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Abstract: The seasonal variability of Southern Hemisphere (SH) synoptic-scale weather systems
is analysed for the 20-year timespan 1997 to 2016. The relationships between the SH jet streams
and storm tracks based on lower tropospheric circulation anomalies filtered into the high-pass
(periods < 4 days) and band-pass (periods between 4 and 8 days) bands are examined based on 6-
hourly reanalysis data. Leading Empirical Orthogonal Functions (EOFs) and storm tracks based on all
(growing and decaying) disturbances are determined. As well, the structure and standard deviations
of streamfunction fluctuations are determined separately in three growth rate and three decay rate
bins focusing on explosive growth and decay. In all cases, and in each season, the band-pass storm
tracks are more zonally symmetric than the high-pass standard deviations and this is also reflected
by the EOFs. Leading EOFs in both bands are monopole wavetrains of highs and lows located in the
storm tracks with some band-pass disturbances having dipole structures consistent with blocking
and northwest cloud bands. EOFs based on the bin with slow-growing fluctuations are structurally
similar to the standard EOFs based on all disturbances. EOFs for moderately and explosively growing
disturbances are increasingly displaced equatorward with a larger growth rate.

Keywords: storm tracks; cyclogenesis; growth rates; seasonal variability

1. Introduction

Synoptic-scale weather systems generated by baroclinic instability and propagating
eastward in the mid-latitude jet streams are major determinants of extratropical weather
and climate in both hemispheres. These Rossby wavetrains of cyclones and anticyclones
that tilt westward with height contribute to the fluxes of heat, momentum, and moisture
between latitudes. Predicting and understanding the development and behaviour of
extratropical storms has been an area of intense research interest for more than a hundred
years going back at least to the work of the Bergen school and the frontal model of the
Northern Hemisphere (NH) storm formation [1,2].

1.1. Storm Tracks Determined by Regions of Maximum Variance of Weather Fluctuations

Over the last seventy years, there have been major advances in the quality of atmo-
spheric circulation datasets and in analysis products produced by an increasing number
of forecast centres. This has greatly increased our knowledge of the behaviour of weather
systems through diagnostic studies, as well as posed important theoretical questions on
the causes of their genesis and evolutions. In the NH, the works of Blackmon [3], and
Blackmon, et al. [4] made definitive determinations of the extratropical storm tracks defined
as the regions of maximum variance of sub-weekly geopotential height fluctuations or
related fields.

In the Southern Hemisphere (SH), the subject of this paper, the early works on ex-
tratropical storm formation, based on manually prepared charts, were encapsulated and
reviewed in the articles by van Loon [5] and Taljaard [6]. The annual average 500 hPa
SH storm track was determined by Trenberth [7], and the associated January and July
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storm tracks by Trenberth [8]. He used Australian Bureau of Meteorology (BoM) analyses.
Subsequently, Trenberth [9] determined the locations and structures of SH storm tracks
based on European Centre for Medium Range Weather Forecasting (ECMWF) analyses. He
examined geopotential height and meridional wind fluctuations with periods between 2
and 8 days. The storm track was again defined as the extratropical band around the regions
of maximum variance or standard deviation (STD) of the geopotential height or meridional
wind, as in Blackmon, et al. [4]. Trenberth [9] focused on the geographical locations of the
storm tracks at 300 hPa but also analysed the vertical cross sections of zonally averaged
STDs of important flow field variables, as well as heat and momentum fluxes. He found
that meridional heat fluxes peak in the lower troposphere while the standard deviations of
meridional winds peak near 300 hPa where they are slightly more than twice as strong as
at 850 hPa.

Berbery and Vera [10] determined the geographical structure of the austral winter
(JJA) SH storm track at 300 hPa for filtered (2.5-6 day periods) and unfiltered meridional
wind and vorticity fluctuations based on ECMWF analyses. Rao, et al. [11] examined the
seasonal variability of the 300 hPa SH storm track based on unfiltered meridional wind
anomalies taken from National Center for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) reanalysis products (hereafter, NNR data). These
two studies also examined the wavetrain structures of the storm track disturbances and
their downstream development based on lagged key-point analyses. Chang [12] used
both ECMWEF and NNR data for the period June 1980 to January 1993 to calculate the
300 hPa DJF and JJA storm tracks for both hemispheres based on unfiltered meridional
wind fluctuations. He computed spatial correlations of 300 hPa meridional winds between
the ECMWF and NNR data which were found to be very high (>0.92) in both hemispheres.
He also determined the wave packet characteristics of the upper tropospheric fluctuations
based on key-point analysis.

Nakamura and Shimpo [13] made a detailed analysis of the seasonal variations of
the SH jet streams and storm tracks for a 16-year period between 1979 and 1995 based
on NNR data. They focused on the role of zonal asymmetries in the jet streams and their
role in determining the locations and structures of the SH storm tracks. They determined
the storm tracks by the 250 hPa eddy amplitude of the geopotential height, scaled by
sin(45° S)/sin(latitude), which approximates the streamfunction, and the 850 hPa poleward
heat flux. The geopotential height fluctuations were high-pass-filtered to retain fluctuations
with periods less than 8 days.

1.2. Storm Tracks Determined by Tracking Methods

Storm centre tracking methods have been extensively used to examine the trajectories
of individual extratropical lows and highs, and, through compositing, the average SH
storm tracks were determined [14-21]. Sinclair [18] made some important findings about
issues that can arise with the Lagrangian storm tracking method. He noted that this method
can result in large counts of cyclones near land masses associated with heat lows and lee
troughs. Moreover, by focusing on travelling weather systems, he was able [18] (Figure 14)
to obtain cyclone track densities for the four SH seasons that were in much better agreement
with the results from eddy statistics of circulation fluctuations.

More detailed reviews of Lagrangian tracking methods are presented by Barnes, et al. [22],
Zhan and Chen [23], and Messmer and Simmonds [24], who also analyse compound precipi-
tation and wind extreme events induced by cyclones.

Hoskins and Hodges [19] make a direct comparison of SH storm tracks for the four
seasons based on both the 2—-6-day band-pass-filtered Eulerian variance and Lagrangian
tracking of extratropical cyclones and anticyclones. They used 45 years of 6-hourly ECMWEF
ERA-40 from 1958 to 2002 for their studies with a focus on vorticity fields and meridional
velocity fields at 250 and 850 hPa, upper tropospheric potential temperature and mean sea
level pressure. As in the study of Sinclair [18], their analysis considered mobile disturbances
which lasted longer than 2 days and moved more than 10° or 1000 km. Hoskins and
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Hodges [19] found that there was close agreement between their storm tracks based on
Eulerian variance and Lagrangian tracking in each season, although the subtropical storm
track is already present in the Lagrangian results for 250 hPa vorticity in MAM.

1.3. Theories and Modelling of Storm Tracks

Along with advances in our knowledge and understanding of storm tracks from
improved datasets and diagnostic methods have come more realistic theoretical models
of cyclogenesis and the maturation of storms. The theory of baroclinic instability for ex-
tratropical cyclogenesis by Charney [25], Eady [26], and Phillips [27] was the pioneering
breakthrough that provided a mathematical formalism for understanding the basic mecha-
nism for storm formation. Storms have since been depicted as the low-pressure centres in
generally eastward propagating baroclinic Rossby waves [28,29]. The early seminal works
examined the instability of simple zonally symmetric basic states on f-planes or beta-planes.
Next followed models of storm formation in jets with meridional as well as vertical shear,
and then the inclusion of spherical geometry, the use of primitive equations, and studies of
the nonlinear evolution of initial instability modes with reviews in Refs. [30-33].

The atmospheric large-scale flow and the storm tracks, however, contain significant
zonal asymmetries. Frederiksen [30,34,35] developed a theoretical model of localised cyclo-
genesis in confluent—diffluent zonally asymmetric basic states. It provided explanations
for the regions of preferential cyclogenesis and for the structures of heat and momentum
fluxes. Preferential cyclogenesis was shown to occur slightly downstream and poleward
of the regions of maximum vertical shear of the zonal flow basic state. This was followed
by the determination of some of the leading cyclogenesis modes for the January and July
observed climatological basic states for the NH in quasigeostrophic [36] and primitive
equation [37] instability models, and for the SH in quasigeostrophic [38] and primitive
equation [39] models.

1.4. Comparison of Observational and Theoretical Determinations of Storm Tracks

Extratropical cyclones go through a growth cycle of initial exponential growth followed
by occlusion and nonlinear saturation or vacillation cycles, with downstream development,
as found for both idealised NH initial zonally symmetric basic states [40,41] and for ob-
served SH initial basic states [31]. Nevertheless, the instability theory of three-dimensional
basic states is very successful in explaining the mechanisms of localised cyclogenesis and
the regional structures of the storm tracks in both hemispheres. Trenberth [7], for example,
notes that the observed location of the storm in his Figures 17b and 18a fits quite well
with the results in Frederiksen [35,42] with the regions of preferential development slightly
downstream of the long wave troughs. Trenberth [9] compared his data-derived storm
tracks with the quasigeostrophic results of Frederiksen [38] who used a SH climatological
basic state with zonal asymmetries. The theoretical finding that the model storm tracks
are in the eastern part of the hemisphere and slightly downstream and poleward of the jet
stream maxima agrees with Trenberth’s observational results in his Figures 4 to 7. Fred-
eriksen and Frederiksen [39] also compare their storm tracks based on leading primitive
equation instability modes with the diagnostic results of Trenberth [9]. They note the
general agreement between the theory and observations but with the instability maxima of
the dominant fast-growing modes slightly downstream of the observations. This may be
partly explained by the fact that many modes contribute to the observations.

Berbery and Vera [10], Rao, et al. [11], and Nakamura and Shimpo [13] also note the
broad agreement between storm tracks derived from the three-dimensional instability
theory, as in Frederiksen and Frederiksen [39], and their diagnostic findings based on re-
analysis data. In particular, Nakamura and Shimpo conjecture that “a realistic reproduction
by Frederiksen and Frederiksen [39] of some of the fundamental features of the SH storm
tracks, as revealed in this study, may be attributable to the inclusion of zonal asymmetries”.
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1.5. Data-Driven Determination of Growing and Decaying Weather Systems

Recently, Osbrough and Frederiksen [43] examined the changes in the SH July storm
track over the last 70 years. Their study, based on NNR data, focused on the 850 hPa
streamfunction fluctuations in two frequency bands of high-pass (period T, < 4 days)
and band-pass (period 4 < T, < 8 days) data. They analysed the storm tracks and their
changes based on all fluctuations in each frequency band and, as well, determined growing
and decaying weather systems that they separated into several growth rate bins. Osbrough
and Frederiksen [43] also examined the structures of the Rossby wavetrains primarily
through an EOF analysis based on all fluctuations and those in the bin representing the
fastest growth rate (@; > 1 dayil).

Fluctuations at 300 hPa were also analysed in the study by Osbrough and Frederik-
sen [43]. They found that the scale of the EOFs of the westward tilting synoptic-scale
disturbances were similar to those at lower levels. However, the presentation by Osbrough
and Frederiksen [43] focused on 850 hPa, since it was found that changes at this level
were closely related to rainfall changes over Southern Australia. In particular, changes
in the fastest growing storms were found to be related to the rainfall changes. It was
noted that this is also consistent with observational studies of explosive storms with the
rate of growth and rainfall strongly correlated [44—49]. Sinclair [17] also considered the
development and regional characteristics of SH explosive storms based on the tracking
of pressure and relative geostrophic vorticity minima. He noted that “relating cyclone
intensity to pressure deepening can be misleading”. This is because of the frequent con-
tribution of propagation to changes in pressure. Storms may move rapidly into a region
of climatological low pressure. In contrast, the methodology in Ref. [43] separates growth
and propagation effects.

1.6. Impact of Storms on Australian Rainfall

As reviewed by Osbrough and Frederiksen [43] and Frederiksen and Osbrough [50],
the Australian Millennium Drought (AMD) was one of the most severe Australian droughts
of the 20th century. Southeast Australia (SEA) was particularly affected by reductions in
rainfall [51-57]. Trewin [58] notes that Melbourne rainfall was 20% lower than average
between 1997 and 2006 and SEA rainfall 11% lower between 1997 and 2009 [59]. The rainfall
changes were related to changes in the large-scale circulation and reductions in growth
rates of extratropical storms affecting southern Australia [60]. Risbey, et al. [56] also found
that, during the AMD, there were fewer intense frontal storms and cut-off lows over the
southern Australian region associated with reduced jet strength and baroclinicity [60-62].
The drought, of course, broke with the La Nifia of 2011 and the subsequent La Nifia of 2014
with a return to a more average circulation for the 20-year period 1997 to 2016 analysed
in our study. The link between the large-scale circulation, weather systems, rainfall, and
droughts during the AMD is, in fact, a particular example of a general principle as reviewed
by Straus, et al. [63].

1.7. Aims and Structure

This study extends the existing research on the seasonal variability of synoptic-scale
disturbances and storm tracks in several ways. First, it examines the fluctuations in both
high-pass and band-pass frequencies with more zonally symmetric storm tracks for periods
4 < T, < 8 days, while those for the periods T, < 4 days are weaker over the South
Pacific Ocean. The band-pass disturbances also include Australian North-West Cloud
Band (NWCB) disturbances and blocking dipoles. Second, the investigation documents the
statistics of high-pass and band-pass storm track disturbances in three growth rate bins and
three decay rate bins, as well as the standard analysis based on the combined fluctuations.
This allows the determination of the regions of preferential growth of explosive extratropical
cyclones at lower latitudes than more slowly growing disturbances.

The main aims of this article are to analyse the SH seasonal variations in:

1.  The large-scale flow, particularly the zonal winds;
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2. The ‘standard’ EOFs based on all 850 hPa meridional wind fluctuations in high-pass
(Tr < 4 days) and band-pass (4 < T, < 8 days) bands;

3. The ‘instability” EOFs based on filtered 850 hPa meridional wind anomalies in three
growth rate bins with 0 < @; < 0.5day ™! 0.5 < @; < 1.0day ! and @; > 1.0 day;

4.  The STDs of storm tracks based on all filtered 850 hPa streamfunction disturbances in
high-pass and band-pass data;

5. The STDs of storm tracks based on growing and decaying filtered 850 hPa streamfunc-
tion anomalies in six growth rate bins.

We focus on the 20-year timespan 1997 to 2016 that includes the Australian Millennium
Drought and we use 6-hourly NNR data in our study. In a sequel paper, we will examine
the decadal changes in STDs of storm tracks in the last 70 years and the relationships to
Australian rainfall.

In detail, the structure of the article is as follows: In Section 2, the NNR reanalysis
dataset used in the study is described. Section 3 presents the methodology that is used to
filter the 6-hourly atmospheric flow fields into high-pass and band-pass fluctuations, to
extract statistics on growing and decaying weather systems in six growth rate bins. As
well, we discuss the calculation of ‘standard” EOFs based on all growing and decaying
filtered disturbances and ‘instability” EOFs characterising the anomalies in different growth
rate bins. The main results of this article are presented in Sections 4-8. The seasonal
variability of the SH jet streams is examined in Section 4 for the 20-year timespan 1997
to 2016 that includes the AMD. Seasonal changes in some of the leading standard EOFs
characterising Rossby wavetrains of 850 hPa storms and high-pressure systems, as well
as blocking and Australian North-West Cloud Band (NWCB) disturbances, are analysed
in Section 5. In Section 6, leading instability EOFs typical of growing weather systems
are studied. The seasonal cycle of STDs of 850 hPa SH streamfunction fluctuations is
described in Section 7, and, in Section 8, these STDs are separated into the contributions
of growing and decaying disturbances in six growth rate bins. In Section 9, a discussion
of the implications of the findings is presented, and, in Section 10, conclusions are drawn.
Appendix A presents the method of calculating growth rates and Appendix B documents
the method of calculating EOFs.

2. Datasets

The dataset used in our study of seasonal storm track characteristics in the Southern
Hemisphere is the ‘Reanalysis 1" dataset produced by the National Centers for Environ-
mental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) [64],
herein referred to as NNR. It is also used in a follow-on investigation where the seasonal
and decadal variability of synoptic-scale disturbances, relative to the current 1997 to 2016
baseline period, are analysed and related to circulation and Australian rainfall changes,
going back to the mid-20th century. For that, we need a reanalysis dataset that spans
seven decades and which has been found to have dynamical consistency with independent
Australian rainfall changes, like the NNR (results and reviews are given in Refs. [43,50]).

The climate fields of interest are the six-hourly zonal and meridional winds, and
temperature and humidity taken at the pressure level of 850 hPa with a grid resolution of
2.5° latitude by 2.5° longitude. We have chosen the 20-year period from 1997 to 2016 for
our analysis, which includes the onset and breaking of the Australian Millennium Drought
that effected regions of southeast Australia (SEA).

3. Method for Determining Growing and Decaying Weather Systems

Our study uses 6-hourly NNR data, converted to streamfunction, as well as wind data,
that are spectrally analysed with, for example,

(A t) =Y ) Fun (P ()™, 1)

m
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Here, the streamfunction is represented by spherical harmonics with m, the zonal, and #,
the total wavenumber. The Legendre functions P’ (y) also depend on y = sing, the sine
of the latitude (¢), and A is the longitude. The spectral coefficients satisfy the complex
conjugate property ¥_,,(t) = ¥;;, (¢) that ensures that the physical space fields are real.
The chosen spectral resolution is, again, rhomboidal 31 and corresponds to a resolution of
375 km by 250 km in longitude by latitude at 30° S as described in Section 5 in Ref. [43].
The methodology for determining the separate growing and decaying components of the
fluctuations is as developed by Osbrough and Frederiksen [43]. Briefly, the climatological
annual cycle is removed from the spectrally analysed six-hourly NNR reanalysis data
and the resulting streamfunction dataset is filtered into two bands for examination. The
optimal number of frequency components to be passed through the filter is approximated
by the filter length, K = 40, as defined in Ref. [43], Appendix 2. The first high-pass band
consists of small, fast-moving propagating disturbances at less than 4 days, while the
second band consists of longer disturbances with periods occurring between 4 and 8 days.
The growth rates of disturbances in each band are calculated as described in Appendix A,
and then dispensed into separate bins. A number of growth rate bins are chosen for this
study consisting of half-day growing and decaying bins, up to and greater than 1 day. The
associated EOFs and standard deviations (STDs) of the fluctuations in each bin, and for
all fluctuations, are subsequently analysed. A more detailed description of our methods
including equations can be found in Appendices A and B.

4. Seasonal Variability of Southern Hemisphere Circulation

Jet streams are a striking feature of the Earth’s atmospheric circulation. They are con-
densed bands of strong predominately westerly winds with maxima near the tropopause
that circumnavigate the globe in both hemispheres. Regions of maximum jet stream wind
speed and baroclinicity permit synoptic-scale disturbances to form and propagate down-
stream along storm tracks. This affects storm activity at lower levels of the atmosphere and,
in turn, influences our weather in the midlatitudes. There are essentially two types of jet
streams. Polar jets form at the latitudes of the polar-frontal region with strong tempera-
ture gradients between cold polar air and the warmer temperatures of the mid-latitudes.
Subtropical jets lie at the latitudes of the descending branch of the Hadley circulation.

There is a strong connection between the structure of the jet streams and the develop-
ment of extratropical storms as summarised in the Introduction. A simple approximate
criterion for storm formation is given by Phillips” (1954) [27] formula for baroclinic in-
stability based on simple zonally symmetric flows. The Phillips criterion in spherical
geometry is
obycpcosg

upper __ , lower __
u u .
aQsin?¢

()

where u*PP" and u/°*" are the specified upper and lower pressure level zonal winds and
o is the static stability measuring the potential temperature shear between these pressure
levels and includes the effects of moisture. The physical constants for the earth’s radius and
its angular rotation speed are expressed as a = 6.371 x 10° mand Q = 7.292 x 10 5 rad s},
respectively. The specific heat of air at constant pressure is given by ¢, = 1004 JK kg !
and the nondimensional constant b, = 0.124 is as defined in (Equation (2.2) of [42]). For
instability to occur, the value of the Phillips criterion at a given latitude, ¢, needs to
be positive.

The 300 hPa and 700 hPa zonal winds for the period 1997 to 2016 are shown in
Figure 1 for the standard seasons of DJF, MAM, JJA, and SON. Particularly notable are
the strong subtropical 300 hPa jets extending from around 90° E to 240° E, in a latitude
band between 30° S to 35° S, that cross Australia. This is the case particularly in JJA and
SON with the winds somewhat weaker in MAM and largely absent in DJF. In the summer
and transition seasons, the southern or polar jet at 300 hPa extends across, essentially, the
whole hemisphere, with peaks between 45° S and 55° S, that are particularly strong over
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300 hPa

the South Atlantic and South Indian Oceans, and somewhat weaker areas over the South
Pacific Ocean.
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Figure 1. Southern Hemisphere zonal wind averages between 1997 and 2016 at (a) u300 hPa and
(b) u700 hPa levels for each season: (i) JJA (ii) SON (iii) DJF, and (iv) MAM.

At 700 hPa, the subtropical jet is weaker with the polar jet somewhat more zonally
symmetric, particularly in DJF and MAM with relatively increased strength over the South
Pacific Ocean compared with the 300 hPa flow.

The double jet structure of the 300 hPa flow in JJA, SON, and MAM in the Australia
and New Zealand region is, of course, conducive to the formation of blocks in the Australian
region, over the Tasman Sea and downstream of New Zealand. The seasonal variability of
the polar jet is considerably less than for the subtropical jet with the polar jet being strong
and deep in all seasons.

The zonal wind shear given by the 300 hPa minus 700 hPa zonal winds is a measure of
the mid-tropospheric baroclinicity and related to the Phillips criterion for incipient storm
formation. As noted by Frederiksen and Frederiksen [65], the changes in the static stability
that also enters the Phillips criterion (Equation (2)) are less on decadal timescales than
the zonal flows. Since the surface zonal flow is generally considerably weaker than the
tropospheric zonal winds even at 700 hPa, the wind at this level can also be regarded as an
approximate measure of lower tropospheric baroclinicity. Indeed, as found by Osbrough
and Frederiksen [43] and Frederiksen and Osbrough [50], changes in the 700 hPa zonal
wind are quite good predictors or descriptors of change in Australian rainfall in July [43]
and in the southern wet (April to November) and cool (April to October) seasons [50].
Interestingly, Nakamura and Shimpo [13] note that their alternative definition of baroclin-
icity, based just on the lower tropospheric vertical zonal wind shear (their Figure 12), is
in very good agreement with regions of storm formation. Further, their low-level baro-
clinicity, lower tropospheric zonal wind, and 850 hPa meridional heat flux are essentially
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geographical coincident. These results are also consistent with the findings of Osbrough
and Frederiksen [43] discussed above.

The broad features of the jet streams in Figure 1 for the 20-year period 1997 to 2016
also apply to other long-time averages taken over the last 70 years. However, as has been
discussed in Refs. [65] for July and in Ref. [50] for April to November, there has been a
general reduction in the strength of the subtropical jet near 30° S, particularly in the upper
troposphere, and an increase in the polar jet near 50° S since circa 1970. These changes also
apply to the 20-year period 1997 to 2016 compared with 1949 to 1968, and also with 1975 to
1994, and have implications for storm formation and rainfall [43,50]. This will be discussed
in more detail in a sequel paper.

5. Standard EOFs—All Fluctuations

Next, we examine the wavetrain structures of some of the dominant SH storm track
disturbances by using the methodology for calculating EOFs described in Appendix B.
We focus on EOFs since, as discussed in Ref. [43], they are more generally applicable
for analysing the separate growing and decaying disturbances than Principal Oscillation
Patterns (POPs). As well, the EOFs associated with travelling disturbances generally come
in pairs of phase-shifted patterns which, between them, capture the essence of POPs and
instability modes [43,66]. In our analyses, we discuss only one of these pairs, or, where
there are more similar pairs, we choose one of the leading pairs. We will sometimes choose
several of the leading EOFs that have qualitatively different wavetrains to illustrate a point.
EQFs are ranked in descending order by the amount of variance explained.

In this section, we examine EOFs for the ‘standard’ case based on all—growing and
decaying—disturbances within our high-pass (T, < 4 days) and band-pass (4 < T, < 8 days)
ranges. In Section 6, we then consider EOFs associated with separate growing and decaying
fluctuations in several growth rate bins. These EOFs, based on the 6-hour evolved 850 hPa
meridional wind anomaly fields, we refer to as ‘instability” EOFs. We note that disturbances
with longer periods also tend to be of a larger amplitude, as well as scale, and, thus, EOFs
in the two bands will tend to most reflect anomalies with periods near 4 days (respectively,
8 days) for the high-pass (respectively, band-pass) filtered data.

As noted by Osbrough and Frederiksen [43], SH rainfall tends to be most related to
lower tropospheric weather anomalies. For this reason, and for the sake of brevity, our
study of synoptic-scale weather systems focuses on the 850 hPa level with EOFs based on
meridional wind anomalies (cos¢ weighted). Our emphasis will be on the twenty-year
period 1997 to 2016 which included the Australian Millennial Drought (AMD). However,
we also briefly discuss how the results depend on other 20-year timespans during the last
70 years.

We analyse the EOFs in the central months of the seasons starting in austral winter
(July), followed in sequence by spring (October), summer (January), and autumn (April).
This order turns out to be convenient and reflects the important storminess and rainfall
correlations over Southern Australia during winter as reviewed in Osbrough and Frederik-
sen [43]. We find that, overall, the leading EOFs in all months of a given season, for both
filtered datasets, have broadly similar properties to those of the central month.

5.1. High-Pass-Filtered Weather Systems with Periods T, < 4 Days

The 850 hPa streamfunction for the meridional wind EOF1 for July, shown in Figure 2a(i),
is a monopole wavetrain whose amplitude reflects that of the 700 hPa winter zonal wind
shown in Figure 1. This storm track mode characterises eastward propagation, with signifi-
cant strength above the Southern Atlantic Ocean from South America, peaking above the
Southern Ocean at the longitudes of South Africa, transiting across the boundary of the Indian
and Southern Oceans and waning at the longitudes of Eastern Australia and New Zealand
near 45° S. Indeed, as might be expected, the structure of EOF1 in Figure 2a(i) is very similar
to EOF1 for 1949 to 1968 shown in Figure 2c of Ref. [43]. Osbrough and Frederiksen [43] also
found EOFs with prominent wavetrains across the Southern Pacific Ocean and EOFs that
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were essentially hemispheric in nature. The same applies for the 20 years 1997 to 2016. In
particular, the July EOF5 in Figure 2a(ii) is largely hemispheric but with peak amplitudes at
the latitudes of the Australian continent. EOF7 in Figure 2a(iii) is also largely hemispheric
but with more prominent features across the Southern Pacific Ocean and on the eastern side
of South America like EOF5 in Figure 2d in Ref. [43]. Particularly in the Australian region,
our current EOF7 is displaced somewhat to the south compared with EOF5 in Ref. [43]. This
shift is consistent with the poleward shift of the SH jet streams and baroclinicity that have
occurred during the last 70 years [43,50,65,67-71].
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Figure 2. Streamfunction at 850 hPa of Southern Hemisphere high-pass (period T, < 4 days) synoptic
weather systems during 1997 to 2016 for leading ‘Standard” EOFs with all filtered fluctuations for
(a) July, (b) October, (c) January, and (d) April. Figure parts (i), (ii) and (iii) distinguish different EOFs
in a given month.

Following on from winter, we examine EOFs for October, the central month of austral
spring. The October EOF1 (Figure 2b(i)) depicts closely similar storm track characteristics to



Atmosphere 2024, 15, 660

10 of 30

EOF]1 for July, but with relatively smaller amplitudes over the Southern Atlantic. EOF3 for
October (Figure 2b(ii)) has some broad similarities to EOF5 for July but with little wavetrain
over the Pacific Ocean and a larger amplitude across the Southern Atlantic Ocean. EOF6
for October (Figure 2b(iii)), like EOF7 for July, has a hemispheric wide wavetrain.

In January, at the peak of summer, two characteristic EOF patterns emerge. The first,
EOF1, (Figure 2c(i)), in keeping with the leading July and October modes, has storm track
wavetrains traversing from South America across the Southern Oceans to the longitudes
of Australia and New Zealand, with little strength over the Pacific Ocean. The EOF3
pattern (Figure 2c(ii)), is a hemispheric monopole wavetrain, also seen in July and October.
An important point of difference between these patterns in different seasons is that the
storm centres largely miss the Australian continent during January, with the storm tracks
displaced poleward.

In April, the patterns for EOFs 1 and 7 (Figure 2d(i) and Figure 2d(ii), respectively)
most resemble those for January. Again, the wavetrains occur further south, compared
with winter and spring, making little impact on not only the Australian continent, but
also on Southern Africa and to some extent on South America. In particular, EOF7 for
April resembles EOF3 for January with a hemispheric wide wavetrain, but with enhanced
amplitudes over the Southern Pacific Ocean and a diminished structure over the remainder
of the hemisphere.

5.2. Band-Pass-Filtered Weather Systems with Periods 4 < T, < 8 Days

Next, we analyse the standard EOFs for band-pass-filtered disturbances. We start by
considering monopole cyclone wavetrain modes with, now, the longer periods, and then
examine dipole modes associated with blocking and with NWCBs.

5.2.1. Monopole Cyclone Wavetrain Modes

Figure 3 shows the 850 hPa streamfunctions of EOF1 for each of the central months
of the seasons (July—Figure 3a(i); October—Figure 3b(i); January—Figure 3¢c; and April—
Figure 3d). As expected, the lower frequency disturbances with (4 < T, < 8 days) are also
of larger-scale but have broad similarities with corresponding leading EOFs with shorter
periods considered in Section 5.1. They are again monopole cyclone wavetrains with the
largest amplitudes stretching from South America across the Southern Atlantic and Indian
Oceans with an equatorward trajectory towards Australia and peaks just upstream. EOF1
for July in Figure 3a(i) is structurally very similar to the corresponding EOF1 for 1949 to 1968
shown in Figure 3a of Ref. [43]. EOF5 for July and EOF3 for October, in Figure 3a(ii) and
Figure 3b(ii), respectively, have wavetrains stretching from the west coast of Australia across
the Southern Pacific Ocean to South America and the South Atlantic Ocean. Interestingly,
as shown in Section 7, the standard deviations of 850 hPa band-pass-filtered streamfunction
anomalies are more zonally symmetric, with larger relative amplitudes across the Southern
Pacific Ocean, than is the case for the high-pass-filtered fluctuations.

5.2.2. Dipole Modes

Some of the subdominant EOFs with periods between 4 to 8 days also have dipole
wavetrains that, with suitable signs, capture east coast low and blocking high structures
in the region of the Tasman Sea and New Zealand. EOFs 12 and 14 for July (Figure 4a(i)
and Figure 4a(ii), respectively) are such dipolar modes with EOF12 also having dipoles
straddling the eastern South Pacific and Southern Ocean boundary. EOF12 for July also has
a large amplitude anomaly over the Indian Ocean to the northwest of Western Australia
in the genesis region of NWCBs. Somewhat similar dipole wavetrains are also captured
by subdominant EOFs in Figure 4 in the other three central months of the seasons. This is
shown in Figure 4b(i),(ii) for EOFs 8 and 10 for October, in Figure 4c for EOF15 for January,
and in Figure 4d for EOF15 for April. Indeed, these dipoles occur in months throughout
the year.
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Figure 3. Streamfunction at 850 hPa of Southern Hemisphere band-pass (period 4 < T, < 8 days)
synoptic weather systems during 1997 to 2016 for leading ‘Standard” EOFs with all filtered fluctuations
for (a) July, (b) October, (c) January, and (d) April. Figure parts (i) and (ii) distinguish different EOFs
in a given month.
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Figure 4. As in Figure 3 for subdominant ‘Standard” EOFs that show dipole atmospheric blocking
during different months.




Atmosphere 2024, 15, 660

12 of 30

The EOFs in Figure 4 also have dipole wavetrains extending downstream of Australia
and New Zealand with structures of the Pacific South America (PSA) pattern [39,72-74].

6. Instability EOFs—Separate Growing Fluctuations

In this section, we continue our investigation into the dominant modes of variability in
850 hPa high-pass- and band-pass-filtered NNR meridional wind data (cos¢-weighted). We
separate the 6-hour evolved anomaly data into bins of growing and decaying disturbances,
and then apply EOF analysis to the covariance matrices based on composites in each bin.
We have experimented with different bin sizes and selected six bins with three for growing
disturbances and another three for decaying fluctuations.

Table 1 lists the six bins that we use throughout this study. We focus on EOFs for grow-
ing modes because they are most related to rainfall variability. As well, disturbances con-
tributing to bins with equal decay and growth rates have leading EOFs with somewhat sim-
ilar structures. The three growth rate bins are denoted as bins of slow (0 < @; < 0.5 dayil)-,
moderate (0.5 < @; < 1day ')-, and fast (@; > 1 day !)-growing disturbances.

Table 1. Growth rate ranges of six growth rate bins and associated bin numbers.

Bin Number Growth Rate Bins
(i) @; < —1day !
(ii) ~1day ! <w; < —05day !
(iii) —05day ! < @; <0day !
(iv) 0day ! <@; <05day !
v) 05day ! <@; <1day !
(vi) @; > 1day !

As in Section 5, our interest is on seasonal variations of the EOFs with our analysis
performed for the central month of each season, and we depict the streamfunction fields.

6.1. High-Pass-Filtered Weather Systems with Periods T, < 4 Days

We first consider EOFs of growing disturbances with periods T < 4 days and follow
up with an analysis of the band-pass-filtered data for which 4 < T, < 8 days.

6.1.1. Slow-Growing Disturbances (0 < @; < 0.5 Day!)

Figure 5 shows the structures of EOF1 for 6-hour evolved disturbances for July, October,
April, and January. The EOF1 for July (Figure 5a), based on slow-growing and high-pass-
filtered disturbances, shows a familiar storm track wavetrain pattern at 45° S to 55° S that
spans the southern hemisphere, reflecting similar characteristics of the standard leading
July EOFs in Figure 2. The behaviour of the leading EOFs in the remaining central months
(October—Figure 5b; January—Figure 5c; and April—Figure 5d) is broadly like the July
case but with less amplitude over the South Pacific Ocean for October. Again, their patterns
are broadly comparable to the respective standard leading EOFs in Figure 2.

6.1.2. Moderately Growing Disturbances (0.5 < @; < 1 Day 1)

Next, we consider leading EOFs based on evolved high-pass-filtered disturbances that
are growing with moderate growth rates. Figure 6a shows EOF1 for July, which, compared
with Figure 5a, for the slow-growing anomalies, tracks slightly more equatorward particu-
larly over the Great Australian Bight. EOF1 results are again similar for October (Figure 6b),
but with slightly weakened activity across the South Pacific Ocean. This also contrasts with
January EOF2 (Figure 6¢), which has a strong monopole wavetrain right across the southern
hemisphere, and peak amplitudes south of and across southern Australia. Moving from
summer into autumn, EOF1 for April (Figure 6d) has transitioned into a pattern more like
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that for July. We note the familiar hemispheric monopole wavetrain, somewhat weaker
over the South Pacific Ocean, and more like the standard EOF1 for April in Figure 2d(i).

July EOF1 October EOF1
0 T S ‘h? ; ; . \ 0 (u‘( . R~ W ‘ . . ;
0 5 —0 5 . N 0.3 -0.4 0.3'70.3 -0.4 s 0.4 t0.1. 0.2 0.2
308 | 308
N N Sy - a a e - s &
25 27| 27 2 2,00 1.45 [-1.0-1.0 13 1.5 -1.4 §1.4 “T.8 (2.3 - =24 12,2 -1.6 0.6 0.5 ~0.8 1.5
A 4 - - 26 0.4 -0.4 505 fe L.
o @WE WY ‘W JPewe L
0.0 = =
90S - 90S

0 30E 60E 90E 120E 150E 180 150W120W QOW 60W 30W 0

0 30E 60E 90E 120E 150E 180 150W120W 90W 60W 30W 0O

24 -16 -08 0 0.8 1.6 2.4 -2 -16-12-08-04 0 04 08 1.2 16 2
(a) (b)
January EOF1 April EOF1
0 T o, ETR ‘ o SE 0 T IR
0.3°¢). 03 S 0.2 0.2 0.310.31°0.3 0.50-0.5 Q‘B: <7 0.3 -0.3 0.5 0.6
308 | o 1 308 | :
\ = . - = & - = @
"1»5 1‘4 -1.2 1.1 -1.1 91 <2059 0.9 _1.0 1.1 -1.1F 1.2 —1.4. o % w1 }A 1.2 -1.1 1.1 -1.3 1.8 ‘50,
- W - -0} 'y A 1.7,7-1.5 “uw |
608—' w 4 ~ --v.w Y 603-.'"" ‘-S_>v'_
908 L 1 L L 1 L n L 1 L L 908 L L L 1 1 T L 1 L
0 30E 60E 90E 120E 150E 180 150W120W 90W 60W 30W 0 0 30E 60E 90E 120E 150E 180 150W120W 90W 60W 30W 0
-12 -08 -04 0 04 08 12 24 -16 -08 0 08 16 24

(0)

(d)

July EOF1

Figure 5. Leading Southern Hemisphere 850 hPa streamfunction ‘Instability” EOFs of high-pass-
filtered weather systems for period T, < 4 days, for slowly growing disturbances, 0 < @; < 0.5day?,
during 1997 to 2016 for (a) July, (b) October, (c) January, and (d) April.
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Figure 6. Leading Southern Hemisphere 850 hPa streamfunction ‘Instability’” EOFs of high-
pass-filtered weather systems for period T, < 4 days, for moderately growing disturbances,
05<w; <1 dayfl, during 1997 to 2016 for (a) July, (b) October, (c) January, and (d) April.

6.1.3. Fast-Growing Disturbances (@; > 1 Day_l)

Lastly, the fast-growing high-pass-filtered instabilities are examined in this subsection.
The changing nature of the structures and amplitudes of the fluctuations in the bin with
@; > 1 day ! are of particular interest since they are most related to changes in rainfall
as detailed in Ref. [43]. Figure 7a shows the 850 hPa streamfunction of EOF2 for July
which, expectedly is very similar to the corresponding EOF1 for 1949 to 1968 shown in
Figure 2e in Ref. [43], but with a larger amplitude over the South Pacific Ocean in Figure 7a.
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Both depict a monopole wavetrain, from South America across to the NZ region, with an
equatorward shift, particularly in the Australian and South American regions, compared
with the standard EOFs of Section 5 and those based on slow- or moderate-growing
disturbances above. For July, there are also EOFs, like the third mode, that have wavetrains
more prominent in the eastern hemisphere with no identifying pattern across the Pacific
Ocean. As well, the fifth EOF has a hemispheric monopole wavetrain like that of EOF3 for
1949 to 1968 shown in Figure 2f in Ref. [43] but of a slightly smaller scale.
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Figure 7. Leading Southern Hemisphere 850 hPa streamfunction ‘Instability” EOFs of high-pass-
filtered weather systems for period T, < 4 days, for fastest growing disturbances, @; > 1 day !,
during 1997 to 2016 for (a) July, (b) October, (c) January, and (d) April.

0.5 1 15 2

For October, EOF2 in Figure 7b is broadly like EOF2 for July in the eastern hemisphere
but slightly weaker over the South Pacific Ocean. In fact, EOF3 for October is most like
EOF?2 for July. Again, the patterns for EOF2 in January (Figure 7c) and EOF2 in April
(Figure 7d) follow closely that for July. In all seasons, the leading SH EOFs in the bin with
fast-growing instabilities are displaced to lower latitudes, particularly in the Australian
region and, to some extent, over the South Atlantic Ocean.

6.2. Band-Pass-Filtered Weather Systems with Periods 4 < T, < 8 Days

Lower frequency disturbances are considered in this subsection for the three growth
rate bins corresponding to amplifying disturbances with periods 4 < T, < 8 days. We ex-
amine, first, monopole cyclone wavetrain EOFs in the three separate bins, in
Sections 6.2.1-6.2.3 and then consider dipole EOFs characteristic of blocking and NWCB
instabilities in Section 6.2.4.

6.2.1. Slow-Growing Monopole Cyclone Wavetrains (0 < @; < 0.5 Day ')

July EOF1 in Figure 8a(i), for disturbances with growth rates 0 < @; < 0.5 day ?, is
structurally very similar to the standard EOF1 in Figure 3a. It also has a likeness to July
EOF1 in Figure 5a based on high-pass-filtered data, and in the same growth rate bin, but
is of a larger scale as expected. These three patterns all have the dominant wavetrains
from South America across the South Atlantic and Indian Oceans to the Australian-NZ
region with smaller amplitudes across the South Pacific Ocean. In contrast, July EOF3, for
slow-growing instabilities in Figure 8a(ii), is largely a South Pacific disturbance like the
standard EOF5 in Figure 3d(ii) based on all fluctuations. The patterns for EOFs 1 and 3 for
October in Figure 8b(i) and Figure 8b(ii), respectively, closely match those for July and the
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standard October EOFs 1 and 3 in Figure 3c,d. Indeed, for each of the central months of the
seasons, EOF1 has essentially the same wavetrain (see Figure 8c for January and Figure 8d
for April) and also shadows the respective standard EOF1 in Figure 3.
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Figure 8. Leading Southern Hemisphere 850 hPa streamfunction ‘Instability” EOFs of band-
pass-filtered weather systems for period 4 < T, < 8 days, for slowly growing disturbances,
0<w; <05 dayfl, during 1997 to 2016 for (a) July, (b) October, (c) January, and (d) April. Figure
parts (i) and (ii) distinguish different EOFs in a given month.

6.2.2. Moderately Growing Monopole Cyclone Wavetrain Modes (0.5 < @; < 1 Day™!)

The cyclone wavetrain EOFs based on instabilities in the middle growth rate bin,
for which 0.5 < @; < 1 day!, can again be categorised into three broad groups of
(1) wavetrains between South America and the Australian-New Zealand region, (2) South
Pacific wavetrains, and (3) hemispheric wavetrains. Figure 9 shows examples of EOF1
for the central months of the seasons (July—Figure 9a(i); October—Figure 9b(i); January—
Figure 9¢; and April—Figure 9d), and, as well, EOF3 in July (Figure 9a(ii)) and EOF3 for
October (Figure 9b(ii)). Some of the EOFs swap roles in different months, as seen for July
and October. Irrespective of the type of pattern, the EOFs of moderately growing storm
track disturbances are displaced equatorward to a latitude band centred on 30° S compared
with corresponding standard EOFs in Figure 3, and with EOFs based on slow-growing
instabilities in Figure 8, that lie further poleward. This, of course, agrees with the results
for the high-pass-filtered instabilities as discussed in Section 6.1.
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Figure 9. Leading Southern Hemisphere 850 hPa streamfunction ‘Instability” EOFs of band-pass-
filtered weather systems for period 4 < T, < 8 days, for moderately growing disturbances,
05<w; <1 dayfl, during 1997 to 2016 for (a) July, (b) October, (c) January, and (d) April. Figure
parts (i) and (ii) distinguish different EOFs in a given month.

6.2.3. Fast-Growing Monopole Cyclone Wavetrain Modes (@; > 1 Day ')

Instabilities in the fastest growth rate bin with @; > 1 day ! again have EOFs charac-
terising storm track modes of the three broad types described in Section 6.2.2. Figure 10
shows EOF1 for each of the four central months of the seasons. They are largely hemi-
spheric modes. There are also EOF variants that represent the three types in each season.
Importantly, the patterns of fast-growing instabilities are displaced even further equator-
ward than for the moderately growing modes of Section 6.2.2. The leading fast-growing
instability modes are in a band centred on 25° S.

EOF1 for July 1997 to 2016 shown in Figure 10a is very like the corresponding EOF1 for
July 1949 to 1968 in Figure 3e of Ref. [43] with both equatorward-displaced compared with
leading EOFs for disturbances in slower growing bins. However, the current EOF1 is more
hemispheric with also significant amplitudes over the South Pacific Ocean. Interestingly
EOF4, and its phase-shifted pair, EOF3 for July, consist largely of wavetrains extending
from over the Indian Ocean, across Australia, and to the area over the mid-South Pacific
Ocean. The leading EOF1 for October in Figure 10b is, as noted, largely hemispheric and
equatorward-displaced like EOF1 for July and EOF3 for October, and has a comparable
structure to EOF3 and EOF4 for July. These results are consistent with the theme of leading
July and October EOFs having much in common. Again, EOF1 for December (Figure 10c)
and EOF1 for April (Figure 10d) are akin to those for the other 3 months with hemispheric
wavetrains that are larger-scale and further equatorward-displaced than the more tightly
formed structures of EOFs for slower-growing instabilities.
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filtered weather systems for period 4 < T, < 8 days, for fastest growing disturbances, @; > 1 day ™,
during 1997 to 2016 for (a) July, (b) October, (c) January, and (d) April.

6.2.4. Dipole Modes

In each of the seasons, and, particularly, in the cooler months, there are also modes
with dipoles in the north-south direction that, at suitable phases, are characteristic of
blocking or NWCBs. Figure 11 shows the 850 hPa streamfunction of such EOFs, for four
of the cool months based on disturbances in the growth rate bin with 0 < @; < 0.5 day !

Indeed, amongst the leading 20 or so EOFs, we mainly find dipole modes in this, our bin
with the slowest growing disturbances (as well as among the standard EOF of Section 5).
Interestingly, this is what would be expected based on the theory of Frederiksen [75] on
blocking and localised cyclogenesis. Frederiksen found that, when the climatological
confluent—diffluent basic state was quite unstable, cyclogenesis modes would be the fastest-
growing with the onset-of-blocking modes having lower growth rates. As the basic state
was made less unstable, growth rates, of course, dropped but the onset-of-blocking modes
became relatively more prevalent.
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Figure 11. As in Figure 9 for subdominant ‘Instability” EOFs that show dipole atmospheric blocking
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EOFS for July in Figure 11a shows dipole structures, particularly in the Australian and
New Zealand region. EOF7 for October in Figure 11b has a very distinct dipole to the east
of New Zealand embedded in a wavetrain arching from Australia into the Pacific South
American region where it resembles the Pacific South American (PSA) pattern (Figure 12
in Ref. [39], Figure 5e in Ref. [72], Figures 4b and 4c in Ref. [73], and Figure 6 in Ref. [74]).
EOFO9 for July has a similar PSA wavetrain. EOF9 for June in Figure 11c has the iconic
structure of blocking near 150° E over the Southern Ocean and an associated east coast low
on the east coast of Australia and over the Tasman Sea. The downstream dipole wavetrain
can also represent blocks to the east of New Zealand for suitable signs of the anomaly.
EOF11 for August in Figure 11d is particularly characteristic of an NWCB disturbance with
a wavetrain extending downstream across the Southern Pacific Ocean [60,76,77].

7. Statistics of Weather Systems—All Fluctuations

The standard EOFs based on all Southern Hemisphere high-pass- and band-pass-
filtered weather systems, considered in Section 5, show typical wavetrains in the storm
tracks. Next, we make further analyses of the statistical properties of the storm tracks deter-
mined by the standard deviation (STD) of the 850 hPa streamfunction anomalies for 1997 to
2016. As noted by Osbrough and Frederiksen [43], STDs of meridional winds (in ms~!) are
related to the streamfunction STDs (in km?s~!) by multiplying by circa 1.8 (respectively, 1.2)
for high-pass (respectively, band-pass) fluctuations. In this section, we examine the seasonal
variability of the STDs in the two frequency bands based on all growing and decaying
fluctuations, and, in the following, Section 8 the STDs of separate growing and decaying
instabilities are analysed. As found by Osbrough and Frederiksen [43], examining the two
bands compared with just one band up to periods of 8 days has considerable advantages.
It allows the separation of the leading purely monopole cyclone wavetrain modes from
more complex structures like dipoles associated with blocking and NWCB disturbances.
It also shows that the STD-associated fluctuations with periods 4 < T, < 8 days are more
zonally symmetric than those for T, < 4 days.

7.1. Standard Deviations of Weather Systems with Periods T; < 4 Days

The standard deviation of the 850 hPa streamfunction anomalies for each season is
shown in Figure 12 for filtered high-pass disturbances. In each season, the characteristic
storm tracks extend from southern South America across the southern South Atlantic and
South Indian Oceans to the latitudes of Australia and New Zealand with centres between
45° S and 55° S and with smaller amplitudes across the South Pacific Ocean. The storm
track has the largest peak strength in JJA, the weakest in DJF, and with the SON peak
slightly larger than MAM. The storm tracks closely follow the structures of the 700 hPa
zonal winds shown in Figure 1.

These results conform with the data studies of Trenberth ([9], Figures 6 and 7) and
Nakamura and Shimpo ([13], Figures 1 and 2), and the theoretical results of Frederiksen
([38], Figures 5-7) and Frederiksen and Frederiksen ([39], Figures 4 and 7). This is so, even
though Trenberth [9] considered the January and July 2-8 day-filtered geopotential height
and meridional wind anomalies at 300 hPa while [13] focused on the January and July
filtered 250 hPa geopotential height anomalies with a cut-off of periods between 6 hours
and 8 days. As noted by Osbrough and Frederiksen [43], mid-latitude STDs based on
geopotential height, meridional wind, and streamfunction are expected to be similar and
the July 300 hPa storm tracks in Ref. [43] are also very similar to our winter results.
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Figure 12. Standard deviation of Southern Hemisphere 850 hPa streamfunction anomalies (km?s 1)
(growing and decaying) for all seasons, using high-pass-filtered data (period T, < 4 days) for 1997 to
2016: (a) JJA, (b) SON, (c) DJF and (d) MAM.

7.2. Standard Deviations of Weather Systems with Periods 4 < T, < 8 Days

Figure 13 shows the corresponding storm tracks to those in Figure 12, but for band-
pass-filtered data. In all seasons, Figure 13 depicts a broader and more zonally symmetric
band than in Figure 12 for the high-pass results. The larger-scale and slower propagating
disturbances have significant peaks over the central South Pacific Ocean, as well as over
the South Atlantic and Indian Oceans stretching to the Southern Ocean south of Australia.
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Figure 13. Standard deviation of Southern Hemisphere 850 hPa streamfunction anomalies (km?s~1)
(growing and decaying) for all seasons, using band-pass-filtered data (period 4 < T, < 8 days) for
1997 to 2016: (a) JJA, (b) SON, (c) DJF and (d) MAM.
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These results differ from those of Trenberth [9] and Nakamura and Shimpo [13] over
the central South Pacific since they effectively combine our two bands into one averaged
band. Both sets of our storm tracks share common seasonal characteristics with strongest
peaks during JJA and weakest in DJE.

8. Statistics of Growing and Decaying Weather Systems

Next, we present a more detailed analysis of the statistics of Southern Hemisphere
synoptic-scale weather systems. We consider the STDs of 6-hourly evolved disturbances
in each of the six growth rate bins in Table 1. The typical features characterised by some
of the leading instability EOFs in the three bins of slow-, moderate-, and fast-growing
disturbances have been presented in Section 6.

8.1. Standard Deviations of Weather Systems with Periods T; < 4 Days

Figure 14 shows the standard deviation of the 6-hour evolved high-pass-filtered,
(Tr < 4 days), 850 hPa Southern Hemisphere streamfunction anomalies for all seasons.
Here, the STDs are depicted for each of the six growth rate bins in Table 1. In each panel in
Figure 14, the STDs have a largely zonally symmetric band of peak values centred between
45° S to 55° S, like the results based on all fluctuations in Figure 12. As noted in Sections 5
and 6, this is also the latitude region within which the amplitudes of both the standard and
instability EOFs, based on high-pass-filtered data, have their largest values. We note that
the peak STDs of disturbances in each growth rate (®;) bin are larger than those for the
bin with the same decay rate (—®; growth rate) because the disturbances have evolved
for 6 h. Further, the STDs for the slowly decaying disturbances (panel (iii)) mirror the
characteristics of those found in the slowly growing bin (panel (iv)), with maxima upstream
of Australia, and smaller amplitudes over the Pacific Ocean. The same applies for STDs in
the moderately decaying and growing bins, although, for these, there is more disparity in
the magnitude of values.

Interestingly, as shown in the last panel (vi) of each figure part in Figure 14, the STDs
for disturbances in the fast-growth-rate bin, (@0; > 1 dayfl), also extend equatorward,
particularly in DJF and MAM with maximum values over the continents comparable to
those in the primary storm track between 45° S to 55° S. As well, the latitudinal extent
between 30° S and 60° S of the storm track is wider than for slower growing or decaying
weather systems. This is the case mainly over the South Atlantic Ocean. Particularly in JJA,
the storm track across the South Pacific is also strong and has a broad latitudinal extent. The
breadth of the intense zonal band shown in winter decreases as we move into spring, with
a narrowing of the maximum contours around 50° S. Summer-time peaks occur further
poleward in the main storm track, with less intense activity in this zonal band.

The winter-time STD analysis, based on growth rate bins for the 1997 to 2016 period
and shown in Figure 14a, is comparable with that for July 1949 to 1968, depicted in Figure 5a
of Ref. [43]. There, only four growth rate bins were used, but with the fast-growth and
fast-decay bins the same as here. Panel (vi) of Figure 14a is broadly similar to panel (iv) in
Figure 5a of Ref. [43] for July 1949 to 1968. However, in the current period, the peak directly
over the Australian Bight is absent, but the STDs are larger and has a broader latitudinal
impact over the South Pacific Ocean.
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Figure 14. Standard deviation of 850 hPa Southern Hemisphere streamfunction anomalies (km?s~1)
with growth rates separated into bins (i) through (vi), as defined in Table 1, for high-pass-filtered
data (period T; < 4 days) during 1997 to 2016 for all seasons: (a) winter, (b) spring, (c) summer, and
(d) autumn.

8.2. Standard Deviations of Weather Systems with Periods 4 < T, < 8 Days

Figure 15 shows the seasonal variability STDs of band-pass-filtered (4 < T, < 8 days)
Southern Hemisphere 850 hPa streamfunction anomalies for 1997 to 2016 based on 6-hour
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evolved NNR data. Again, the results have been stratified by the growth rate bins docu-
mented in Table 1. The disturbances with periods between 4 and 8 days are correspondingly
slower-propagating and of a larger scale than the high-pass-filtered disturbances as dis-
cussed earlier. As we have noted previously, and as is also evident from the STDs of the
growing and decaying disturbances considered in this section, there are advantages of
filtering our data into our two separate time periods. These include capturing the changing
structures and associated processes and, here, the changes in statistics for the different
instability modes.
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Figure 15. As in Figure 14 but for band-pass-filtered data with period 4 < T, < 8 days.

From Figure 15, we, again, see that the largest STDs, of the 6-hour evolved weather
systems, in a particular growth rate (®;) bin are greater than the peak STDs for the cor-
responding bin with an equal decay rate (—®; growth rate). As might be expected, the
more zonally symmetric structure of the STDs defining the storm tracks for the longer
period disturbances with 4 < T, < 8 days reflect those of Section 7.2 based on all growing
and decaying fluctuations. For each season, the storm tracks of the growing and decay-
ing disturbances have significant peaks over the central South Pacific Ocean, unlike the
high-pass-filtered results in Sections 7.1 and 8.1.

In all seasons, Figure 15 depicts a broader and more zonally symmetric band than in
Figure 14 for the high-pass results. The larger-scale and slower-propagating disturbances
have significant peaks over the central South Pacific Ocean, as well as over the South
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Atlantic and Indian Oceans stretching to the Southern Ocean south of Australia. Again, the
largest differences in magnitude along the central storm tracks in Figure 15 are between the
generally lower peak values in summer compared with winter. As is also the case for the
high-pass-filtered disturbances, the band-pass results also show an approximate symmetry
between those for a given growth rate bin and the corresponding bin with decaying
disturbances. The magnitudes of the decaying disturbances are of course generally less
because of the 6-hour development.

9. Discussion

We have analysed the seasonal variability of synoptic-scale weather systems for a
20-year timespan in recent years between 1997 and 2016 that includes the AMD. Our study
has examined the structures of the SH jet streams and their relationships to the storm tracks
based on 850 hPa streamfunction and meridional wind anomalies that have been filtered
into a high-pass band where the period is T, < 4 days and a band-pass band with a period
4 < T, < 8 days. The NNR 6-hourly data has been used to establish and analyse the
leading standard EOFs based on the meridional wind, and we have displayed them in the
streamfunction space. As well, we have examined the structure of the standard deviations
(STDs) of streamfunction fluctuations based on all (growing and decaying) disturbances in
the two frequency bands.

We have also used the new data-driven methodology developed by Osbrough and
Frederiksen [43], in which the NNR data are decomposed spectrally in space and time and
the weather systems analysed in six growth rate bins for both filter bands. This has allowed
us to study the statistical structures of the growing disturbances in three bins through
leading instability EOFs. We have also determined the storm tracks based on STDs of
850 hPa streamfunction anomalies associated with both growing and decaying anomalies
in the six bins.

The seasonal evolution of the SH subtropical and polar jet streams for our 20-year
timespan 1997 to 2016 is, as expected, broadly similar to the seasonal march described by
Nakamura and Shimpo [13] for 1979 to 1995 and Hoskins and Hodges [19] for 1958 to 2002.
Nevertheless, the SH zonal winds have undergone significant changes in strength during
the last 70 years as noted in Refs. [60,65] for July and in Ref. [50] more generally. The upper
tropospheric and lower stratospheric subtropical jet has been reducing in strength and the
polar jet increasing with significant shifts, particularly after the mid-1970s.

Throughout the seasonal cycle, the polar jet is strong and deep with significant westerly
winds extending throughout the troposphere but with the largest wind speeds in the upper
troposphere and lower stratosphere of the SH. The polar jets at 300 hPa and 700 hPa
extend across the whole hemisphere with the largest values in a band between 45-55° S,
particularly over the South Atlantic, and the South Indian Ocean, and waning over the
South Pacific Ocean at the longitudes of Australia.

The subtropical jet at 300 hPa lies in a latitude band between 30-35° S and is strong
between longitudes of 90-240° E, particularly in austral winter when it dominates the polar
jet in the upper troposphere and lower stratosphere. The subtropical jet at 300 hPa is also
prominent in austral spring when there is an increase in intensity of the polar jet. In austral
autumn, the upper tropospheric subtropical jet is still evident but at a reduced strength,
and it is greatly reduced or essentially absent in austral summer. The subtropical jet is
shallow compared with the polar jet with much weaker winds at 700 hPa compared with
300 hPa even in austral winter.

The zonal asymmetries and seasonal variability of the large-scale SH circulation,
particularly the zonal jets and baroclinicity, in turn, affect the structures and amplitudes of
the mid-latitude weather systems. Generally speaking, the baroclinic Rossby waves and
their storm tracks are most similar for the austral winter and autumn circulations and for
the austral summer and spring seasons.

Throughout the year, the standard storm tracks and standard leading EOFs based
on all growing and decaying 850 hPa high-pass-filtered weather systems have prominent
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peaks that coincide with the 700 hPa polar jet stream between 45° S and 55° S. This is also
the case for the band-pass-filtered cyclone wavetrain modes except the storm tracks, and
some leading standards EOFs also have significant amplitudes across the South Pacific
Ocean. There are, however, seasonal variations in the structures of the standard EOFs,
particularly in the Australian region where leading EOFs generally cross the continent in
austral winter and autumn, while they mainly have centres and storm tracks displaced
to slightly higher latitudes in summer and spring. Earlier diagnostic studies have tended
to combine our high-pass- and band-pass-filtered results into a single band, and, hence,
different behaviours between the larger-scale band-pass disturbances and the high-pass
storms and high-pressure systems are not evident. In fact, the zonal asymmetry of our
high-pass storm tracks is most reflected in earlier studies with broader filters.

Some of the standard EOFs for band-pass-filtered anomalies have dipole wavetrains,
particularly in the cooler months, that generally extend from the Australian region to
around 240° E. These modes have structures that, with suitable signs, are consistent with
dipole blocking anomalies or NWCBs.

10. Conclusions

In this data-driven study, we have made a first and detailed analysis of the seasonal
cycle of SH storm tracks associated with growing and decaying instabilities using the
methodology of Osbrough and Frederiksen [43]. Results have been presented for dis-
turbances in six growth rate bins, three for each of the growing and decaying weather
systems. The STDs of 850 hPa streamfunction anomalies representing the instability storm
tracks have, again, been examined for high-pass- and band-pass-filtered data. As well, the
leading instability EOFs have been calculated and their structures examined for growing
weather systems in the three bins corresponding to slow (0 < @; < 0.5 day '), medium
05<w <1 dayfl), and fast (@0; > 1 dayfl) growth. As found in Ref. [43], the grow-
ing disturbances, notably, explosive storms, and their variability are strongly related to
mid-winter rainfall variations over southern Australian and are especially of interest.

Instability EOFs for the slow-growth bin are structurally similar to the corresponding
standard EOFs for both filtered bands, as might perhaps be expected. As the growth rate
is increased by going to the instability EOFs for the moderate-growth bin, we find that
the patterns of leading storm track modes are shifted slightly equatorward, particularly so
for the larger-scale and longer-period EOFs that have peaks near 30° S. This equatorward
displacement is even more evident for leading monopole storm track instability EOFs for
the fast-growth bin, particularly in the Australian region.

Some instability EOFs for band-pass-filtered weather systems also have dipole wave-
trains, broadly similar to some of the standard EOFs, with these anomalies again mainly
located between 100° E to 240° E. These dipoles that resemble blocking and NWCB distur-
bances primarily occur for the bin of slow-growing anomalies.
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Appendix A. Method for Determining Growing and Decaying Weather Systems

The mathematical method for separating the total field of fluctuating disturbances into
growing and decaying components in different growth rate bins is described in Ref. [43].
As noted there, POPs and dynamical instability modes have a time dependence of the form
e~ where w is the complex angular frequency, with the real part being the frequency
and the imaginary part the growth rate. Similarly, the time dependence of the spectral
coefficient of the growing or decaying disturbance is presented in the form e~ @™ with

@(m,1) = @, (m, n) + ico;(m, n) (A1)
where @, (m, n) is the angular frequency, @;(m, n) is the growth rate, and
Y. (t) _ Ymnewi(m,n)tefiw,(m,n)t (A2)

Here, ¥yun (t) is the spectral coefficient in Equation (1). Suppose At is the time interval be-
tween observations; then, the ratio of the spectral coefficients at times ¢ + At and t becomes

lan(t + At) _ ,@;(mn)At ,—io,(mn)At
{ B () } =e e (A3)

Thus, the growth rate @;(m, n) between t and t + At is determined by the modulus as

1Pm"(t + At) ’ @;(m,n)At
Zmn 2| = e@ilmmat A4
‘ Fon (1) (A9
with 1 [t + AF)
+
) = Ip|2 T A
wl(m’n) At n Ymn(t) ‘ ( 5)
Equation (A3) also yields the equation for frequency, @, (m, n):
Winn (EHAL)
@y(m,n) = ———arctan —Im( Fon () ) (A6)
e At Re(‘Pmn(HAt))
Foun (£)

Appendix B. Empirical Orthogonal Functions

Suppose we denote by x the column vector of length N of our field variables in physical
space or in spectral space. Then, the Empirical Orthogonal functions (EOFs) are just the
eigenvectors E of the covariance matrix:

nE = (x(t)x" (t))E (A7)

Here, + denotes the Hermitian conjugate if x represents complex spectral components and
transpose for physical fields. The eigenvalues # give a measure of the percent variance that
a given EOF explains.
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