
An Acad Bras Cienc (2022) 94(Suppl. 1)

Running title: Explosive cyclones 
around King George Island 

Academy Section: GEOSCIENCES

e20210633

94
(Suppl. 1)
94(Suppl. 1)

DOI
10.1590/0001-3765202220210633

An Acad Bras Cienc (2022) 94(Suppl. 1): e20210633 DOI 10.1590/0001-3765202220210633
Anais da Academia Brasileira de Ciências  |  Annals of the Brazilian Academy of Sciences
Printed ISSN 0001-3765 I Online ISSN 1678-2690
www.scielo.br/aabc  |  www.fb.com/aabcjournal

GEOSCIENCES

Increase in the number of explosive 
low‒level cyclones around King George 
Island in the last three decades

A LBERTO W. SETZER, MARY T. KAYANO, MARCELO R. OLIVEIRA, WILMAR L. CERÓN 
& MARCELO B. ROSA 

Abstract: This paper documents an increase in the number of observed explosive cyclones 
(EC) at King George Island, South Shetland Islands, Antarctica, over the 1989‒2020 period. 
In ECs at 60o latitudes the surface atmospheric pressure drops ≥24 hPA in 24 hours. The 
annual EC frequency time series shows a signifi c ant p ositive trend of ~2.7 c yclones/
decade, with a break in 2003 and average numbers of 7.3 and 11.8 events before and 
after that break, respectively. The increase follows closely earlier documented global sea 
surface temperature (SST) anomaly trends for the 1981‒2018 period, partially attributed 
to global warming and to the Pacifi c Decadal Oscillation (PDO). Connections between EC 
frequency and SST might occur through variations in SST in the southeastern Pacifi c and 
southwestern Atlantic, with anomalous cold conditions favoring an increase in ECs. We 
also found close relations between the number of ECs with simultaneous occurrences 
of PDO and Atlantic multidecadal oscillation in opposite phases, so that after 2003 they 
were in the cold and warm phases, respectively, and vice-versa before 2003. Both low-
frequency modes seem to modulate the number of ECs. As per the authors knowledge 
these results have not been discussed before and may help climate modeling studies 
and weather forecasts.
Key words: explosive cyclones, climate variability, sea surface temperature, trends, low-
frequency variability.

INTRODUCTION
Systems with high destructive power associated 
to strong winds, heavy rainfall and damaging 
storm surges are becoming more frequent under 
climate change (Houghton 1990). One of them 
is the explosive low-level cyclone, also known 
as a meteorological “bomb” or “explosive” 
(hereafter EC), which in general has a maritime 
character and is more frequent during the 
cold season. An extratropical surface cyclone 
is classified as explosive when it deepens 
rapidly with the migration of its core pressure 
at surface level resulting in more than 24 hPa 
drop in 24 hours. This ratio of pressure drop 

over time originated the Bergeron “B” scale, with 
three categories defined: “weak” for 1≤B<1.3, 
“moderate” for 1.3≤B<1.9, and “strong” for B≥1.9; 
additionally, the ratio value is multiplied by a 
local latitude factor, (sin latitude/sin 60o), thus 
reaching its minimum at the poles (Sanders & 
Gyakum 1980). Despite their destructive feature, 
a few studies can be found in the literature 
regarding the Southern Hemisphere (SH) ECs 
compared to those observed in the Northern 
Hemisphere. These studies focused on the 
synoptic conditions leading to the development 
of the ECs in specifi c regions, such as Argentina 
(Seluchi & Saulo 1998) and the New South Wales 
coast (Speer et al. 2009), and their climatological 
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features (Sinclair 1995, 1997, Lim & Simmonds 
2002, Black & Pezza 2013). The EC cyclogenesis 
is more frequent at the 45°S‒50°S sector of the 
South Indian and Atlantic Oceans (Sinclair 1995, 
1997). Whereas a maximum EC density occurs 
to the south of Australia and the New Zealand 
region, signs of these systems in the Pacific up 
to the Drake Passage are relatively weak (Lim & 
Simmonds 2002).

Using weather station data from 1991 to 
2007 Romão & Setzer (2008) analyzed ECs that 
crossed the ~1,000 km wide Drake Passage in 
the SE direction and reached King George Island 
usually in about 12 hours; the EC “season” with 
44% of the cases, concentrated in the July–
September period, peaking in September. The 
average number of cases per year increased from 
five or six to twelve, and strong ECs in Bergeron 
scale occurred in Aug/99 and March/2003, with a 
pressure drop of ~44 hPa in 24 h for both cases, 
with the lowest pressures of 965.1 hPa and 958.7 
hPa and wind gusts of ~39 m/s and ~47 m/s, 
respectively. Hurricane-force cyclones and ECs 
in the Drake Passage have been known since 
the European navigation started in the region 
in the 1500s, producing the world´s highest 
shipwreck numbers until the Panama Canal 
opened in 1904. Ensuing sea conditions in the 
region may include “rogue” or “freak” waves of 
some 30m causing severe damage to large and 
solid ships as was the case with the Bremen 
in February/2001 and with Caledonian Star in 
March/2001 (ESA 2004). “Screaming Sixties” is a 
common reference to the Southern latitude belt 
with its powerful cyclones and sea waves (Toffoli 
& Aeria 2017).

A recent EC reached King George Island 
on April 14-15/2021, with a 43.4 hPa drop in 24 
hours at the Chilean Frei weather Station (WMO 
# 89056), therefore a 1.8 Bergeron moderate and 
almost strong EC; its maximum drop was 10.5 
hPa in three hours. It was a record Bergeron for 

April since 1989, with 29.5 m/s wind gusts and 
22.5 m/s sustained winds, but falling short of 
the 49.8 hPa record drop on 22/July/2013. An 
animation of this EC with satellite images is 
presented at WEC (2021) and, Figures 1a and 1b 
show the synoptic conditions and a satellite 
picture depicting this event.

The EC frequency seems to be changing 
over the last decades. Lim & Simmonds (2002) 
found a statistically significant positive trend in 
the global EC numbers, with the a SH increase of 
0.56 EC/year during the 1979‒1999 period. They 
used the National Center for Environmental 
Prediction‒Department of Energy (NCEP‒
DOE) Reanalysis II dataset. Befort et al. (2016) 
highlighted that the number of ECs in the SH with 
core pressure below 960 hPa depends on the 
dataset and period of analysis, based on results 
using the National Oceanic and Atmospheric 
Administration (NOAA) 20th Century Reanalysis 
(NOAA‒20CR) and the 20th Century ECMWF 
Reanalysis (ERA‒20C). They found a positive 
trend from 1920 to 2000 for the NOAA‒20CR, 
and a local maximum by 1940 between two 
local minima, one at the beginning of the 20th 
century and the other by 1960 for the ERA‒20C.

Nevertheless, the SH EC frequency 
dependence on the period of analysis might 
also indicate modulations by low-frequency 
variability modes. In this context, Simmonds & 
Keay (2000) suggested that the negative trend 
in the number of extratropical cyclones after 
1970 is explained by the SH warming associated 
with the decadal to multidecadal sea surface 
temperature (SST) variability. Modeling studies 
indicated that the SST decadal modes alter 
the baroclinicity in the SH extratropics and, 
consequently, the number of SH extratropical 
cyclones increases in the 40°S–55°S latitudinal 
band and decreases poleward south of it (Reason 
& Murray 2001). In this line, Lopez et al. (2016) 
showed that the SST anomalies in the tropical 
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Pacifi c associated with the interdecadal Pacifi c 
oscillation mode are negatively correlated with 
the SST anomalies in the southwestern Atlantic 
(south of 40°S around the King George Island), 
and positively with the SST anomalies in the 
Amundsen Sea. 

The Atlantic multidecadal oscillation 
(AMO) (Kerr 2000, Enfi eld et al. 2001) is another 
climate variability mode that causes persistent 
SST anomalies in the extratropical Southern 
Oceans (Folland et al. 1999), as noted in the 
Weddell Sea SST (Crowley & Kim 1993). Kayano 
et al. (2019) suggested that the AMO, through 
changes in the meridional SST gradient, 
modulates the baroclinicity in the South 
Atlantic and southeastern Pacifi c midlatitudes, 
which increases when the SST gradient is 
northward during the warm AMO (WAMO) 
phase, and decreases when the SST gradient is 
in the opposite direction during the cold AMO 
(CAMO) phase; they also showed that the low-
level extratropical cyclones in the s outheastern 
Pacifi c and South Atlantic are more energetic 
in the WAMO (2003‒2017) than in the CAMO 
(1979‒1993). 

It is likely that the more energetic 
extratropical cyclones also have more potential 
to evolve into ECs than the less energetic ones. 
This hypothesis can be tested by detecting ECs in 
the Southern Oceans during the two AMO phases. 
Fortunately, in situ counts of ECs at the Brazilian 
Comandante Ferraz Antarctic Station (62° 05’ 
07’’ S; 58° 23’33’’ W, WMO #89252) located in the 
Admiralty Bay, King George Island (henceforth, 
Ferraz Station), South Shetland Islands, have 
been undertaken operationally from 1989 
until 2010; after that, hourly records from the 
Chilean Frei weather station (WMO #89056) at 
the same island were used. The period starting 
in 1989 up to the present overlaps the CAMO 
and the WAMO phases and therefore, this in 
situ observed EC frequency time series provides 
a unique opportunity to address the above 
question. Besides, the cyclone monitoring task 
also has obvious importance directly related to 
the safety of ships and activities in general in 
the region. All these reasons motivated us to 
investigate the trends and variability of the EC 
frequency time series at King George Island and 
their possible causes.

Figure 1. (a) Synoptic surface analysis for 15/April/2021 00h UTC showing an EC with ~944 hPa at its center and 
strong pressure gradients in the south of the Drake Passage, approaching King George Island from the east (chart 
from the Brazilian Navy and available at https://www.marinha.mil.br/chm/dados-do-smm-cartas-sinoticas/
cartas-sinoticas). (b) Satellite infrared image at 15/April/2021 02:30h UTC with the EC low pressure center at 954 
hPa slightly East of King George Island (extracted from www.windy.com/ on 14 and 15/April/2021).



ALBERTO W. SETZER et al. EXPLOSIVE CYCLONES AROUND KING GEORGE ISLAND

An Acad Bras Cienc (2022) 94(Suppl. 1) e20210633 4 | 13 

MATERIALS AND METHODS 
Monthly SST data were obtained from the 
extended reconstructed SST version V5 
dataset (Huang et al. 2017) for grid points 
with 2° horizontal resolution and available 
at the National Oceanic and Atmospheric 
Administration (NOAA)’s website psl.noaa.gov/
data/gridded/. Global SST data were obtained 
for the 1989‒2020 period. The SST data were 
also obtained in two areas, one in the Atlantic 
(equator, 20°N, 60°W, 0o Greenwich longitude), 
and another in the Pacific (equator, 20°N, 150°W, 
80°W) for the 1951‒2020 period.

Monthly numbers of ECs were obtained 
from the hourly records of atmospheric 
pressure and weather data at the stations 
of Ferraz(WMO #89252) from 1989 until 2010, 
when it ceased operating (INPE 2021), and Frei 
(WMO #89056) after 2010. As part of the its 
operational procedures all 89252 sensors and 
associated electronics with automatic recording 
were calibrated every summer and repaired or 
replaced if needed. In the case of atmospheric 
pressure, two routines were always used to 
calibrate the automatic records. First, against 
those of the own station´s Mercury precision 
barometer with readings compensated for air 
temperature, elevation and latitude. Second, 
comparison with records of the various weather 
stations at King George Island, in particular with 
those from the Chilean Frei (WMO #89056) and 
its neighbouring Russian Bellingshausen (WMO 
#89050) stations, both distant 33 km from Ferraz; 
in this case, the synoptic charts were also used 
to select conditions with no pressure gradient in 
the area. Differences found among the stations 
were always within the uncertainty specified by 
the instrument´s manufacturer.

First, the annual time series of the number 
of EC events was examined for a linear trend. 
The significance of this time series trend was 

tested using the statistical non-parametric 
Mann–Kendall test (Mann 1945, Kendall 1975). 
The time series linear trend was calculated 
using Sen’s slope (β) estimator (Theil 1950, 1992, 
Sen 1968). The change point in the time series 
was obtained using Pettitt’s test (Pettitt 1979), 
which identifies changes in the mean and when 
a rupture occurs. In this test, the null hypothesis 
(H0) that no rupture exists in the time series is 
tested against the alternative hypothesis (H1), 
with changes in the mean. The significance 
levels α = 0.1 (90%) and α = 0.05 (95%) were used 
in this test. Given that the null hypothesis is 
assumed to be true, α is the significance level 
and is the probability of the test rejecting the 
null hypothesis.

Next, the relation of the monthly EC 
frequency time series to the global SST 
variability patterns were examined considering 
simultaneous correlation maps. First, monthly 
standardized SST anomalies were calculated. 
These anomaly time series contain trends, 
so that they are referred to as SST anomalies 
with trend. In another approach, prior to any 
calculation, the linear trend was removed from 
the SST time series using the least square 
method, producing monthly standardized 
SST anomalies, which became the detrended 
anomalies. Also, the corresponding detrended 
monthly EC frequency time series was obtained. 
In these calculations, trends, monthly means, 
and standard deviations were for the 1989‒2020 
base period. Before the correlation calculations, 
the time series were smoothed with a 61‒month 
running means filtering order to remove the 
high-frequency variability. The correlation maps 
were obtained by correlating the monthly EC 
frequency time series and the SST anomaly time 
series with trend, as well as for the detrended 
EC frequency time series with the detrended SST 
anomaly time series. The Pearson’s correlation 
coefficient (r) was used and the correlation 
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statistical significance was assessed with 
the Student’s t-test at a 95% confidence level 
(Panofsky & Brier 1968).

Analyses of the correlation map for the 
detrended time series indicate key areas for 
which the SST anomalies were closely related to 
the EC frequency time series. It will be shown in 
the results that two target areas were identified, 
being those abovementioned and for which the 
SST data were selected in the 1951‒2020 period. 
For each area, monthly detrended standardized 
SST anomalies were obtained considering the 
1951‒2020 base period. An SST anomaly index is 
defined as the difference between the averaged 
SST anomalies in two areas, one in the Atlantic 
(60°W, 0°E, 20°N, equator), and other in the 
Pacific (150°W, 80°W, 20°N, equator), considering 
Atlantic minus Pacific values, henceforth called 
Atlantic minus Pacific SST index (AP‒SST). The 
reason to use a longer period for this index than 
that for the EC frequency was to avoid biases in 
this index due to the time series shortness. For 
instance, the trend removed in the AP‒SST index 
was based on the 1951‒2020 base period, where 
the climate change-related trend was removed. 
The AP‒SST index was compared with the EC 
frequency time series from visual inspection 
and cross-wavelet analysis for the 1989‒2020 
period (Torrence & Webster 1999).

RESULTS
Variations in the number of ECs 
ECs that migrate through the Drake Passage 
to King George Island occur throughout the 
year. Still, their frequency shows a seasonal 
variation with the highest values from July to 
September (maximum in August) and the lowest 
values during the summer months (minimum 
in January) (Figure 2). This result indicates that 
the EC is mainly a wintertime system with the 
second largest value in September. 

The time series of the annual number of the 
ECs during the 1989‒2020 period illustrated in 
Figures 3a and 3b was subjected to the Mann‒
Kendall test, showing a significant positive 
linear trend of 0.27 cyclones per year. This 
linear trend means an increase of almost three 
ECs per decade. However, the time series also 
shows a significant break in 2003, such that the 
average annual number before this break of 7.3 
ECs contrasts with an average annual number 
of 11.8 ECs after the break, despite a reduced 
number of events in 2014 (Figures 3a and 3b). 
The time evolution of the annual number of ECs 
shows before the break only one maximum in 
1999 exceeding 10 events, and after the break, 
three accentuated maxima exceeding 14 events 
in 2004, 2010, and 2011. This temporal variation 
in the number of ECs suggests the effects of 
the low-frequency variability modes, such as 
the Pacific decadal oscillation - PDO (Mantua et 
al. 1997) and the AMO. The PDO changed phase 
from its warm to cold phase by 1998‒2000 (Hare 
& Mantua 2000) and the AMO, from its cold to 
warm phase, by 1997 (Frajka‒Williams et al. 2017). 
However, these two low-frequency variability 
modes take at least 2–3 years to be completely 
established. Also, there is a multidecadal 
negative correlation between the tropical Pacific 
and Atlantic, such that WAMO relates to the 
CPDO and CAMO relates to the WPDO (Kucharski 
et al. 2016, Kayano et al. 2020). Furthermore, 
Kayano et al. (2019) suggested that the low-
level extratropical cyclones in the southeastern 
Pacific and South Atlantic are more energetic 
during the WAMO than during the CAMO phase. 
These earlier outcomes indicate that the break 
in the annual number of EC’s in 2003 does not 
coincide with the AMO and PDO phase change 
but occurs when both WAMO and CPDO were 
completed, established, and connected in a 
multidecadal time scale. 
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Figure 3. (a) Annual number of ECs 
observed at King George Island for 
the 1989-2020 period of 30 years 
and its linear increase rate of ~ 2,7 
ECs/decade (red dotted line). (b) 
The ECs separated by the break 
year of 2003 (vertical red dashed 
line) at the 0.01 signifi cance level; 
the two horizontal lines represent 
the average number of ECs prior (the average number of ECs prior (

) and after ( ) the break.

Figure 2. Monthly numbers 
of observed ECs at King 
George Island. Averages 
of the 1989‒2020 period.

Relations between ECs and SST anomalies
Figure 4 illustrates the correlation between 
the monthly EC frequency time series and SST 
anomalies with trend. This map reproduces the 
SST anomaly trend patterns for the 1981‒2018 
period documented by Bulgin et al. (2020) and 
the  pressure data originated from offi cial WMO 

stations with calibrated instruments. They 
provided a global pattern of the SST anomaly 
trend for the 1981‒2018 period relative to the 
climatology of the 1982‒2010 period. In their 
Figure 1a, positive trends occur in most of the 
Atlantic Ocean, tropical Indian Ocean, and in a 
horseshoe-shaped area in the western Pacifi c, 
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contouring smaller positive trends to weak 
negative trends in the tropical eastern Pacific; 
they also indicated a negative trend in most of 
the southern Oceans to the south of 50°S, with 
largest negative trends from the dateline to the 
southwestern Atlantic. Comparisons between 
our Figure 4 with their Figure 1a indicate close 
spatial correspondences between the trend 
signs with the correlation signs. So, the negative 
SST anomaly trends in the southeastern Pacific 
and part of southern Atlantic noted in the last 
30 years (Bulgin et al. 2020) are most likely the 
main driver of the increase in the number of ECs 
at the King George Island.

Nevertheless, the EC frequency time series 
also presents interannual to multidecadal 
variability, as indicated by the break in 2003. 
These relations are illustrated in the correlation 
map between the detrended EC frequency time 
series and the detrended SST anomalies (Figure 
5). Considering the correspondence of the signs 
of the correlations with the signs of the SST 
anomalies, the equatorial and North Atlantic 

correlation pattern resembles the SST anomaly 
pattern during the WAMO, and that in the eastern 
Pacific the SST anomaly pattern during the cold 
PDO (CPDO) phase. The interpretation is that 
after the 2003 break the large average number of 
ECs, 11.8, was associated with the simultaneous 
occurrence of WAMO and CPDO. Before the break, 
the reduced average number of ECs, 7.3, was 
linked to the simultaneous occurrence of CAMO 
and warm PDO (WPDO). The dynamics involved 
in the simultaneous occurrences of AMO and 
PDO in opposite phases has been discussed 
earlier (Kucharski et al. 2016, Kayano et al. 2020). 
The AMO and PDO are linked in a multidecadal 
time scale through an east-west cell along the 
tropics with ascending motions in the warm side 
and descending motions in the cold side, where 
the easterlies are accelerated, which in turn 
further maintains the cold condition (Kayano et 
al. 2020). The 3-year delay in the break in the 
annual number of ECs in relation to the AMO and 
PDO phase changes indicates that the increase 
in the number of ECs occurs when the WAMO 

Figure 4. Correlation map between EC frequency time series and SST anomalies. Before the correlation 
calculations, the time series were filtered with a 61‒month running means filter. The continuous line encompasses 
significant correlations at the 95% confidence level using the Student’s t-test. 
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and CPDO are completely established and the 
multidecadal time scale dynamics connecting 
the Pacific and Atlantic is active.  

Atlantic minus Pacific SST (AP‒SST) index and 
the EC frequency time series 
A visual inspection of the AP‒SST index and the 
EC frequency time series indicate their close 
relationship from interannual to multidecadal 
time scales (Figure 6). Evidently these time 
series are too short to identify multidecadal 
relations. Nevertheless, their nearly synchronous 
variations over the analysis period provide a clue 
that a multidecadal relation might exist (Figure 
6). The correlation between the two-time series 
is 0.83. Also, the time series are short to identify 
their phase relations in a time scale longer than 
decadal. The cross-wavelet analysis between 
the time series provides interesting relations at 
two interannual time scales. Indeed, significant 
coherence occurs during the 1990‒2000 period 
at a 4‒5 year time scale and a phase difference 

of 90°, which implies that the maximum in the 
AP‒SST occurs 1‒1.2 year before the minimum 
in the index of EC frequency time series (Figure 
7). Also, significant coherence occurs during 
the 2004‒2020 period at a 6‒8 year time scale 
and a phase difference of 45°, which means 
that the maximum in the AP‒SST precedes the 
minimum in the EC frequency time series by 
0.75‒1 year (Figure 7). Interestingly, the break in 
the EC frequency time series occurs between 
these two periods. This means that the break 
separates the EC frequency time series in two 
periods related to the SST variability in the 
tropical eastern Pacific and North Atlantic, at 
two distinct interannual time scales. The results 
here indicate that the interannual relationships 
between the AP-SST index and the EC frequency 
time series are indeed modulated by the low-
frequency variability of the Pacific and Atlantic 
Oceans.  

Figure 5.  Correlation map between detrended EC frequency time series and detrended SST anomalies. Before the 
correlation calculations, the time series were filtered with a 61‒month running means filter. The continuous line 
encompasses significant correlations at the 95% confidence level using the Student’s t-test. 
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Figure 6.  AP‒SST index and number of ECs. Both time series were filtered with a 61‒month running mean filter. 

Figure 7.  Wavelet coherence and phase differences between the AP‒SST index and EC frequency time series during 
the 1989‒2020 period. Closed contours are the squared wavelet coherence. The region where the edge effects are 
significant is under the U‒shaped curve (cone of influence). The arrows indicate the phase differences as follows: 
in-phase (0°), pointing out to the right; out of phase (180°), pointing out to the left; the first-time series leading 
the second by 90°, pointing out down; and the first time series lagging the second by 90°, pointing upwards.
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DISCUSSION
The time series of the observed annual number 
of ECs at the Drake Passage and King George 
Island during the 1989‒2020 30-year period 
shows a significant positive linear trend of 0.27 
cyclones per year (Figure 3a), plus a statistically 
significant break in 2003 that defines average 
numbers of 7.3 and 11.8 ECs, respectively, prior 
and after that year (Figure 3b). This break also 
separates the EC frequency time series in the 
1990‒2000 and 2004‒2020 periods, when the 
interannual variabilities present significant 
coherencies with the AP‒SST index (defined 
by the SST anomalies in the North Atlantic 
and eastern Pacific between the equator and 
20°N), respectively at 4‒5 year and 6‒8 year 
time scales (Figure 7). Therefore, the break in 
2003 highlights the change in the mean number 
of EC events and indicates that low-frequency 
variability modes might modulate such change 
with signatures in the tropical eastern Pacific 
(PDO) and North Atlantic (AMO). 

Consistent with this hypothesis, the break 
year is close to the period when both low-
frequency modes changed phases: the WPDO 
changed to the CPDO phase by 1998‒2000 (Hare 
& Mantua 2000), and the CAMO changed to 
WAMO by 1997 (Frajka‒Williams et al. 2017). This 
hypothesis was further explored here analyzing 
correlations between the EC frequency time 
series and SST anomalies over the globe with 
and without removing linear trends in the time 
series. The analysis without removing the linear 
trends reproduced most features of the trend 
SST anomaly pattern for the 1981‒2018 period 
earlier documented (Bulgin et al. 2020), such 
that the signs of the correlations correspond 
with the signs of the trends (Figure 4). Although 
uncertainties on the data and method of analyses 
should be considered when trends are discussed 
in terms of a climate change point of view, the 

warming trends in the tropical Indian Ocean, 
most of the Atlantic and western Pacific (Bulgin 
et al. 2020) are consistent with those previously 
documented in the Intergovernmental Panel on 
Climate Change-IPCC reports (Hartmann et al. 
2013, Pachauri & Meyer 2014). According to Bulgin 
et al. (2020), the South Pacific cooling trend might 
be related to the PDO. In the present analysis, 
the corresponding negative correlations extend 
from the dateline to the southwestern Atlantic, 
approximately to south of 40°S. Furthermore, 
the cooling trend in the southern extratropical 
Atlantic Ocean is a feature associated with the 
WAMO (Folland et al. 1999, Kayano et al. 2020). 
Thus, the increasing trend in the EC frequency 
during the 1989‒2020 period might also reflect 
the low-frequency effects.

In this regard, the correlation map 
for the detrended time series (Figure 5) 
reproduced the SST anomaly pattern previously 
documented when both CPDO and WAMO 
occur simultaneously (Kayano et al. 2020). The 
interpretation is that after the break in 2003, 
the large average number of ECs, 11.8, was 
associated with the simultaneous occurrence 
of WAMO and CPDO, and before the break the 
reduced average number of ECs, 7.3, was linked 
to the simultaneous occurrence CAMO and warm 
PDO (WPDO). Consistent with this interpretation, 
Kayano et al. (2019) showed that the extratropical 
cyclones in the southeastern Pacific and South 
Atlantic are more energetic during the WAMO 
than during the CAMO. So, more energetic 
extratropical cyclones might more easily evolve 
into a EC category. The 3-year delay in the break 
in the annual number of ECs in relation to the 
AMO and PDO phase changes indicates that the 
increase in the number of EC’s occurs when the 
WAMO and CPDO are completely established 
and connected in a multidecadal time scale 
dynamics of the Pacific and Atlantic Oceans 
(Kucharski et al. 2016, Kayano et al. 2020). 
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The Southern Annular mode effects on the 
EC’s characteristics and trends have also been 
evaluated. No consistent relations have been 
found. Indeed, a figure similar to Figure 7 was 
constructed using the Antarctic Oscillation 
index. The correlation of this index and of the 
EC’s frequency is close to zero. Although the 
ECs originate in extratropics, the analysis made 
indicates that once formed, their characteristics 
are not modulated by the AAO. 

The present analysis provides observational 
evidence that the increase in the number of 
ECs at King George Island follows closely the 
global SST anomaly trends, which were partially 
attributed to global warming and partially to the 
low-frequency variability modes, the PDO and 
AMO. This connection seems to occur through 
the SST variations in the southeastern Pacific and 
southwestern Atlantic, such that an anomalous 
cooling favors the increase in the number 
of ECs. Projected increases in the number of 
extratropical cyclones have been predicted 
(Chang 2017), and to the best knowledge of the 
authors the results presented here have not 
been examined before and might be useful for 
future climate modeling and diagnostic studies 
and for forecasts of extreme weather brought by 
ECs in the Drake Passage and King George Island 
area. And as an update added in this text´s final 
proofreading, ECs numbered 14 in 2021 and 
five in the 2021-22 summer, the latter being the 
highest value since 1985, thus further confirming 
the increase trend of ECs in the region.
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