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Abstract

Changes in the characteristics of austral winter (June—July—August) synoptic activity in three domains (Africa, Australia and
South America) of the extratropical Southern Hemisphere projected with the Regional Climate Model version 4 (RegCM4)
are presented. The model is nested in three global climate models (GCMs) from the Coupled Model Intercomparison Project
phase 5 (CMIP5) under the Representative Concentration Pathway 8.5. The model grid spacing is 25 km and the simulations
cover the period 1970-2100. Synoptic activity is analyzed using both Eulerian and Lagrangian approaches. The Eulerian
analysis shows an increase of the synoptic activity south of 40° S in the RegCM4 and GCMs ensembles for the future
(2080-2099) compared to the present (1995-2014), but this signal does not necessarily indicate an increase in the cyclone
frequency since it includes cyclonic and anticyclonic features. The Lagrangian analysis, however, indicates a decrease in the
frequency of cyclones, with a positive tendency towards stronger systems, although the latter is not statistically significant
at 95% confidence level. Lifetime, traveled distance and mean speed of the cyclones do not present statistically significant
changes in the future climate. On the other hand, a significant increase in both intensity and extension of areas affected
by precipitation associated with cyclones is found. As a consequence, there is a statistically significant trend of individual
cyclones to produce more rainfall in the future.

Keywords Extratropical southern hemisphere - Cyclones - Precipitation - Cyclone tracking scheme - RegCM4 - CORDEX-
CORE
1 Introduction

Cyclones out of the tropics, which are the focus of this
study, are responsible for abrupt changes of local weather
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conditions, in terms of precipitation (e.g. Catto et al. 2015)
and winds (e.g. Ashley and Black 2008; Bitencourt et al.
2011). Strong winds produced by extratropical and subtropi-
cal cyclones can disrupt the aero and maritime transport,
interrupt power supplies and cause storm surges affecting
coastal regions etc. (da Rocha et al. 2004; Nissen et al. 2010;
Pepler et al. 2016; Brasiliense et al. 2018; Lionello et al.
2019; Reboita et al. 2019a). Cyclones are the main cause of
precipitation at mid-latitudes (Hawcroft et al. 2012; Hunt-
ingford et al. 2014; Reboita et al. 2018; Kodama et al. 2019),
and flooding in coastal regions (Pitt 2008; Pfahl and Wernli
2012; Hawcroft et al. 2018; Lionello et al. 2019). In addi-
tion, extratropical cyclones are extremely important for the
climate system, since they redistribute heat and moisture
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between mid-latitude and polar regions (Peixoto and Oort
1992; Fasullo and Trenberth 2008; Shaw et al. 2016).

In extratropical regions, the main climatological features
of cyclones can be obtained through Eulerian and Lagran-
gian methods. The former was introduced by Blackmon
(1976), and is based on the analysis of the variance of the
synoptic time-scale bandpass-filtered Sea Level Pressure
(SLP) fields. Since then, this method has been applied
in several studies (e.g., Hoskins and Hodges 2019). The
Lagrangian method is based on the detection and tracking
of individual storms using automatic procedures applied
to the SLP, relative vorticity or other appropriate meteoro-
logical fields (Murray and Simmonds 1991; Sinclair 1994;
Lionello et al. 2002; Hoskins and Hodges 2005; Lionello
and Giorgi 2007; Ulbrich et al. 2009, 2013; Neu et al. 2013;
Reale et Lionello 2013; Reboita et al. 2015, 2018; Lionello
et al. 2016; Flaounas et al. 2018; Reale et al. 2019; Kodama
et al. 2019). One of the first studies using an algorithm to
track extratropical cyclones was developed by Murray and
Simmonds (1991).

Both approaches are widely used not only on reanalysis
data (e.g. Neu et al. 2013; Reboita et al. 2015) but also on
General Circulation Model (GCMs, e.g. Ulbrich et al. 2013)
and Regional Climate Models data (RCMs, e.g. Lionello
and Giorgi 2007; Reboita et al. 2010, 2018; Flaounas et al.
2018). Some modeling studies have investigated the behav-
ior of cyclones in future climate in several regions of the
world. For example, Yin (2005), Bengtsson et al. (2009), and
Grieger et al. (2014) analyzed GCMs projections and found
a poleward shift of the storm tracks and, in conjunction with
it, a predominant decrease in the frequency of cyclones in
the Southern Hemisphere (Chang et al. 2016), especially the
strongest (Michaelis et al. 2017).

Lionello and Giorgi (2007) employed for the first time
an RCM to evaluate climate change impacts on the cyclone
climatology for the Mediterranean region. They used the
Regional Climate Model version 3 (RegCM3; Pal et al.
2007), under the A2 and B2 scenarios of the Intergovern-
mental Panel on Climate Change (IPCC), and found an
increase (decrease) in the winter cyclonic activity over west-
ern Europe (in the Mediterranean area), an intensification of
cyclones in the north Mediterranean and a northward shift
of the mid-latitude storm tracks. Reboita et al. (2010) were
the first to simulate the climatology of extratropical cyclones
over the South Atlantic Ocean with a RCM, in this case also
the RegCM3. The model was able to reproduce the main fea-
tures of the cyclone activity in the three cyclogenetic regions
near the South America coast (southeastern Brazil, south
Brazil/Uruguay and southeastern Argentina). Similarly,
Kriiger et al. (2012) nested RegCM3 in the HadAM3 GCM
for downscaling the cyclone climatology over the South
Atlantic Ocean and found a decrease in the total number of
cyclones of — 7.2% and — 4.7% for the A2 and B2 scenarios,
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respectively. Recently, Reboita et al. (2018) nested the
RegCM4 model (Giorgi et al. 2012) in the HadGEM2-ES
GCM under the RCP8.5 scenario (Moss et al. 2010) over the
South Atlantic Ocean. For the end of the century, they found
a decrease up to — 6.5% in the annual frequency of cyclones
in RegCM4 and — 3.6% in HadGEM2-ES, in agreement with
the estimations provided by Kriiger et al. (2012). Similar to
these authors, the projections of Reboita et al. (2018) did
not indicate any statistically significant future change in the
mean intensity of the cyclones.

Considering Australia and the oceans surrounding this
continent, Bengtsson et al. (2006) found an end-of-century
(2070-2100) decrease of cyclone activity around 40° S
over southern Australia and part of New Zealand with the
ECHAMS5-OM1 GCM under the A1B scenario. Other stud-
ies on subtropical and extratropical cyclones have focused
mainly on the eastern sector of Australia. For example,
Dowdy et al. (2013), using the HadCM3.0 GCM under the
A2 scenario, found that the frequency of cyclones associated
with heavy precipitation events in this region is projected to
decrease by 8-25% by the end of the twenty-first century,
depending on season and latitude. Pepler et al. (2016) car-
ried out the first projections of future cyclone activity near
the eastern coast of Australia using a RCM ensemble and
obtained a decrease in the cyclone’s frequency during the
austral winter. However, in contrast to Dowdy et al. (2013),
they found a potential increase in the frequency of cyclones
associated with heavy rainfall in the future.

Specific studies regarding climate projections of cyclones
over southern Africa and adjacent oceans are scarce. Some
information can be extracted from studies focusing on the
whole Southern Hemisphere. Geng and Sugi (2003) showed
that the frequency of extratropical cyclones is projected
to decrease by approximately 10% by 2050, but intense
cyclones become more frequent, mainly over the south-
eastern coast of South Africa and South America. Using a
multi-model ensemble of GCMs under the A1B scenario,
Grieger et al. (2014) also found a decrease in the frequency
of cyclones northward of 50° S. From the analysis of 26
GCMs projections, southern Africa may be affected by dry
conditions during winter in the mid-century (2040-2060),
possibly due to the decrease in the frequency of cold fronts
associated with extratropical cyclones (Mahlalela et al.
2019). In addition, changes in the location of the storm
tracks may have severe consequences for the water supply
of several regions, including southern Africa (Bengtsson
et al. 2006).

According to the studies previously mentioned and the
IPCC-ARS (2013), a poleward storm track displacement is
mostly expected in the future climate, along with a decrease
of extratropical cyclones frequency at mid-latitudes. How-
ever, there are large uncertainties related to the projected
change in the intensity of the cyclones (Ulbrich et al. 2009;
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Bader et al. 2011; Feser et al. 2015). Even so, some studies
for the Southern Hemisphere point in the same direction,
e.g. Chang (2017) found a significant increase in the fre-
quency of extreme cyclones (using different definitions of
extreme) in all seasons based on 26 CMIP5 GCMs under the
RCP8.5 scenario. Similarly, using reanalysis data, Reboita
et al. (2015) obtained an increase in the frequency of intense
cyclones and a decrease in the frequency of weak systems
over the Southern Hemisphere during the last decades.
These trends are consistent with the slight increase in the
number of intense cyclones in the future climate simulations
for Southern Hemisphere winter found by Kodama et al.
(2019) and Grieger et al. (2014). This late study focused
on an ensemble of nine coupled AOGCM integrations from
six different models and showed an increase in the number
of strong cyclone tracks, but only three AOGCMs showed
statistically significant increases (p < 0.05).

The increase of greenhouse gas concentration in the
atmosphere produces amplified warming at high latitudes
(Lu and Cai 2009; Francis and Varus 2012). As a conse-
quence, there is a reduction of the meridional equator-pole
temperature gradient in the lower troposphere, implying
less available potential energy for extratropical cyclones.
On the other hand, in a warmer scenario, the evaporation
increases, contributing to enhancing tropical convection
and warming at the tropical upper-troposphere. This fur-
ther strengthens the baroclinicity at upper levels (upper-
level jets), which enhances synoptic activity at the surface
(Mizuta et al. 2011). Because of the increased convection,
warming of the upper troposphere is expanded polewards
(Reichler 2009 presents a review of observational studies
that documented this expansion), leading to the poleward
displacement of the upper-level jets and storm tracks. Stud-
ies by Yin (2005), Kodama and Iwasaki (2009), Riviere et al.
(2012), and Reboita et al. (2018) have indeed found a pole-
ward displacement of the upper-level jets in scenarios of
climate change, along with a poleward displacement of the
Hadley cell and subtropical anticyclones (see Reboita et al.
2019b; and references therein).

In warming scenarios, the increase of atmospheric water
vapor (Booth et al. 2013) can contribute to increasing the
precipitation associated with cyclones (Bengtsson et al.
2009; Zappa et al. 2013; Hawcroft et al. 2018; Kodama et al.
2019). For example, Blazquéz and Solman (2018) found
an increase in the precipitation associated with fronts and
cyclones over the Southern Hemisphere under the RCP4.5
in winter. On the other hand, Reboita et al. (2018) iden-
tified a decrease of ~ 15% of precipitation in mid-latitudes
over the central portion of the South Atlantic Ocean under
RCP8.5 in terms of annual mean. Michaelis et al. (2017) also
suggest that the increase of the atmospheric water vapor in
scenarios of climate change could result in a more efficient
poleward heat transport by extratropical cyclones, resulting

in a decrease of the number or strength of eddies responsible
to move energy polewards.

It is clear from this brief review that, although some con-
sistent signals on extratropical cyclone changes are emerg-
ing, such as a reduced frequency of cyclones, still large
uncertainties are present. For example, climate change stud-
ies do not show conclusive results on the intensity of these
systems. Besides, results may be strongly region-dependent,
so that a cross-regional analysis is needed. Finally, it has
been pointed out that high resolution may be needed to prop-
erly resolve the structure of cyclones (e.g. Michaelis et al.
2017), for which RCMs are an optimal resource.

All these issues can be addressed taking advantage of
a recent initiative called CORDEX-CORE (Coordinated
Regional Downscaling Experiment (CORDEX)-Coordi-
nated Output for Regional Evaluations (CORE); Gutowski
et al. 2016) under which a new ensemble of RCM-based
projections was completed for a number of domains defined
by the CORDEX program (Giorgi et al. 2009). Using this
newly available dataset, in this study we analyze the pro-
jected changes in cyclone (out of the tropics) characteristics
(location, frequency, depth, lifetime, traveled distance, mean
speedy, and precipitation) during the austral winter (JJA),
when cyclogenesis is more frequent. We focus on three
domains in the Southern Hemisphere, i.e. South America,
Africa and Australia, following a multi-model ensemble
approach. Data are analyzed from simulations completed
with the RegCM4 RCM at 25 km grid spacing driven by
three GCMs (Hadley Center Global Environment Model
version 2, Max Planck Institute Earth System Model and
Norwegian Earth System Model) under the RCP8.5 sce-
nario. Some details about experiment set up are provided
in Sect. 2; results are discussed in Sect. 3 while conclusions
are in Sect. 4.

2 Methodology
2.1 Global climate models

Three GCMs from CMIP5 provided initial and lateral bound-
ary conditions for the RegCM4 simulations: the Hadley
Center Global Environment Model version 2 (HAdGEM2-
ES, Collins et al. 2008), the Max Planck Institute Earth
System Model (MPI-ESM-MR, Giorgetta et al. 2013), and
the Norwegian Earth System Model (NorESM-1M; Bent-
sen et al. 2012). Table 1 shows the horizontal and vertical
resolution of these GCMs. They were chosen as base driving
models in the CORDEX-CORE effort because of their rela-
tively good performance in reproducing present-day climate
over different domains (Elguindi et al. 2014) and because
they roughly cover the CMIP5 range of climate sensitivity
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Table 1 Horizontal and vertical grids of the three GCMs and access links

GCM Horizontal grid spacing (in  Number of vertical Access links
degrees) levels
HadGEM2-ES 1.25%1.875 60 https://portal.enes.org/models/earthsystem-models/metoffice-
hadley-centre/hadgem2-es
MPI-ESM-MR 1.875%1.875 95 https://www.mpimet.mpg.de/en/science/models/mpi-esm/
NorESM-1 M 1.90%x2.50 26 https://portal.enes.org/models/earthsystem-models/ncc/noresm

(HadGEM2-ES, MPI-ESM-MR and NorESM-1 M being
high, intermediate and low sensitivity models, respectively).

2.2 Regional climate model version 4 (RegCM4)

RegCM4 is a regional climate model that solves the atmos-
pheric dynamics in a sigma-pressure vertical coordinate sys-
tem (Giorgi et al. 2012). The model participates in the COR-
DEX-CORE program (Gutowski et al. 2016), and has been
used in the hydrostatic configuration to complete projections
on 9 CORDEX domains (3 for the Southern Hemisphere) at
25 km grid spacing and 23 sigma-pressure levels. Here we
focus on the Southern Hemisphere domains (Fig. 1): Africa
(AFR), Australia (AUS) and South America (SAM).

The model was customized to optimize its performance
based on a series of preliminary experiments that revealed
the more appropriate physical configuration for each domain
(Sines 2018a, b). Some physics schemes are common to the

6CN

AFR, AUS and SAM domains: Holtslag (Holtslag et al.
1990; Holtslag and Boville 1993) for the boundary layer
processes, Common Land Model (CLM4.5; Oleson et al.
2013) for land—atmosphere interaction, Kiehl et al. (1996)
modified as described in Giorgi et al. (2012) for radiative
transfer processes, Zeng et al. (1998) for the representa-
tion of turbulent fluxes over the sea (Zeng et al. 1998) and
the SUBEX scheme (Pal et al. 2000) for the description of
resolvable scale clouds and precipitation. Only the cumulus
convection parameterization differs as a function of domain:
AFR and SAM used Tiedtke (1989) over the land and Kain-
Fritsch (1990) over the ocean, while AUS used the Tiedtke
scheme for both land and ocean.

The simulations cover the period 1970-2100, with the
scenarios starting in 2006. Following the IPCC recommen-
dation for AR6, we analyze the reference period 1995-2014
(hereafter historical period) and the end-of-century period
2080-2099 (hereafter far-future period). For AFR only two
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Fig.1 Southern Hemisphere CORDEX domains, topography AUS1: 145° E-165° E and 46° S-35° S; AUS2: 170° E-190° E and

(meters), areas used in the Eulerian analysis (red boxes) and Lagran-
gian analysis (black boxes), and areas hotspots of cyclogenesis (dot
boxes). Domains coordinates are AFR: 10° E-30° E and 45° S-38° S;
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projections are available: RegCM4 nested in HadGEM2-ES
and in NorESM-1M (therefore, for this domain we also con-
sidered two projections in the GCM analysis).

2.3 Validation data

In order to assess the performance of both the GCMs and
RegCM4 ensembles in reproducing the synoptic activity
and precipitation distribution in the historical period two
datasets are used: SLP fields from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim rea-
nalysis (hereafter ERAI; Dee et al. 2011) with 6-h intervals
and a grid spacing of 0.75°, and gridded daily precipitation
data from Global Precipitation Climate Project (GPCP ver-
sion v1.3, Huffman et al. 2001) with a grid spacing of 1°.

2.4 Cyclone identification

SLP is analysed following two approaches (Eulerian and
Lagrangian) to define the synoptic activity over the Southern
Hemisphere.

2.4.1 Eulerian method

The Eulerian method is based on the analysis of the SLP
variability using the standard deviation of the 2—6-day band-
pass filtered fields (Blackmon 1976). We refer to this vari-
able as “synoptic signal”, which can be used to illustrate the
geographic distribution of the storm tracks (Hoskins and
Hodges 2005; Lionello and Giorgi 2007; Lionello et al.
2008).

2.4.2 Lagrangian method

The Lagrangian method used here is an automatic cyclone
detection and tracking method (CDTM) developed by
Lionello et al. (2002) and Reale and Lionello (2013), which
has been compared with other tracking schemes in the Inter-
comparison of MId LAtitude STorm Diagnostics IMILAST;
Neu et al. 2013) project. The CDTM is based on the search
of pressure minima in the SLP field at time intervals of 6 h
using a nearest neighbor approach. One grid point is consid-
ered as cyclone center if the SLP is lower than the SLP of the
8 nearest grid points (Lionello et al. 2002). The trajectory
of a system is obtained by joining the location of the low-
pressure center in successive SLP fields. The final result of
the algorithm is the central position (latitude and longitude),
SLP minimum (in hPa), Laplacian (in hPa m~2) and depth
(hPa) for each time step of the cyclone lifecycle.
According to Reale and Lionello (2013), the depth of
each system is obtained through estimation of the differ-
ence between the SLP background field and SLP minimum
at the center of the cyclone. Therefore, depth can be used

as a measure of the cyclone intensity. From the geographi-
cal coordinate of the cyclones, it is possible to compute the
cyclone density defined as the ratio between the number of
cyclones in a region and the area of this region itself. In this
study, the area is defined as a 3° X 3° latitude—longitude box
and the density is calculated only considering the first posi-
tion of the cyclones (cyclogenesis).

Cyclones were tracked in both GCMs and RegCM4 SLP
projected fields and in ERAI Before applying the CDTM,
each individual field from GCMs and RegCM4 was inter-
polated on a regular grid of 0.75° % 0.75°, which is the same
grid spacing as ERAI, and considering the same subdomains
shown in Fig. 1 (AFR, AUS and SAM). The cyclone clima-
tologies include only systems with lifetime equal or higher
than 24 h reaching a depth equal or higher than 10 hPa in
some period of their lifecycle. The depth threshold of 10 hPa
was chosen to exclude weak systems (Lionello et al. 2002).
GCMs and RegCM4 ensemble averages were computed after
performing the calculations for each projection separately.

2.5 Analysis

The first part of the results shows the Eulerian analysis
while the second presents the main climatological features
of the cyclones (frequency, density, lifetime etc.) obtained
from the Lagrangian CDTM tracking. The last part of the
study focuses on the precipitation associated with cyclones.
Following Reboita et al. (2012), for each domain, hotspot
cyclogenetic regions are selected (Fig. 1) and the average
precipitation associated with cyclones in that region is cal-
culated over a three-day period (pre-cyclogenesis, cyclogen-
esis and post-cyclogenesis). The climate change signals are
calculated as the difference of future minus present statistics
based on the time slices mentioned above and the RegCM4
and GCMs ensembles.

3 Results
3.1 Eulerian approach

Figure 2a—c show the bandpass filtered synoptic-scale stand-
ard deviation (2-6 days) of SLP in ERAI, and the GCMs
and RegCM4 ensembles. In all domains, the standard devia-
tion is higher south of 40° S, with the largest values over
the AFR domain. There is also considerable synoptic-scale
activity from 25° to 40° S over South America. These results
are in agreement with previous studies (e.g. Hoskins and
Hodges 2005). The standard deviation biases have a similar
spatial pattern in the RegCM4 and GCMs ensembles, with
an underestimation of synoptic-scale variability over most of
the South Atlantic Ocean and AFR domain (Fig. 2d, e). The
biases are in general smaller over the AUS domain.
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Figure 2d, e also shows that, compared with the GCMs,
the RegCM4 ensemble improves the representation of syn-
optic-scale variability mostly from southern Africa to the
Indian Ocean, southeastern South America and western
South Atlantic. In these latter two regions, the improve-
ment can be associated with a more realistic representation
of synoptic systems developing downstream of the Andes
Mountains. The RegCM4 topography may also account
for the smaller biases over continental Africa and down-
stream over the Indian Ocean. These RegCM4 improve-
ments, however, are not found over the southern sector of
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Projections for the RCPS8.5 climate change scenario are
shown in Fig. 3. The main difference between RegCM4 and
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ble for the SAM domain. Considering both ensembles,
an increase of synoptic-scale activity occurs mainly over
the oceans south of 40° S. Over the continent, there is an
increase of synoptic-scale activity over the Uruguay-south
Brazil region and east of South Africa in both the RegCM4
and GCMs ensembles, this increase being slightly higher in
the GCMs than the RegCM4.
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The increase in synoptic activity for the future climate
does not necessarily indicate an increase in cyclone fre-
quency, since the Eulerian variance is a diagnostic of both
cyclonic and anticyclonic synoptic systems. Past literature
has highlighted an increase in mid-latitude anticyclonic
activity. For example, Pepler et al. (2018) found an increase
in the frequency of anticyclones southward 30° S over the
Southern Hemisphere in reanalysis data. Moreover, Reboita
et al. (2019b) obtained a positive trend of SLP southward
30° S in different CMIP5-GCMs under the RCP8.5 scenario,
and this signal was also found in CMIP3-GCMs over SAM
(Seth et al. 2010; Kriiger et al. 2012). These studies suggest
a future decrease of cyclone frequency and/or intensity and/
or an intensification of the anticyclone features (frequency
and/or intensity) at mid-latitudes.

As the Eulerian approach does not allow separating
cyclones from anticyclones, the Lagrangian method is a
better tool to identify separately these systems (Hoskins
and Hodges 2005) and to make clear what synoptic sys-
tems determine the higher variance provided by the Eulerian
analysis. Here, however, we apply the Lagrangian analysis
only to the study of cyclones. The analysis of anticyclones
in the climate scenarios over the Southern Hemisphere is
beyond the scope of the present work and will be explored
in a future study.

3.2 Lagrangian approach
3.2.1 Cyclogenesis density

Figure 4 presents the cyclogenesis density obtained with the
Lagrangian method for the present climate. According to
ERAI, the main feature for the SAM domain consists of two
cores of higher cyclogenesis density at the eastern coast of
South America (southern Brazil-Uruguay and southeastern
Argentina; Fig. 4a). These cores are in agreement with previ-
ous winter climatologies calculated by Gan and Rao (1991),
Hoskins and Hodges (2005) and Reboita et al. (2010, 2015,
2018). Dynamically, the maximum over the southern Brazil-
Uruguay region (~30° S) is mainly associated with baro-
clinic waves traveling at mid-levels from the Pacific to the
Atlantic Ocean. The core in southeastern Argentina (~45°
S) results from near-surface horizontal temperature gradients
and from cyclones that regenerate after crossing the Andes
Mountains. Another cyclogenetic density core is centered
in~45° S-40° W, over the South Atlantic Ocean, east of the
continent as in Reboita et al. (2010, 2018). Over the Pacific
Ocean, the maximum activity of cyclogenesis is found near
45° S-90° W.

In the SAM domain, the spatial pattern and intensity of
cyclogenesis density simulated by RegCM4 are more similar
to the ERAI than those simulated by the GCMs (Fig. 4a—c),
which show a general underestimation of cyclogenesis den-
sity. One deficiency of both ensembles is the underestima-
tion of cyclones near Uruguay and southern Brazil. In a
previous analysis, Reboita et al. (2010) discussed how this
depends on (a) mid-level waves with lower amplitude in the
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period (1995-2014). A statistical significance test was not included in
the projection figures since it tends to be very patchy as a function of
high time—space variability of the cyclones (Pezza et al. 2012)
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RegCM simulation than reanalysis, and (b) RegCM under-
estimating the low-level moisture transport from Amazo-
nia to the region. In terms of climate change signal, near
the Argentina coast, south of 40° S, both ensembles pro-
ject a decrease in cyclogenesis density, while the change is
positive over the Uruguay coast (Fig. 4f, g). Similar results
were found by Reboita et al. (2018) using RegCM4 with
a horizontal grid spacing of ~50 km nested in HasGEM2-
ES. Possible reasons for the increase of cyclone frequency
near Uruguay are the intensification of the subtropical jet
at 200 hPa (Reboita et al. 2018) and the low-level moisture
input organized by anomalous northeasterly—easterly winds
from the southwestern South Atlantic Ocean (Kriiger et al.
2012; Nufiez and Blazquez 2014; Llopart et al. 2020).

The GCMs ensemble simulates the intensity of cyclo-
genesis density closer to ERAI than RegCM4 in the AUS
domain (Fig. 4). The maximum cyclogenetic band is located
more southward, near 50° S, than in the other domains.
There is also a pronounced cyclogenetic activity over south-
eastern Australia and eastern New Zealand, in agreement
with previous studies (Hoskins and Hodges, 2005; Reboita
et al. 2015). These two cyclogenetic cores are formed by
extratropical and subtropical cyclones (Pepler et al. 2016;
Dowdy et al. 2019) related to a range forcing mechanisms
(mid-latitude baroclinic drivers, cutoff lows, diabatic heat-
ing due convective clouds, release of conditional instability
etc.), and with the cyclones being more frequent in winter (Ji
et al. 2018). On the other hand, the zonal cyclogenetic bands,
in general south of 40° S, in all domains are associated with
mid-latitude baroclinicity. For the end of the century, we
find a general decrease in the frequency of cyclones over
most of the AUS domain (Fig. 4f, g), including southeastern
Australia, New Zealand and the downstream regions. The
negative trends are higher in the GCMs than the RegCM4
ensemble (Fig. 4f-g). In addition, RegCM4 projects a large
area with an increase of cyclonic activity centered near 160°
W-=50° S, which is much smaller in the GCMs and displaced
eastward.

Over the AFR domain, ERAI shows three main cycloge-
netic density maxima in the same zonal band, one over the
Atlantic Ocean (centered ~45° S—15° E) and two south of

the continent, centered around ~42° S (Fig. 4a). Both the
GCMs and RegCM4 ensembles underestimate the cycloge-
netic density in the AFR domain, mainly over its eastern sec-
tor (southern Madagascar). In this domain, RegCM4 shows
an improved spatial representation of the main cyclogenetic
cores compared to the GCMs (Fig. 4a—c). Future climate
projections indicate areas with weak increases and decreases
of cyclogenesis density, with the signals being more intense
in RegCM4 (Fig. 4f).

The projected changes in the cyclogenesis density
obtained from the Lagrangian approach (Fig. 4f, g) can be
linked with the results of the Eulerian analysis (Fig. 3c—e).
In general, the same regions with increase in the SPL vari-
ance in mid-latitudes (Eulerian analysis) present decrease in
the cyclogenesis frequency, which agrees with the positive
trend of anticyclones frequency and SPL at those latitudes
(Pepler et al. 2018; Reboita et al. 2019b). On the other hand,
between 30° and 40° S near Uruguay (SAM domain), greater
variance over the continent in the Eulerian analysis is con-
nected with the higher frequency of cyclones displaced to
the south in the Lagrangian analysis.

3.2.2 Mean features

While Fig. 4 shows the spatial distribution of cyclogenesis
density, Table 2 is a summary of the average number of
cyclones (systems with depth > 10 hPa) found during the
austral winter in each domain.

Table 2 shows that in SAM and AFR, RegCM4 has
smaller biases than the GCMs in reproducing the observed
frequency of cyclones, with the opposite occurring in AUS.
The better performance of RegCM4 over SAM and AFR
may be associated with two main features: (a) the greater
experience in assessing and optimizing the RegCM4 over
the SAM (Reboita et al. 2014, 2018; Llopart et al. 2020)
and AFR (Mbienda et al. 2016; Ogwang et al. 2016; Koné
et al. 2018; Adeniyi 2019) compared to AUS (Song et al.
2008), and (b) the greater influence of topography in the
cyclone formation over SAM, which organizes the Rossby
wave propagation downstream of the Andes Mountains
influencing the cyclogenesis over the east coast of SAM

Table 2 Mean occurrence of

N Datasets Domains
cyclones in JJA over the three
Southern Hemisphere domains AFR AUS SAM
Historical Future Historical Future Historical Future
ERAI 7.9 - 26.1 - 17.5 -
GCM 5.0 5.0 (0) 21.8 16.2 (— 5.6) 12.8 11.6 (- 1.2)
RegCM 7.0 6.2 (—0.8) 16.6 13.3 (- 3.3) 14.8 12.2 (- 2.6)

The difference future minus present is in parentheses. The statistically significant values (considering
a=0.05) of these differences are in bold while the statistically significant differences of the models in rela-
tion to ERAI in the historical period are in italic
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and over the ocean (Vera et al. 2002; Reboita et al. 2012;
Gramcianinov et al. 2019); such an effect may also occur in
the AFR domain. For AUS, we also suggest that the weak
performance of the RegCM4 compared to the GCMs may
be associated to the domain area, which may not be large
enough to represent adequately all cyclogenesis processes.
AUS (AFR) is the domain with the highest (lowest) fre-
quency of cyclones in both present and future climate con-
ditions (Table 2). Except for AFR, a statistically significant
(95% confidence level) decrease of cyclone frequency is
found at the end of the century. For the AUS domain, the
GCMs ensemble projects a decrease in cyclone frequency
of 5.6% and the RegCM4 of 3.3%; for SAM these values are
lower: 1.2 and 2.6%, respectively. The projections obtained
for the SAM domain are lower than those obtained by
Kriiger et al. (2012) and Reboita et al. (2018) because here
only more intense systems are considered. The values pro-
jected for the AUS domain are also lower than in previous
work over southeast Australia, where Pepler et al. (2016)
found a decrease of 16.7% in austral winter cyclones.
Figure 5 shows the frequency distribution of cyclone
maximum depth (maximum value obtained during the
whole lifecycle of each cyclone), lifetime and mean speed
over the AFR, AUS and SAM domains in the ERAI, GCMs
and RegCM4 ensembles, for the present and future climate.
Overall, the models reproduce the distributions of cyclone
characteristics found in ERAI, except in some instances such

AFR

Maximum Depth

AUS

Maximum Depth

as an underestimation of cyclone maximum depth over the
Africa domain. The RegCM4 ensemble does not show a
systematic improvement of cyclone statistics compared to
the driving GCMs.

Concerning the climate change signals, the ensembles
suggest in all domains a decrease of the frequency of low
intensity (depth) cyclones and an increase in the frequency
of high intensity ones (but without statistical significance
at a=0.05; Fig. 5a—c), which is in agreement with previ-
ous studies (Grieger et al. 2014; Chang 2017; Kodama
et al. 2019). In present climate, the cyclone lifetime has a
strong peak at 24-48 h, with a sharp decrease for longer
lasting cyclones (Fig. 5d—f). This pattern is not significantly
changed in the future time slice. Similarly, the mean speed,
which peaks in the range of 6-12 m s™! (Fig. 5g—i), and the
traveled distance (figures not show) do not show strong vari-
ations in the future climate. Thus, overall Fig. 5 suggests that
the characteristics of cyclones are not strongly modified by
the projected global warming conditions.

From the differences between the RegCM4 and GCMs
ensembles (Figs. 4, 5 and Table 2) it is noted that the RCM
physics modifies the trend signal and/or intensity compared
to the GCMs (e.g. Torma et al. 2015; Giorgi et al. 2016;
Torma and Giorgi 2020). According to Torma et al. (2015)
and Giorgi et al (2016), the RCM downscaling has physically
consistent fine-scale processes (for example, topographical
forcing, land-cover etc.) and it does not simply represent a
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high-resolution disaggregation of the GCM fields to fine-
scale, making possible different signal/intensity in RCMs
and driving GCM.

3.2.3 Cyclogenesis hotspot regions and associated
precipitation

We begin this section with a brief description of the trend
in the total winter precipitation climatology under RCP8.5
over the three domains, in both RegCM4 and GCMs ensem-
bles (more details about the validation of precipitation in the
present-day and the climate change signal can be obtained in
other papers of this special issue, such as Jacob et al. 2020).

Figures 6, 7, 8, 9, 10 show the precipitation associated
with cyclones in the present and future climate, along with
the regions where the total winter precipitation climatology
(not only due to cyclones) increases in the future compared
to the present (that are indicated by black lines in Figs. 6,
7, 8,9, 10c, f). Considering total winter precipitation, for
the AFR domain, there are positive trends of precipitation
from the southern border of the continent to higher latitudes
(Fig. 6¢, f). A similar pattern occurs over the AUS domain
(Fig. 7c, f), specifically from the southeastern border of the
continent to New Zealand. Moreover, there is a positive
trend over large part of the continent. Over the SAM domain

(Fig. 9c, f), we find an increase of precipitation at the end-
of-century for the region extending from southeast South
America to the southwestern South Atlantic Ocean, a result
that is in agreement with Llopart et al. (2020). In summary,
the projections indicate a positive tendency for precipita-
tion over the preferential cyclonic regions, even though the
cyclone frequency is projected to decrease (Fig. 4f, g). This
implies a tendency for increased precipitation for individual
cyclones.

We also analyzed the 3-day mean precipitation (in mm
day™!) associated with coastal cyclogenetic hotspot regions.
For the SAM and AUS domains, two hotspot regions were
selected, while only one for AFR (Fig. 1). For each hotspot
region, the dates of cyclogenesis were used to calculate the
mean precipitation from the previous day (day — 1) to the
day after (day + 1) the cyclogenesis. This procedure is simi-
lar to that from Reboita et al. (2012), but somehow different
from Reboita et al. (2018) and Kodama et al. (2019), who
considered only the precipitation in a radius of 8° and 5°,
respectively, during the entire cyclone lifecycle (then much
of the precipitation of the fronts associated with the cyclones
is not computed). This can justify possible differences
obtained in our analysis when compared to these authors.

The 3-day mean precipitation associated with cyclo-
genesis in the present climate was validated through a
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Fig.6 Precipitation associated with the cyclones in AFR hotspot
region: a, b, d and e are the 3-day mean precipitation (from pre and
post-cyclogenesis) minus the total winter climatology (mm day™';
only positive differences are shown) and ¢, f in colors, are the dif-
ference of the precipitation (mm day~") associated with the cyclones
(3-days) in the future minus the present (F-P) and in black lines the
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sents the area used to calculate the mean of 3-day precipitation in
Table 3
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Fig. 7 Similar to Fig. 6, but for the precipitation associated with the cyclones in AUS1 hotspot region
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Fig.8 Similar to Fig. 6, but for the precipitation associated with the cyclones in AUS2 hotspot region

comparison with GPCP observations (figures not shown),
i.e., the precipitation registered in the cyclones identified in
ERAI. The model ensembles underestimate the precipitation
intensity (mm day™') in the AFR, SAM1 and SAM2 regions
compared to GPCP, while they overestimate precipitation
in the AUSI region. In AUS2 the simulated precipitation is
close to the GPCP analysis.

Figures 6, 7, 8, 9, 10a, d shows the difference of the 3-day
mean precipitation associated with cyclogenesis in the hot-
spot regions with respect to the total winter precipitation
for the GCMs and RegCM4 ensembles in the present cli-
mate, while Figs. 6, 7, 8, 9, 10b, e show the same informa-
tion for the future climate. The climate change signal of the
3-day mean precipitation (future minus present climate) is
shown in colors in Figs. 6, 7, 8, 9, 10c, f. The intensity of
precipitation is higher during the cyclogenetic events than
for the winter total climatology (Figs. 6, 7, 8, 9, 10a, b, d,
e). By comparing panels a—d (present) with b—e (future),
it is noted that the RegCM4 and GCMs ensembles project

an increase of the cyclone precipitation intensity in relation
to the winter climatology. Moreover, as in Kodama et al.
(2019), the area of most intense precipitation increases in
the future. These characteristics are consistent between the
RegCM4 and GCMs ensembles. Considering the individual
hotspot regions, in the AFR domain the increase of precipi-
tation intensity occurs mainly near the southwestern coast of
the continent; in AUSI1 the increase occurs between south-
eastern Australia and New Zealand, mainly in RegCM4; in
AUS2 it occurs over north New Zealand; and in SAM1 and
SAM?2 there is an expansion of the area with maximum pre-
cipitation intensity near southern Brazil/Uruguay and east
of 60° W near 40° S, respectively.

In terms of the climate change signal (Figs. 6, 7, 8, 9, 10c,
f), in all hotspot regions, we find a predominant increase in
the mean intensity of the cyclogenetic precipitation in the
future climate. For example, Fig. 9¢c, f shows more intense
precipitation over southern Brazil and between Uruguay and
Argentina with an increase greater than 30% in the future.
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Fig.9 Similar to Fig. 6, but for the precipitation associated with the cyclones in SAM1 hotspot region
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Another way to evaluate the increase of precipitation amount
associated with the cyclones in the future climate is by cal-
culating the ratio between 3-day mean precipitation in the
areas shown in Figs. 6, 7, 8, 9, 10 and the annual mean
frequency of the cyclones of each hotspot region (Fig. 1).
This provides a climatological value of the precipitation per
cyclone (in mm day ™) in present and future climate. Table 3
shows that the rainfall amount associated with the individual
cyclones will increase in the future, with the change in these
ratios being statistically significant at the 95% confidence
level according to Student t test.

The increase of precipitation intensity associated with
cyclones is in agreement with Kodama et al. (2019) and
with the literature compilation of Catto et al. (2019). These
authors attribute the increase of the precipitation intensity to
the increase of the latent heating and water holding capacity
of the atmosphere in the climate change scenario, which is
explained by the Clausius—Clapeyron relationship. In sum-
mary, our results indicate that the precipitation associated
with individual storms will increase on average, i.e., that
global warming will lead to a regime shift towards less fre-
quent but more intense storms in terms of precipitation. This
is consistent with the regime shifts found for example by
Giorgi et al. (2011, 2019).

4 Conclusions

This study presents a comprehensive evaluation of the
present and future (RCP8.5) cyclone climatology over the
extratropical Southern Hemisphere during the winter using
RegCM4 and GCMs ensembles completed as part of the
CORDEX-CORE initiative (Gutowski et al. 2016). From
CORDEX phase 1 to phase 2, the RegCM4 horizontal grid
spacing changed from 50 to 25 km allowing a more realis-
tic representation of the physical structure of the cyclones,
which is one added value of the RegCM4.

The synoptic activity is analyzed over three domains
(AFR, AUS and SAM) using the Eulerian and Lagrangian

Table 3 Precipitation rate (mm day™') obtained as the ratio between
the 3-days (from previous day to one day after cyclogenesis) mean
precipitation in the areas shown in Figs. 6, 7, 8, 9, 10 and the annual
mean of the cyclone frequency of each hotspot region

Hotspot regions GCM-P  GCM-F  RegCM4-P  RegCM4-F
AFR 3.8 4.9 1.9 2.9
AUS1 1.6 2.3 32 35
AUS2 1.9 3.0 34 4.5
SAM1 2.7 3.1 2.3 2.5
SAM2 1.1 1.8 0.9 1.6

Differences between present (P) and future (F) climates are signifi-
cant statistically (@ =0.05) according to Student t-test

approaches. Although the Eulerian analysis shows an
increase of synoptic activity south of 40° S for the end-
of-century time slice (2080-2099) compared to the pre-
sent (1995-2014) in both the RegCM4 and GCMs ensem-
bles, this signal does not necessarily indicate an increase
in the cyclone frequency since it includes cyclonic and
anticyclonic features. Indeed, the Lagrangian analysis, in
which only the cyclones were tracked, shows a decrease
in cyclone frequency in all domains considered. In this
analysis, only cyclones with lifetime and depth equal or
higher than 24 h and 10 hPa, respectively, are included
(weaker cyclones are excluded).

The main results obtained from the Lagrangian
approach are summarized as:

Frequency: except for the AFR domain, the decrease of
cyclone frequency at the end of the century is statistically
significant. For the AUS domain, the GCMs and RegCM4
ensembles project a decrease of 5.6% and 3.3%, respec-
tively; in the SAM the negative trends are 1.2 and 2.6%,
respectively;

Intensity: positive trends in the frequency of intense
cyclones are found in the three domains. Although they
are not statistically significant at the 95% confidence level,
the trend signal is in agreement with Grieger et al. (2014),
Chang (2017) and Kodama et al. 2019, and may explain the
positive trend of precipitation projected under the RCP8.5
scenario;

Lifetime, traveled distance and mean speed: these cyclone
features do not present statistically significant changes in the
future climate compared to the present one;

Precipitation: the 3-day mean intensity of the precipitation
associated with all cyclogenesis is projected to increase. In
addition, the projections indicate an expansion of the area
with more intense precipitation surrounding the hotspots
cyclogenetic regions. Considering the cyclogenesis in the
hotspot regions there is a statistically significant trend of
each cyclone to produce more rainfall in the future climate.

Our results are generally in line with indications of a
precipitation shift towards a regime of less frequent but
more intense events in response to global warming, as
found in previous studies (Giorgi et al. 2011, 2019). How-
ever, we also find a substantial regional dependence on
these responses, which warrants further investigation with
larger ensembles in order to provide more robust informa-
tion for impact applications. Nevertheless, our findings do
point to an increased hydroclimatic risk related not only to
greater convection in warmer climates but also to extrat-
ropical cyclones. This increased risk is especially relevant
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for coastal regions, which are particularly vulnerable to the
effect of strong cyclonic activity.
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