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1  Introduction

Extratropical cyclones of the Southern Hemisphere (SH) 
are a dynamically important phenomenon in the mid-lati-
tude climate system, which is not only related to strong 
winds and heavy precipitation but also influences heat, 
momentum and moisture fluxes. There are a number of 
papers that investigated the extratropical cyclone activity 
over the SH. After first synoptic analyses were prepared 
by Meinardus and Mecking (1928), a likely first climatol-
ogy of SH cyclones was provided by Vowinckel and van 
Loon (1957), and later after the International Geophysi-
cal Year 1957/58 by van Loon and Taljaard (1962, 1963). 
More recent studies dealt with decadal changes of South-
ern Hemispheric extratropical cyclones using reanalysis 
data (Key and Chan 1999; Simmonds and Keay 2000a, b; 
Hoskins and Hodges 2005; Wang et al. 2006; Pezza et al. 
2007; Lim and Simmonds 2007; Grise et  al. 2014), or 
future changes as an expected response to anthropogenic 
forcing over the twenty-first century (Yin 2005; Bengtsson 
et al. 2006; Chang et al. 2012). However, there is still less 
knowledge than for the Northern Hemisphere (NH). For 
example, multi-centennial changes for storminess over the 
NH are available using proxy data (Alexandersson et  al. 
1998; Matulla et al. 2008) or global climate model simula-
tions (Fischer-Bruns et  al. 2005; Xia et  al. 2013), but are 
still deficient over the SH. So in this paper we examine 
the storm tracks of the SH for almost 1000 years within a 
coupled atmosphere–ocean global climate model (GCM) 
through the lens of regional clustering and frequency of 
storm tracks. The purpose of doing so is to learn the long-
term natural variability of extratropical cyclones over the 
SH, which is important for assessing the significance of 
expected future changes.
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This study is making use of an available millennial sim-
ulation (von Storch et al. 1997). Unfortunately, the spatial 
resolution of this simulation is only T30 which is relatively 
coarse and output is saved only every 12 h. It is expected 
that extratropical cyclone numbers may be underestimated 
due to coarse temporal and spatial resolution (Zolina and 
Gulev 2002; Jung et  al. 2006). However, the aim of this 
study is to investigate the variability of SH storm tracks 
from century to century, and the underestimation of total 
track lengths and numbers is uniform throughout the simu-
lation so that the variability is supposedly hardly affected. 
Furthermore, this simulation has been used to study multi-
centennial changes for storminess over the NH (Fischer-
Bruns et al. 2005; Xia et al. 2013). More important is that 
the spatial patterns and relative frequencies of tracks are 
comparable with other studies.

Automatic tracking algorithms provide convenient ways 
to study long-term cyclone activities (Murray and Sim-
monds 1991; Hodges 1994, 1995; Serreze 1995; Blender 
et al. 1997; Wernli and Schwierz 2006; Rudeva and Gulev 
2007; Zahn and von Storch 2008a, b; Chen et  al. 2014). 
The well-developed tracking algorithm from Hodges 
(1994, 1995, 1999) is applied in this study. This algorithm 
has been already adopted to track SH extratropical cyclones 
(Hoskins and Hodges 2005; Grise et  al. 2014). Also the 
cluster analysis is commonly used to sort cyclones into 
different categories (Blender et al. 1997; Sickmöller et al. 
2000; Elsner 2003; Nakamura et al. 2009; Chu et al. 2010; 
Xia et al. 2013).

SH extratropical cyclone activity can be related to many 
climate factors, for example to the influence of the Ant-
arctic sea ice concentration or extent (Simmonds and Wu 
1993; Pezza et  al. 2008), also to the effect of the Antarc-
tic Oscillation (AAO) (Fischer-Bruns et  al. 2005; Mendes 
et al. 2010; Eichler and Gottschalck 2013), to the El Nino-
Southern Oscillation (ENSO) and Southern Annular Mode 
(SAM) (Pezza et  al. 2008), Indian Ocean Dipole (IOD) 
(Ashok et  al. 2007), as well as to anthropogenic forcing 
like increases of greenhouse gases (Yin 2005; Bengtsson 
et al. 2006; Chang et al. 2012) and depletion of Antarctic 
stratospheric ozone (Grise et al. 2014).

In this paper, variability of SH extratropical cyclones 
and its relation to southern winter circulation patterns are 
studied, which is done by aligning seasonal anomalies of 
mean sea level pressure field (MSLP) and time-variable 
numbers of members in cyclone track clusters through a 
Canonical Correlation Analysis (CCA) (Busuioc and von 
Storch 1996; von Storch and Zwiers 1999).

The long-term simulation dataset generated by the cou-
pled atmosphere–ocean GCM ECHO-G exposed to esti-
mated forcings of solar variations, volcanic and green-
house-gases in the last millennium, is described in Sect. 2, 
as well as the main methods used in this study. In Sect. 3.1 

the time series of SH extratropical cyclone track numbers 
for the quasi-millennium (991 years) and for each century 
are shown. In Sect. 3.2 SH cyclone tracks are clustered into 
ten clusters by the K-means clustering method; character-
istics including life span, frequency and intensity for each 
group are also discussed. Relations between winter circu-
lation patterns and variations of the numbers of the clus-
ters in the South Pacific, South Atlantic and South Indian 
Ocean are studied in Sect.  3.3. Finally, the main conclu-
sions are summarized.

2 � Data and methods

2.1 � Data

The quasi-millennial (1000–1990 AD) simulation used 
in this study has been carried out with the global climate 
model ECHO-G (Min et al. 2005a, b) which consists of the 
atmospheric model ECHAM4 (Roeckner et  al. 1996) and 
the ocean model HOPE-G (Wolff et  al. 1997). There are 
19 (20) levels for the atmosphere (ocean). The horizontal 
resolution is T30 (about 3.75°) for the atmospheric part and 
T42 (about 2.8°) for the oceanic part. The model time step 
for ECHAM4 is 30 min and for HOPE-G is 12 h. The out-
put is stored every 12 h.

The estimated historical forcing for driving the model 
such as solar variations, CO2 and CH4 concentrations as 
well as volcanic effects have been described previously 
by von Storch et  al. (2004) and Zorita et  al. (2005). The 
ECHO-G simulations have been shown to describe well 
most aspects of the seasonal and annual climatology and of 
the interannual to decadal variability of near-surface tem-
perature, precipitation and mean sea level pressure (MSLP) 
(Min et al. 2005a, b; Gouirand et al. 2007). However, there 
are weak negative pressure biases at SH mid-latitudes 
and a strong positive pressure bias over Antarctica which 
may be related to a lack of ozone depletion in the model 
(Min et al. 2005a). The atmospheric circulation of the SH 
including the El Niño Southern Oscillation (ENSO) (Min 
et  al. 2005b), the Antarctic Circumpolar Wave (Marsland 
et  al. 2003) and decadal modulations of ENSO (Rodgers 
et  al. 2004) are also simulated realistically by ECHO-G, 
although the modeled signal of the ENSO is too large and 
its frequency is too regular (Min et al. 2005b).

Investigations of shorter simulations done with ECHO-G 
have already shown that the grid resolution of T30 is suffi-
cient to study mid-latitude baroclinic cyclones (Stendel and 
Roeckner 1998; Raible and Blender 2004; Fischer-Bruns 
et  al. 2005). The storm tracks were found to agree well 
with ERA-15/ECMWF reanalysis data and deviations from 
ERA-15 are below 10  % (Stendel and Roeckner 1998). It 
can be speculated that simulations carried out on higher 
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spatially resolved grids could lead to an increase in the num-
bers of cyclones due to the generation of additional smaller 
and weaker cyclones. With respect to the development of 
temperature, comparisons with different proxy reconstruc-
tions have been done, including tree ring data and borehole 
temperatures (González-Rouco et al. 2003; Tan et al. 2009), 
and limited observational data (Min et  al. 2005a). These 
results indicate that this simulation lies within the envelope 
of reconstructions of the past temperature evolution and 
exhibits qualitatively similar characteristics with other sim-
ulations extending over 1000 and more years. Some have 
argued that ECHO-G temperature variations would be too 
large. However, this does not question our main conclusion, 
namely that the mid-latitude winter storm activity is remark-
ably stationary on centennial time scales.

The key added value of this simulation is the homoge-
neous presentation of a possible development during the 
last millennium which is hardly available for observational 
data.

2.2 � Cyclone tracking and clustering

A well-developed tracking algorithm by Hodges (1994, 
1995, 1999) is applied for cyclone identification and track-
ing. This algorithm has been widely used to study clima-
tologies of extratropical cyclones (Hoskins and Hodges 
2002, 2005; Xia et al. 2013), tropical storms and monsoon 
depressions (Hodges 1999), or specific cyclones such as 
polar lows (Xia et al. 2012). It was also adopted to explore 
SH storm tracks (Hoskins and Hodges 2005).

In this study, the tracking is done with mean sea level 
pressure (MSLP) fields of the ECHO-G simulation and 
only winter cyclones (JJA) at mid-latitudes (≥30°S) in the 
SH are considered. Before tracking, contributions from 
zonal wavenumbers less than or equal to five are subtracted 
to remove large-scale features (Hoskins and Hodges 2002). 
Then the tracking algorithm determines all minima below 
−1 hPa in the filtered MSLP fields. Minima are connected 
to form tracks if their distance is less than 12° (about 
1333 km) within 12 h. Minimum lifetimes of tracks are set 
to 2 days.

No temporal interpolation of the 12-hourly MSLP fields 
is done for generating shorter time steps (as in e.g. Mur-
ray and Simmonds 1991; Zolina and Gulev 2002). To get 
smooth tracks, B-spline interpolation (Dierckx 1981, 1984) 
is used to overcome the coarseness of the T30 resolution 
(Hodges 1994, 1995) and a smoothing procedure with cost 
function is also applied as suggested by Hodges (1994, 
1995, 1999).

For each century, all tracks are clustered into ten groups 
by the K-means method which is widely used for the clus-
ter analysis (Blender et  al. 1997; Elsner 2003; Mendes 
et al. 2010; Nakamura et al. 2009). Before clustering, each 

track is fitted to a second-order polynomial function with 
six free parameters as suggested by Chu et al. (2010). More 
technical details about clustering are described by Xia et al. 
(2013).

3 � Results

3.1 � Storm tracks

Densities of genesis describe the regions of formation of 
storm tracks (Fig. 1). The genesis maximum is located in 
the north of New Zealand and as well as in the Tasman 
Sea near Australia. There are also genesis maxima off 
Victoria Land and over the south of South Africa which 
are in accordance with Hoskins and Hodges (2005) and 
Simmonds and Keay (2000b). Other genesis regions can 
be found in the western and central Indian Ocean, and 
across the Atlantic and Pacific Oceans. The pattern of gen-
esis areas agrees quite well with the result of Hoskins and 
Hodges (2005) who used vorticity from the ERA-40 with 
the same tracking method and the pattern is also compara-
ble with the one of Simmonds and Keay (2000b) who used 
NCEP-NCAR reanalysis. In general it can be concluded 
that the midlatitude cyclone statistics of the SH from the 
ECHO-G simulation data are realistic.

The 991-year time series of winter (JJA) cyclone num-
bers for the SH (Fig. 2a) reveal a very strong year-to-year 

Fig. 1   991-year (1000–1990) average density [unit: 
(3.75° × 3.75°)−1, about 110,000 km−2] distribution of cyclone gen-
esis in winter (JJA) for the Southern Hemisphere (SH) (Contour inter-
val is 0.4/110,000 km2)
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variability. 50-year running means for the whole time series 
are also shown (Fig.  2b). We can see there are no obvi-
ous trend for cyclone numbers and no corresponding rela-
tions between cyclone numbers and temperature variations 
(Fig. 2). Average centennial cyclone numbers (Fig. 3 black 
line) are at their minimum in the eleventh century (1001–
1100) with 175.4/year. The highest average cyclone number 
of 179.3/year occurs in the fifteenth century (1401–1500). 

For the other centuries the average is around 177–178/year. 
Generally, the variability of average cyclone numbers for 
different centuries is quite small. No long-term trends can 
be found during the winters of years 1000–1990.

The result is consistent with the result of Fischer-Bruns 
et  al. (2005) who used the storm frequency defined by the 
maximum wind speed based on the ECHO-G simulation. A 
comparison with the storm frequency for both hemispheres 

Fig. 2   a Time series of the 
numbers of winter (JJA) extra-
tropical cyclones (black line) 
and winter surface air tempera-
ture (SAT: K) (red line) in the 
Southern Hemisphere (SH) 
(years 1000–1990); b same as a 
but for a smoothed time series 
by computing 50-year running 
means

Fig. 3   Average annual numbers 
of winter (JJA) extratropical 
cyclones (black line) and aver-
age winter SAT (K) (red line) 
in the SH for different centuries 
(eleventh–twentieth century)
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between the pre-industrial period (1551–1850) and the 
industrial period (1851–1990) reveals negligible differ-
ences. No noticeable difference can be seen by comparing 
1851–1990 with the recent period 1961–1990 as well as for 
severe storm days. Fischer-Bruns et al. (2005) also divided 

the 1000-year time series of maximum 10 m wind speed into 
300 years intervals and found that storm activity is remark-
ably stable with little variability from period to period.

Our result is also very similar to that obtained for the 
NH (Xia et  al. 2013) when the same tracking method 

Fig. 4   Winter (JJA) extra-
tropical cyclone tracks of 
the twentieth century (years 
1901–1990) in the SH clustered 
into ten clusters by applying 
the K-means method: mem-
ber tracks (blue) and centroid 
tracks (red) of the ten clusters. 
Throughout the paper the ten 
clusters are grouped by ocean 
basins: Indian Ocean (cluster 
1–4), South Atlantic (cluster 
5–6) and South Pacific (cluster 
7–10)
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was applied to the ECHO-G simulation. It seems that the 
average centennial SH cyclone numbers are more closely 
related to temperature variations than over the NH (refer to 
Fig. 4 of Xia et al. 2013), even if anomalous temperature 
periods such as the Medieval Warm Period or the Little Ice 
Age are hardly associated with strong anomalies in cyclone 
numbers. Again, average cyclone numbers for different 
centuries vary only little.

3.2 � Clustering results

All tracks for each century are clustered into ten groups by 
applying the K-means method. Figure 4 shows the ten clus-
ters of tracks in the twentieth century (years 1901–1990). 
The centroid track is the mean track of each cluster (Fig. 4: 
red tracks). We can see that the trajectories of the 10 clus-
ters almost make a full circle in the mid-latitudes of the 
SH and are consistent with the genesis areas (Fig. 1). Over 
the Indian Ocean, there are four clusters: cluster 1 from 

New Zealand to Australia, cluster 2 from the southeast of 
Australia to 90°E, cluster 3 from 90°E to 60°E, cluster 4 
from 60°E to South Africa. Over the South Atlantic Ocean, 
tracks are clustered into two groups: cluster 5 in the west-
ern South Atlantic Ocean, cluster 6 in the eastern South 
Atlantic Ocean. Over the South Pacific Ocean, tracks are 
separated into four clusters: cluster 7 from South America 
to about 90°W, cluster 8 from about 90°W–120°W, the 
center of cluster 9 from about 130°W–170°W, cluster 10 
from 170°W to New Zealand. The centroid tracks of the SH 
bend poleward at their origins while those on the NH bend 
poleward at their ends (Fig. 5 of Xia et al. 2013).

Table 1 gives the numbers of tracks for each cluster from 
1000 to 1990. Cluster 6 which extends from 10°W to South 
America has the highest numbers. Cluster 9 in the South 
Pacific Ocean has the fewest numbers. In the Indian Ocean, 
cluster 1 has the most tracks while cluster 3 has the fewest. 
Over the South Atlantic, cluster 6 is larger than cluster 5. 
In the South Pacific Ocean, cluster 7 is the largest, while 

Fig. 4   continued
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cluster 9 is the smallest. The sum of cyclone tracks over the 
South Pacific Ocean (cluster 7, 8, 9 and 10) is higher than 
that over the Indian Ocean (cluster 1, 2, 3 and 4). And over 
the South Atlantic Ocean, the sum of cyclone counts (clus-
ter 5 and 6) is the lowest.

Many studies implied that under man-made climate 
change storm tracks would shift poleward in the SH 
(Ulbrich and Christoph 1999; Fischer-Bruns et  al. 2005; 
Bengtsson et al. 2006, 2009). This claim is also supported 
by satellite data showing that recent extratropical storm 
cloudiness has shifted polewards (Bender et  al. 2012). 
Here, we consider the movement of the track centroids of 
our ten clusters from the first century (the eleventh century) 
to the last century (the twentieth century) (Fig. 5). Cluster 
1, 2, 3 over the Indian Ocean and cluster 10 over the South 
Pacific move indeed poleward. However, Cluster 9 moves 
equatorward and cluster 8 also shifts a little equatorward. 
The poleward-shifting group (cluster 1, 2, 3, and 10) shifts 
eastward. Cluster 5, 7 and 8 shift westward. The equator-
ward shift of cluster 9 and poleward shift of cluster 10 is 
significant (with 95  % confidence; p  <  0.01), as well as 
the eastward migration of cluster 1 (with 95 % confidence; 
p < 0.05).

Bengtsson et al. (2006) suggested that a poleward move-
ment of the maximum zonal SST gradient is a contributing 
factor in the poleward shift of the storm track in the SH. 

In the meantime, many studies showed that the Southern 
Annular Mode (SAM) [also referred to as Antarctic Oscil-
lation (AAO)], which is the primary pattern of climate vari-
ability in the SH, associates with the location and intensity 
of the polar jet stream and influences cyclone activity of 
the SH (Fischer-Bruns et al. 2005; Mendes et al. 2010; also 
see Sect.  3.3). The positive phase of the SAM enhances 
the pressure gradient between Antarctica and midlatitude 
and leads to a strengthening and poleward migration of 
the SH storm tracks and jet streams, similarly to what is 
observed during a contraction of the sea ice (Pezza et  al. 
2008). Abram et  al. (2014) pointed out that SAM shifts 
the positive phase since the fifteenth century and the long-
term mean SAM index is now at its highest level that could 
interpret the poleward shifts of the storm tracks over the 
Indian Ocean and South Pacific. Furthermore, the study of 
Graff and Lacasce (2012) supports the notion that the storm 
tracks respond to changes in both the mean SST and SST 
gradients: increasing the mean SST and increasing the mid-
latitude SST gradient are associated with an intensification 
and a poleward shift of the storm tracks while a steepening 
tropical SST gradient causes an equatorward shift of storm 
tracks. Like, El Nino (La Nina), which is a warming (cool-
ing) of the ocean surface in the tropical eastern Pacific, 
coupled with the negative (positive) phase of SAM causes 
the Pacific storm track to shift equatorward (poleward). 
This happened in the Medieval Climate Anomaly transition 
to the Little Ice Age (Medieval Climate Anomaly) (Abram 
et al. 2014; Goodwin et al. 2014). Pezza et al. (2007) sug-
gested that cyclone latitudinal shifts are also related to the 
Pacific Decadal Oscillation (PDO) phase, i.e. there are 
more cyclones in the equatorial western Pacific and Indian 
Ocean during the PDO positive phase while more cyclones 
occur in subtropical areas during the PDO negative phase.

Figure  6 shows the average cyclone numbers for the 
10 clusters in different centuries. There are differences of 
average cyclone numbers between different clusters, while 
for most clusters there is no large variation between dif-
ferent centuries. New studies support that the Medieval 
Warm Period and Little Ice Age are of global scope and not 
limited to the NH (Rosenthal et al. 2013; Chambers et al. 
2014). Neukom et al. (2014) used a new millennial ensem-
ble reconstruction of annual temperature variation for the 
SH and supported that there is a global cold phase coincid-
ing with the peak of the Northern Hemisphere “Little Ice 
Age”. For clusters 2, 3, and 4 there are slight increases of 
average cyclone numbers in the seventeenth century, but for 
clusters 7 and 10 there are small declines. Still, there are no 

Fig. 5   Mean tracks of ten clusters for the SH in the eleventh and 
twentieth century: blue ones are the mean tracks of the ten clusters in 
the eleventh century (years 1000–1099), red ones are the mean tracks 
of the ten clusters in the twentieth century (years 1900–1990)

Table 1   Cyclone numbers of 
the ten clusters shown in Fig. 4 
for the quasi-millennial time 
period (years 1000–1990)

Cluster 1 2 3 4 5 6 7 8 9 10

Numbers 18,057 16,574 15,794 17,669 17,163 21,855 20,206 19,837 11,082 18,180
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systematic changes of cyclone numbers during these tem-
perature anomalies periods. It is also notable that cyclone 
numbers of cluster 9 and 10 increase markedly in the twen-
tieth century. This is consistent with the results of Sim-
monds and Keay (2000a) based on 1958–1997 NCEP data, 
which show positive linear trends of the annual average 
cyclone system density around Australia, over the Tasman 
Sea and in the east of New Zealand. Wang et  al. (2004) 
showed similar results.

Table 2 shows the distribution of lifetimes for all clus-
ters. For clusters 1–8, over 30  % of all cyclones last 
2–4  days (Fig.  7). Cluster 9 has the highest percentage 
(42.56  %) of cyclones which last 2–days. And cluster 10 
has the fewest cyclones (27.88 %) which last 2 to 4 days 
but the cluster has the most cyclones (13.75 %) which last 
over 10 days (Fig. 7c). Compared to Northern Hemispheric 
mid-latitude cyclones (Table 2 of Xia et al. 2013), it can be 
found that the mid-latitude cyclones of the SH have higher 
percentages of cyclones which last over 10  days. This is 
likely related to characteristics of land-sea distribution in 
the SH which is favorable for the development of cyclones 
and for sustainability because of the availability of heat 

and moisture over the large ocean. Cluster 1 contains the 
highest percentage (11.57  %, relative to all its cyclones) 
of long-lived cyclones (≥10  days) over the Indian Ocean 
(Table  2: numbers in brackets). Over the South Atlantic, 
the number of long-lived cyclones of cluster 6 (12.25 %) is 
larger than that of cluster 5 (7.39 %). For the South Pacific, 
cluster 10 has the highest percentage (16.64 %) of cyclones 
lasting more than 10 days.

Deepening rates present intensity changes of cyclones 
during their lifetime. Frequency distributions of deepen-
ing rates for all clusters were studied. The mean deepening 
rate is calculated along the track from genesis location to 
the maximum pressure value and the maximum deepening 
rate is the largest pressure fall during this part of the track. 
The mean deepening rates per 12 h of the ten clusters for the 
whole time period (year 1000–1990) are listed in Table  3 
and normalized ones across different clusters are given in 
brackets. In contrast to the cyclones of the NH which are 
more differentiated (Table 4 of Xia et al. 2013), the distri-
butions of the mean deepening rates are quite uniform and 
similar for all clusters in the SH. The highest percentages 
for average deepening rates are between 2 to 4 hPa/12 h for 

Fig. 6   Average annual numbers 
of winter (JJA) extratropical 
cyclones in the SH for the ten 
clusters in different centuries 
(eleventh–twentieth century): 
top panel for the Indian Ocean 
(cluster 1–4) and the South 
Atlantic (cluster 5–6); bottom 
panel for the South Pacific 
(cluster 7–10)
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all clusters (Table 3 and Fig. 8). The percentage of the aver-
age deepening rates over 10 hPa/12 h is the lowest for all 
clusters.

Table 4 and Fig. 9 give the distributions of maximum 
deepening rates per 12  h. The highest percentages of 
maximum deepening rates fall between 4 to 6  hPa/12  h 
for all clusters (Table  4 and Fig.  9). Over the Indian 
Ocean, cluster 3 has the highest maximum deepening 
rate (13.66 %) of more than 10 hPa/12 h (Table 4: num-
bers in brackets). Also, cyclones deepening rapidly (over 
10  hPa/12  h) are found mostly over the western Indian 
Ocean in clusters 3 and 4 (Table 4). In the South Atlantic, 
cluster 6 of a rapid maximum deepening rate of more than 
10 hPa/12 h (14.91 %) is larger than cluster 5 (10.92 %). 
For the South Pacific, cluster 7 contains the most cyclones 
(10.97 %) with a rapid maximum deepening rate of more 
than 10  hPa/12  h. Generally, maximum deepening rates 
of more than 10  hPa per 12  h occur more often over 
the Indian Ocean (38.66  %) than over the South Pacific 
(35.51  %). Over the South Atlantic cyclones with rapid 
maximum deepening rates over 10 hPa/12 h (25.83 %) are 
the least. However, the maximum deepening rates over 
10 hPa/12 h in the Atlantic (clusters 5 and 6) and Pacific 
(clusters 7, 8, 9 and10) of the SH (Table  4) are smaller 
than the counterparts of the NH (Table  4 of Xia et  al. 
2013: clusters 4, 5 and 6 for the Pacific, clusters 8, 9 and 
10 for the Atlantic).

The changes of the maximum deepening rates for the 
Indian Ocean, the South Atlantic, and the Pacific dur-
ing different centuries were also considered. Here, only 
the results of typical clusters over three basins are shown 
(Fig. 10). For instance, for cluster 1, maximum deepening 

Table 2   Lifespan (day) distribution rates (numbers in bold) of the ten 
clusters for the quasi-millennial time period (years 1000–1990); num-
bers in brackets are normalized between different clusters for each 
distribution (Unit: %)

Lifetime (days) [2, 4) [4, 6) [6, 8) [8, 10) ≥10

Cluster 1 37.06
(10.22)

27.77
(10.05)

16.70
(9.99)

8.84
(10.06)

9.63
(11.57)

Cluster 2 38.98
(9.87)

29.86
(9.92)

15.41
(8.46)

7.50
(7.83)

8.25
(9.11)

Cluster 3 39.42
(9.51)

28.19
(8.93)

16.61
(8.69)

8.01
(7.97)

7.77
(8.17)

Cluster 4 41.73
(11.26)

27.33
(9.68)

15.25
(8.93)

8.05
(8.97)

7.64
(8.99)

Cluster 5 38.79
(10.17)

29.49
(10.15)

17.29
(9.84)

7.95
(8.60)

6.47
(7.39)

Cluster 6 33.80
(11.28)

27.85
(12.20)

19.32
(13.99)

10.61
(14.61)

8.42
(12.25)

Cluster 7 39.06
(12.05)

28.64
(11.60)

16.77
(11.23)

8.48
(10.80)

7.05
(9.48)

Cluster 8 35.28
(10.69)

27.54
(10.95)

17.70
(11.64)

9.96
(12.45)

9.52
(12.57)

Cluster 9 42.56
(7.20)

30.35
(6.74)

15.00
(5.51)

6.89
(4.81)

5.21
(3.84)

Cluster 10 27.88
(7.74)

26.81
(9.77)

19.45
(11.72)

12.11
(13.88)

13.75
(16.64)

Fig. 7   Distributions (%) of cyclone lifetime (days) for winter 
cyclones over the Indian Ocean (a), the South Atlantic (b) and the 
South Pacific (c) for the whole time period (year 1000–1990)
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rates larger than 10  hPa per 12  h became more frequent 
in the eleventh, fourteenth and twentieth century, but less 
frequent in the twelfth, seventeenth and eighteenth cen-
tury. For cluster 1 in the twentieth century the maximum 
deepening rates of 0–4 hPa per 12 h and larger than 8 hPa 
per 12 h became more frequent, but those of 4–6 hPa per 
12  h became less frequent. For cluster 6 over the South 

Atlantic, the maximum deepening rates of 2–4 hPa per 12 h 
decrease while those larger than 10 hPa per 12 h increase 
in the twentieth century. For cluster 10 relatively slowly 
deepening cyclones (0–4  hPa/12  h) appear more often in 
the twentieth century, however those deepening relatively 
fast (>4  hPa/12  h) appear less often (Fig.  10). It is very 
important to notice that in the twentieth century all clusters 

Table 3   Mean deepening rate (hPa/12 h) distributions (numbers in bold) of the ten clusters for the quasi-millennial time period (years 1000–
1990); numbers in brackets are normalized between different clusters for each distribution (Unit: %)

Mean deepending rates (hPa/12 h) <−10 [−10, −8) [−8, −6) [−6, −4) [−4, −2) [−2, 0)

Cluster 1 0.14
(4.02)

0.53
(4.31)

2.72
(5.59)

13.50 
(7.10)

49.66
(10.70)

33.44
(12.39)

Cluster 2 0.26
(6.70)

0.82
(6.11)

3.77
(7.13)

16.18 
(7.80)

46.17
(9.11)

32.80
(11.21)

Cluster 3 0.96 
(24.29)

2.73 
(19.55)

7.41 
(13.59)

21.73 
(10.16)

42.66
(8.17)

24.51
(8.08)

Cluster 4 0.54 
(15.41)

1.99 
(15.95)

6.85 
(14.01)

21.35
(11.09)

43.08
(9.16)

26.18
(9.60)

Cluster 5 0.39 
(10.72)

1.44 
(11.17)

6.04 
(12.05)

21.33
(10.77)

44.83
(9.27)

25.97
(9.24)

Cluster 6 0.27
(9.38)

1.11 
(11.17)

5.41 
(13.88)

22.31
(14.52)

47.63
(12.69)

23.27
(10.69)

Cluster 7 0.33 
(10.72)

1.21 
(11.12)

4.62 
(10.81)

19.86
(11.83)

47.80
(11.65)

26.18
(10.99)

Cluster 8 0.28
(8.71)

1.08
(9.70)

4.57 
(10.50)

19.14
(11.21)

49.24
(11.79)

25.70
(10.60)

Cluster 9 0.29
(5.53)

1.01
(5.06)

4.26
(5.46)

16.88
(5.50)

46.74
(6.19)

30.82
(6.97)

Cluster 10 0.15
(4.52)

0.71
(5.87)

3.27
(6.99)

18.48
(10.03)

50.73
(11.27)

26.67
(10.22)

Table 4   Maximum deepening 
rate (hPa/12 h) distributions 
(numbers in bold) of the ten 
clusters for the quasi-millennial 
time period (years 1000–1990); 
numbers in brackets are 
normalized between different 
clusters for each distribution 
(Unit: %)

Maximum depending rates (hPa/12 h) <−10 [−10, −8) [−8, −6) [−6, −4) [−4, −2) [−2, 0)

Cluster 1 4.39
(5.73)

8.30
(7.20)

18.04
(8.87)

28.20
(11.03)

26.39
(12.24)

14.70
(12.02)

Cluster 2 4.81
(5.71)

9.19
(7.30)

18.95
(8.55)

26.44
(9.47)

25.56
(10.92)

15.07
(11.38)

Cluster 3 11.81
(13.66)

13.31
(10.27)

20.91
(9.15)

23.71
(8.24)

18.98
(7.84)

11.28
(8.21)

Cluster 4 10.52
(13.56)

12.95
(11.10)

20.54
(9.99)

22.83
(8.81)

20.45
(9.37)

12.72
(10.31)

Cluster 5 8.69
(10.92)

12.79
(10.66)

20.56
(9.71)

24.31
(9.13)

21.41
(9.55)

12.24
(9.61)

Cluster 6 9.23
(14.91)

13.77
(14.81)

22.19
(13.50)

25.33
(12.25)

19.49
(11.22)

9.99
(10.13)

Cluster 7 7.44
(10.97)

11.70
(11.47)

20.91
(11.66)

26.34
(11.66)

21.65
(11.38)

11.97
(11.08)

Cluster 8 7.29
(10.58)

12.29
(11.87)

21.50
(11.77)

26.45
(11.50)

20.49
(10.57)

11.99
(10.91)

Cluster 9 5.86
(4.79)

9.36
(5.04)

18.50
(5.63)

27.27
(6.55)

24.48
(6.92)

14.53
(7.28)

Cluster 10 6.80
(9.17)

11.47
(10.28)

22.05
(11.18)

28.18
(11.36)

20.82
(9.99)

10.68
(9.06)
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except for cluster 10 show increasing frequencies of rapidly 
deepening cyclones (over 10 hPa/12 h) although some clus-
ters are not significant (not shown).

Figure 11 gives the changes of lifetime distributions dur-
ing different centuries for cluster 1 (over the Indian Ocean), 

cluster 6 (over the South Atlantic) and cluster 10 (over the 
South Pacific). Cyclones lasting longer than 10  days are 
more frequent in the eleventh and fourteenth century for 
clusters 1 (Fig.  11). In the South Atlantic, the frequen-
cies of cyclones with long lifespan (over 10 days) increase 

Fig. 8   Distributions (%) of cyclone mean deepening rates (hPa/12 h) 
for winter cyclones over the Indian Ocean (a), the South Atlantic (b) 
and the South Pacific (c) for the whole time period (year 1000–1990)

Fig. 9   Distributions (%) of cyclone maximum deepening rates 
(hPa/12 h) for winter cyclones over the Indian Ocean (a), the South 
Atlantic (b) and the South Pacific (c) for the whole time period (year 
1000–1990)
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notably in the fourteenth century for cluster 5 and in the 
eighteenth century for cluster 6. It is found that in the twen-
tieth century there are tendencies of decreases in the fre-
quency of long lifespan cyclones (over 10 days) for most 
clusters and these are significant for clusters 1, 6 and 10 
(Fig.  11). However, it is noteworthy that in the twentieth 
century there are significant increases in the frequency of 
long lifespan cyclones (≥8 days) for cluster 9 (not shown) 
in the South Pacific.

3.3 � Links to large‑scale pressure patterns

Storm activity in the SH is strongly related to climate varia-
bility. In this study, we investigate how seasonal (JJA) mean 
MSLP patterns are associated with the annual variability 
of winter cyclone numbers using the Canonical Correla-
tion Analysis (CCA) (von Storch and Zwiers 1999). The 
systematic association of winter MSLP fields and winter 

Fig. 10   Normalized anomalies of the cyclone maximum deepen-
ing rates (hPa/12 h) distributions for cluster members over the Indian 
Ocean (cluster 1), the South Atlantic (cluster 6) and the South Pacific 
(cluster 10) across different centuries (eleventh–twentieth century): 
the diamond symbol indicates that the anomaly is significant accord-
ing to a t test at the 95 % level

Fig. 11   Normalized anomalies of the cyclone lifetime (days) distri-
butions for cluster members over the Indian Ocean (cluster 1), the 
South Atlantic (cluster 6) and the South Pacific (cluster 10) across 
different centuries (eleventh–twentieth century): the diamond symbol 
indicates that the anomaly is significant according to a t test at the 
95 % level
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cyclone numbers are determined separately of the clusters 
over the Indian Ocean, the South Atlantic and Pacific. In 
preparation for the CCA, the high-dimensional MSLP 
fields are truncated to the first thirteen Empirical Orthogo-
nal Functions (EOFs) (von Storch and Zwiers 1999). All 
analyses are based on anomalies of the quasi-millennium 
(year 1000–1990) mean.

Figures 12 and 13 give the two most important related 
patterns linking MSLP and cyclone number anomalies in 
the Indian Ocean. The coefficient time series of the first 
(second) CCA pattern have a correlation of 0.42 (0.33) and 
the pattern describes 25 % (25 %) of the variance of winter 
cyclone numbers over the Indian Ocean.

In the first Indian Ocean pattern (Fig. 12) negative pres-
sures anomalies over Antarctica and the vicinity go along 
with positive pressure anomalies at mid-latitudes. When the 
CCA time coefficient of the cyclone count is 1, Antarctica 
and mid-latitudes with a pressure contrast of about 4 hPa, 
then the number of cyclones in cluster 1 increases by 0.45, 
in cluster 2 by 3.41 and in cluster 3 by 0.25, but decreases 
by −1.14 in cluster 4. Thus, when the CCA pattern has a 
positive coefficient, cyclone numbers in the eastern and 

middle Indian Ocean (clusters 1, 2 and 3) increase whereas 
cyclone counts in the western Indian Ocean (cluster 4) 
decrease. This pattern seems to be related to the Antarctic 
Oscillation (AAO) which is associated with the location 
and intensity of the polar jet stream and influences cyclone 
activity of the SH (Fischer-Bruns et al. 2005; Mendes et al. 
2010).

The second Indian Ocean pattern (Fig.  13) describes 
negative pressure anomaly centers located in the southwest 
of Australia and in the high-latitudes of the South Pacific 
while large positive pressure anomaly areas propagate 
from the South Atlantic to the South Pacific. This relates 
to the strong increase of cyclone numbers in the eastern 
Indian Ocean (cluster 1) but decreases in the middle and 
western Indian Ocean (clusters 2, 3 and 4). According to 
Ashok et al. (2007), the Indian Ocean Dipole (IOD) phe-
nomenon can remotely influence winter storm track activ-
ity over the SH mid-latitude regions. It seems that this 
pattern is linked to a negative IOD event with increases of 
storm track activity over South Australia and portions of 
New Zealand (cluster 1). This is consistent with the results 
of Ashok et  al. (2007) that during a positive (negative) 

Fig. 12   Corresponding correlation patterns between time series of 
winter (JJA) cyclone numbers in the Indian Ocean (cluster 1, 2, 3 
and 4) (symbols represent the mean centroid position of each cluster 
over the whole period: triangles for positive values, inverted triangles 
for negative values) and mean sea level pressure fields in hPa (iso-

lines: dashed for negative and solid for positive; contour interval is 
0.5 hPa). The first CCA pair shares a correlation coefficient of 0.42 
and represents 25 % of the variance of winter cyclone numbers from 
year 1000 to 1990. Cyclone frequency anomalies are 0.45 for cluster 
1, 3.41 for cluster 2, 0.25 for cluster 3, but −1.14 for cluster 4

Fig. 13   Same as Fig. 12 for 
the second CCA pair: it shares 
a correlation coefficient of 0.33 
and represents 25 % of the 
variance of winter cyclone num-
bers from year 1000 to 1990. 
Cyclone frequency anomalies 
are 3.27 for cluster 1, but −0.73 
for cluster 2, −1.31 for cluster 
3, −0.62 for cluster 4
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IOD event, the westerlies and storm track activity weaken 
(enhance) and therefore lead to a significant deficit (sur-
plus) in winter precipitation over the Australia-New Zea-
land region.

Figures 14 and 15 are the first and second CCA patterns 
for clusters 5 and 6 over the South Atlantic. The first pattern 
has a correlation of only 0.33 for the coefficient time series 
and the second pattern shares a correlation of 0.29. They 

Fig. 14   Corresponding correlation patterns between time series of 
winter (JJA) cyclone numbers in the South Atlantic (cluster 5 and 6) 
(symbols represent the mean centroid position of each cluster over 
the whole period: triangles for positive values, inverted triangles 
for negative values) and mean sea level pressure fields in hPa (iso-

lines: dashed for negative and solid for positive; contour interval is 
0.5 hPa). The first CCA pair shares a correlation coefficient of 0.29 
and represents 42 % of the variance of winter cyclone numbers from 
year 1000 to 1990. Cyclone frequency anomalies are 1.91 for cluster 
5 and 2.91 for cluster 6

Fig. 15   Same as Fig. 14 for 
the second CCA pair: it shares 
a correlation coefficient of 0.17 
and represents 58 % of the 
variance of winter cyclone num-
bers from year 1000 to 1990. 
Cyclone frequency anomalies 
are −3.14 for cluster 5, but 2.58 
for cluster 6

Fig. 16   Corresponding correlation patterns between time series of 
winter (JJA) cyclone numbers in the South Pacific (cluster 7, 8, 9 
and 10) (symbols represent the mean centroid position of each cluster 
over the whole period: triangles for positive values, inverted triangles 
for negative values) and mean sea level pressure fields in hPa (iso-

lines: dashed for negative and solid for positive; contour interval is 
0.5 hPa). The first CCA pair shares a correlation coefficient of 0.44 
and represents 31 % of the variance of winter cyclone numbers from 
year 1000 to 1990. Cyclone frequency anomalies are 2.70 for cluster 
7, 2.17 for cluster 8, −0.55 for cluster 9 and −2.64 for cluster 10
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present about 42 and 58 %, respectively, of the variance of 
year-to-year winter cyclone numbers.

The first South Atlantic pattern (Fig. 14) goes with large 
negative anomalies around the high latitudes of the SH 
and positive anomalies over the mid-latitude areas which 
is related to the positive AAO. When the CCA time coef-
ficient of cyclone count is 1, the cyclone numbers in the 
South Atlantic increase by 1.91 for the eastern cluster 5 and 
2.91 for the western cluster 6. This agrees with Mendes 
et al. (2010) that AAO could influence the cyclone density 
of the South American-Southern ocean sector. The second 
South Atlantic pattern (Fig.  15) has large positive values 
over the high latitudes while negative values occur over 
the South Atlantic and parts of the Pacific. It relates to a 
decrease of cyclone numbers for cluster 5 by −3.14, but an 
increase for cluster 6 by 2.58.

Figure 16 is the first CCA pattern for clusters 7, 8, 9 and 
10 over the South Pacific. It presents 31 % of the variance 
for the year-to-year winter cyclone numbers of the South-
ern Pacific and has a correlation of 0.44 for the coefficient 
time series. It shows a pattern with positive MSLP anom-
alies located in the South of Australia and over the Bell-
ingshausen Sea while negative anomalies prevail over the 
central South Pacific. This pattern is related to increases of 
cyclone numbers over the eastern South Pacific (by 2.70 for 
cluster 7 and 2.17 for cluster 8), but decreases of cyclone 
numbers over the western South Pacific (by −0.55 for clus-
ter 9 and −2.64 for cluster 10). It can be seen that the pat-
tern seems to be related to the central Pacific El Nino-like 
pattern which is very similar to the results presented by 
Goodwin et al. (2014; Fig. 1b).

Figure  17 is the second CCA pattern over the South 
Pacific. This pattern has a correlation of 0.42 for the coef-
ficient time series and presents 19  % of the variance for 
the year-to-year winter cyclone numbers of the Southern 
Pacific. We can see that there are positive pressure anoma-
lies over the eastern South Pacific, but negative anomalies 
over the western South Pacific. This may be related to the 
cool phase of ENSO (i.e. La Niña) and there are higher 
cyclone numbers over the South Pacific especially for clus-
ter 8 (by 2.01) and cluster 10 (by 2.76). It is also worthy to 

note that the Pacific Decadal Oscillation (PDO), which is 
related to AAO and ENSO, could influence the SH cyclone 
activities including numbers, latitudinal position and inten-
sity. For example, Pezza et  al. (2007) found that El Nino 
(La Nina) type condition usually occurs during the posi-
tive (negative) phase of the PDO. And the negative phase of 
the PDO is associated with more but less intense cyclones 
while the positive phase of the PDO is associated with 
fewer but more intense cyclones for the mid-high latitudes 
(Pezza et al. 2007).

4 � Conclusions and discussions

A global climate model (ECHO-G) simulation for approxi-
mately the last one thousand years was used to investigate 
the changes of winter extratropical cyclone activity for 
the SH. The ECHO-G model was driven by the histori-
cal forcing of realistic variations of shortwave solar input, 
time-dependent presence of volcanic material in the upper 
atmosphere, and slowly changing greenhouse gas concen-
trations during the last millennium (years 1000–1990). 
A tracking algorithm developed by Hodges (1994, 1995, 
1999) was applied to track extratropical cyclones within the 
simulated MSLP fields. The main result of this study is that 
the time series of the SH cyclone counts for years 1000–
1990 show strong year-to-year variations, but no obvious 
trend. The centennial variability of storm tracks is small. 
This result is quite similar to the one for the NH found 
before with the same ECHO-G simulation (Xia et al. 2013).

Cyclone tracks are clustered into ten groups using the 
K-means method. There are four clusters over the Indian 
Ocean, two clusters over the South Atlantic and four clus-
ters over the South Pacific. Cyclone numbers of the South 
Pacific are the highest while the lowest ones are over the 
South Atlantic. The mean track positions of each cluster 
are also compared between the first century (the eleventh 
century) and the last century (the twentieth century). In 
the twentieth century, the track positions over the Indian 
Ocean (clusters 1, 2, and 3) and near New Zealand (clus-
ter 10) shift poleward while cluster 9 over the South Pacific 

Fig. 17   Same as Fig. 16 for 
the second CCA pair: it shares 
a correlation coefficient of 0.42 
and represents 19 % of the 
variance of winter cyclone num-
bers from year 1000 to 1990. 
Cyclone frequency anomalies 
are 0.73 for cluster 7, 2.01 for 
cluster 8, 0.24 for cluster 9, and 
2.76 for cluster 10
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shifts equatorward. This is quite different from Northern 
Hemispheric cyclone positions which change only margin-
ally (Xia et  al. 2013). There are small variations on cen-
tennial time scales for most clusters. It should be noticed 
that cyclone numbers in clusters 9 and 10 over the eastern 
Pacific increase clearly in the twentieth century.

Compared to the Northern Hemispheric mid-latitude 
cyclones (Xia et  al. 2013), the Southern Hemispherical 
cyclones have higher percentage of long lifespan (last over 
10 days). In the twentieth century frequencies of cyclones 
lasting more than 10 days decrease for most clusters except 
for clusters 4 and 9. The highest percentage of average 
deepening rates for the Southern Hemispherical cyclones 
is between 2 to 4  hPa/12  h for all clusters. The percent-
age of maximum deepening rates over 10  hPa/12  h over 
the oceans of the SH are smaller than the oceanic counter-
parts of the NH. It is noteworthy that in the twentieth cen-
tury frequencies of rapidly deepening cyclones (maximum 
deepening rates over 10 hPa/12 h) increase for all clusters 
of the SH except for cluster 10.

Fischer-Bruns et  al. (2005) pointed out that the storm 
activity in the SH is closely related to the Antarctic Oscil-
lation (AAO) and the pattern of AAO elongates with the 
CO2 increase. In our study, the positive AAO pattern is 
correlated with increased cyclone frequency in the east-
ern Indian Ocean, the South Atlantic and the eastern South 
Pacific which agrees with Mendes et al. (2010) and Eichler 
and Gottschalck (2013). The study of Fischer-Bruns et al. 
(2005) also shows that the AAO index is highly associ-
ated with the storm shift index. Abram et al. (2014) found 
that the long-term mean of the SAM (AAO) index is now 
at the highest positive value for the past 1000 years which 
results in a poleward shift of the regions with high storm 
frequency for the SH. Besides, cyclone frequency over the 
Indian Ocean and the South Pacific are connected with the 
Indian Ocean Dipole (IOD) and ENSO. El Nino (La Nina) 
events associated with negative (positive) SAM states influ-
ence storm tracks and westerlies which are confirmed by 
instrumental studies (Abram et al. 2014 and Goodwin et al. 
2014).

There are a number of caveats of this study: First, the 
external forcing of ECHO-G may deviate from reality and the 
solar and volcanic forcing may be overestimated. But, even 
with larger variations of temperature, the centennial varia-
tions of SH storm track statistics are still small. Thus, the 
main conclusions will not be affected. However, Neukom 
et al. (2014) pointed out that climate models would overes-
timate the strength of external forcing but underestimate the 
role of internal ocean–atmosphere dynamics particularly in 
the SH, and tend to overemphasize Northern Hemisphere–
Southern Hemisphere synchronicity. This may explain the 
similarity on variations of cyclones between the NH (Xia 
et al. 2013) and SH based on the same ECHO-G simulation. 

And the deficiencies of the model lead to uncertainties in 
estimating and attributing cyclone variations. Secondly, there 
may be underestimations of cyclone tracks due to the coarse 
spatial resolution (T30) and relatively infrequent storing 
(every 12 h) of MSLP fields. This may lead to a reduced vari-
ability of storm activity. However, we argue that this would 
be stationary in time, so that the temporal variability would 
not be affected. Thirdly, this study is a result of just one sin-
gle model. Their significance will be shown with other simi-
lar millennial simulations with better spatial and temporal 
resolution in the future. But all in all, these caveats must be 
addressed.
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