Fig. 9c, d). A similar anticyclonic circulation
is also identified for the trends in anomaly fields, i.e.,
when for each period the cyclone composites are sub-
tracted from the current climatology (figure not shown).
Therefore, future changes in cyclones (frequency, tra-
jectories, etc.) help to understand the previously docu-
mented anomalous anticyclonic circulation found in the
mean fields over the South Atlantic in different climate
change scenarios (Rauscher et al. 2011; Kriiger et al.
2012; Reboita et al. 2018). Another feature that may
explain the stronger 1000 hPa wind speed in the future
is the slightly stronger cyclogenesis in RG1 and RG2 in
RegCM4s (Table 3).

The region of strong low-level winds associated with
intense cyclogenesis in RG3 presents a small decrease
in the wind speed over the northwestern part of the box
in the GCMs (Fig. 9k). In addition, the ensembles pro-
ject the intensification of low-level winds in two main
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regions (Fig. 9k, 1): far from RG3, i.e., northeasterly
winds will increase (up to 2 m s~!) near the southeast-
ern coast of Brazil (~30°S; 45°W), associated with
the intensification of an anticyclonic circulation in
the southeast of the South Atlantic; and to the south
of RG3 as a result of the intensification of an anticy-
clonic circulation (cyclonic circulation) over the South
Pacific (South Atlantic) in GCMs in about ~48°-58°S
(RegCM4s). Near the southern part of the domain, the
increase in the wind intensity would be a response of the
more intense horizontal pressure gradients in the future
climate as discussed by Reboita et al. (2020).

At upper levels, near future projections indicate an
increase in the jet speed near the cyclogenetic regions
RG1 and RG2 and a decrease to the south, indicating a
weakening (strengthening) in the upper-level polar jet
(subtropical jet) associated with intense cyclogenesis
(Fig. 10a, b, e, f). For RG3, GCMs (RegCM4s) simulate
a decrease (increase) in the jet speed upstream (north-
ward and over) the cyclogenetic region (Fig. 104, j).

For the far future, there is a strengthening of the upper
level jet anomalies for the three regions (Fig. 10c, d, g,
h, k, I); while GCMs project stronger anomalies for RG1
than RegCM4s (Fig. 10c, d), in RegCM4s the anomalies
for RG2 and RG3 are greater (Fig. 10g, h, k, 1) than in
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GCMs. Both RG1 and RG2 will be influenced in the far
future by positive anomalies of the upper level jet speed;
RG1, specifically, will be located right under the jet
streak entrance (Fig. 10c, d) while RG2 will be located
under the polar exit sector of the jet streak (Fig. 10g, h).
This suggests that intense cyclogenesis in RG1 and RG2
will occur under stronger upper-level jets in the future.
For RG3, however, this signal is not so clear (Fig. 10k,
D).

In general, far future projections indicate a shift to the
south of the jets, which is identified by (1) the weaken-
ing of the polar jet in the latitudinal band of 36°S-50°S
and strengthening to the south, which is a pattern con-
sistent with the shift to the south of the climatological
baroclinic zone; (2) a strengthening of the subtropical
jet, from the South Pacific to the South Atlantic in the
latitudinal band of 18°S-36°S, directly affecting RG1
and RG2. This strengthening in the upper-level jet
leads to a deepening in the stationary trough over the
Andes which generates (a) stronger cyclogenesis, and,
especially, the positive trajectory anomalies projected
from cyclones starting in RG2; and (b) the formation
of a ridge/anticyclone downstream, which lies above
the 1000 hPa anticyclonic anomalies (20°S—40°W to
50°S-30°W; Fig. 10), therefore configuring a barotropic
response to global warming; and (3) a strengthening of
the easterly winds in tropical latitudes northward of
18°S. These patterns have similarities to that found by
Reboita et al. (2018) for projections of the winter season

winds at upper levels, i.e., irrespective of whether there
are cyclogeneses or not.

3.3 Long-term mean trends: cyclogenesis
and winds

Another way to evaluate the trends of cyclogenesis in the
hot-spots is through the time series of the annual frequency
of events (Fig. 11).

As discussed before in the spatial maps, a higher (lower)
number of cyclogeneses in RegCM4s (GCMs) than in rea-
nalyses is observed. Nevertheless, according to Fig. 11,
RegCM4s have more ability to simulate the observed fre-
quency of cyclones in RG1 in the present climate, while
GCMs show a greater underestimation as already men-
tioned (Figs. 3, 4). This might be due to the greater ability
of RegCM4s to resolve smaller scale cyclonic systems and
diabatic processes which are important for most of the cyclo-
geneses in this region, as proposed by Gozzo et al. (2014).

For RG2, despite the closer proximity between the trend
lines of GCMs and reanalyses, on average for the pre-
sent climate a similar bias in cyclone frequency for both
ensembles can be seen (Fig. 11); the overestimation is + 6%
in RegCM4s, and the underestimation reaches — 8% in
GCMs. Both biases are relatively small since they do not
exceed + 10%. In the present climate, the underestimation of
the annual frequency of cyclones is similar for both ensem-
bles in RG3 (Fig. 11).
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Fig. 11 Observed (1979-2005) and simulated (1979-2099) time series of the annual mean frequency of cyclogenesis in RG1 (red colors), RG2

(blue colors) and RG3 (green colors). The bold lines indicate the trends
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There is a clear trend toward a decrease in the frequency
of cyclones in the present climate for the three cycloge-
netic hot-spots in the reanalyses (Fig. 11). Among the three
regions, reanalyses present a less steep decrease for RG2
and RG3 and a stronger negative trend in RG1.The simu-
lations are able to reproduce the reanalysis trends in RG2
and RG3 but not in RGI1. It is important to highlight that
for the 27 years of the present climate the negative trends
in Fig. 11 are not statistically significant at the 95% level
(p-value >0.05) according to the Mann—Kendall statistical
test (Kendall 1975; Mann 2008).

For the future climate, GCMs and RegCM4s followed
the same negative trend lines until the end of the twentieth
century in RG1 and RG2, but they diverge after ~2020-2030
in RG3 when GCMs present a steeper negative trend than
RegCM4s (Fig. 11). For the whole period (1979-2099), the
Mann-Kendall test indicates that the projected negative
trends are statistically significant (p-value <0.05).

For the three cyclogenetic hot-spots, reanalyses show a
strong interannual variability in the frequency of cyclones,
which is better captured by RegCM4s than GCMs in the pre-
sent climate (Fig. 11). This feature is a very important added
value of the dynamic downscaling, giving confidence to the
regional projections that continue to also indicate greater
interannual variability in the future climate. Another very
useful piece of information is the presence of low frequency

310

(decadal to multidecadal) variability of the cyclone fre-
quency superimposed on the general decrease; i.e., even
projecting a general negative trend, cyclones will be more/
less frequent in some decades than in others (Fig. 11).

The projection of decrease in the frequency of cyclones
in each cyclogenetic hot-spot contributes to a general nega-
tive trend for all cyclones over the SAD (Fig. 12). In this
case, a clear improvement of the dynamical downscaling in
reproducing reanalyses for both frequency and trend in the
present climate is also noted.

In order to synthetize the trends of winds at 1000 hPa
associated with intense cyclogenesis, Fig. 13 presents the
annual average of the stronger winds in the present climate
for each region (delimited boxes highlighted in Figs. 6, 9).
For the present climate, GCMs and RegCM4s overestimate
(by ~2 m s™!) reanalysis wind speed associated with intense
cyclones in RG3. However, for RG1 and RG2 the biases
(of~1 m s7!) are very small and of the same order as the
underestimation of local observations of near surface wind
speeds by reanalyses (Cardoso 2019).

Reanalyses indicate a positive trend in the wind speed at
1000 hPa associated with intense cyclones starting in RG1,
which is not captured by the ensembles (Fig. 13). Since in
reanalyses (and RegCM4s) the frequency of cyclones is
decreasing (both total—Fig. 1 1—and intense cyclones—fig-
ure not shown), each event is associated with stronger winds.
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On the other hand, GCMs have a different behavior since
their projections indicate an increase in stronger cyclogen-
esis (figure not shown). For the future climate, the intensity
of such winds will be similar to the present climate accord-
ing to the ensembles (Fig. 13). However, since the frequency
is decreasing in RegCM4s, each cyclone will have stronger
winds, but the opposite behavior is projected by GCMs.

There is also a positive trend in the wind speed for
stronger cyclones starting in RG2 in reanalyses, which
is very well captured by the ensembles (Fig. 13). In this
region, both ensembles project the same trend in the future,
as well as the negative trend of the intense events. For RG3,
RegCM4s capture both the weak positive trend of the wind
speed and the negative trend of these events (figure not
shown) as in reanalyses while GCMs do not present any
trend in the wind speed (Fig. 13). As for the cyclone fre-
quency, only the long term (1979-2099) trends of wind
speed at 1000 hPa (Fig. 13) are statistically significant
(p-value < 0.05) according to Mann—Kendall test.

4 Summary and concluding remarks

In this study, we use multi-model ensembles to understand
regional features of future climate trends of cyclones from
the three main cyclogenetic hot-spots (RG1, RG2 and RG3)
and associated winds in eastern South America. For this, we
consider three mini-ensembles, composed by four RegCM4
and three GCMs climate projections, and two reanalyses.

(blue colors) and RG3 (green colors). These averages were calcu-
lated in the region of maximum wind speed associated with intense
cyclones in the present climate (boxes in Figs. 6, 9)

Focusing on cyclones starting in these hot-spots, we analyze
the: (1) ability of the ensembles to reproduce cyclogenesis
features and winds associated with intense cases in the pre-
sent climate (1979-2005), using reanalysis as reference; and
(2) projections of cyclones and associated winds for near
(2020-50) and far (2070-99) future RCP8.5.

For the present climate, RegCM4s and GCMs simulate
the main characteristics of cyclone genesis and propagation,
leading to the conclusion that models could present con-
sistent climate change scenarios. On a regional scale, the
annual frequency of cyclogenesis in RG1 is best represented
by RegCM4s; in RG2 it is overestimated/underestimated in
the same way, and in RG3 it is overestimated by both ensem-
bles. For each cyclogenetic hot-spot, through cyclogenesis
and trajectory densities, it is confirmed that RegCM4s and
GCMs simulate the locations and the annual cycles similar
to reanalyses. An important added value is the greater abil-
ity of RegCM4s to capture the reanalysis features (annual
number of events, phase and amplitude of the annual cycle
and intensity) of cyclogeneses starting in the hot-spots that
are away from its boundary domain, i.e., in RG1 and RG2,
which does not occur in RG3. This last region is closer to the
RegCM4s lateral boundary, where GCMs exert a stronger
forcing on the simulation and regional downscaling, better
reflecting the large scale characteristics. For the hot-spots
away from the boundary, the regional model fine resolution
and physical parameterization have a great degree of free-
dom to solve diabatic and local circulation processes con-
ducting to cyclogenesis, especially in RG1 and RG2, where
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diabatic heating associated with moist convection and/or
air-sea interaction are important for cyclone development
(da Rocha et al. 2010; Reboita et al. 2012; Piva et al. 2011;
Gozzo and da Rocha 2013; Gozzo et al. 2014). In addition,
compared to previous analyses of only one member (Reboita
et al. 2018; Kriiger et al. 2012), the use of an ensemble
of simulations also attains more realistic reproduction of
cyclone climatology in the region. Therefore, these results
point out the advantages of using an ensemble of regional
downscaling to analyze cyclones over the eastern coast of
South America.

For the three hot-spots, reanalyses and ensembles show
stronger low-level winds associated with intense cyclogen-
esis occuring preferably in its northeastern sector (warm
cyclone sector). However, there is greater agreement
between RegCM4s and reanalyses regarding the magnitude
and location of these stronger winds for RG1 and RG2,
which represents an important RegCM4 added value to the
GCMs. As expected, both ensembles realistically represent
the intensity and location of the upper-level jet, with small
differences compared to reanalysis and which do not com-
promise the evaluation in future climate projections.

While in the far future scenario both ensembles project
an intense decrease in cyclones, for the near future projec-
tions the signal is weaker and not homogeneous with spe-
cific regional differences: (1) RG3 presents a trend toward a
decrease in cyclogenetic activity; (2) RGI indicates a gen-
eral decrease in the cyclonic activity near the southeastern
Brazilian coast and a shift to the north of their preferred
paths; (3) RG2 shows an increase in the cyclone activity in
a wide area over the ocean near the coasts of Uruguay and
Argentina. This last trend agrees with previous near future
projection studies (Kriiger et al. 2012; Reboita et al. 2018,
2020).

In terms of the mean circulation associated with intense
cyclogenesis (the 25th lower percentile of minimum relative
vorticity), at upper levels the far future projections indicate:
a shift to the south of the polar jet, which is a pattern consist-
ent with the displacement to the south of the climatological
baroclinic zone; a strengthening of the subtropical jet, from
the South Pacific to the South Atlantic, which generates (1)
stronger cyclogenesis, and, especially, the positive trajectory
anomalies projected for cyclones starting in RG2; and (b)
the formation of a ridge/anticyclone downstream. This ridge
lies above the low-level anticyclonic anomalies and therefore
results in a barotropic response to global warming.

A common and important projected change for the far
future is the intensification of the low-level winds, asso-
ciated with intense cyclogenesis, near the coast of south-
eastern Brazil. These winds will become stronger in the
eastern/northeastern sectors (warm sector in the SH) of
cyclogenesis. This mainly occurs as a consequence of the
intensification of the northwestern branch of anomalous
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anticyclonic circulation over the southeastern South Atlan-
tic, which is on average centered on ~35°W, but more to
the north (~40°S) for RG1 and to the south (~46°S) for
RG?2 and RG3 intense cyclogenesis.

Finally, for the present climate, there is a clear nega-
tive trend of the cyclogenesis frequency for each hot-spot,
especially in RG1, where reanalyses present a stronger
negative trend, which is underestimated by the ensembles.
For the three hot-spots, the ensembles project negative
trends of the frequency of intense cyclones to persist into
the far future together with an increase in the associated
low-level wind speeds. Therefore, the long term projec-
tions indicate that each intense cyclone will be associ-
ated with stronger low-level wind speed near the South
America eastern coast in the far future climate.

This study highlights the importance of monitoring
cyclogenesis near the southern/southeastern coast of Bra-
zil using climate models and how ensembles, especially
those of regional climate models, are able to represent
important observed features related to all (and intense)
cyclogeneses over the South America eastern coast.
Understanding how the low-level winds associated with
intense cyclones will change in the future climate is essen-
tial for future planning and mitigation strategies in order
to avoid damage to the population and economy. A further
analysis considering specific types of cyclones, such as
explosive (also called bombs) and subtropical cyclones
in the future climate projections would be valuable since
these systems cause considerable damage along the South
American coast.
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