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ABSTRACT

In this study, hemispheric climatologies of explosive cyclones (ECs) derived using a set of different cyclone
detection and tracking methods (CDTMs) are analysed. The aim is to evaluate trends and regional
characteristics of ECs discussing consensus and disagreement among methods. Areas of both hemispheres
characterised by relatively frequent presence of ECs are considered, with particular emphasis on their
extremes. Despite the considerable differences (up to 21-38% in the Northern/Southern Hemisphere) in the
total number of ECs detected by the various CDTM, this study provides evidence of a good level of
agreement among methods concerning spatial distribution of cyclogenesis, track density, their main
characteristics (depth, speed, duration, deepening and normalised deepening rate), seasonality and trends.
ECs are shown to be deeper, faster and long-lasting with respect to ordinary cyclones in both hemispheres.
Southern Hemisphere ECs are typically more intense than those in Northern Hemisphere. On the other hand,
ECs in the Northern Hemisphere are characterised by a stronger deepening rate over 6h and 24 h than in the
Southern Hemisphere. Atlantic ECs are usually faster, deeper and characterised by higher deepening and
geostrophically adjusted deepening rate than in the Pacific. This is particularly true in the eastern part of the
basin. In both basins, ECs in the western side are characterised by higher normalised deepening rates than in
the eastern parts. In the Southern Hemisphere, ECs close to Southern Africa and Australia are usually faster,
deeper and with higher deepening rates than those close to southern South America. On the other hand, ECs
close to southern South America and Southern Africa are characterised by higher normalised deepening rates
and duration with respect to ECs close to Australia.

Keywords: explosive cyclones, cyclone detection, tracking schemes, comparison, deepening rate, normalised
deepening rate

1. Introduction

Cyclones are a key component in the mid-latitude atmos-
phere dynamics. They play a fundamental role in the
hydrological cycle, in the meridional transport of energy,
moisture and momentum (e.g. Peixoto and Oort, 1992).
Cyclones are strongly linked with meteorological hazards,
such as strong winds, marine storms, storm surges,
intense precipitation, floods and landslides and, thus,
with economic losses and fatalities (e.g. De Zolt et al.,

*Corresponding author. e-mail: reale.marco82@gmail.com

2006; Nissen et al., 2010; Liberato et al., 2011; 2013;
Pinto et al, 2013; Reale and Lionello, 2013;
Liberato, 2014).

Explosive cyclones (or so-called meteorological
“bombs”, hereafter ECs) are characterised with respect
to “ordinary”
after NECs) by a strong deepening rate (depending on
latitude) in a relative short time range. Historically, ECs
are identified through a “Normalised Central Pressure
Deepening Rate” (NDR., Sanders and Gyakum, 1980)
defined as:

cyclones (or non-explosive cyclones, here-
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(DR /24h) * sin (60°)/sin () (1)

where DR,y is the variation of central pressure over a
period of 24h, ¢ is the latitude of cyclone and 60° is the
so-called “reference latitude”. When NDR, exceeds the
unity, the system is deemed to be an EC (Sanders and
Gyakum, 1980). In the Southern Hemisphere this defin-
ition has been challenged as it may lead to the identifica-
tion of many artificial/spurious systems (Lim and
Simmonds, 2002; Allen et al., 2010). In fact, according to
(1) a system moving meridionally towards a lower pres-
sure area experiences a strong deepening due to the vari-
ation of pressure field background that does not
correspond to a real increase in the strength of the system
itself. Therefore, it has been suggested to use either a
“Normalised Reference Deepening Rate”
(NDR,) so that DRy}, corresponds to the anomaly with
respect to the climatology field, or to use an approach
combining NDR/NDR. metrics together (Lim and
Simmonds, 2002; Allen et al., 2010).

ECs form in both hemispheres mainly during the cold
season in regions with enhanced baroclinicity associated
to strong horizontal temperature gradients (e.g. to the
east of continental coastlines), large moisture availability
and enhanced jet stream velocities (Roebber, 1984;
Sanders, 1986; Gyakum et al., 1989; Chen et al., 1992;
Stull, 2000; Chang et al., 2002; Allen et al., 2010; Seiler
and Zwiers, 2016). Due to the rapid decrease of the cen-
tral pressure, these systems are associated with extreme
strong circulation and thus with extreme events like wind
gusts, heavy rain potentially leading to floods, and
extreme height waves (Sanders and Gyakum, 1980; Fink
et al., 2009; Liberato et al., 2011).

Over the last 40years, studies on ECs have been
focused on deriving a climatology in Northern/Southern
Hemisphere (hereafter NH/SH; e.g. Roebber, 1984; Lim
and Simmonds, 2002; Allen et al., 2010; Seiler and
Zwiers, 2016) or in specific regions (Sanders, 1986; Chen
et al., 1992; Wang and Rogers, 2001; Trigo, 2006;
Kuwano-Yoshida and Asuma, 2008;
et al., 2011), on associated physical processes and telecon-
nections (e.g. Fink et al., 2012; Gomara et al., 2014) or
on specific case studies (e.g. Liberato et al., 2011; Ludwig
et al., 2014). For example, Allen et al. (2010) have shown
that ECs are distributed into several distinct regions,
including two regions of maximum density in the NH
corresponding to the Northwest Pacific and North
Atlantic and three regions in the Southern Hemisphere in
correspondence to East of Southern America, between
45E-90E, poleward of 40S and in an area corresponding
to 100E-150W/45S-80S. Seiler and Zwiers (2016) have
evaluated the ability of CMIP5 to reproduce ECs and
shown that most of the models reproduce well their
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spatial distribution in comparison with the reanalyses in
the NH, with two maxima along the Kuroshio and the
Gulf Stream. Furthermore, Liberato et al. (2011) have
analysed the case of the storm Klaus, which affected
Europe (mainly France and Spain) on 23-24 January
2009 and was associated with heavy rain, snow over the
Pyrenees, record breaking wind gusts (up to 55ms™!),
high waves
Mediterranean (up to 15m) and considerable societal
impacts including fatalities. All these studies have applied
cyclone detection and tracking methods (hereafter
CTDMs; Neu et al., 2013; Lionello et al., 2016) to reanal-
yses or climate models data.

While the above-described climatological studies are
valid assessments of the ECs activity in both hemispheres,
they can be influenced by the choice and resolution of
the reanalyses/GCMs used and by the choice of CDTM
itself (Allen et al., 2010). For example, depending on how
a cyclone is defined, a CDTM may use for the detection
and tracking different atmospheric variables, such as
mean sea level pressure (MSLP) or relative vorticity (Neu
et al., 2013), leading to the identification of different pos-
ition centres and intensification rates for the same storm.

The IMILAST (Intercomparison of MId LAtitude
STorm Diagnostics, Neu et al., 2013; Ulbrich et al., 2013;
Hewson and Neu, 2015; Rudeva et al., 2014; Lionello
et al., 2016; Pinto et al., 2016; Grieger et al., 2018) pro-
ject has provided evidence of the potentiality of a multi
CDTM approach for identifying and describing the entire
life cycle of cyclones. Neu et al. (2013) have shown that
all CDTMs approaches applied to ERA-interim dataset
produce comparable climatologies of cyclones in the NH/
SH, with a general high agreement among different
CDTMs for deep cyclones and for the frequency, life
cycle, inter-annual variability and trends of these systems.
Based on selected case studies, Neu et al. (2013) showed
that the level of agreement among CDTMs in describing
the cyclone life cycle is high during the intense phase of
the storm, low during its previous development and lysis.
On the other hand, Ulbrich et al. (2013) have shown that
despite different numbers of cyclones identified applying
different CDTMs to ECHAMS5/OM1 model simulation,
the climate change signal is similar among all the
CDTMs. Hewson and Neu (2015) have analysed the
structure and characteristics of windstorms affecting
Northern Atlantic and Europe identifying three causal
classes of these systems. Rudeva et al. (2014) have ana-
lysed the sensitivity of cyclone climatology to the filtering
over orography exceeding 1500 m, time of detection and
representation of fast moving cyclones, providing evi-
dence that filtering and late identification of cyclones
reduces significantly the number of cyclones, while the
splitting of trajectories has negligible effect on cyclone
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distribution as well as on the average deepening rate.
Lionello et al. (2016) have discussed the consensus among
different CDTMs on the climatology of cyclones in the
Mediterranean region, with a spread among methods
mainly due to how each CDTM deals with slow and
weak cyclones. Pinto et al. (2016) have shown that multi
CDTMs approach qualitatively identifies cyclone clusters
affecting the Euro-Atlantic Region in
December—January-February and, in particular, that
under dispersion and over dispersion of extratropical
cyclones over the North Atlantic and Western Europe are
features generally robust with respect to the choice of
CDTM. Finally Grieger et al. (2018) analysed extratrop-
ical cyclone activity around the Antarctica showing that,
despite a different number of tracks identified by each
CDTM, the multi CDTMs pointed out the existence of
robust trends in the area for these systems and that the
level of agreement is high among the methods when the
comparison is limited to stronger systems. All the previ-
ous works, thus, have pointed out that one of important
source of spreading among different CDTMs rely on how
these different approaches deal with slow/fast and weak/
deep cyclones and a multi CDTMs approach can provide,
indeed, a more robust description of cyclone activity in
both hemispheres.

In the present manuscript, we focus on the characteris-
tics of ECs from the multi-methodology CDTMs perspec-
tive. The main purposes of this work are as follows:

e to extract separated datasets of ECs and NECs for
both hemispheres based on the original IMILAST
dataset of cyclone tracks (Neu et al., 2013)

e to derive a comprehensive climatology of ECs in
both hemispheres and assess their main characteris-
tics with respect to NECs

e to use this climatology to compare characteristics of
ECs among target regions in both hemispheres with
particular emphasis on extremes, intensity and
trends, assessing the statistical significance of the dif-
ferences observed.

The work is organised as follows. Section 2 provides a
description of the procedure for the identification of ECs,
the features of the new ECs/NECs datasets and the statis-
tical tools used in this work. Section 3 analyses the cli-
matology of ECs in both NH/SH with a comparison of
their features with respect to NECs and among them-
selves in different areas of both hemispheres. Finally,
Section 4 includes the discussions of the results, conclu-
sions and future developments of the work.

2. Data and methods

In this study, we consider ECs originated polewards
beyond the 25° parallel in both hemispheres. The analysis

Table 1. List of cyclone detection and tracking methods used in
this study with code number in the IMILAST dataset and main
bibliographic reference for the description of each method.

Method References

MO02 Murray and Simmonds, 1991; Pinto et al., 2005
MO06 Hewson, 1997; Hewson and Titley, 2010

MO8 Trigo, 2006

M09 Serreze, 1995; Wang et al., 2006

MI10 Murray and Simmonds, 1991; Simmonds et al., 2008
M16 Lionello et al., 2002; Reale and Lionello, 2013

M20 Wernli and Schwierz, 2006

M22 Bardin and Polonsky, 2005; Akperov et al., 2007

of ECs activity and the relatively comparison with NECs
is based on eight different CDTM (Table 1) applied to
the Mean Sea Level Pressure (MSLP) fields of the 6-
hourly ERA-Interim 1979-2008 at 1.5° resolution. For a
full description of each CDTM, the reader is referred to
Neu et al. (2013) and references in Table 1. Each CDTM
provides a list of cyclones with a lifetime longer than
24 h, their position as a function of time and different
variables describing their intensity (like MSLP,
Laplacian, Geopotential Height, Neu et al., 2013). These
CDTMs differ among them in employing different met-
rics for the detection and tracking of cyclones (such as
minimum MSLP, Relative Vorticity, intensity of wind,
maximum of Laplacian of SLP, maximum gradient of
SLP) or different thresholds for removing/merging artifi-
cial/weak systems (Neu et al., 2013). Among the list of
methods that contributed to the IMILAST dataset (Neu
et al., 2013), we have chosen the eight tracking methods
(Table 1) based on MSLP.

Cyclones for each of the methods have been then div-
ided in ECs and NECs and two separate datasets have
been built covering the period January 1979-December
2008. The variables used to describe both classes of cyclo-
nes are: position (in longitude and latitude), SLP value of
the central minimum (hPa), deepening rate (DRg,, hPa/
6h), geostrophically adjusted deepening rate (ADRg,
hPa/6h), normalised central deepening rate (equation 1,
NDR. in hPa/24h), adjusted normalised central deepening
rate (ADNDR,, in hPa/24h), speed (in km/h), distance
covered in 6h (in km) and two flags (0 or 1) to mark
when the cyclone becomes EC and reaches its maximum
ADRg;,. These variables are defined as follows:

e DRy, the variation of pressure in a cyclone in two
consecutive timesteps

e ADRgy, (Trigo, 2006): (DRgp)*sin(60°)/sin(¢p) where
¢ is the latitude of cyclone and 60° is the so-called
reference latitude

e ADNDR.: (DRy4,/24h)*sin(60°)/sin(¢,,) where @,, is
the latitude of the mean position of cyclone in 24h
and 60° is again the reference latitude
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Table 2. Number of NECS/ECs detected in each list before (first and third columns) and after (second and fourth columns) applying

the filter on the maximum velocity.

Northern hemisphere

Southern hemisphere

Method All Max speed< =150 km/h All Max speed< =150 km/h
MO02 65712/5182 62973/4781 52318/9518 49747/8581
MO06 79015/3284 78969/3282 85904/7554 85836/7553
MO8 46538/2968 46535/2968 40081/4461 39998/4461
M09 95293/3068 93024/2960 51071/4207 49942/4035
M10 39322/3042 39151/2994 45209/6777 44969/6609
M16 57938/3747 50669/2753 44772/5082 40336/3710
M20 61139/2520 60774/2468 38304/3117 38071/3068
M22 63201/3246 63152/3244 40148/4325 39932/4320

In the computation of NDR, and ADNDR,, following
the IMILAST protocol (Neu et al., 2013), we considered
24 h as a period of five consecutive time steps.

ECs are defined as all the systems which fulfil the crite-
ria of equation (1) based on the NDR, (Sanders and
Gyakum, 1980) while the category NECs includes all the
systems which does not fulfil the criteria based on equa-
tion (1) and has a maximum ADRg,/NDR, lower than
zero (this in order to filter away systems identified by
each CDTM with no negative observed deepening rates
along their life cycle). Recently, the criterion of equation
(1) has been criticised and other criteria have been sug-
gested (Allen et al., 2010). However we have kept the ori-
ginal formulation, as the main purpose of this work is
not to compare the sensitivity of the climatology of ECs
with respect to different detection criteria, but to derive a
general climatology using a multi tracking approach.

Following the multi tracking approach introduced in
previous works (Neu et al., 2013; Ulbrich et al., 2013;
Hewson and Neu, 2015; Rudeva et al., 2014; Flaounas
et al., 2016; Lionello et al., 2016; Pinto et al., 2016) we
explore the consensus in term of trends for the ECs com-
puting a multi-method mean (MCDTM, Neu et al., 2013;
Lionello et al, 2016). To show a possible common behav-
iour among the time series in both hemispheres a normal-
ised index ECj,4cx has been computed for each i-method,
defined as

ECindex (17 t) = (EC(I: t) 7ECaverage (1)) /StdEC(l) (2)

where EC(j,7) is the number of ECs in the i-method at
the time f, EC,yerage(i) the average of the timeseries,
stdEC(i) is its standard deviation. The Mann-Kendall
test (MK) has been adopted for assessing the significance
of trends in the historical time series. Additional statis-
tical tools are considered and described in the regional
analysis (Section 3.3).

Finally, boxplots are used to compare ECs and NECs
in order to determine the most frequent minimum value
of SLP (hereafter MSLP,,,;, meant for the whole duration

of the cyclone) and the most frequent maximum value of
DRg¢,, ADRg,, NDR,, speed (hereafter DR .y, ADR .y,
NDR_axs Speednay) and duration at hemispheric scale.
Particular emphasis has been given to extremes in some
selected areas of both Hemispheres.

3. Results
3.1. ECs climatologies

Table 2 shows the number of NECs/ECs detected in each
hemisphere and those systems retained after discarding
systems with a maximum value of speed along their life
cycle, greater than 150km/h. This filter is required
because some CDTMs (e.g. Rudeva et al., 2014) tend to
merge two close cyclone tracks in one track giving rise to
unrealistic propagation speed (in some cases also greater
than 300 km/h) and strong deepening rate, mimicking an
explosive development.

Quantitative differences in the numbers of NECs/ECs
among CDTMs are relatively large for both hemispheres.
In the NH the average number of ECs(NECs) per year is
equal 110£26 (2113 +£548) for the full analysed period,
with a spread among the methods measured by the coeffi-
cient of variation! approximately equal to 24% (26%). In
the SH, the average number of ECs(NECs) is 187+ 71
(1657 £ 516), with a spread among the methods approxi-
mately equal to 38% (31%). All methods show that ECs
are much less frequent than NECs, with the average ratio
ECs/NECs in NH (SH) equal to 5% (11%).

The relative importance of ECs versus NECs appears
to remain substantially unaltered if all systems with max-
imum speed observed greater 150km/h are discarded.
CDTMs are sensitive at a different extent to this thresh-
old depending on hemispheres as well. Comparing all
methods for the NH, the average number of ECs(NECs)
per year decreases to 104 +22 (2065 £ 545), with a spread
in both categories among the methods approximately
equal to 21% (26%). In the SH, the average number of
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ECs (NEC) decreases to 17667 (1620+524) with a
spread among the methods approximately equal to 38%
(32%). It appears that the uncertainties raising from very
fast propagating cyclones affect mainly ECs in the NH
and it is probably linked to the larger area with orog-
raphy higher than 1500 m in the NH, where this error has
been observed (Rudeva et al., 2014). For the rest of the
paper the analysis will include only ECs and NECs with
maximum propagation speed lower than 150 km/h. The
number of ECs detected in NH (SH) tends to be higher
(is in good agreement) with respect to Allen et al. (2010)
(80 ECs in the NH and 171 ECs per year in SH) and
higher with respect to Lim, and Simmonds (2002) (26.4
ECs in the SH and 45.9 in the NH). However, these num-
bers are not directly comparable with our results as in
Allen et al. (2010) a single CDTM was employed while in

Lim and Simmonds (2002) the detection of ECs has been
carried out using NDR, approach instead of our clas-
sical approach.

3.2. Temporal and spatial variability of ECs

Figure 1(a) shows the historical MCDTM annual time
series of ECs in blue (red) for the NH (SH) together with
the spread of all data (dashed lines) for each hemisphere.

The NH (SH) MCDTM is characterised by a slight
negative (positive) trend estimated by least square result-
ing equal to 0.2 (0.4) ECs year '. Only the tendency
observed in the SH results significant at 95% level accord-
ing to MK (p <0.05) and is comparable with the value
found by Lim and Simmonds (2002) who estimate a value
of 0.56 ECs year ' (also in this case statistically
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Fig. 2. Inter-monthly relative frequency (in %) of ECs in NH
(blue) and SH (red). The upper and lower limits of the boxes
correspond to 25th and 75th percentiles, the whiskers represents
the min/max values, and — represents the median among the
methods in each month.

significant). The positive tendencies observed in the NH
by Lim and Simmonds (2002) and Allen et al. (2010)
were not statistically significant. Figure 1(b,c) shows the
time series of the corresponding EC;,4ex described in
equation (2) for both hemispheres. The spread among the
methods dramatically reduces and again the MCDTM
shows in NH (SH) a slight negative (positive) linear trend
equal to —0.02 (0.03).

Figure 2 shows the mean annual cycle of ECs in the
NH and SH. In the NH, ECs frequency is relatively high
in winter (ONDJFM), and lower in summer (JJA). In par-
ticular, the period ONDJFM accounts for more than 80%
of ECs detected in NH. In the SH, the seasonal variability
is relative low with respect to NH (Lim and Simmonds,
2002; Allen et al., 2010) with a peak during the cold aus-
tral season. In the SH, the period AMIJJASO accounts for
more than 70% of the total number of ECs detected.
January (July) is the month in the NH (SH) where ECs
activity has its own peak with a frequency of 19% (12%).
The lowest value in NH is observed in JJA (<1%), while
in the SH this minimum is observed in December (5%).

Figure 3(a,b) and Figure 4(a,d) show, respectively, the
MCDTM density (measured as relative frequency map,
%, of ECs counted in each cell of 1.5°%1.5°) of tracks
(Fig. 3a,b), cyclogenesis (Fig. 4a,b) and explosive deepen-
ing (Fig. 4c,d) of ECs in NH (first column in both fig-
ures) and SH (second column). The fraction of cell filled
represents the level of agreement among methods which
is measured by the normalised standard deviation
(stdmepTm/MCDTM; Lionello et al., 2016). A decreasing
fraction of cell filled corresponds to a decreasing agree-
ment among methods. In the NH (Fig. 3a) ECs move
mainly along the Atlantic/Pacific storm tracks close to

the eastern North American (Roebber, 1984; Lim and
Simmonds, 2002; Allen et al., 2010) and Japanese coast-
lines (Lim and Simmonds, 2002; Allen et al.,, 2010;
Kuwano-Yoshida and Enomoto, 2013). In the Pacific the
ECs tracks show a more zonal orientation than in the
Atlantic, where they exhibit a NE-SW orientation, as
already pointed out in previous works (e.g. Lim and
Simmonds, 2002). In the SH (Fig. 3b) the MCDTM
shows a large maximum off the east coast of southern
South America (Lim and Simmonds, 2002; Hoskins and
Hodges, 2005; Allen et al., 2010) forming a sort of spiral
all around and ending on the Antarctica. Secondary sig-
nals are located at the lee of Rocky/Himalaya chains in
NH and of Andes in SH and in the Mediterranean region
associated here with Mediterranean storm track
(Flaounas et al., 2016; Lionello et al., 2016). The
MCDTM for cyclogenesis (Fig. 4a) shows that in NH,
ECs genesis takes place in the same areas identified for
NECs (e.g. Neu et al., 2013): the eastern North America
and Japanese coastlines (Roebber, 1984; Allen et al,
2010; Neu et al., 2013), the Central Pacific, the lee of the
Rocky Mountains (Roebber, 1984). Due to the low level
of agreement among the methods a weak signal related to
the cyclogenesis can be observed in the Western
Mediterranean region (Lionello et al., 2016). In the SH
the maximum of cyclogenesis (Fig. 4b) is observed off the
southern South America coastlines and the oceanic area
surrounding the Antarctica (Lim and Simmonds, 2002;
Allen et al., 2010; Neu et al., 2013). The MCDTM explo-
sive deepening (Fig. 4c,d) occurs prevalently over open
ocean areas with enhanced baroclinicity/strong horizontal
SST gradients, such as the area of Gulf stream, Kuroshio
and, in the SH, along the Antarctic Circumpolar current
(e.g. Roebber, 1984; Lim and Simmonds, 2002; Allen
et al., 2010). Maxima of explosive deepening are present
in the NH (SH) at the lee of Rocky and Himalaya
(Andes) Mountains. Again in the Mediterranean region it
is possible to observe some explosive deepening areas like
the Gulf of Genoa and lonian Sea which have been
already identified in previous studies (e.g. Kouroutzoglou
et al, 2011). In the NH (SH) the areas of maximum fre-
quency of explosive deepening (Fig. 4c,d) are shifted east-
(polewards) with respect to
cyclogenesis occurs (Fig. 4a,b). The agreement regarding
the ECs tracks (cyclogenesis) is maximum along the
Atlantic/Pacific storm tracks (close to the eastern North
American/Japanese  Coastlines) and around the
Antarctica (off the southern South American coastlines
and around Antarctica coastlines) and it decreases over
the continental areas (e.g. Lim and Simmonds, 2002;
Allen et al, 2010; Neu et al., 2013). The agreement among
the methods on the frequency of ECs explosive deepening
is high (low) over the oceanic areas (the continental

wards those where
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Track (a,b) density of ECs according to the MCDTM in NH (first column) and SH (second column). Colors represent the

probability (%) that a cyclone track crosses each 1.5 x 1.5 cell of the domain in the 6-hourly field (values according to the label bar
below the panels). The filled fraction of each cell corresponds to the level of agreement (given by the normalised standard deviation)

among methods as annotated below the panels.

areas) in both Hemispheres, confirming that explosive
deepening is mainly an oceanic process. Despite different
approaches among the methods in identifying and track-
ing cyclones, it is possible, thus, to identify robust signal
in the MCDTM concerning tracks, cyclogenesis and
deepening areas for ECs.

3.3. Comparison between ECs and NECs in both
hemispheres

Figure 5(a,b) compares the relative frequency of NECs
and ECs in function of the MSLP,;, in the NH (a) and
SH (b) by using boxplots to show the variability within a
certain core pressure range. In the NH about the 57%
(66%) of ECs(NECs) has a minimum value along its life
cycle of sea level pressure falling between 960 and
980hPa (990 and 1010hPa). In the SH (b) about 52%
(64%) of ECs(NECs) has a minimum value along its life
cycle of sea level pressure falling between 940 and
960 hPa (960 and 1010hPa). Figure 5(c,d) compares the
relative frequency of NECs and ECs in function of

speed.x along its life cycle. In both Hemispheres about
78%(64%) of ECs(NECs) has a maximum speed value
falling between 60 and 120km/h (40 and 100km/h).
Finally over 54% of NECs in both Hemispheres (Fig.
Se,f) has a life cycle lasting until 72h, while about
51%(54%) of ECs in the NH (SH) last at least 72-144h.
Therefore, ECs are substantially deeper than NECs; still
they tend to be faster and to have a longer duration
than NECs.

Comparing the two hemispheres, ECs in the SH tend
to last longer and to be deeper than ECs in the NH. This
last result appears in contrast with previous works (e.g.
Lim and Simmonds, 2002), who have found that NH
ECs are usually deeper than SH ECs. However, Lim and
Simmonds (2002) include in their definition of depth not
only the simple MSLP,,;, but the effect of background
SLP field that is not included in our analysis. No differ-
ences are apparent between ECs in the two hemispheres
concerning speed.x. This may be unexpected, as Lim
and Simmonds (2002) provided evidence that SH ECs are
usually faster than NH ECs. According to Lim and
Simmonds (2002), the difference in mean ECs speed
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Same as Fig. 3 but for cyclogenesis (a,b) and explosive deepening (c,d).
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between the two hemispheres is approximately 1.1m/s
(~4km/h). Given that the width of bins used here is
20km/h (cf Fig. 5c,d), they may not be able to identify
small differences in ECs speed,.x between the two
hemispheres.

0.09
m 15

0.13
. 20

Figure 6(a—f) compares the relative frequency of ECs
and NECs in function of their DR, ADR.x and
NDRnax. Obviously, there are substantial differences
between ECs and NECs. About 78% (89%) of
ECs(NECs) in NH (Fig. 6a,b) has a maximum DR
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Relative frequency (%) of NECs (full box) and ECs (empty box) in NH (blue) and SH (red) as function of: (a,b) their lifetime

MSLP,,;, considering 10hPa wide bins and covering the range from 930 to 1020 hPa, (c,d) speedmay (in km h™!) considering 20 km/h
wide bins and covering the range 0-140km/h, (e,f) duration (in h) considering 24 h wide bins and covering the range 0-240h illustrated
by box plots: the NH (first column) and SH (second column). The upper and lower limits of the boxes correspond to 25th and 75th

percentiles, the whiskers represents the min/max values,

falling between —12 and -6 hPa/6h (-6 and 0hPa/6h). In
SH about 85%(86%) of ECs (NECs) have a maximum
DR falling —12 and -6 hPa/6h (-6 and 0hPa/6h). About
70% (78%) of ECs (NECs) in NH (Fig. 6¢,d) has a
maximum ADR falling between —12 and -6 hPa/6h (-6

— represents the median among the methods in each month.

and OhPa/6h). In the SH about 82%(79%) of ECs
(NECs) has a maximum ADR falling —12 and -6 hPa/
6h (-6 and OhPa/6h) (Fig. 6c,d). Finally about
59%(64%) of ECs (NECs) in NH (Fig. 6e,f) has a max-
imum NDR, falling between —32 and -24hPa/24h (-4
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and 0hPa/24h). In SH about 56%(49%) of ECs(NECs) The statistical distribution of ECs in NH with respect
have a maximum NDR,_ falling -32 and -24hPa/24h to their deepening rate metrics (DR, ADR.y,
(-4 and 0hPa/24h). NDRax) s slightly shifted towards greater values than
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Table 3. Median of 25th, 50th, 75th and 90th related to the MSLP,,;n, DR ax, ADRax, NDRax, Speedmax and DURATION of ECs

in NH (black) and SH (red).

Metric 25th 50th 75th 90th
MSLPin (in hPa) 988.42/974.87 978.42/963.40 969.3/953.20 960.9/944.34
DR pax (hPa/6h) —7.6/-7.76 -8.91/-8.91 —-10.63/-10.43 —-12.83/-12.17
ADR 0« (hPa/6h) -9.17/-8.72 -10.76/-9.93 —-13.12/-11.58 —15.81/-13.55
NDRmax (hPa/24h) -26.37/-26.01 —29.64/-28.70 —-35.14/-32.86 —41.70/-37.80
speedmax (km/h) 76.38/76.51 92.63/91.58 107.17/107.2 121.11/122.90
DURATION (h) 72178 108/108 144/147 186/192

in SH, suggesting in general larger deepening rates. This
is in agreement with previous studies (Lim and
Simmonds, 2002; Allen et al., 2010), which have shown
that extreme values of NDR. are more frequent in the
NH, as it is characterised by pronounced baroclinic envir-
onment with respect to the SH.

Finally, Table 3 shows the 25p, 50p, 75p, 90p thresh-
olds for the NH (black) and SH (red) for the metrics
describing the intensity and the dynamics of ECs. Each
value shown is the median of each set of percentile
thresholds (25p, S50p and so on) built with all the
CDTMs. For example, 25th value shown in Table 3 has
been computed taking the median of all 25" thresholds
computed considering all the CDTMs. Table 3 confirms
the differences observed in Figs. 5 and 6 between NH
and SH. ECs in the SH tends to be deeper and long last-
ing with respect to ECs in NH (Sanders, 1986; Lim and
Simmonds, 2002) while ECs in the NH are characterised
by stronger deepening rate on both 6h and 24h time
intervals (Sanders, 1986; Lim and Simmonds, 2002).

3.4. Regional comparison of ECs

Here we investigate differences in the ECs characteristics
among areas, mainly over the ocean (where the dispersion
among CDTMs is lower, Figs. 3 and 4), in the same
hemisphere, due to local factors such as baroclinicity, air-
sea interactions and SST horizontal gradients. With this
goal, a specific regional analysis of ECs has been car-
ried out.

We consider three categories of EC for each considered
metric (MSLP;n, speedpax, duration, DR, ADR ..,
NDR_..x) based on three of the five thresholds of per-
centile introduced in Table 3. Being “X” (e.g. speedmax)
the considered metric, we define X[0p,50p] the category
including all ECs in a specific area with a maximum
value of X lower than 50p (as reported in Table 3).
X[50p,75p] is the category including ECs in a specific
area with a maximum value of X in the range from the
50p to the 75p while X[75p,100p] is the category includ-
ing those systems in the same area with a maximum value
of X greater than 75p.

The analysis is carried out for selected areas according to
the following criteria: (i) the methods spatially agree best
according to normalised standard deviation (and, thus, the
statistical dispersion among the methods is low, Figs. 3 and
4), (ii) the impacts of related extreme events can be high (due
to large human population potentially affected), (iii) the cyc-
lone activity is high (in terms of cyclogenesis, density of
tracks, deepening processes (Allen et al., 2010; Neu et al.,
2013). Only ECs becoming explosive inside the selected areas
have been taken into account for the statistical analysis,
independently from their cyclogenesis area.

3.4.1. Northern hemisphere. Figure 7(a) shows four
areas selected in the NH: WPAC (West Pacific, blue),
EPAC (East Pacific, red), WATL (West Atlantic, green),
EATL (East Atlantic, fuchsia). The size of the four areas
is quite comparable in each basin (71581 km?> for WATL,
71702km” for EATL, 104815km> for WPAC and
97145 km? for EPAC).

A preliminary analysis has been done to exclude the
sensitivity of our results to small shifts in the position of
the areas themselves. For each area we repeated the ana-
lysis done in Section 3.3. We checked the variation of the
results when each area is shifted from one up to three
degrees in northward/southward/eastward/westward direc-
tion (not shown). No significant effect of such small shifts
has been found, except when they increase the fraction of
land included, because, being the agreement among meth-
ods over land lower than over sea, the statistical disper-
sion among the methods increases.

In the NH this analysis considered an extended winter
season ONDJFM, as this period accounts for more than
80% of ECs in the NH (see Section 3.2) so that it can be
considered quite representative of ECs activity. In the
period ONDJFM 1978-2008 an average number per year
of 35+ 6 ECs has been found in WPAC, 21 £5 in EPAC,
195 in WATL and 13£3 in EATL. Thus, the highest
number of ECs in each ocean basin is observed in their
western part (Roebber, 1984; Allen et al., 2010; Neu
et al.,, 2013) confirming that western continental coast-
lines are the areas where ECs are more frequent. In all

these areas, MCDTM trends are not statistically
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Fig. 7.
(red), SAFR (blue), AUST (green).

significant. Finally the frequencies observed of ECs in
each category computed for each area and for each met-
ric have been tested” to check if the differences observed
in the category  (e.g.
MSLP,,;,[75p,100p]) among areas in the same basin (as
WATL and EATL) or opposite basins (as WATL and
WPAC) were statistically significant or not. Only results
statistically significant (at 90% of confidence level) will be
reported and discussed in the next lines.

Figure 8a,b shows the relative of frequency of ECs
(with respect to the population of ECs in each area) in
WPAC, EPAC, WATL, EATL in each of the three cate-
gories previously introduced with X corresponding to
speed.x (a) and duration (b). Faster systems (speed-
max[759p,100p]) are more frequent in Atlantic with respect
to the Pacific. In fact about 31% of ECs detected in the
EATL and 26% of ECs detected in WATL belong to
speedmax[75p,100p] with respect to 22% of ECs observed
in WPAC and 25% of ECs observed in EPAC. On the
other hand, slower systems (speedmax[0p,50p]) are more
common in the Pacific with a 57% (53%) of ECs detected
in the WPAC(EPAC). In the Atlantic region the same
systems represent the 51% of ECs found in WATL and
42% of ECs found in the EATL. The differences in the
frequency values observed for both categories in the case
of WATL/EATL, WATL/WPAC, EATL/EPAC are all
statistically significant. For the couple WPAC/EPAC the
only statistically significant difference has been observed
for the categories speed,.x[0p,50p].

values for the same

(b)

Areas selected for the regional analysis in NH (a): WPAC (blue), EPAC (red), WATL (green), EATL (fuchsia). SH (b): SAME

Long-lasting systems (Fig. 8b, DURATION][75p,100p])
are prevalent in the western Pacific (WPAC 28%) and
EATL (27%) while this category shows a minimum of fre-
quency equal to 18% in WATL and a frequency of 26%
in the EPAC. Short lasting
(DURATION[0p,50p]) are prevalent in latter areas
WATL (60%) and EPAC (53%) while they show a min-
imum of frequency in the WPAC and EATL (both 48%).
The differences observed in the frequency values in both
categories are statistically significant comparing the
Atlantic areas (WATL/EATL) and the western part
(WATL/WPACQ) of both basin. In the eastern part of the
basins (EATL/EPAC) and in the Pacific (WPAC/EPAC)
the only statistical significant difference has been
observed for the category DURATION[Op,50p]. Still in
the Pacific (WPAC/EPAC) the intermediate category
(DURATIONT[50p,75p]) shows another statistically sig-
nificant difference in the frequency values observed which
are, respectively, equal to 25% (WPAC) and
21% (EPAC).

The differences observed in speed and duration of ECs
are likely to be associated with the enhanced baroclinicity
and strong westerly flow (e.g. Lim and Simmonds, 2002)
which characterise the Atlantic region (strong land-sea
contrasts which occurs over shorter distance in the area;
e.g. Raible, 2007) which allows the extremes related to
speed to be more frequent in the Atlantic (mainly in its
eastern part) with respect to the Pacific. The major fre-
quency of extremes concerning the duration in Eastern

systems
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Duration (h)

Relative frequency (%) of X[0p,50p], X[50p,75p], X[75p,100p] with X corresponding to speed,,., (a) and duration (b) in WPAC

(blue), EPAC (red), WATL (green) and EATL (fuchsia) as function of speed,.x (a) and duration (b) value falling in the percentile
interval based on a hemispheric pdf for ECs. The upper and lower limits of the boxes correspond to 25th and 75th percentiles, the
whiskers represents the min/max values, and — represents the median among the methods in each month.

Atlantic is probably a consequence of high frequency of
cyclones formed on the western Atlantic coastlines which
move eastwards along the Atlantic storm track where
they go under explosive deepening giving rise to a more
longer lifetime of the system. Concerning the duration in
the Pacific, the prevalence of the long-lasting systems in
the western area is likely associated with a wider ocean
surface where these systems move and deepen with
respect to, for example, the systems originated in Eastern
Pacific and becoming explosive there.

Figure 9 shows the relative frequency of ECs in each
area selected in the three categories related to MSLP,;,
(a), DRynax (b), ADRax(€), NDR ax (d). Deeper systems
(MSLP,,;n[75p,100p]) (a) are more frequent in the
Atlantic: a total 57% of ECs in the WATL and 65% of
ECs in the EATL are found there with respect to the
46% of ECs observed in the WPAC and 49% of ECs
observed in the EPAC. This result is in agreement with
previous works (Wang and Rogers, 2001; Trigo 2006;
Raible, 2007) which observed that extreme cyclones are
more frequent in the eastern part of the Atlantic and are
linked to temperature gradient between 300 and 700 hPa
between Greenland and Northern Europe which increases
the baroclinicity and thus the cyclone intensity in the
area (Raible, 2007). Shallower systems (MSLP,,;,[0p,50p])
are prevalent in the Pacific: about the 26% of ECs
detected in WPAC and 23% found in EPAC with respect
to the 21% of systems found in the WATL and 16%
found in EATL. The frequencies values observed are stat-
istically different in the western parts of the basin
(WATL/WPAC) and the Atlantic (WATL/EATL).
Still the differences observed in the frequency values (23/
29% and  19/29%) of intermediate  category
(MSLP,,in[50p,75p]) between the western and eastern

parts of both basins (WATL/WPAC and EATL/EPAC)
are again statistically significant.

High deepening rates (DRpax, DRumax[75p,100p]) (b)
are detected more frequently in the Atlantic region (30%
of ECs in WATL and 33% of ECs in the EATL) with
respect to the Pacific Area (19% of ECs in both WPAC
and EPAC), where lower values of deepening rate
(DR 11ax[0p,50p]) are more likely to be observed in the
Pacific with overall frequency of ECs in WPAC and
EPAC equal, respectively, to 56% and 58%. The last cat-
egory in the Atlantic region shows a minimum of fre-
quency equal to 45% in WATL and 36% in EATL. These
differences observed are significantly different in the west-
ern/eastern part of the basins (WATL/WPAC and EATL/
EPAC) while in the Atlantic region (WATL/EATL) a
statistical significant signal has been observed for the cat-
egory DR,,,.«[0p,50p] and for the couple EATL/EPAC for
the intermediate category DR,.x[50p,75p] with frequency
values equal to 28/23%, respectively.

Concerning ADR .. (¢) 29% of ECs detected in the
WATL and 27% of ECs detected in the EATL belong to
ADR,.[75p,100p] with respect to the 25% of ECs
observed in the WPAC and 18% of ECs in EPAC. Lower
ADR,,,. are observed more frequently in the Pacific (50%
in WPAC and 55% in EPAC) with respect to the Atlantic
(46% in WATL and 50% in EATL). No significant differ-
ences have been observed in the Atlantic (despite for the
aforementioned categories the values of statistical tests are
very close to the significative threshold). The frequency
values observed are statistically different in the Pacific
(WPAC/EPAC) and in the western(WATL/WPAC) and
eastern part (EATL/EPAC) of both basins.

Finally higher NDR_.x (d) are observed more fre-
quently in the western part of both basins. In fact the
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overall frequency of NDR_,,.x[75p,100p] is equal to 30%
in WATL, 27% in the WPAC, 25% in the EATL and
23% in EPAC. On the other hand, lower values category
is prevalent in the eastern part of both basins with an
overall relative frequency of 51% in EPAC and 48% in
EATL with respect to 46% observed in WATL and 47%
observed in the WPAC. No significant statistical signals
have been observed comparing the eastern part of both
basins (EATL/EPAC) while the
observed are statistically different for the category
NDR 1.x[75p,100p] for the western parts of both basins
(WATL/WPAC) and in the Atlantic region (WATL/
EATL, Wang and Rogers, 2001). In the Pacific the fre-
quency values observed for the two targeted areas are
statistically different for both NDR ,ax[75p,100p] and
NDR 1nax[0p,50p] categories.

frequency values

3.4.2. Southern hemisphere. For the SH (Fig. 7b) we
followed in the regional analysis the same approach intro-
duced in the previous section. First, we choose three
areas satisfying the criteria listed in the introduction of
Section 3.4: SAME (southern South America, red),
SAFR (Southern Africa, blue) and AUST (Australia,
green) (Fig. 7b). Second, we assessed the sensitivity of the

NDR_ (hPa/24h)

Same as Flg 8 for MSLPmin(a)a DRmax(b)a ADRmax(C) and NDRcmax(d)

relative frequency of ECs in function of the metrics con-
sidered with respect to a shift from one degree up to
three degrees in the four direction previously introduced
(not shown) and found no significant differences among
the resulting distributions, independently from the shift of
the area. An exception has been observed in the case of
SAME when the shift of the area increases the fraction of
land included in the domain, where (as shown Figs. 3
and 4) the level of agreement among the methods is lower
giving rise to a higher dispersion among the methods.

All the ECs gathered in each category have been con-
sidered in an extended winter season AMIJJASO. This
period accounts for more than 70% of ECs detected SH
(see Section 3.1) and so again it can be considered quite
representative of ECs activity in the SH. In the period
AMIJJASO 1979-2008 an average number per year of
27+ 9 ECs have been detected in SAFR, 19+ 4 in SAME,
22+8 in AUST. Thus the highest number of ECs is
observed close to Southern Africa, followed by AUST
and SAME; this independently of the size of the areas
chosen which are quite different (74502.88km? for
SAME, 70363.84km?> for SAFR and 84850.47km?® for
AUST). Nevertheless most of ECs becoming explosive in
SAFR are originated close to Southern America (not
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Fig. 10. Same as Fig. 8 but for SAFR (blue), SAME (red) and AUST (green).

shown) confirming that western Southern American con-
tinental coastlines are the areas where cyclogenesis proc-
esses are more frequent in the SH (e.g. Lim and
Simmonds, 2002; Allen et al.,2010; Neu et al., 2013). No
significant tendencies have been observed in MCDTM in
these areas according to MK.

Figure 10(a,b) shows the relative frequency of ECs in
SAME, SAFR and AUST gathering according to speedax
(a) and duration (b). Faster systems (speed.x[75p,100p])
are more frequent in SAFR (28% of ECs detected here)
and in AUST (26.5%). SAME shows lower frequency val-
ues (22%) for this category and a maximum frequency
value of 51.5% for speed,.x[0p,50p] with respect to 50.5%
and 46.5% observed, respectively, observed in AUST and
SAFR. The frequency values of both categories are
resulted to be statistically different comparing SAME/
SAFR and for the category speed,,..[75p,100p] in the case
of the couple SAME/AUST. Long-lasting system ECs
(DURATION[75p,100p])) are prevalent in SAME (27.5%
of EC detected) and in SAFR (26.5%) with respect to the
23.5% of ECs observed in AUST where short lasting sys-
tems (DURATION[Op,50p]) are prevalent (56%). The only
statistical significant difference for the frequency values
have been observed comparing both categories in the case
of the couple SAFR/AUST and for the couple SAME/
AUST in the case of the category DURATION[0p,50p].

So while in the case of SAME/SAFR ECs tend to last
more probably because once they formed, they travel
greater distance due to interaction with the ocean below
following the spiral path observed in Fig. 3(b) in the case
of speed,.x the higher baroclinicity of SAFR and AUST
associated with Circumpolar current and the position
with respect to the Antarctica (Lim and Simmonds, 2002)
result in faster ECs with respect to SAME.

Figure 11 shows the relative frequency of ECs in the
three categories related to MSLP.;, (a), DRy.x (b),
ADRux(c), NDRgnax (d).  Deeper systems (a,
MSLP,,in[75p,100p]) are observed more frequently in
SAFR (52.5%) and AUST (51.5%) with respect to SAME
(33.5%) where, on the other hand, shallower systems

(MSLP,,,;n[0p,50p])) are more common (37.5% of ECs
detected there). The latter is almost the double of the fre-
quencies values observed in SAFR and AUST (19.5%
and 21%, respectively). The values observed for both cat-
egories are resulted to be statistically different comparing
SAME and SAFR and SAME and AUST. The differen-
ces observed are likely to be a consequence of more pro-
nounced baroclinicity of the areas falling in the domain
SAFR and AUST with respect to SAME. In fact these
areas are characterised by significant SST gradients linked
to Circumpolar Antarctic current and characterised by
katabatic outflow from the Antarctica towards the ocean
which give rise to more intense EC in the area (Lim and
Simmonds, 2002).

High values of DR« (b,DR,,.x[75p,100]) are prevalent
in SAFR with a frequency approximately of 27% with
respect to the value of 24,5% observed in both SAME
and AUST. The intermediate category (DR,.x[50p,75p])
is prevalent in AUST and SAFR (28%) with respect to
SAME (23.5%). Finally DR,,,[0p,50p] shows higher fre-
quency value in SAME (52.5%) with respect to SAFR
(45.5%) and AUST (47.5%). The frequency values related
to DR,,.4[50p,75p] and DR ,,,,[0p,50p] are statistically dif-
ferent when we compare SAME and SAFR and SAME
and AUST. Concerning ADR.(c), ADR,,..[75p,100p]
systems are more frequent in SAME (36%) with respect
to SAFR (24.5%) and AUST (24%) while the systems
belonging to ADR,,,x[0p,50p] are more frequent in AUST
(53%) with respect to SAFR (49%) and SAME (34.5%).
The frequency value observed in both categories are
resulted to be statistically different comparing SAME and
SAFR and SAME and AUST. So while DR, is higher
for SAFR and AUST, the opposite situation takes place
in the case of ADR,,, reflecting a more probable equa-
torward location for the maximum deepening in SAME
with respect to the same process taking place in SAFR
and AUST.

Finally for NDR nax (d), NDRcpa[75p,100p] are
observed more frequently in SAME (31.5%) and SAFR
(30%) with respect to AUST(20%). On the other hand,
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Fig. 11.

NDR cmax[0p,50p] are more frequent in the AUST with
an overall relative frequency of 52% with respect to the
44.5% observed in SAFR and 43.5% in SAME. While no
statistically significant differences have been observed
comparing SAME and SAFR the frequency values
observed have been resulted to be statistically different
for both categories comparing SAME and AUST and
SAFR and AUST. Again with respect to the physical
forcing as air-sea interaction these findings are likely to
be more linked to the location of the areas chosen for the
analysis. As shown in Fig. 4(d), the explosive develop-
ments in the case of SAME and SAFR are likely to occur
more frequently equatorward with respect to AUST
where it may take place in a more poleward location.

4. Summary and conclusions

In this paper we have described and discussed the climat-
ology of ECs for both hemispheres using the multi
CDTMs approach (e.g. Neu et al., 2013). This approach
enables to capture the main characteristics of ECs activity
in both hemispheres despite the differences among
CDTMs in detecting and tracking each system. Despite
the huge spread in the number of ECs identified by each
CDTM (up to 21% and 38% in the NH and SH,

[0p.50p] [50p.75p]

NDR_ (hPa/24h)

[75p.100p]

Same as Fig. 9 but for SAFR (blue), SAME (red) and AUST (green).

respectively) the methods agree on the areas where the
explosive activity is more prominent and confirm previ-
ous studies (e.g. Allen et al., 2010; Seiler and Zwiers,
2016): the eastern North American Coastlines, Japanese
Coastlines, the area east off the Southern American
coastlines and the area around the Antarctica. ECs activ-
ity is high during the cold season in both hemispheres, in
particular in January (NH) and July (SH), though sea-
sonality is lower in the SH than in the NH.

In both hemispheres, ECs tend to be deeper, faster and
long lasting with respect to NECs. In particular, in both
hemispheres the SLP minimum of ECs is on the average
20 hPa lower than in NECs, the deepening rate over 6h is
double and the normalised deepening rate over 24 h is usu-
ally eight times larger than the value in NECs. In the SH,
ECs are deeper and slightly last longer than their NH coun-
terparts. On the other hand, when considering DRy,
ADR 21, and NDR_ .« ECs in the NH are characterised by
a larger rate of central pressure decrease during their deepen-
ing than in the SH. No striking differences have been identi-
fied between the two hemispheres in term of EC speed ax-

In the NH, ECs are usually faster, deeper and with
higher DR,,,,x and ADR,,x in the Atlantic than in the
Pacific, particularly in the eastern part of the basin. In
both oceans, ECs NDR_ . is higher in the western areas
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than in the eastern areas. In fact, in the western areas of
the oceans the explosive processes are strongest, as they
are characterised by strong horizontal SST gradients
(Lim and Simmonds, 2002; Allen et al., 2010; Neu et al.,
2013; Seilers and Zwiers, 2016) and strong air-sea inter-
action, which fuels explosive developments. These differ-
ences are statistically significant in particular comparing
Western Atlantic to Western Pacific and Eastern Atlantic
to Eastern Pacific (for MSLP ;;,, DR jax, ADR .k, speed-
max)> and comparing Western Atlantic to Eastern Atlantic
(for the MSLP,;;;,). On this respect, the ECs in the four
areas, at least for the extreme categories, can be consid-
ered as belonging to the different populations.

In the SH, ECs close to Southern Africa and Australia
are usually faster, deeper and with higher DR,,.x with
respect to those close to southern South America, and
ECs close to southern South America and Southern
Africa are characterised by higher NDRC,,,, and dur-
ation with respect to ECs close to Australia. Also these
differences are statistically significant in particular for the
extreme categories, showing that for the metrics chosen
these systems can be considered as belonging to different
populations.

This work has confirmed the importance of multi
CDTMs approach in identifying and characterising cyc-
lone activity, because of prominent differences among
the methods.

NOTES
1. % where o is the standard deviation and u is
the mean
2. https://mewonlinecourses.science.psu.edu/
stat414/node/268/
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