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Abstract
Future projections in austral winter characteristics of explosive extratropical cyclones (EECs) in three CORDEX Southern 
Hemisphere domains (Africa-AFR, Australia-AUS and South America-SAM) are investigated. The projections are obtained 
with a fine resolution (25 km) Regional Climate Model (RegCM4) within the CORDEX-CORE framework driven by three 
Global Climate Models (GCMs: HadGEM2-ES, MPI-ESM-MR and NorESM-1 M) under the RCP8.5 scenario. The cyclone 
database was obtained using a tracking scheme applied to 6-hourly mean sea level pressure fields and EECs are selected using 
the Sanders and Gyakum criterion. EECs represent ~ 13–17% of the total number of extratropical cyclones during austral 
winter in the ERA-Interim reanalysis (1995–2014), while both GCMs and RegCM4 ensembles underestimate this percentage. 
The frequency of EECs is projected to increase in AFR and in SAM domains at the end of the twenty-first century. However, 
the magnitude of the projected changes needs to be considered with caution because it is smaller than the underestimations 
in the frequency of EECs of both ensembles in the present climate. EECs in the future will be deeper and faster but with a 
shorter lifetime. Eady Growth Rate composites, when EECs reach the explosive phase, indicate a less baroclinic large-scale 
environment in the future. On the other hand, the intensification of precipitation associated with EECs in the future indicates 
an increase in the contribution of the diabatic processes acting to strengthen the local baroclinicity of the EECs.

Keywords  Explosive extratropical cyclones · Climate change · South America · Africa · Australia · Winds · Precipitation · 
Eady Growth Rate

1  Introduction

Extratropical cyclones are important synoptic-scale systems 
often associated with extreme winds and severe precipita-
tion (e.g. Liberato et al. 2011; Reale and Lionello 2013; 
Gramcianinov et al. 2020) as well as coastal flooding (e.g. 
Cohen 2011; Lionello et al. 2019, 2020). They can also 

impact ocean water dynamics down to depths of around 
6 km (Kuwano-Yoshida et al. 2016).

Occasionally, some extratropical cyclones experience a 
fast deepening over a relatively short time period and are, 
therefore, called explosive extratropical cyclones (EECs) or 
bombs. According to Sanders and Gyakum (1980), the defi-
nition of EECs was firstly introduced by Tor Bergeron, who 
characterized a rapid deepening of extratropical cyclones as 
a pressure fall of 24 hPa in 24 h, where this deepening rate 
is called Bergeron number. As Tor Bergeron mostly focused 
on cyclones at the latitude of Bergen (~ 60° N), Sanders and 
Gyakum (1980) adapted the Tor Bergeron’s EECs definition 
for an arbitrary latitude ( � ) by multiplying the pressure fall 
rate in 24 h for a correction factor (sin(60°)/sin(�)):

where NDR is the so-called Normalised Central Pressure 
Deepening Rate, Δ P is the variation in the central pressure 

(1)NDR =
ΔP

24
×
sin(60◦)

sin(�)
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of the system over a period of 24 h length, � is the latitude 
of the cyclone center at the midpoint of the 24-h period and 
60° is the so-called reference latitude. Thus, NDR = 1 (or 1 
Bergeron) is obtained with Δ P ranging from 28 hPa (24 h)−1 
at the pole to 12 hPa (24 h)−1 at latitude 25°. By conven-
tion, when NDR is equal or higher than one, the system is 
deemed to be an EEC (Sanders and Gyakum 1980). Sanders 
(1986) also suggests a classification of EECs in three catego-
ries: weak (1.0 ≤ NDR < 1.3), moderate (1.3 ≤ NDR < 1.8) 
and strong (NDR ≥ 1.8). This classification has been used 
in studies for the whole hemispheres (Lim and Simmonds 
2002; Reale et al. 2019) and in different parts of the world, 
such as the east Asian coast and northern Pacific (Chen et al. 
1992; Yoshida and Asuma 2004), and the southwest South 
Atlantic Ocean (Bitencourt et al. 2013).

To date, there is no unique theory that fully describes the 
factors driving the development of EECs. However, it has 
been suggested that the baroclinic instability in the EECs 
can be strengthened by different processes: (a) the influence 
of land/ocean contrasts, since these systems are observed 
more frequently over the ocean near the east coast of the 
continents (Danard and Ellemon 1980; Gyakum 1983a, b; 
Revell and Ridley 1995; Reale et al. 2019); (b) the presence 
of strong horizontal sea surface temperature (SST) gradients 
(Sanders and Gyakum 1980; Roebber 1984; Sanders 1986; 
Carlson 1991; Cione and Raman 1995); (c) the effect of 
latent and sensible heat fluxes from the ocean to the atmos-
phere (Sanders and Gyakum 1980; Nuss and Anthes 1987; 
Rogers and Bosart 1991; Kuo and Reed 1988; Uccellini 
1990; Rogers and Bosart 1991; Wash et al. 1992; Crescenti 
and Weller 1992; Neiman and Shapiro 1993; Zhang et al. 
1999; Piva et al. 2011); (d) moist diabatic processes such 
as the latent heat release by cloud condensation processes 
(Dias Pinto e da Rocha 2011; Fink et al. 2012; Willison et al. 
2013); (e) superposition of the jet maximum quadrant and 
its associated divergence over the surface cyclone (Uccel-
lini and Kocin 1987); and (f) a combination of the afore-
mentioned multiple factors (Bullock and Gyakum 1993; 
Nesterov 2010; Heo et al. 2019; Reis et al. 2020; Schossler 
et al. 2020).

Sanders and Gyakum (1980) showed that EECs in the 
Northern Hemisphere (NH) develop over a wide range of 
SST, from 0° to 23 °C, indicating that these systems are not 
as sensitive to SST as tropical cyclones. The most important 
factor for the development of EECs is the temperature con-
trast between the surface of the ocean and the atmosphere, 
which causes intense latent and sensible heat exchanges 
when dry, cold continental air passes over a relatively warm 
ocean surface (Neiman and Shapiro 1993). This exchange 
is more intense in winter, when the ocean is relatively 
warmer than the atmosphere, and for this reason, climato-
logical studies show that EECs are also more frequent in 
winter (e.g., Chen et al. 1992; Lim and Simmonds 2002; 

Allen et al. 2010; Bitencourt et al. 2013; Zhang et al. 2017; 
Reale et al. 2019). According to Nuss and Anthes (1987) and 
McMurdie and Houze (2006), when the transfer of energy 
from the ocean to the atmosphere is maximum in the warm 
sector of the cyclones, the horizontal temperature gradient of 
these systems is strengthened, which increases the supply of 
potential energy available to be converted into kinetic energy 
and results in an intensification of the cyclone.

Shapiro and Keyser (1990) showed that not all extratropi-
cal cyclones over the ocean follow the conceptual model of 
Bjerknes and Solberg (1922), i.e., instead of the cold front 
rotating into the warm front, the cold front fractures from 
the warm front and moves perpendicularly to it. According 
to Cohen (2011), the roughness of the Earth’s surface may 
affect the types of frontal structures: land (ocean) has higher 
(lower) friction and favours cyclones of the Bjerknes and 
Solberg type (Shapiro and Keyser model). An interesting 
feature in the Shapiro and Keyser model is that there is warm 
seclusion in the cyclone center, which resembles the eye of 
tropical cyclones (Cohen 2011).

Since the paper by Sanders and Gyakum (1980), several 
other studies focused on EECs climatologies, either cover-
ing whole hemispheres (Sinclair 1995; Lim and Simmonds 
2002; Allen et al. 2010; Eiras-Barca et al. 2018; Reale et al. 
2019; Fu et al. 2020) or limited areas such as the southwest 
South Atlantic (Bitencourt et al. 2013); southwest Pacific 
(Leslie et al. 2005; Black et al. 2010); Mediterranean Sea 
(Kouroutzoglou et al. 2011), east Asia (Chen et al. 1992), 
west of northern Pacific (Chen and Lu 1997), and the north-
ern Pacific (Zhang et al. 2017). Lim and Simmonds (2002) 
modified Eq. (1) to account for “spatial changes of back-
ground (or climatological) pressure along the cyclone path”, 
i.e., they changed P in Eq. (1) to PR, where PR is the dif-
ference between the central pressure of a cyclone and the 
climatological pressure at the cyclone location at that time 
of year. Using the NCEP-DOE reanalysis for the period 
1979–1999, they obtained an average of 26.4 EECs year−1 in 
the Southern Hemisphere (SH), with ~ 40% of these systems 
occurring in winter. Moreover, EECs represent less than 1% 
(0.5%) of the winter (summer) total cyclone population in 
the SH. Using the classification of Sanders (1986), Lim and 
Simmonds (2002) found a higher frequency of weak EECs 
(87%) in the SH, with only a rare occurrence of strong EECs.

Allen et al. (2010) constructed a global climatology of 
EECs considering four reanalysis datasets covering the 
period 1979 to 2008, and three methods for EECs classifi-
cation: (a) Sanders and Gyakum (1980), (b) Lim and Sim-
monds (2002), and (c) a combined method where the system 
needs to fit both (a) and (b) conditions, which avoids the 
inclusion of artificial EECs identified by Lim and Sim-
monds (2002). In the ERA-Interim reanalysis, the annual 
number of EECs in the SH can range from 31 (combined 
method of Allen et al. 2010) to 171 (Sanders and Gyakum 
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method). Recently, Reale et al. (2019) applied the Sanders 
and Gyakum (1980) definition to the ERA-Interim reanalysis 
(1979–2009). For the SH, the authors obtained an annual 
average of 187 EECs, representing 11% of the total cyclone 
number. The difference in the EEC climatologies by Reale 
et al. (2019) and Allen et al. (2010) is due to the differ-
ent algorithms applied to detect and track the cyclones. For 
the southwestern South Atlantic Ocean (45° S–15° S and 
60° W–20° W), Bitencourt et al. (2013) found an annual 
mean varying from 1.57 using Lim and Simmonds (2002) 
to 2.7 using the Sanders and Gyakum (1980) method, which 
represents 2.4% and 4.1% of the total cyclone climatology, 
respectively.

In the SH, EECs preferentially occur (a) over the South-
ern Ocean surrounding Antarctica and southeast South 
America (mainly off the coast of Uruguay), (b) over a band 
extending across the Southern Atlantic and Indian oceans 
(near south and southeast Africa), (c) east of the Austral-
ian continent and New Zealand (Tasman Sea), and (d) in 
the South Pacific Ocean (Sinclair 1995; Allen et al. 2010; 
Cohen 2011; Bitencourt et al. 2013; Reale et al. 2019). EECs 
that form close to Southern Africa and Australia are usually 
faster and with a higher deepening rate than those close to 
South America (Reale et al. 2019). On the other hand, EECs 
forming close to South America and Africa are character-
ized by a higher normalized deepening and duration (Reale 
et al. 2019).

Positive trends in the annual frequency of EECs in the 
SH have also been documented. Lim and Simmonds (2002) 
obtained an increase of 0.56 EECs year−1 from 1979 to 
1999, while Reale et al. (2019) found an increase of 0.4 
EECs year−1 from 1979 to 2008. Allen et al. (2010) also 
observed an increase in the frequency of rapidly intensify-
ing systems during the period 1979–2008, consistently with 
other studies including total cyclone climatologies (Reboita 
et al. 2015, 2020; Kodama et al. 2019).

Studies focusing on the EECs in future climate scenarios 
are still scarce. A few studies using global climate mod-
els (GCMs) include Chang et al. (2012) and Kodama et al. 
(2019), who focused on both the NH and SH, Seiler and 
Zweirs (2016a; b; NH only) and Chang (2017; SH only). It 
is worth mentioning that Chang et al. (2012), Chang (2017), 
and Kodama et al. (2019) do not apply the classical EECs 
definition in their studies and for this reason, the cyclones 
are simply called intense. Chang et al. (2012) analyzed 23 
Coupled Model Intercomparison Project Phase 5 (CMIP5) 
GCMs under the Representative Concentration Pathway 8.5 
(RCP8.5) scenario and found a significant increase in the 
frequency of EECs during the cold season in the SH, along 
with a significant decrease in the NH. Similar trends, but 
without statistical significance, were observed by Kodama 
et al. (2019) in a simulation under the A1B scenario. Seiler 
and Zweirs (2016a) evaluated the performance of CMIP5 

GCMs in simulating the EECs from 1980 to 2005 in the NH 
and found that the models tend to simulate too few and weak 
explosive EECs compared to ERA-Interim. They also found 
a northward shift of about 2.2° latitude in the distribution 
of EECs associated with a poleward shift of the jet stream 
by the end of the twenty-first century (RCP8.5). This cou-
pling between EECs and the jet stream is explained through 
the mass divergence at upper levels, which occurs in the jet 
streak (higher wind intensity) regions and at the right side 
of the troughs in the meandering flow, with consequent low-
ering of pressure at low levels. In the Atlantic Ocean, they 
also observed a decrease of 17% in the number of EECs and 
a small increase in their intensity. The reduction in the EEC 
frequency south of 45oN is coincident with a decline in the 
lower-tropospheric Eady Growth Rate and an increase in 
static stability.

Differently from the NH, Chang et al. (2012) and Chang 
(2017) show a positive trend of intense systems in the SH 
at the end of the century from 26 CMIP5-GCMs under the 
RCP8.5 scenario. Chang (2017) also shows a poleward dis-
placement of the most extreme cyclones. These results are 
in line with those from Reboita et al. (2020), who show 
a decrease in the frequency of the total cyclones over the 
SH and an increase in the number of the intense systems 
under the RCP8.5 scenario in projections with GCMs and 
the Regional Climate Model version 4 (RegCM4). Regional 
Climate Models (RCMs) are indeed an important tool for 
studying EECs since they can resolve better their mesoscale 
structures due to their relatively high horizontal resolution 
(Kuwano-Yoshida and Asuma 2008; Bader et al. 2011; Wil-
lison et al. 2013; Michaelis et al. 2017; Seiler et al. 2018; 
Ambrizzi et al. 2019). For example, Willison et al. (2013) 
show a positive feedback between cyclone intensification 
and latent heat release in higher resolution simulations 
compared to coarser resolution ones, resulting in stronger 
cyclones.

In terms of EEC projections with RCMs, to the best of 
the authors’ knowledge, there is only one study available, 
which focuses on the North America Atlantic coast (Seiler 
et  al. 2018) with CanRCM4 forced with the CanESM2 
GCM. It was shown that CanESM2 underestimates by 38% 
the EECs over the region, while CanRCM4 ameliorates this 
underestimation (22%) and the associated precipitation. 
Under the RCP8.5 scenario, both the GCM and RCM pro-
ject a decrease in EEC frequency (− 15%, − 18%) and Eady 
Growth Rate (− 0.2 day−1, − 0.2 day−1), and an increase in 
precipitation (46%, 52%).

From this literature review, it appears that there are no 
RCMs based studies of EECs in the SH within a climate 
change context. The recent completion of a new ensemble 
of RegCM4 projections (Reboita et al. 2020) within the 
framework of the CORDEX-CORE initiative (Gutowski 
et al. 2016) offers the opportunity to revisit this issue in a 
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multi-domain context, since this ensemble includes three 
domains extending to the extratropical SH (Africa, Australia 
and South America). The projections extend from 1970 to 
2100 and are driven by multiple GCMs from the CMIP5 
ensemble. Although two scenarios were simulated, the low-
end RCP2.6 and high-end RCP8.5 scenario, here we focus 
on the latter one to maximize the magnitude of the change 
signal. The RCM adopted here is the RegCM4 (Giorgi et al. 
2012) developed at the Abdus Salam International Centre for 
Theoretical Physics (ICTP), and the focus is on the austral 
winter (June–July–August). In the next section, we begin 
with a description of models, simulation protocol, and analy-
sis methodology.

2 � Methodology

2.1 � Climate projections

The cyclone database used in this study is based on the 
application of an automatic detection and tracking scheme 
to the 6-hourly Mean Sea Level Pressure (MSLP) fields pro-
duced by RegCM4 and the driving GCMs. Here, we briefly 
describe the climate projections and the method applied to 
detect and track cyclones, while a complete description of 
both is already provided in Reboita et al. (2020) and refer-
ences therein.

RegCM4 is a participant of the CORDEX-CORE ini-
tiative (Coordinated Regional Downscaling Experiment 
(CORDEX)—Coordinated Output for Regional Evalua-
tions (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). In order to provide projections for 
the three SH domains from CORDEX (Africa—AFR, 
Australia—AUS and South America—SAM; Fig. 1), and 

following the CORDEX-CORE protocol (Teichmann et al. 
2021), RegCM4 was nested in three GCMs from CMIP5: 
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-1 M; Bentsen et al. 2013). The choice of these 
GCMs was based on their relatively good performance over 
the CORDEX-CORE regions and the fact that they roughly 
span the range of climate sensitivities in the CMIP5 ensem-
ble (Teichmann et al. 2021).

Projections were carried out at 25 km horizontal grid 
spacing and 23 sigma-pressure levels. The emission scenario 
adopted is RCP8.5. Following the Intergovernmental Panel 
on Climate Change (IPCC) recommendation 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 projections are availa-
ble: RegCM4 nested in HadGEM2-ES and in NorESM-1 M, 
therefore, for this domain, we also consider only two GCMs 
projections in the analysis.

2.2 � Cyclone detection and tracking

The cyclone detection and tracking method (CDTM) devel-
oped by Lionello et al. (2002) and Reale and Lionello (2013) 
was applied to 6-hourly MSLP fields produced by RegCM4, 
the GCMs and the ERA-Interim reanalysis (ERAI; Dee et al. 
2011). All model data were interpolated onto the ERAI grid 
(0.75° × 0.75°) before applying the tracking scheme. Based 
on previous studies (Neu et al. 2013; Lionello et al. 2016; 
Reale et al. 2019; Reboita et al. 2020), only ERAI is used 
to validate the simulated EECs. However comparisons with 
a single reanalysis should be carried out with caution since 
some differences have been observed among reanalysis in 
terms of cyclones’ frequency, inter-annual variability etc. 

Fig. 1   Domain (grey areas) 
and topography (m) of the 
simulations, tracking area (black 
boxes) and relative contribu-
tion (%) of the EECs in JJA to 
the annual total of EECs in the 
historical and future climate.
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(e.g. Di Luca et al. 2015; Crespo et al. 2020a; Marrafon 
et al. 2021).

The CDTM has already been applied to GCMs and 
RCMs data in different comparison studies belonging to 
the Intercomparison of MId LAtitude STorm Diagnostics 
project (IMILAST; Neu et al. 2013; Ulbrich et al. 2013; 
Lionello et al. 2016, 2019; Flaounas et al. 2018; Reale et al. 
2019, 2021; Reboita et al. 2020). CDTM provides the cen-
tral position (latitude and longitude), MSLP minimum (in 
hPa), Laplacian (in hPa m−2) and depth (hPa) of a cyclone 
at each time step of its lifecycle. The depth of each system 
is obtained as the difference between the MSLP background 
field and the MSLP minimum at the center of the cyclone 
(Reale and Lionello 2013). As in Reboita et al. (2020), here 
we consider only systems with a lifetime equal or higher 
than 24 h reaching a depth equal or higher than 10 hPa dur-
ing their lifecycle.

2.3 � EEC classification

As in previous studies (Kouroutzoglou et al. 2011; Seiler and 
Zweirs 2016a, b; Eira-Barcas et al. 2018; Reale et al. 2019; 
Schossler et al. 2020), here EECs are identified using the 
original formulation of Sanders and Gyakum (1980; Eq. 1). 
Although the original formulation of Sanders and Gyakum 
(1980) is still widely used in recent studies (Reale et al. 
2019), it has the limitation of not capturing properly those 
systems that rapidly deepen over periods shorter than 24 h 
and then quickly weaken before the 24-h mark. For instance, 
if a cyclone deepens by 24 hPa in 20 h but then slightly 
weakens by 1 hPa at the 24-h mark (such that it deepened by 
23 hPa over 24 h), it would not be considered explosive by 
Sanders and Gyakum (1980) formulation even though it was 
characterized by relatively high deepening rate. Similarly, 
if a cyclone deepens by 28 hPa in 18 h but then weakens 
by 2 hPa by the 24-h mark (such that it deepens by 26 hPa 
in 24 h) it would appear less explosive than it actually was 
using this measure. Here, we adopted the Sanders-Gyakum 
definition to allow a fair intercomparison of our results with 
those available in the scientific literature. An evaluation of 
the sensitivity of the EECs climatology and climate change 
signal with respect to different detection criteria is a very 
interesting point for a next investigation.

The EEC dataset also follows the IMILAST project proto-
col (Neu et al. 2013). Initially, the first period of 24 h within 
the cyclone lifecycle (five time steps) is considered. To 
compute the change of pressure during this period, the first 
cyclone position (index 1 = t0) is subtracted from the fifth 
position (index 5 = t24), as shown in Eq. (2). In the next itera-
tion, t24 and t0 become indices 6 and 2 and so on. In Eq. 2 we 
maintain the sine factor with positive values and multiply the 
NDR by –1 in order to obtain NDR > 1 for EECs.

2.4 � Analyses

Once the EECs in each GCM and RegCM4 member are 
identified, ensemble averages are computed for the austral 
winter frequency, trend, mean intensity, lifetime and trav-
elled distance of these systems. Selecting their maximum 
value of NDR along the lifecycle, EECs are also classified 
as weak (1.0 ≤ NDR < 1.3), moderate (1.3 ≤ NDR < 1.8) and 
strong (NDR ≥ 1.8) following Sanders (1986).

In order to evaluate the changes in the environmental 
background of EECs, we compute the composites of MSLP, 
precipitation, winds at 850 hPa and the Eady Growth Rate 
(EGR) at 850–500 hPa layer, which is an indicator of the large 
scale baroclinicity, for each domain, time slice and ensem-
ble. The EGR describes how well synoptic pressure systems 
can develop in a given weather situation over a specific area 
(Hoskins and Valdes 1990). More specifically, it allows 
a quantification of the baroclinic instability of the environ-
ment, since it depends on the vertical wind shear (which is 
associated with the meridional temperature gradient) and the 
static stability N (also called Brunt–Väisälä frequency):

where f is the Coriolis parameter, g is the gravity accelera-
tion (m s−2), v is the horizontal wind speed (m s−1), z is geo-
potential height (m) and θ is the potential temperature (K). 
The physical interpretation of the EGR is that air parcels 
displacing in a slope produced by a horizontal temperature 
gradient have a lower center of gravity while at the same 
time the buoyancy effects can allow the parcels to continue 
to move. Then, there is release of available potential energy 
and a gain of kinetic energy by the disturbance (Schartner 
and Kirchner 2016).

The composites consider two specific EECs time steps: 
genesis and explosive phase. For composites calculation, 
an area of 30° in longitude by 20° in latitude centered in 
the cyclone center was selected. The center of each system 
is given by the lon-lat coordinates provided by the tracking 
scheme. The selected data are then averaged to provide a 
mean synoptic field for each variable at the genesis or explo-
sive time. Here it is important to stress that the axes of the 
maps obtained do not indicate the actual coordinate of each 
cyclone but the distance in degrees in all the directions from 
the center of the cyclone.
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Since precipitation and geopotential height are available 
at a daily frequency in the GCMs, in order to standardize our 
analysis, daily data of these variables are used in the com-
posite of both GCMs and RegCM4. For the other variables, 
the 1200 UTC time is selected. Since RegCM4 has a limited 
area, many cyclones, especially during the explosive phase, 
are located very close to the border. Therefore, to avoid dis-
continuities in the composite fields, we selected EECs with 
centers lying at least 5° in each direction from the domain 
boundary. Finally, the central MSLP is defined as the small-
est value in the cyclones center composite (Table S1) that 
can be different from the most central isobar.

3 � Results

3.1 � EEC frequency

Approximately 40% of the annual total of EECs occurs in 
JJA in the AFR domain and approximately 30% in the AUS 
and SAM domains (Fig. 1). These relative contributions 
shown by ERAI are also generally simulated by the histori-
cal simulations (although with some differences) and are 
consistent with the value of ~ 40% found by Lim and Sim-
monds (2002) considering the entire SH. RegCM4 in the 
three domains overestimates the percentage found in ERAI 
while the GCMs ensemble underestimates it in AFR and 
AUS and overestimates it in SAM (Fig. 1). The JJA per-
centage of EECs increases in the future climate compared 
to the present (Fig. 1) as a consequence of two factors: the 
projected decrease of the total number of cyclones and the 
increase of the number of EECs (which we can see for the 
austral winter in Table 1).

From Table 1 we highlight that the ensembles underesti-
mate the frequency of the total number of cyclones (EECs 

and non-EECs) in JJA compared to the ERAI with conse-
quent underestimation of the frequency of EECs. The high-
est underestimation in the total number of cyclones is regis-
tered in the GCMs (28% and 24% respectively) in AFR and 
SAM and in the RegCM4 (33%) in AUS.

In terms of EECs, GCMs also have the highest under-
estimation, both in SAM (47%) and AUS (58%) domains. 
Although RegCM4 has better results, the underestimates are 
also large (Table 1). The proportion of EECs by the total 
number of cyclones (EECs/total) in each domain repre-
sents ~ 13–17% in ERAI during the austral winter, while the 
two ensembles, in general, tend to underestimate this value. 
The ERAI relative frequency of EECs is slightly higher than 
obtained by Reale et al. (2019), which may also be attributed 
to the fact that here we analyze limited area domains, while 
Reale et al. (2019) considered the whole SH. In the AUS 
and SAM domains, the percentage of EECs in RegCM4 is 
closer to the ERAI values than that of the GCMs, while the 
opposite is found in the AFR domain (Table 1).

The underestimations of the ensembles can be traced 
back to the absence of data assimilation and low temporal 
and spatial resolution of GCMs, which makes it difficult to 
solve some cyclones and decrease the number of simulated 
systems. This also limits the numbers of systems simulated 
by RegCM4, as most systems simulated by the limited 
area models originate outside the domain itself and enter 
into the domain through the boundary conditions (Reale 
et al. 2021). Moreover, if a system simulated by the GCM 
moves too fast it could cross the domain boundaries with-
out leaving a fingerprint in the relaxation zone, it becomes 
completely missed in the RegCM4 simulated climatolo-
gies (Sanchez-Gomez and Somot 2018; Reale et al. 2021). 
This points out the importance of the numerical settings in 
RCMs as a source of possible difference between references 
and simulated regional datasets. Despite the biases in the 

Table 1   Ensemble of the total 
of cyclones (EECs and non-
EECs) and EECs in the three 
Southern Hemisphere domains 
in the historical (1995–2014) 
and future climate (2080–2099) 
during JJA

The percentage (%) indicates the percentage of EECs regarding the total number of cyclones

DATA​ Historical Future

Total EECs % Total EECs %

AFR
ERAI 159.0 27.0 17.0
GCMs 114.5 14 12.2 114.0 17.7 15.5
RegCM4 139.0 8.0 5.8 123.5 12.0 9.7
AUS
ERAI 522.0 68.0 13.0
GCMs 433.3 28.3 6.5 329.7 34.3 10.4
RegCM4 351.0 30.0 8.5 285.0 29.0 10.2
SAM
ERAI 351.0 58.0 16.5
GCMs 264.7 30.7 11.6 221.3 42.0 19.0
RegCM4 270.0 36.3 13.4 230.3 44.7 19.0
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frequency of total cyclones, Reboita et al. (2020) discussed 
that the RegCM4 and GCMs ensembles are able to simu-
late the mean characteristics and key related variables of 
the cyclones in the present climate. Here, we also show that 
the simulated EECs capture the main features of the ERAI 
(Sect. 3.3), although the proportion of EECs/total is, in gen-
eral, underestimated by both GCMs and RegCM4 compared 
to ERAI (Table 1).

Comparing the frequency of EECs in the future and pre-
sent climates, both ensembles indicate an increase in the 
frequency of these systems, except for RegCM4 in AUS 
domain (Table 1). In this case, the highest increase is pro-
jected to AFR by RegCM4 (33%). Our result is in line with 
Chang (2017), who found an increase in the number of 
intense cyclones in future warmer conditions. Another way 
to evaluate the changes of EECs is comparing the proportion 
of EECs/total in the future and present climates. Following 
this analysis, the largest increase is projected over the SAM 
domain (7.4% in the GCMs and 5.6% in RegCM4), then by 
AFR (3.3% in GCMs and 3.9% in RegCM4) and AUS (3.9% 
in GCMs and 1.7% in RegCM4). However, this increase is 
not statistically significant at α = 0.05.

Although the sign of the projected changes in the fre-
quency of EECs is consistent with those discussed in the 
scientific literature (e.g. Chang et al. 2012; Seil et al. 2018), 
their magnitude needs to be considered with caution. From 
Table  1, for the present climate, EECs in ERAI repre-
sent ~ 13–17% of the total number of extratropical cyclones 
detected in each domain, while in RegCM4 this proportion 
is 5.8% for AFR, 8.5% for AUS and 13.4% for SAM. While 
RegCM4 does better the proportion of EECs in the SAM 
domain (bias of 19%), there is a larger bias in AFR (66%) 
and AUS (35%). For the future climate, Table 1 shows that 
RegCM4 ensemble projects an increase of 19% for AFR and 
33% for SAM in the frequency of EECs, while no changes 
have been identified in AUS. Thus, the magnitude of the pro-
jected changes is smaller than the RegCM4 underestimation 
of EECs in the present climate. This limits the confidence in 
the magnitude of the future changes of EECs, not on their 
signs which are consistent with those discussed in the sci-
entific literature.

While Table 1 indicates a future increase in ECC fre-
quency, Fig. 2 shows that this increase is not statistically sig-
nificant at α = 0.05, which implies that it could also be due to 
a large interannual and interdecadal variability (Fig. 2), or in 
other words, there are no positive trend lines.

3.2 � EC density

The spatial distribution of EECs in ERAI over the SAM 
domain shows that the region encompassing southern Brazil 
and Uruguay is the preferential location for explosive cyclo-
genesis (shaded color in Fig. 3a) and that these systems reach 

the EEC category south or southeast of the genesis area 
(continuous lines in Fig. 3a). The extreme south of Brazil 
and Uruguay is one of the three main cyclogenetic regions 
near the South America coast and it is more active during 
the austral winter (Hoskins and Hodges 2005; Reboita et al. 
2010, 2015; Crespo et al. 2020b), with cyclogenesis being 
associated with the lee effect, troughs travelling from the 
Pacific to the Atlantic Ocean, and meridional thermal con-
trasts near the surface (Gan and Rao 1991; Seluchi 1995; 
Vera et al. 2002; Hoskins and Hodges 2005; Reboita et al. 
2012, 2018). Over the AFR domain, the EECs main gen-
esis region lies far from the continent in the latitude band 
40°–50°S, which is also the band of higher EECs frequency 
in the AUS domain. Cyclogenesis in this latitude band is 
associated with the intense horizontal temperature gradients, 
which are a typical feature of these latitudes (Holton 2004). 
AUS also has EEC cyclogenesis near the southeast of the 
continent, 30°–40°S (same latitude band of the maximum 
of EECs in the SAM), with the source of this signal a matter 
of debate in the scientific literature (see Pepler et al. 2017).

In all domains, the model ensembles reproduce the spatial 
distribution of EECs found in ERAI (Fig. 3a–c). RegCM4 
improves the GCMs results over the SAM domain, where it 
shows higher EECs density near the extreme south of Bra-
zil and Uruguay. For the future climate (Fig. 3d–g), both 
ensembles project an increase in the number of EECs near 
the coast of southern Brazil and Uruguay, but these systems 
reach the EEC category far from the coast, with some cases 
displaced more northwards in RegCM4. Despite the noisy 
change signal in AFR and AUS, both ensembles indicate a 
tendency for increased numbers of EECs. Figure 3f–g also 
suggests that south of 40°S in the future, cyclones reach the 
EEC category with a poleward displacement, a feature that is 
more evident in the RegCM4 ensemble for the AUS domain. 
A southward displacement of intense cyclones in the future 
climate was also found by Chang (2017).

3.3 � Mean EEC features

The main climatological features of the EECs in each 
domain, ensemble, and timeslice are shown in Fig. 4. The 
model ensembles are able to reproduce the frequency dis-
tributions of the EECs as found in ERAI and, in general, 
RegCM4 has a better performance than the GCMs. Some 
examples are the maximum depth in the AFR domain 
(Fig.  4a), the minimum pressure in the three domains 
(Fig. 4g–i), and the lifetime in the AUS and SAM domains 
(Fig. 4k–l).

Note that, while Reboita et al. (2020) found the highest 
frequency of cyclones with a maximum depth of ~ 30 hPa 
in the total climatology of winter systems, our analy-
sis indicates that EECs have a higher frequency with 
depth of ~ 50 hPa (Fig. 4a–c). More specifically, AFR and 
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AUS show a higher percentage of systems with depth of 
50–60  hPa, while SAM has a maximum with depth of 
40–50 hPa. Similar results were obtained by Reale et al. 
(2019) for a present climate study. We suggest that in SAM 
the depth is lower because the systems originate in the sub-
tropics, a region less baroclinic than mid-latitude (Fig. 3). 
During the time that the cyclones reach the EEC category 
(Fig. 4d–f), the depth is almost 10 hPa lower (~ 40 hPa) 
than the maximum depth (~ 50 hPa) reached by EECs. The 
mismatch between the two values can be explained by the 
fact that here we are comparing the maximum depth at the 
time the system is deemed as explosive and the maximum 
depth along its lifecycle. In fact, once the system has become 

explosive the deepening process can still continue result-
ing in depth even stronger than at the time of explosive 
deepening.

Another measure of cyclone intensity is the minimum 
pressure found during the EEC lifecycle (Fig. 4g–i). In the 
three domains, the highest frequency of EECs is found when 
the minimum central pressure ranges from 960 to 970 hPa. 
Concerning the climate change signal, in all domains, the 
ensembles show an increase in the frequency of the EECs 
with higher depth and lower central pressure, but this sig-
nal is not statistically significant (α = 0.05). The frequency 
distributions of the minimum pressure show that GCMs 
tend to simulate deeper cyclones than RegCM4 and ERAI. 

(a) (b)

(c) (d)

(e) (f)

Fig. 2   EECs standardized frequency in JJA, i.e., the number of EECs 
in JJA of each year divided by the total number of EECs of austral 
winter considering the whole studied period. Black lines indicate 
ERAI, blue lines the ensembles in the present climate and red lines 
the ensembles in the future climate. GCMs (RegCM4) ensemble is 

presented on the left (right) side. All panels show the equations of the 
linear trend that are represented in dashed lines. The horizontal axis 
corresponds to the years, which range from 1995 to 2014 in the his-
torical climate and from 2080 to 2099 in the future climate
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The same behaviour is not observed in studies of tropical 
cyclones (e.g., Tonkin et al. 2000; Suzuki-Parker 2012; 
Wang et al. 2017; Davis 2018), suggesting that extratropi-
cal cyclones do not have the same horizontal resolution 
dependency as that seen for tropical cyclones. In fact, as 
discussed by Gentry and Lackmann (2010), the only way for 
a model or a reanalysis to reproduce with a certain degree 
of accuracy the minimum pressure in a tropical cyclone 
would be adopting a resolution of a few kilometers, which 
is computationally expensive and thus not considered until 
now in the climate simulations. Moreover, tropical cyclones 
usually have smaller spatial scales and thus low-resolution 
models are less prone to simulate their dynamics. On the 
other hand, as discussed in the introduction, baroclinic and 
diabatic processes can drive the intensity of a simulated 
extratropical cyclone. Additionally, several factors associ-
ated with the configuration of the models (such as physical 
parameterization schemes) may play a role in the intensity 
of the extratropical cyclones through the changes in the 
vertical stability, moisture flux and moisture content in the 
atmosphere, convection representation, wind divergence at 
the upper levels just to cite a few. In our analysis, GCMs 
tend to simulate deeper cyclones over some domains due to 
a combination of the aforementioned factors. However, the 
analysis of these factors would require a deeper work only 
focused on the GCMs ensembles and it is beyond the scope 
of this study.

In present climate conditions, the highest frequency of 
cyclones becomes explosive in the first 24 h after cyclo-
genesis (Fig. 4m–o) and when they last more than 48 h 
(Fig. 4j–l). The EEC duration is higher compared to that 
of all cyclones (24–48 h; Reboita et al. 2020). Moreover, 

the AUS domain shows a higher frequency of EECs lasting 
between 144 to 240 h than the AFR and SAM, which can 
be associated with the longer distances travelled by EECs in 
AUS (Figure not shown) and it is a similar feature shown in 
Reale et al. (2019). In future conditions, in AFR and SAM 
(Fig. 4j, l) there is an increase in the frequency of cyclones 
lasting less than 48 h in RegCM4, which is not generally 
noted in GCMs. In AUS (Fig. 4k), this increase occurs in 
both ensembles.

The mean speed frequency distribution of EECs in the 
present climate time slice (Fig. 4p–r) resembles that of all 
cyclones climatology presented in Fig. 5 by Reboita et al. 
(2020), where most cyclones have a mean speed in the range 
of 6–12 m s−1. In the future, however, RegCM4 indicates 
a decrease in the frequency of slow EECs and an increase 
of EECs with a mean speed higher than 15 m s−1 over all 
domains.

In summary, in present climate conditions, EECs are 
deeper and longer-lasting compared to all cyclone clima-
tology, and in future warmer conditions, the projections 
indicate deeper and faster EECs with a shorter lifetime, 
although these results are mostly not statistically significant 
(α = 0.05).

3.4 � Sander’s classification

EECs are classified according to Sander’s methodology 
in three categories: weak (1.0 ≤ NDR < 1.3), moderate 
(1.3 ≤ NDR < 1.8) and strong (NDR ≥ 1.8). In the AFR 
domain, ~ 50% of the EECs in ERAI are weak systems, while 
in AUS and SAM this percentage is around 60%. Although 
both ensembles overestimate the frequency of weak EECs 

Fig. 3   EECs density [(number of systems in regions of 3° × 3° per 
area (km2)) × 106] in two-time steps: cyclogenesis (shaded) and when 
the cyclones reach the explosive category (continuous lines: a–e from 
0.2 to 3.0, 0.4 interval and f, g same interval as for cyclogenesis). a 
ERAI, b GCMs ensemble and c RegCM4 ensemble in the historical 

period; d, e in the RCP8.5 scenario and f, g the differences between 
future (2080–2099) and historical period (1995–2014). A statisti-
cal significance test was not included in figures f and g 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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and underestimate the moderate ones (Fig. 5), RegCM4 
shows a better performance than the GCMs. In terms of 
strong systems, the percentage is near 15% in SAM and 
almost zero in AUS. In the future, in AUS and SAM, the 

number of weak EECs is projected to decrease, while the 
number of moderate ones, to increase. In AFR, RegCM4 
indicates a slight increase in weak EECs and a decrease in 
moderate ones.

Fig. 4   Frequency distribution of a–c the maximum depth occurred in 
the EECs lifecycle (hPa), d–f depth when the cyclones reach the EEC 
category (hPa), g–i minimum sea level pressure occurred in the EECs 
lifecycle (hPa), j–l lifetime (hour), m-o lifetime from cyclogenesis 

to EEC category (hour), and p–r mean speed (m  s−1) of the EECs 
occurred in JJA in the GCMs (green) and RegCM4 (orange) ensem-
bles in the present (ENS-P; continuous line) and future climate (ENS-
F; dashed line). ERAI is shown in black line
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3.5 � EEC composites

3.5.1 � Africa

3.5.1.1  Genesis  In RegCM4, EECs in AFR show a deeper 
center in future climate (1001.3 hPa) compared to present 
(1004.2  hPa) during the cyclogenesis phase (Fig.  6c, d; 
Table S1). Even though the GCMs ensemble does not indi-
cate a strengthening of the central pressure of EECs as in 
RegCM4, the curvature of isobars is more pronounced in 
the future time slice compared to the present (Fig. 6a, b). In 
addition, the GCMs ensemble projects more precipitation 
around the center of the cyclone, near the warm front region 
(Fig. 6a, b) as also found in other studies (e.g. Yettella and 
Kay 2017; Catto et al. 2019; Sinclair et al. 2020). This pat-
tern is less clear in RegCM4 (Fig. 6c, d), where the precipi-
tation increase is only noted far from the cyclone center in 

the future. There are some discontinuities in the RegCM4 
composites over the southern regions due to the proximity 
of cyclones to the border.

EGR practically does not change its intensity in the 
future climate in the GCMs while it is projected to weaken 
in RegCM4; on the other hand, the cyclonic circulation 
at 850 hPa in both ensembles is better defined during the 
genesis phase in the future (Fig. 6e–h). Hence, the projec-
tions indicate in the future a large-scale decrease of the 
environmental baroclinicity in RegCM4. However, this 
feature does not decrease the wind intensity at low levels 
in RegCM4 (Figure S1b), suggesting that diabatic pro-
cesses might play a greater role in the intensification of 
the cyclonic circulation, as observed in various explosive 
developments in present climate (e.g. Dias Pinto and da 
Rocha 2011; Fink et al. 2012; Flaounas et al. 2021). For 
both ensembles, in the future climate, the maximum EGR 
occurs with a northwest-southeast orientation, similar to 
the climatological pattern of all cyclones (e.g. Crespo 
et al. 2020b), accompanied by stronger winds behind the 
warm front (Fig. 6e–h).

3.5.1.2  Explosive phase  During the explosive phase of 
EECs, precipitation is projected to be more intense in the 
future, with a deeper cyclone center in both ensembles 
(Fig. 7a–d). RegCM4 shows higher amounts of precipita-
tion near the center of the cyclone and the warm front, 
while the frontal structure is not evident in the rainfall 
simulated by the GCMs because of their coarse resolu-
tion (Fig. 7a–d). The RegCM4 composites in Fig. 7 show 
a larger region of discontinuity south of the center com-
pared to the genesis phase (Fig.  6c, d) due to the fast 
motion of EECs to the southeast, reaching latitudes close 
to the boundary (Fig. 1). It is interesting to note that the 
GCMs ensemble projects a larger and more elongated 
north–south low-pressure system (Fig. 7a, b), which also 
occurs in the genesis phase (Fig. 6a, b). This difference in 
structure reflects the trough predominance in GCMs due 
to the stronger westerly winds, while the cyclonic circula-
tion is better defined in RegCM4 (Fig. 7e, f). In the pre-
sent climate, two distinct maxima of EGR are simulated 
clearly in the GCMs (Fig. 7e) surrounding the cyclones. In 
RegCM4, the EGR field is noisier in the southern part of 
the cyclone region but the EGR surrounds the cyclones in 
both periods (Fig. 7g, h). Despite the difference in spatial 
EGR pattern within the GCMs and RegCM4 ensembles, 
both project a weakening in the future compared to the 
present (Fig. 7f), which implies a less baroclinic environ-
ment. Therefore, the projections of deeper EECs in the 
future indicate an increase of the contribution of diabatic 
heating (more details in Sect. 3.5.4).

(a)

(b)

(c)

Fig. 5   Frequency polygon of the Normalised Central Pressure Deep-
ening Rate (NDRC) of EECs following Sanders (1986) classifica-
tion: weak (1.0 ≤ NDR < 1.3), moderate (1.3 ≤ NDR < 1.8) and strong 
(NDR ≥ 1.8) for a AFR, b AUS and c SAM domains
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3.5.2 � Australia

3.5.2.1  Genesis  For the AUS domain, EECs are deeper 
(Fig. 8a–d) compared to AFR (Fig. 6a–d). During the gen-
esis phase, only the GCMs ensemble projects stronger EECs 
in the future climate (990.2 hPa) compared to the present 
(994.4  hPa), while RegCM4 indicates similar intensities 
(994 hPa) in both periods (Fig. 8a, b; Table S1). For both 
ensembles and time slices, EGR shows a similar structure 
(Fig. 8e, f), however, the EGR from RegCM4 is consistently 

higher than in the GCMs in the present climate. The projec-
tions for low-level circulation indicate, in general, stronger 
(weaker) winds in the northern and eastern (southern) sec-
tors of the cyclones (i.e., ahead of the cold front or behind 
the warm front) in future climate conditions in both ensem-
bles (Figure S2a-b). RegCM4 projections for the future are 
in line with the reanalysis trends that indicate a decrease 
in the growth rate near the Australian coast (Osbrough and 
Frederiksen 2021). The ensembles project higher amounts of 
precipitation in the future, similar to the projections of pre-

Fig. 6   Composites of a–d precipitation (shaded; mm day−1) and 
MSLP (black lines; hPa); e–h EGR in the layer 850–500 hPa (shaded; 
day−1) and wind vectors at 850 hPa (m s−1) in present and future cli-
mates in a, b, e, f GCMs and c, d, g, h RegCM4 during EECs genesis 

occurring in the Africa domain. All composites are centered in the 
cyclone center (0) and the axes indicate degrees east (positive)/west 
(negative) and north (positive)/south (negative)

Fig. 7   Similar to Fig. 6 but for the explosive phase of EECs occurring in the Africa domain

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3315Future changes in winter explosive cyclones over the Southern Hemisphere domains from the…

1 3

cipitation for all extratropical cyclones in the SH (Reboita 
et al. 2020). Furthermore, RegCM4 simulates more intense 
precipitation occupying a larger area north of the cyclone 
center than the GCMs (Fig. 8a–d).

3.5.2.2  Explosive phase  EECs in AUS are projected to be 
deeper in the GCMs (~ 5  hPa) and RegCM4 (~ 2  hPa) in 
the future climate during the explosive phase (Fig.  9a–d; 
Table S1). According to the GCMs projections, the differ-
ence of precipitation between present and future climate is 

quite small (Fig. 9a–b). On the other hand, RegCM4 pro-
jects a stronger intensification of precipitation in the future 
climate, especially near the center of the cyclone and along 
the warm front (Fig.  9c, d). In terms of baroclinicity, the 
northwest-southeast oriented band of EGR in both time 
slices are similar, however, with lower values in the future 
for both ensembles (Fig.  9e–h). The maximum values of 
EGR are found in the southern sector of the cyclones, to 
the south of the most intense precipitation region during the 
explosive phase. The explosive phase of EECs is thus pro-

Fig. 8   Composites of a–d precipitation (shaded; mm day−1) and 
MSLP (black lines; hPa); e–h EGR in the layer 850–500 hPa (shaded; 
day−1) and wind vectors at 850 hPa (m s−1) in present and future cli-
mates in a, b, e, f GCMs and c, d, g, h) RegCM4 during EECs gen-

esis occurring in the Australia domain. All composites are centered 
in the cyclone center (0) and the axes indicate degrees east (positive)/
west (negative) and north (positive)/south (negative)

Fig. 9   Similar to Fig. 8 but for the explosive phase of EECs occurring in the Australia domain
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jected to occur in a large-scale less baroclinic environment, 
having stronger precipitation around the cyclone centers 
and achieving lower central pressures. For the future, both 
ensembles also indicate an intensification of the circulation 
at 850  hPa in center-north sectors of the cyclone (Figure 
S2c-d).

3.5.3 � South America

3.5.3.1  Genesis  EECs in the SAM domain are weaker than 
in AUS but, in general, stronger than in AFR during gen-
esis (Table S1), and are better configured (closed isobar) in 
RegCM4 than in the GCMs (Fig. 10a ,c). For the future, the 
GCMs project deeper EECs (~ 2 hPa), slightly stronger low-
level winds at the north sector of the EECs and an intensi-
fication of the precipitation near the center of the cyclone. 
RegCM4 projections are similar to the GCMs, but with the 
variables showing lower intensity than the global models 
(Fig.  10b, d). EGR has a similar spatial configuration in 
RegCM4 and the GCMs, however, RegCM4 presents higher 
values of EGR than the GCMs in both time slices. On the 
other hand, the GCMs ensemble projects higher EGR val-
ues in the future climate compared to present, which is not 
the case for RegCM4 (Fig. 10e–h). Hence, only the GCMs 
project a slightly more baroclinic environment during the 
genesis of EECs in the future.

3.5.3.2  Explosive phase  During the explosive phase, 
EECs in SAM are very similar to the AUS EECs in terms 

of strength and structure and also present an intensifica-
tion of precipitation in the future. The structure of EGR in 
SAM resembles the ones from AUS, with both ensembles 
projecting weaker EGR in the future climate (Fig. 11e–h) 
in agreement with previous studies (Caballero and Langen 
2005; Seiler and Zwiers 2016a; Seiler et al. 2018). In terms 
of low-level circulation, the GCMs project an intensification 
of the winds at the same places where precipitation is pro-
jected to increase, while RegCM4 indicates slightly weaker 
winds (Figure S3d). We suggest that the intensification of 
precipitation, which is associated with diabatic heating, is 
contributing to deeper cyclones in the GCMs and, conse-
quently, stronger winds in the future.

3.5.4 � Discussion

In all domains, the EGR does not show large differences 
between the future and present climates during the cyclogen-
esis phase but, in general, it is weaker during the explosive 
phase of the EECs in the future climate. Osbrough and Fred-
eriksen (2021), based on a review of the literature, mention 
that CMIP3 and CMIP5 projections from skilful GCMs also 
indicate future decreases in baroclinicity over the latitude 
belt around 30° S, with increases near 55° S for high CO2 
emission scenarios.

In both the genesis and explosive phases, the EECs are 
projected to become mostly deeper and with more intense 
precipitation (mainly in the warm front sector) in the future 
climate. These results are in line with studies showing that 
the moisture content in the atmosphere is increased in a 

Fig. 10   Composites of a–d precipitation (shaded; mm day−1) and 
MSLP (black lines; hPa); e–h EGR in the layer 850–500 hPa (shaded; 
day−1) and wind vectors at 850 hPa (m s−1) in present and future cli-
mates in a, b, e, f GCMs and c, d, g, h RegCM4 during EECs genesis 

occurring in the South America domain. All composites are centered 
in the cyclone center (0) and the axes indicate degrees east (positive)/
west (negative) and north (positive)/south (negative)
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warmer climate (Yettella and Kay 2017; Catto et al. 2019; 
Gertler and O’Gorman 2019; Sinclair et al. 2020) but, at the 
same time, wetter conditions help to decrease the intensity 
of the meridional temperature gradients at low and mid-lev-
els of the atmosphere (Gertler and O’Gorman 2019) being 
a negative effect for extratropical cyclones. As discussed 
by Caballero and Lagen (2005) and Hwang and Frierson 
(2010), the decrease of baroclinicity is related to the fact 
that the increase in air temperature enhances the poleward 
latent heat transport, and the condensation helps to warm the 
atmosphere at high latitudes (although latent heat transport 
increases with the increase of temperature, it does not do 
so indefinitely; when the meridional temperature gradient 
weakens, the latent heat transport tends to stabilize). Cabal-
lero and Lagen (2005) also propose that other processes, 
such as the melting of ice and snow cover through surface 
albedo feedbacks, can contribute to weakening the meridi-
onal temperature gradient. As the horizontal temperature 
gradients are a lifting mechanism, the upward air movement 
is weakened and, as a consequence, the static stability is 
increased (Frierson 2006; Frierson et al. 2006), leading to a 
decrease in EGR (Caballero and Langen 2005). Therefore, 
the cyclones become less baroclinic (which is shown by the 
low values of EGR in the future) in terms of large scale 
conditions.

The reason for EECs to become deeper and with inten-
sified precipitation in the future might be associated with 
the future wetter environment, which contributes to inten-
sify diabatic processes (latent heat release associated with 
condensation). A proxy of these processes is the projected 
increase of precipitation along the warm front contributing 
to warming the warm sector of the extratropical cyclones, 
with the consequent strengthening of the local baroclinicity, 

resulting in deeper EECs. This physical explanation is sum-
marized in Fig. 12. The increase of precipitation produced 
by EECs and other categories of extratropical cyclones 
(Reboita et al. 2020) also helps to explain the increase in 
the precipitation towards the south pole in future climate 
projected by IPCC models (IPCC 2013).

4 � Conclusions

EECs are synoptic-scale systems, which experience a 
fast deepening rate over a relatively short time range 
(~ 24 hPa/24 h), and are often associated with severe weather 
(Sanders and Gyakum 1980). We investigated future changes 
in EECs during austral winter in GCMs and RegCM4 
ensemble projections for three SH domains (AFR, SAM and 
AUS) under the RCP8.5 scenario. The main results can be 
summarized as follows:

•	 EECs represent ~ 13–17% of the total number of extrat-
ropical cyclones in the ERAI reanalysis during the aus-
tral winter. The ensembles underestimate this propor-
tion. While in the AFR domain the GCMs ensemble has 
a percentage of EECs closer to ERAI, in the AUS and 
SAM domains the RegCM4 ensemble is closer to the 
reanalysis;

•	 RegCM4 ensemble projects an increase of 19% for SAM 
and 33% for AFR in the frequency of EECs, while no rel-
evant changes are projected in AUS. Although the signs 
of the change of EECs are consistent with those already 
discussed in the scientific literature (Chang et al. 2012; 
Seil et al. 2018) their magnitudes need to be considered 
with caution because they are smaller than the underesti-

Fig. 11   Similar to Fig. 10 but for the explosive phase of EECs occurring in the South America domain
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mation in the frequency of EECs in the RegCM4 ensem-
ble in the present climate;

•	 the proportion of EECs compared to the total number 
of extratropical cyclones (EECs/total) in each domain 
during the austral winter is projected to increase in the 
future period compared to the present, with higher posi-
tive changes for the SAM domain (7.4% in GCMs and 
5.6% in RegCM4) than AFR (3.3% in GCMs and 3.9% 
in RegCM4) and AUS (3.9% in GCMs and 1.7% in 
RegCM4);

•	 although the frequency of EECs is projected to increase 
in the future climate, it does not show a positive linear 
trend due to the large interannual/interdecadal variability;

•	 EECs in the future will be deeper and faster but with a 
shorter lifetime compared to the present climate, and

•	 composites show that in the genesis and explosive phases 
over all subdomains, EECs tend to become deeper and 
with more intense precipitation in future warmer con-
ditions, mainly along the cyclone center and the warm 
front. On the other hand, as indicated by the EGR 
changes, the large-scale baroclinicity is projected to 

decrease, and this implies that the diabatic heating acts 
to strengthen the local baroclinicity in the EECs. This 
process explains the deeper cyclones, the intensification 
of EEC rainfall and stronger low-level winds in the warm 
sector of the EECs in the future climate. A simple illus-
tration in Fig. 13 summarizes these main findings.

In brief, our results project for the future an increase 
of the frequency of EECs, with consequent changes in 
low-level winds and precipitation in the SH. In terms of 
physical mechanisms, we find an increase in the thermody-
namic contribution to the EEC development and a decrease 
in the dynamic ones. These results are for austral winter. 
Although EECs are less frequent in the other seasons, it 
would be important to investigate if these changes are 
projected throughout the year. As discussed, the Sanders 
and Gyakum (1980) formulation to identify EECs may 
not include cyclones that deepen rapidly over periods of 
less than 24 h. Therefore, in a next investigation it would 
be very important to evaluate the sensitivity of the EECs 

Fig. 12   Diagram of the physical 
processes associated with the 
changes projected for EECs 
(vide text for more details); 
↑ = increase, ↓ = decrease
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climatology and climate change signal as a function of the 
detection criterion used.
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