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Regional Trends in Weather Systems Help
Explain Antarctic Sea Ice Trends

Sebastian Schemm’

Tnstitute of Biogeochemistry and Pollutant Dynamics and Institute for Atmospheric and Climate Science, ETH Ziirich,
Zurich, Switzerland

Abstract In contrast to Arctic sea ice extent, Antarctic sea ice extent has increased since 1979.

On a regional scale, however, the trends exhibit high spatial variability and are even of the opposite sign.
This study examines connections between sea ice extent and the frequencies of extratropical cyclones and
blocks. Consideration is given to regions that exhibit long-term sea ice trends during spring and autumn.
Significant connections exist in almost all examined regions. Typically, the region of maximum correlation
is shifted upstream or downstream of the sea ice target region, which indicates that the 10-m wind
associated with the examined weather systems is the chief thermodynamic and dynamic agent underlying
sea ice variability. Along the ice edge of the Weddell and Ross Seas, the correlation between springtime
sea ice extent and cyclone frequencies displays a wave number 3 pattern. Eastward of the Ross Sea,
along the transition into the Amundsen Sea, spring sea ice extent is connected to cyclone and blocking
frequencies during spring and the preceding autumn. Westward of the Ross Sea, autumn sea ice extent is
strongly connected to blocking frequencies during the preceding spring. For the Bellingshausen Sea,

an inverse relationship exists between autumn cyclone frequencies and autumn sea ice extent.
Significant cyclone and blocking trends that are consistent with long-term sea ice trends exist in most
examined regions. These findings point toward identifying regional trends in extratropical cyclone

and blocking frequencies as a useful step toward a better understanding of couplings between
Southern Hemisphere climate and regional trends in sea ice extent.

Plain Language Summary While most ice sheets and glaciers on Earth retreat, Antarctic sea ice
extent has increased. But this increase is the residual of many regional trends of opposite sign. Current
research activities focus on understanding why Antarctic sea ice trends exhibit so much spatial variability.
This study shows that in most regions that exhibit strong trends in sea ice extent, a concomitant trend in the
number of days affected by either a low-pressure system or a stationary, high-pressure system (atmospheric
block) exists, which is in agreement with the trends seen in sea ice extent. Because it is known that the 10-m
wind associated with these weather systems is an important driver of sea ice variability, these trends in
weather systems help understand sea ice variability.

1. Introduction

During the past three decades (1979-present), Antarctic sea ice extent has increased (Comiso et al., 2017;
Hobbs et al., 2016), a trend that is not well reproduced in climate models (Turner et al., 2013). On a regional
level, the trends exhibit subtle differences or are even of opposite signs (Comiso et al., 2017; Hobbs et al,,
2016; Parkinson & Cavalieri, 2012; Stammerjohn & Smith, 1997; Turner et al., 2016). Potential driving mecha-
nisms underlying this trend asymmetry include changes in surface temperature (Comiso et al., 2017), wind
direction (Hobbs et al., 2016; Holland & Kwok, 2012; Massom et al., 2008; Mayewski et al., 2009; Stammerjohn
et al,, 2003; Turner et al.,, 2016), sea ice drift (Pope et al., 2016), precipitation (Liu & Curry, 2010), ice-ocean
feedbacks (Goosse & Zunz, 2014), and changes in the entrainment of warm deep water into the winter mixed
layer (Zhang, 2007). A more comprehensive review of these and other mechanisms is provided by Hobbs et al.
(2016). Past studies have focused on exploring connections between these inhomogeneous Antarctic sea ice
trends and various climate modes (Hobbs et al., 2016; Kwok et al., 2016; Lefebvre et al., 2004; Pezza et al., 2012;
Stammerjohn et al., 2003, 2008), and on the role of seasonal feedbacks (Holland et al., 2017; Holland, 2014).

Pinpointing the origin of regional sea ice extentanomalies is complex because anomalies can result from accu-
mulated sea ice intensification rates during preceding seasons (Holland, 2014). For example, Holland (2014)
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notes that in some regions, springtime intensification rates drive sea ice area anomalies during the following
autumn. Furthermore, Holland et al. (2017) find that western Ross Sea sea ice extentin autumn is inversely con-
nected to the 10-m zonal wind speed anomalies during the preceding spring. A natural question arising from
this finding is whether this 10-m zonal wind speed anomaly is connected to any kind of anomalous weather
system activity, for example, a persistent upstream block. A comprehensive study of the linkages between
sea ice extent and the frequency of cyclones and blocks is therefore useful for understanding the linkages
between trends in hemisphere-wide climate variability, regional sea ice extent, and the 10-m wind.

The aim of this study is to explore linkages between sea ice extent, cyclone and blocking frequencies, and
long-term trends in both. The origin of many regional-scale sea ice trends is unclear, though trends in the 10-m
wind are the chief candidate (Hobbs et al., 2016; Turner et al., 2016). On the hemispheric-scale, it is widely
accepted that the Southern Annular Mode (SAM), a periodic equator-to-pole shift of the circumpolar-veering
westerly jet stream, is affected by a long-term trend toward more poleward contracted westerlies (Marshall,
2003; Thompson & Solomon, 2002). The synoptic-scale circulation is an intermediate scale and connects the
hemisphere-wide modes of Southern Hemisphere climate with the 10-m wind circulation. Consequently, this
study attempts to (a) establish links between sea ice extent and the frequencies of cyclones and blocks,
(b) quantify trends in the frequencies of both types of weather systems, and (c) examine whether such trends
are in agreement with sea ice trends. This study focuses on spring and autumn because previous studies have
suggested that autumn sea ice anomalies may originate from springtime wind anomalies (Holland et al., 2017;
Holland, 2014).

The study is organized as follows: Data and methods are discussed in section 2. Section 3 discusses the rela-
tionship between sea ice fraction and the frequencies of cyclones and blocking. Section 4 examines trends in
cyclones, blocks, and Antarctic sea ice.

2. Data and Methods

2.1. Data Availability

All atmospheric data used in this study are based on 6-hourly ERA-Interim data interpolated to a 1° x 1° reg-
ular grid. ERA-Interim data are publicly available via ECMWF's web interface: http://apps.ecmwf.int/datasets/.
The sea ice data used in this study is the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Con-
centration, Version 3.1 (Meier et al., 2017; Peng et al., 2013), which is publicly available via the National Snow
and Ice Data Center (NSICS) website: https://doi.org/10.7265/N59P2ZTG.

2.2. Cyclone and Block Detection

Cyclones are automatically detected by identifying and tracking, which are encompassed by a closed isobar
(Wernli & Schwierz, 2006). Cyclone tracks are retained if they exist for longer than 24 hr. For an overview of
the algorithm’s performance relative to other existing methods, the reader is referred to the IMILAST inter-
comparison study (Neu et al., 2013). In general, there is a fairly good agreement between various cyclone
detection schemes regarding the existence and location of deep systems; however, they differ more strongly
for weak and short-lived depressions. It is therefore not surprising that the exact number of cyclones differs
between various tracking methods and that trend estimates are method dependent (Grieger et al., 2018; Neu
etal., 2013). In their comparison of 14 tracking methods during summer and winter around Antarctica, Grieger
et al. (2018) find that most schemes agree on the sign of the trend, but the significance of the trend differs
substantially between the methods.

Block detection relies on vertically averaged (between 500 and 150 hPa) negative anomalies in potential
vorticity that persist locally for at least five consecutive days. Anomalies are defined as deviations from
the climatological mean (Croci-Maspoli et al., 2007; Schwierz et al., 2006). The blocking and cyclone detec-
tions are based on 6-hourly ERA-Interim data interpolated to a 1° x 1° regular grid. The monthly mean
cyclone and blocking frequencies used here are publicly available via an ETH Zirich-based web server:
http://eraiclim.ethz.ch/ (Sprenger et al., 2017)

2.3. Trend Testing and Sensitivity of Point Correlations

To ensure field significance for the linear trends found in cyclone and blocking frequencies, the false discovery
rate (FDR) was controlled using the procedure outlined in Wilks (2016). The FDR approach can be adopted
whenever simultaneous multiple hypothesis tests need interpretation, as is this case when evaluating gridded
data, which in this study are the t statistics of the linear trends. The threshold («) that controls the multiple
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Figure 1. Standardized seasonal trends in sea ice fraction for (a) MAM and (b) SON. The black boxes indicate the target regions used for connecting sea ice trends
with the frequencies of cyclones and blocks. MAM = Autumn (March-April-May); SON = Spring (September-October-November).

t statistics was set at 0.1. The FDR procedure yields a global p*, which is indicated by the stippling in Figure 5.
This is a much stricter criterion than a stippling of all grid points with local p values smaller than 0.1.

For the point-correlations between cyclones, blocks, and area-averaged sea ice fraction, the significance is
estimated from a t statistic. The correlations are typically only weakly sensitive to small shifts (+1°-2°) of the
target boxes shown in Figure 1. The correlations are highest near the ice edge and lower near the continent.

3. Links Between Antarctic Sea Ice Trends and Trends in Weather Systems

What connects extratropical cyclone and blocking frequencies with sea ice extent anomalies is the 10-m wind
and its role as a mechanical and thermodynamic agent (Comiso et al., 2017; Holland & Kwok, 2012; Lefebvre
& Goosse, 2005; Massom et al., 2008; Mayewski et al., 2009; Turner et al., 2016). It would therefore be not sur-
prising if many of the key areas, which exhibit strong trends in sea ice extent, are also affected by concurrent
trends in weather systems. The target regions of interest are shown in Figure 1. Modest linkages where found
between cyclone frequencies and sea ice extent during spring for the two target regions over the Indian
Ocean sector (labeled 4 and 5 in Figure 1a); these regions are presented in the supporting information. Dur-
ing autumn, the weakest linkages, relative to the other target regions, are found for target regions 3 (which is
not located along the ice edge where the linkages are typically largest) and 4 (Figure 1b), which are therefore
presented in the supporting information.

3.1. Spring (September-October-November)

Over the first target region off the Ross Sea (black box labeled 1 in Figure 1), end-of-season sea ice extent
is significantly correlated with seasonal cyclone frequencies (Figure 2a). At the same time, it is inversely cor-
related with blocking frequencies (Figure 2b). The maximum correlations are shifted slightly downstream of
the target box such that the 10-m wind, veering cyclonically around a low-pressure system, advects consis-
tently cold continental air over the sea ice (and vice versa for a high-pressure system). The correlation patterns
for both types of weather systems display a zonal wave number 3 pattern. The centers of action are located
downstream of South America, in the Indian Ocean sector between 45°-90°E, and next to the target region.
These three centers are fairly well confined along similar latitudes (55°-65°S) but differ slightly in their longi-
tude between the two types of weather systems. The sign of the correlation pattern changes farther poleward
(~70°S), particularly for the cyclone frequencies.

Sea ice extent over the second target region (labeled 2 in Figure 1a), located off the Weddell Sea, also exhibits
strong correlations with cyclone frequencies (Figure 2c). The maximum correlations are shifted slightly down-
stream relative to the target region. This downstream shift underpins the prominent role of the 10-m wind
and the associated offshore advection of cold air and sea ice as relevant processes underlying sea ice
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Figure 2. Point-correlation maps between November sea ice fraction, area-averaged over the different target regions
(shown as black boxes in every panel), and SON cyclone (left column) and blocking (right column) frequencies.

The thin black contour indicates statistical significance at the 0.9 level; the bold black contour indicates significance

at the 0.99 level. The green contour indicates the climatological mean sea ice edge (15% sea ice fraction). SON = Spring
(September-October-November).

variability in this region (Figure 2c). In agreement with the results from the first target region, the correlation
between sea ice and cyclone frequency displays a zonal wave number 3 pattern, but the centers of action are
in different locations (cf. Figures 2a and 2c¢). In contrast to cyclone frequencies, the correlation between sea
ice and blocking frequency correlations display no zonal wave number 3 pattern (Figure 2d). Instead, a strong
correlation center is found upstream over the Bellingshausen-Amundsen Sea and a second center at 135°E,
indicating a wave number 2 pattern. In any case, anticyclonic winds veering around the center of a blocking
system located over the Bellinghausen Sea direct offshore cold-air advection over the Weddell Sea.
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Figure 3. Point-correlation maps between November sea ice fraction, area-averaged over the different target regions (shown as black boxes in every panel),
and preceding MAM (a) cyclone and (b) blocking frequencies. The thin black contour indicates statistical significance at the 0.9 level; the bold black
contour indicates significance at the 0.99 level. MAM = Autumn (March-April-May).

When the sea ice cyclone frequency correlation patterns for these first two target regions are combined
(Figures 2a and 2c), a band of circumpolar positive correlations emerges. At the same time, a circumpolar
inverse-correlation band emerges further poleward. This dipole pattern suggests a possible link to the SAM,
which is characterized by a north-south migration of synoptic-scale weather systems (Kidson & Sinclair, 1995;
Simmonds & Jacka, 1995).

The third target region (labeled 3 in Figure 1a) is located at the transition between the Ross Sea and the
Amundsen Sea near 135°W (Figures 2e and 2f). Sea ice extent in this region is closely related to cyclone
frequencies and inversely connected with blocking frequencies downstream over the Bellingshausen Sea.
The positive connection with cyclone frequencies over the Bellingshausen Sea is therefore opposite that
of the inverse connection found previously for the two target regions over the Weddell and Ross Seas.
This is broadly consistent with previous studies that identify a dipole in sea ice conditions between the
Amundsen-Bellinghausen and Weddell Seas (Lefebvre & Goosse, 2008; Simpkins et al., 2012).

It is relevant to note that a significant lagged correlation exists with cyclone and blocking frequencies dur-
ing the previous autumn (March-April-May) for this third target region. The connection is strong with autumn
cyclone frequency downstream over the Bellingshausen Sea (Figure 3a). An inverse correlation is found with
autumn blocking frequency (Figure 3b). Hence, autumn cyclone and blocking frequencies appear to create a
propensity for the evolution of sea ice during the following spring. This is not surprising because springtime
sea ice extent is the time integral of sea ice intensification rates during the previous seasons; autumn, there-
fore, sets the initial conditions for the sea ice evolution during the following spring. However, only for this
third target region is the lagged correlation significant.

3.2. Autumn (March-April-May)

During the autumn season, significant inverse correlations are found between cyclone frequencies over
the Bellingshausen-Amundsen Sea and sea ice extent over the Bellingshausen Sea (Figure 4a). Maximum
correlations are shifted upstream relative to the target region. At the same time, a band of significant posi-
tive correlations with cyclone frequencies extends at lower latitudes (~50°S) across the Pacific. This pattern
suggests that Pacific storm track variability may play a role in determining autumn sea ice conditions. Further-
more, this target region exhibits significant correlations with blocking frequencies upstream (~60°S, 130°W).
Such a pronounced block west of the Antarctic Peninsula is a characteristic synoptic flow situation for the
Pacific South America Pattern (Kidson, 1988; Mo & Higgins, 1998). The zonal wave number 3 pattern is also
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Figure 4. Point-correlation maps between May sea ice fraction, area-averaged over the different target regions
(shown as black boxes in every panel), and MAM (a) cyclone frequencies, (b) blocking frequencies, and (c) preceding
SON blocking frequency. The thin black contour indicates statistical significance at the 0.9 level; the bold black
contour indicates significance at the 0.99 level. MAM = Autumn (March-April-May); SON = Spring
(September-October-November).
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Figure 5. Standardized trends in cyclone (left column) and blocking (right column) frequencies during MAM (a,b) MAM and (c,d) SON and corresponding 10-m
wind trends. The thin black contour indicate regions that pass a field significance test (FDR test; see section 2). MAM = Autumn (March-April-May); SON = Spring
(September-October-November); FDR = false discovery rate.

known to be associated with enhanced blocking activity (Irving & Simmonds, 2015; Trenberth & Mo, 1985).
Consequently, the identified blocking pattern could be used to establish a link to different hemispheric-wide
climate modes.

For the second target region west of the Ross Sea (labeled 1 in Figure 1b) no linkage between autumn sea
ice and autumn cyclone or blocking frequencies is found but a significant inverse correlation is found with
blocking frequencies during the preceding spring. Notably, there is no comparable correlation with cyclone
frequencies from the preceding spring. The fact that autumn sea ice conditions are well correlated with the
sea ice conditions during the following autumn, and vice versa, is already highlighted by Stammerjohn et al.
(2012). Consequently, because springtime blocking exhibits a significant inverse correlation with spring and
autumn sea ice extent (cf. Figures 2b and 4c), springtime blocking seems to be able to dictate spring and
autumn sea ice conditions in this sector upstream of 180°.

SCHEMM 7



~1
AGU

100

AND SPACE S

Geophysical Research Letters 10.1029/2018GL079109

4. Trends in Weather Systems During Autumn and Spring

The previous section helped to connect sea ice extent with cyclone and blocking frequencies in regions that
are exposed to long-term sea ice trends. The question arising from this is whether trends exist in the frequen-
cies of both types of weather systems and if these trends are in agreement with the previously discussed
linkages with sea ice extent.

4.1. Spring (September-October-November)

In the first target region off the Ross Sea (label 1 in Figure 1a), sea ice extent has increased since 1979
(Figure 1a). In this target region, sea ice extent is strongly connected to seasonal cyclone frequencies and
inversely connected to blocking frequencies. The trends in both types of weather systems agree in sign
with the increase in sea ice extent (Figures 5c and 5d), but only the downward trend in blocking frequency
upstream of 180° is field significant and therefore potential a key driver behind the observed increase in sea
ice extent.

The second target region, located along the Weddell Sea’s ice edge, experiences a downward trend in sea ice
extent (label 2 in Figure 1a). The correlation of sea ice extent with seasonal cyclone frequencies is significant
and positive downstream of the target region (Figure 2c). A significant downward trend in cyclone frequency
exists in this area (Figure 5¢) and is therefore in agreement with the trend in sea ice extent. This suggests that
decreasing cyclone frequencies play a relevant role as drivers behind the reduction in sea ice extent along
the Weddell Sea’s ice edge. Furthermore, because cyclone activity in this area is known to be strongly linked
to the Pacific-South America mode, the decreasing cyclone frequencies provide a potential link between the
Pacific-South America and the sea ice edge trend in the Weddell Sea.

The third target region near 135°W (label 3 in Figure 1a), where sea ice extent increases, is significantly
connected to spring and autumn cyclone frequencies downstream over the Bellingshausen-Amundsen Sea
(Figures 2e and 3a). During spring, cyclone frequencies are not affected by any trend (Figure 5c). However,
there is a nonsignificant upward trend in cyclone frequencies in this sector during autumn (Figure 5a), which
may therefore contribute to the increase in sea ice extent in this region. (Note that it is significant over a very
limited region near the coast).

4.2, Autumn (March-April-May)

Sea ice extent has increased over the first target region west of the Ross Sea (label 1 in Figure 1b). From
Figure 4c, we see that a significant inverse correlation exists between sea ice extent and blocking frequencies
during the preceding spring. Indeed, a significant decrease in autumn blocking frequencies is identified over
this critical region (Figure 5d). Hence, it appears plausible that the reduction in spring blocking frequencies
acts as a sea ice trend driver. This decrease in autumn blocking (Figure 5d) and the concomitant increase in
autumn cyclone frequency (Figure 5¢) are in agreement with long-term trends identified in sea level pressure
(cf. Figure 8 in Simmonds, 2015)

The second target region, located in the Bellingshausen Sea (label 2 in Figure 1b), exhibits a downward trend
in sea ice extension. Sea ice extent in this region is significantly correlated with upstream blocking frequency
and also exhibits a strong inverse correlation with cyclone frequency (Figures 4a and 4b). The correspond-
ing cyclone and blocking trend patterns (Figures 5a and 5b) suggest an increase in cyclone frequency and
a decrease in blocking frequency. The increase in cyclone frequency, though nonsignificant, is therefore in
agreement with the reduction in sea ice extent. Furthermore, the increase in cyclone frequency is consistent
with the significant downward trend in sea level pressure found by Simmonds (2015).

5. Concluding Remarks

While many of the underlying processes that affect sea ice extent are known (e.g., 10-m wind as a mechanical
and thermodynamic agent; Holland & Kwok, 2012; Massom et al., 2008; Mayewski et al., 2009; Stammerjohn
et al, 2003; Turner et al., 2016), it remains challenging to connect hemispheric-wide climate trends in sea
ice extent (Kwok et al., 2016; Pezza et al., 2012; Simmonds & Jacka, 1995; Simpkins et al., 2012; Stammerjohn
et al, 2008). To bridge the large spatial and temporal scales between these two phenomena, analyses of
weather systems and their dynamics provide the necessary intermediate step (Pezza et al.,, 2012). To date,
most researches have focused on links between extratropical cyclones with the Amundsen Sea Low (Fogt
et al.,, 2012; Raphael et al.,, 2016; Turner et al., 2016) or have focused on the (local) role of blocks on Antarctic
sea ice conditions (Massom et al., 2006, 2008). The trends in cyclone and blocking frequencies reported here
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provide a means for understanding hemispheric-wide climate changes and the regional inhomogeneity of
the Antarctic sea ice trends. In general, this study shows that the connection between weather systems and
sea ice extent is strongest near the sea ice edge and correlations peak up or downstream of the sea ice target
region. The detailed findings for spring (September-October-November) can be summarized as follows:

1. East of the Ross Sea, sea ice extent has increased (Figure 1a) and a significant (inverse) correlation with
(blocking) cyclone frequencies exists. Maximum correlations with (blocking) cyclone frequencies are shifted
slightly (upstream) downstream of the target region (Figures 2a and 2b). Blocking frequency has signifi-
cantly decreased upstream and is therefore in agreement with the sea ice trend.

2. Along the Weddell Sea’s ice edge, sea ice extent has decreased (Figure 1a) and is significantly correlated with
downstream cyclone and upstream blocking frequencies (Figures 2c and 2d). Indeed, a significant decrease
in cyclone frequency is found downstream of the southern tip of South America (Figure 5c). This reduction
in cyclone frequencies could be a plausible explanation for the more northerly (onshore) trend in the 10-m
winds seen in this region.

3. Sea ice extent along the transition zone from the Ross into the Amundsen Sea is strongly connected to
cyclone frequencies downstream over the Bellingshausen Sea (Figures 2e and 2f). Additionally, an inverse
connection exists with blocking frequency. In contrast to the first two target regions, a significant (inverse)
connection also exists with cyclone (blocking) frequencies during the preceding autumn (Figures 3a and
3b). The Bellingshausen Sea does not experience a change in springtime cyclone frequencies. Therefore,
it is likely that the increase in springtime sea ice extent is partly related to an increase in autumn cyclone
frequencies over the Bellingshausen Sea.

The correlation between sea ice and cyclone frequency for the first two target regions display a zonal wave
number 3 pattern (Figures 2a and 2c), while those with blocking frequencies display a zonal wave number 2
pattern (Figure 2d).

For the autumn season (March-April-May), the following findings are relevant:

1. Sea ice extent has decreased over the Bellingshausen Sea (Figure 1b). Sea ice extent in this region displays a
significant (inverse) connection with upstream (cyclone) blocking frequencies (Figures 4a and 4b). The neg-
ative sea ice trend is therefore in agreement with an increase in cyclone frequency in this region (Figure 5a).
The increase in cyclone frequency, though not significant (according to the used method), it is in agreement
with a significant downward trend in sea level pressure (cf. Figure 7b in Simmonds, 2015)

2. Sea ice extent has increased east of the Ross Sea (Figure 1b) and is significantly anticorrelated with block-
ing frequencies from the preceding spring. Indeed, springtime blocking frequencies have significantly
decreased over the relevant region (Figure 5d) and therefore appear to be the number one candidate for
explaining the observed autumn sea ice trends. Note, that this is the same trend in blocking frequency that
is related to a positive springtime trend in sea ice (cf. Figures 2b, 4¢c, and 5d).

This study demonstrates that in almost all regions that exhibit strong trends in sea ice extent also exhibit
concomitant trends in the frequency of cyclones or blocks, sometimes across seasons. Often, the trends are
significant but, as noted in section 2, statistical significance depends on the used cyclone tracking scheme,
while the trend sign is more robust across cyclone tracking schemes (Grieger et al., 2018). A natural exten-
sion of this study would be to connect the trends in both types of weather systems to measures of Southern
Hemisphere climate variability such as the SAM, the Pacific-South America Pattern, or the zonal wave number
3 pattern.
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