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During the last sixty years, there have been large changes in the southern hemisphere winter circulation and reductions in
rainfall particularly in the southern Australian region. Here we examine the corresponding changes in dynamical modes of
variability ranging from storm tracks, onset-of-blocking modes, northwest cloud-band disturbances, Antarctic low-frequency
modes, intraseasonal oscillations, and African easterly waves. Our study is performed using a global two-level primitive equation
instability-model with reanalyzed observed July three-dimensional basic states for the periods 1949–1968, 1975–1994, and 1997–
2006. We relate the reduction in the winter rainfall in the southwest of Western Australia since the mid-1970s and in south-eastern
Australia since the mid-1990s to changes in growth rate and structures of leading storm track and blocking modes. We find that
cyclogenesis and onset-of-blocking modes growing on the subtropical jet have significantly reduced growth rates in the latter
periods. On the other hand there is a significant increase in the growth rate of northwest cloud-band modes and intraseasonal
oscillation disturbances that cross Australia and are shown to be related to recent positive trends in winter rainfall over northwest
Western Australia and central Australia, in general. The implications of our findings are discussed.

1. Introduction

Major shifts in the structure of the large-scale circulation of
both the northern and southern hemispheres have occurred
during the last sixty years or so (see [1, 2], for overview).
A number of studies [3–16], have also shown that, since the
early to mid-1970s, there has been a dramatic and continuing
reduction, as well as negative trend, in the winter rainfall over
southern Australia with very large reductions (approximately
20%) occurring first in the southwest of Western Australia
(SWWA). More recently, during the last decade or so, there
have also been large rainfall reductions in south-eastern
Australia [8–11, 17–21].

As reviewed by Frederiksen [22], normal mode instability
theory has been widely used to understand the dynamics
of weather systems [23] and their predictability [24]. Of
course nonlinear effects will cause modifications of the
disturbances as they increase [25]. Nevertheless, normal
modes of climatological basic states and finite-time normal

modes of time evolving basic states capture many of the
important properties of atmospheric disturbances and their
predictability [22].

Recently, J. S. Frederiksen and C. S. Frederiksen [1, 2]
investigated whether the impact of the dramatic changes
in the mean July climate of the atmospheric circulation
and thermal structure, for the periods 1949–1968 and
1975–1994, on changes in the southern hemisphere (SH)
storm track modes could explain the dramatic decrease
in rainfall between these periods. A significant difference
between the two periods was a reduction of 17% in the
peak strength of the SH subtropical jetstream over the
southern Indian Ocean upstream of Australia. They found
also that there was a hemisphere-wide reduction in the
upper-level zonal winds and vertical wind shear near 30S,
and increases in a hemispheric band near 50S. There was also
a significant warming of the SH atmosphere south of 30S and
a reduced equator-to-pole temperature gradient particularly
in the eastern hemisphere. These changes were shown to
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Figure 1: Observed July Australian rainfall differences (1975–94) minus (1949–68) (mm/month) (a) and 1950 to 1999 trend in July
Australian rainfall (mm/month/year) (b).

be associated with about a 33% reduction in growth rates
of leading July SH storm track modes, or weather systems,
crossing Australia, resulting in a reduction in the intensity
of storm formation and the southward deflection of some
storms. This has been the primary cause of the rainfall
reduction over southwest Western Australia and southern
Australia, in general, since 1975.

Frederiksen et al. [9] used the Phillips criterion [26] as
a diagnostic for evaluating the ability of climate models to
capture these changes in the growth rates of storm track
modes and the preferred location of storm development.
Over the last sixty years, there have been large reductions
in the Phillips criterion, or baroclinic instability, near 30S
in a hemispheric band consistent with the reductions in the
growth rate of storm development in the Australian region.
Frederiksen et al. [10, 11] showed that there was a close
relationship between the reduction in the Phillips criterion
and reductions in winter rainfall during the twentieth
century. They also showed, using climate models that were
able to reproduce observed changes in the Phillips criterion,
that the impact of further increases in anthropogenic CO2

concentrations can lead to further large reductions and
significant negative trends in baroclinic instability, by the end
of the 21st century, resulting in further reductions in the
growth rates of the storm track modes.

In this paper, we extend the studies of J. S. Frederiksen
and C. S. Frederiksen [1, 2] and Frederiksen et al. [9] and
examine other important dynamical modes of variability
including onset-of-blocking modes, northwest cloud-band
disturbances, Antarctic low-frequency modes, intraseasonal
oscillations, and African easterly waves. As in these studies,
we look at the leading eigenmodes of the linearized atmo-
spheric equations of motion using the primitive equation
model of J. S. Frederiksen and C. S. Frederiksen [2, 27]. We
focus on the month of July for three periods 1949–1968,
1975–1994, and 1997–2006, with the aim to see whether
the properties of the leading dynamical modes can explain
some of the observed changes and trends in Australian
rainfall (Figures 1(a) and 1(b)) derived from the Australian

Bureau of Meteorological National Climate Centre mean
gridded rainfall dataset [28]. Figure 1(a) shows the difference
in rainfall between the periods 1975–1994 and 1949–1968
with large reductions over SWWA and eastern and south-
eastern Australia of around 20%, 30%, and 10%, respectively.
The linear trend in rainfall, over the period 1950–1999,
is shown in Figure 1(b). Consistent with Figure 1(a), this
shows substantial negative trends over SWWA and eastern
and south-eastern Australia and substantial positive trends
over northwest Western Australia and over parts of central
Australia.

The plan of this work is as follows. In Section 2, we
describe briefly the details of the instability model and some
of the climatological fields that constitute the basic states
used in the analysis. In Section 3, we discuss the properties of
the instability modes in each of the three periods and discuss
some of the more significant changes. In Sections 4 to 8, we
discuss the five categories of SH dynamical modes that have
changed most dramatically over the last sixty or so years, and
in Section 9 we examine the sensitivity of our results to the
choice of dissipation. Our conclusions are in Section 10.

2. Model Details and Basic States

The transient instabilities analyzed in this study have been
obtained using the two-level linearized primitive equation
model that was developed and applied in a series of studies
by J. S. Frederiksen and C. S. Frederiksen [27, 29, 30] and by
Frederiksen [31]. The current version of the model includes
a generalized Kuo-type heating parameterization that incor-
porates closures for both convection and evaporation-wind
feedback, as outlined in our appendix. We use the values of
the model parameters specified in Appendix A that are the
same as the standard values used by J. S. Frederiksen and C.
S. Frederiksen [1, 2] except in Section 9 where the effect of
the choice of dissipation is examined.

For the results presented in this paper, the source of
the observed fields is the National Centres for Environmen-
tal Prediction/National Center for Atmospheric Research
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Figure 2: Difference between (1997–2006) and (1949–68) basic states of vertical cross-section of July zonal wind (ms−1) averaged between
110◦ and 160◦E as a function of latitude and pressure (in hPa) (a), 300 hPa July zonal wind (ms−1) (b) and 700 hPa July zonal wind (ms−1)
(c).

(NCEP/NCAR) reanalysis project [32]. Detailed compar-
isons of studies of transient modes with NCEP/NCAR and
ERA40 basic states were made in J. S. Frederiksen and C. S.
Frederiksen [2], and it was found that for the same periods of
time the structures and growth rates of the modes considered
were generally very similar.

We focus on the global Southern Hemisphere (SH) mean
July climate fields for the periods 1949–68 and 1975–94, as in
J. S. Frederiksen and C. S. Frederiksen [2], and also consider
the more recent period 1997–2006. We recall that between
the periods 1948–68 and 1975–94 there is a very significant
reduction of 17% in the peak strength of the SH subtropical
jet stream (Figure 1 of [2]). A similar reduction occuring
between 1948–68 and 1997–2006 is seen in Figure 2(a)
which shows the height (in pressure units) and latitudinal
cross-section of the zonal wind, averaged over 110◦E–160◦E
longitude. The latitudinal and longitudinal changes between
the latter periods at 300 hPa are also shown in Figure 2(b).
There we note the reduction in the subtropical jet strength
near 30◦S is largely zonally symmetric and is accompanied by
a corresponding increase in the zonal wind near 50◦S. These
changes also extend to lower levels with reduced magnitudes
as shown for 700 hPa in Figure 2(c).

The changes in the zonal wind shown in Figure 2 are
associated with changes in the thermal structure of the
SH atmosphere. By 1997–2006 there has been a significant
warming south of 30◦S, as shown by the 500 hPa temperature
difference between 1997–2006 and 1949–69 in Figure 3(a).
This has reduced the equator-to-high-latitude temperature
gradient across the whole Southern Hemisphere. More over,

the difference in the 500 hPa geopotential height between the
two periods (Figure 3(b)) is associated with a change in the
strength of the Antarctic Oscillation or southern hemisphere
annular mode (SAM), [33–36]. The changes in SAM extend
to the surface pressure as shown in Figure 3(c). These large-
scale global changes would be expected to have a significant
effect on the stability of the Southern Hemisphere circulation
and hence on the nature of the Southern Hemisphere storms
and other modes of weather variability.

The flow fields for the basic states that we focus on
in this paper are the monthly averaged July global fields
for the periods 1949–68, 1975–94, and 1997–2006 from
the NCEP/NCAR reanalyses. We use global 300 hPa and
700-hPa fields as representative of the upper and lower
levels, respectively and the fields of streamfunction, velocity
potential, and potential temperature are represented as
rhomboidal wavenumber R = 15 spectral fields as described
in J. S. Frederiksen and C. S. Frederiksen [29].

3. Calculation of Weather Modes

The synoptic weather modes and lower-frequency distur-
bances for the 1949–68, 1975–94, and 1997–2006 basic
states described in Section 2 have been calculated using
the methods described in Appendix A. As in our previous
studies, a wide variety of modal disturbances that can be
related to many aspects of atmospheric dynamics have been
obtained. Here we consider some of the faster growing modes
that show significant differences in growth rates between
the three time periods. As noted in J. S. Frederiksen and
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Figure 3: Difference between (1997–2006) and (1949–68) basic states of vertical cross-section of July 500 hPa temperature (K) (a), 500 hPa
geopotential height (m) (b), and sea-level pressure (hPa) (c).

C. S. Frederiksen [2], Southern Hemisphere July storm
track modes have significantly smaller growth rates during
1975–94 compared with 1949–68. We find that growth rates
of leading Southern Hemisphere July storm track modes
are also reduced in 1997–2006 compared with 1949–68. A
major focus of this paper is to examine growth rate changes
in onset-of-blocking modes, Antarctic modes, northwest
cloud band modes, and intraseasonal oscillation modes
between these three periods. Here the modes are ordered by
decreasing growth rate, and the mode number specifies that
order.

Table 1 gives the mode number, period, and growth rates
of modes of particular interest for the 1949–68 and 1975–94
basic states. Also shown are the mode types and the largest
pattern correlations between corresponding modes for the
two basic states. Corresponding results for the 1949–68 and
1997–2006 basic states are shown in Table 2. The modes have
been ordered in terms of classes with generally increasing
periods followed by the purely tropical African easterly wave
modes. There are additional modes whose properties are not
summarized in the Tables. These modes include northern
hemisphere modes, which will not be considered here, and
subdominant southern hemisphere modes, many of which
are storm track modes, with properties similar to the leading
modes or that do not affect the Australian region. In these
two tables, the pattern correlations shown are the maximum
over the phases of the modes and the averages taken over the
five model fields ψ, τ, χ, θ, and σ . The pattern correlations
of the perturbation fields are calculated as described in
Appendix C of Frederiksen and Bell [37]. For a good fit, the
pattern correlations as calculated require that both the real

and imaginary parts of the two modes of interest are similar;
this ensures that two travelling modes are similar throughout
their evolution. It is, however, a more stringent criterion than
just calculating pattern correlations between the same type
of fields at just one corresponding phase, and therefore our
correlations may tend to be smaller.

The leading mode for the 1949–68 basic state is a SH
cyclogenesis mode with large pattern correlation (approxi-
mately 0.9) with mode 9 for the 1975–94 basic state (Table 1)
and with mode 12 for the 1997–2006 basic state (Table 2).
For the later periods the growth rates of the SH cyclogenesis
modes are reduced by 33% (Table 1) and 37% (Table 2),
respectively. Thus the growth rate reduction has continued
to the most recent period. As noted in J. S. Frederiksen and
C. S. Frederiksen [2], on average the 10 leading Southern
Hemisphere cyclogenesis modes for 1975–94, most of which
cross Australia, have growth rates that are 32% smaller than
for the corresponding modes for 1949–68. This property of
leading SH cyclogenesis modes crossing Australia to have
reduced growth rates of approximately 30% continues to the
most recent period of 1997–2006.

From Tables 1 and 2 we note that there is little systematic
change in the growth rates of leading Antarctic modes in
the latter periods 1975–94 and 1997–2006 compared with
the early period. For the midlatitude SH onset-of-blocking
modes, there is considerable reduction in growth rates in the
latter periods, and pattern correlations between mode 30 for
1949–68 and those for the latter periods are less than the
0.7578 (not shown) between mode 21 for 1975–94 and mode
26 for 1997–2006. The growth rates of northwest cloud-band
and intraseasonal oscillation modes increase considerably
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Table 1: Periods Td
r and growth rates ωd

i of selected modes for the 1949–68 NCEP/NCAR basic state with standard parameterizations
(K ′d = 2.338× 1016 m4 s−1, Qd

F = 1500 K, Cd
F = 5× 10−4 K m−1), their mode number, and class of mode. Also shown are the largest pattern

correlations Ac between a given mode and the modes for the 1975–94 NCEP/NCAR basic state with standard parameterizations and the
1975–94 mode for which the pattern correlation is largest as well as the change in the growth rate Δωd

i .

Class Mode Td
r ωd

i Td
r ωd

i Ac Mode Δωd
i

1949–68 (days) (day−1) (days) (day−1) 1975–94

SH cyclogenesis 1 1.20 0.4250 1.30 0.2824 0.9148 9 −33.5%

ML blocking 30 6.11 0.2566 6.25 0.2279 0.4597 21 −11.2%

HL blocking 8 7.40 0.3495 8.02 0.3317 0.8342 4 −5.1%

HL blocking 11 5.22 0.3184 5.08 0.3101 0.8468 6 −2.6%

NWCB 43 8.01 0.2100 8.19 0.2624 0.8036 12 +24.9%

Antarctic 6 13.08 0.3624 17.48 0.3606 0.9416 3 −0.5%

Antarctic 26 52.1 0.2746 121.3 0.2700 0.8542 11 −1.7%

ISO 57 59.0 0.1444 41.85 0.1858 0.8506 35 +28.7%

African EW 22 4.14 0.2881 3.83 0.3071 0.7959 7 +6.6%

Table 2: Periods Td
r and growth rates ωd

i of selected modes for the 1949–68 NCEP/NCAR basic state with standard parameterizations
(K ′d = 2.338× 1016 m4 s−1, Qd

F = 1500 K, Cd
F = 5× 10−4 K m−1), their mode number, and class of mode. Also shown are the largest pattern

correlations Ac between a given mode and the modes for the 1997–2006 NCEP/NCAR basic state with standard parameterizations and the
1997–2006 mode for which the pattern correlation is largest as well as the change in the growth rate Δωd

i .

Class
Mode Td

r ωd
i Td

r ωd
i Ac Mode Δωd

i

1949–68 (days) (day−1) (days) (day−1) 1997–2006

SH cyclogenesis 1 1.20 0.4250 1.33 0.2663 0.8960 12 −37.3%

ML blocking 30 6.11 0.2566 6.27 0.2074 0.6399 26 −19.2%

HL blocking 8 7.40 0.3495 8.01 0.3500 0.7644 5 +0.1%

HL blocking 11 5.22 0.3184 4.99 0.3060 0.8028 6 −3.9%

NWCB 43 8.01 0.2100 7.97 0.3054 0.6374 7 +45.4%

Antarctic 6 13.08 0.3624 20.0 0.3810 0.9071 3 +4.9%

Antarctic 26 52.1 0.2746 ∞ 0.2850 0.6475 10 +3.8%

ISO 57 59.0 0.1444 25.4 0.1886 0.5744 33 +30.6%

African EW 22 4.14 0.2881 3.86 0.3035 0.7638 8 +5.3%

in the latter time intervals. For the modes with both high
latitude and midlatitude multipole structures the changes in
growth rates are small while the African easterly waves show
moderate increases in growth rate during the latter time
periods. All the modes considered are eastward propagating
apart from the African easterly waves.

In the following sections, we examine the structures of
the main classes of Southern Hemisphere modes in Tables 1
and 2 during the three periods of interest and relate them,
in particular, to the observed changes in Australian rainfall
(Figure 1).

4. Southern Hemisphere Storm Track Modes

4.1. Growth Rate and Periods. The leading Southern Hemi-
sphere storm track modes [38, 39] for the time intervals
1949–68, 1975–94, and 1997–2006 are modes 1, 9, and 12. As
shown in Tables 1 and 2, they all have periods of 1.3 days but
growth rates of 0.423 day−1, 0.282 day−1, and 0.266 day−1 and
pattern correlations with mode 1 for 1949–68 of 1.0, 0.915,
and 0.896, respectively. This corresponds to reductions in
growth rates of 33.5 per cent and 37.3 per cent during 1975–
94 and 1997–2006, respectively.

4.2. Structures of Storm Track Modes. Figure 4 shows the
upper level streamfunction at a particular instance, its
random-phase ensemble average (RPEA), the upper level
divergence, and its RPEA for mode 12 for the 1997–2006
basic state, which is the fastest growing storm track mode
crossing Australia. The RPEA of these fields is defined as in
Equation (2.7) of Frederiksen [40]. The RPEA of a distur-
bance field is essentially the amplitude envelope within which
the disturbance propagates with changing time or phase and
determines in this case the structure of the storm track. Mode
12 for the 1997–2006 basic state is very similar to mode
1 for 1949–68 and mode 9 for 1975–94, as expected from
their high pattern correlations. Like mode 1 for 1949–68 and
mode 9 for 1975–94, the disturbance has a wavenumber of
around 12 in the regions of large amplitude over southern
Australia and consists of a series of eastward-propagating
troughs (cool colours) and ridges (warm colours). As the
troughs and ridges move eastward they amplify to reach a
maximum in preferred regions of large RPEA amplitude.
In Figures 4(b) and 4(d), the amplitude variations of the
storm mode are more evident with both the streamfunction
and divergence fields having largest amplitude focused over
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Figure 4: Shown in arbitrary units are the upper-level streamfunction (a), the RPEA of the upper-level streamfunction (b), the upper-
level divergence (c), and the RPEA of the upper-level divergence (d) for mode 12, the fastest growing SH storm track mode for the July
1997–2006 basic state.
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Figure 5: As in Figure 4(a) but for the SH midlatitude onset-of-blocking mode, mode 26, for the July 1997–2006 basic state.

south-western Australia and secondary maxima over the
central Southern Pacific Ocean. We note that precipitation is
essentially determined by the lower level vertical velocity in
pressure coordinates, and in our model this is proportional
to the magnitude of the upper level divergence. Thus, the
pattern of RPEA divergence in Figure 4(c) is also the expected
pattern of rainfall associated with this mode, and as we
have noted above, the maximum is focused over southern
Australia. Thus the significant reduction in growth rates of
storm track modes in the latter two time intervals (1975–94
and 1997–2006) has been consistent with the reduction in
rainfall (Figure 1) over southern Australia and, in particular
southwest Western Australia, since the 1970s.

Mode 12, shown in Figure 4, is the fastest growing of a
class of cyclogenesis modes with zonal wavenumbers between
6 and 12 and large amplitudes in the Australian region.

5. Midlatitude Onset-of-Blocking Modes

5.1. Growth Rates and Periods. For the time intervals 1949–
68, 1975–94, and 1997–2006, the leading southern hemi-
sphere midlatitude onset-of-blocking modes [23, 30] are
modes 30, 21, and 26 as shown in Tables 1 and 2. All
have periods of 6 days but growth rates of 0.257 day−1,
0.228 day−1, and 0.207 day−1 and pattern correlations with
mode 30 for 1949–68 of 1.0, 0.460, and 0.640, respectively.
Thus there are reductions in growth rates of 11.2 per cent
and 19.2 per cent in 1975–94 and 1997–2006 compared with
1949–68.

5.2. Structures of Midlatitude Onset-of-Blocking Modes. Mid-
latitude dipole onset-of-blocking modes are eastward prop-
agating, have longer periods than cyclogenesis modes
(approximately 6 days in Tables 1 and 2), are of somewhat
larger scale, and have dipole structures in the latitudinal
direction in the major regions of observed Southern Hemi-
sphere blocking. Figure 5 shows an example of a mid-latitude
onset-of-blocking mode (mode 26) for the 1997–2006 basic
state; the depicted upper-level streamfunction has dipole
structures between Australia and New Zealand, extending
downstream over the central Pacific Ocean and there are
dipole structures over the southern Atlantic Ocean as well.

We note from Tables 1 and 2 that there are somewhat similar
onset-of-blocking modes for the periods 1949–68 and 1975–
94 but that the different basic states cause changes in the
structures since the pattern correlations are at best moderate.
The primary differences in structures in the midlatitude
onset-of-blocking modes for the three periods relate to
differences in the longitude of maximum amplitude of
upper-level RPEA streamfunction (not shown) near 30S. For
mode 26 for the 1997–2006 basic state, this maximum occurs
near 120W; for mode 21 for the 1975–94 basic state, it occurs
near 135W; and for mode 30 for the 1949–68 basic state it
occurs near 170W with relatively larger amplitude blocks in
the region of New Zealand. We also note that the growth
rates in 1997–2006 and 1975–94 are approximately 19%
and approximately 11% less than for 1949–68, respectively.
We expect that the growth rate reductions in 1975–94 and
1997–2006 compared with 1949–68 at least partly reflect the
reductions in baroclinicity of the subtropical jet that cause
even greater reductions in the growth rate of storm track
modes. The blocking highs in the region of New Zealand are
also frequently associated with rain-bearing east coast lows
on the east coast of Australia. Again, the changes and trends
in rainfall over Australia in Figure 1 show reductions and
negative trends in rainfall along the east coast of Australia
consistent with the smaller average growth rates of these
larger-scale modes since the 1970s.

6. Northwest Cloud-Band Modes

6.1. Growth Rates and Periods. In Figure 1 we also see that
there are regions of increased rainfall stretching southeast
from northwest and central Western Australia. These are
regions often affected by propagating cloud-bands originat-
ing off the northwest coast of Australia. Here we examine
the extent to which these results may be related to changes
in northwest cloud-band (NWCB) disturbances [41]. The
leading northwest cloud band modes for the time intervals
1949–68, 1975–94, and 1997–2006 are modes 43, 12, and 7,
and all have periods of 8 days but growth rates of 0.210 day−1,
0.262 day−1, and 0.305 day−1 and pattern correlations with
mode 43 for 1949–68 of 1.0, 0.840, and 0.637, respectively.
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This corresponds to increases in growth rates of 24.9 per
cent and 45.4 per cent during 1975–94 and 1997–2006,
respectively.

6.2. Structures of Northwest Cloud-Band Modes. The north-
west cloud-band modes in Tables 1 and 2 are eastward
propagating with periods of approximately 8 days although
there are also slower-growing NWCB modes with longer
periods (as discussed in a different context by C. S. Fredrik-
sen and J. S. Fredriksen [41]). Mode 12 for the 1975–94
basic state is a NWCB mode that emanates from the region
of the Indian Ocean, crosses Australia, and then propagates
into the central Pacific and south across South America. It
again is of larger scale than the storm track modes such as
that shown in Figure 4. It also differs significantly from the
storm track and onset-of-blocking modes in that its growth
rate is approximately 25% greater than the corresponding
mode for 1949–68. This increases to approximately 45% for
NWCB mode 7 for the 1997–2006 basic state compared to
the corresponding NWCB mode for the 1949–68 basic state.

Figure 6 shows some of the features of mode 12 for the
1975–94 basic state. The upper-level disturbance stream-
function is shown in Figure 6(a) with a characteristic wave
train emanating from the Indian Ocean off the northwest
coast. The RPEA of this field for this mode is shown in
Figure 6(b) and illustrates the large impact (i.e., maxima
in amplitude) of the mode over the Indian Ocean and
central Australia. The upper-level divergence field depicted
in Figure 6(c) shows large amplitude over central Western
Australia and northern Queensland, where it would be
expected to have a large impact on the rainfall. The fact that
the growth rate continues to increase compared with the
earliest period is consistent with the increased tendency for
these modes to develop and consequently for the increase
in rainfall shown over northwest Western Australia and
northern Queensland (Figure 1).

7. Intraseasonal Oscillation Modes

7.1. Growth Rates and Periods. Next, we consider the leading
intraseasonal oscillation modes [29, 31] for the time intervals
1949–68, 1975–94, and 1997–2006. As seen from Tables 1
and 2, they are modes 57, 35, and 33 and have periods of
59 days, 35 days, and 25 days, growth rates of (0.144 day−1,
0.186 day−1, 0.189 day−1) and pattern correlations with
mode 57 for 1949–68 of (1.0, 0.851, 0.574) respectively. This
corresponds to increases in growth rates of 28.7% and 30.6%
during 1975–94 and 1997–2006, respectively.

7.2. Structures of Intraseasonal Modes. The July intraseasonal
oscillation modes for basic states during the second half
of the twentieth century have streamfunctions that extend
from the equator into both hemispheres. In the Southern
Hemisphere, eastward propagating mode 35 for the 1975–94
basic state has a wave train extending from the Indian Ocean
across Australia into the central and south Pacific as shown in
Figure 7(a) for the 300 hPa disturbance streamfunction. The
300 hPa divergence field at the phase depicted in Figure 7(b)
has large amplitude over central Western Australia. It is

interesting to note how the period and growth rate of this
mode change between the time intervals 1949–68, 1975–94,
and 1997–2006. We see from Tables 1 and 2 that the periods
of this intraseasonal oscillation mode are reduced from 57
days to 42 days to 25 days. At the same time the growth rate
increases by approximately 29% between 1949–68 and 1975–
94 and by approximately 31% between 1949–68 and 1997–
2006. We also note that while the correlation between mode
33 for 1997–2006 and mode 57 for 1949–68 is 0.5744, it is
considerably larger with mode 35 for 1975–94 at 0.8030 (not
shown). Thus there is a systematic change in the properties
of the intraseasonal oscillation modes with time.

The 300 hPa divergence field depicted in Figure 7(b) has
large amplitude over central Western Australia, much like
the NWCB mode (Figure 6(c)). Again, the increase in the
growth rate of this mode is consistent with the increased
development of these systems and hence the increase in
rainfall over this part of Western Australia.

8. Other Dynamically Important
Weather Modes

There are groups of other leading modes that also could
potentially play important roles in the changing climate
during the second half of the 20th century. These include
high-latitude blocking modes, Antarctic modes, and African
easterly waves.

8.1. High-Latitude Blocking Modes. High-latitude blocking
modes, such as modes 4 and 6 for 1975–94, have significant
amplitudes at high latitudes between New Zealand and
Antarctica, as well as in midlatitudes; they have tripole
structures in latitude at some longitudes (not shown). In
mid-latitudes there are dipole structures downstream of
Australia with additional centres around Antarctica similar
to those for the mode shown in Figure 7 of J. S. Frederiksen
and C. S. Frederiksen [30]. For the three time intervals
considered throughout this paper, these modes have periods
between 5 and 8 days (Tables 1 and 2) and are eastward
propagating but show little systematic change in growth
rates. Perhaps this is because they also grow on both the polar
jet that has strengthened and on the subtropical jet that has
weakened with time.

8.2. Antarctic Modes. For the 1975–94 basic state the two
leading Antarctic modes are mode 3 with a period of approx-
imately 17 days and mode 11 with a period of approximately
52 days. These two lower frequency modes are located princi-
pally over the Antarctic regions and consist of superpositions
of zonal wavenumbers 2 and 3. They have close similarities
with corresponding Antarctic teleconnection pattern modes
of Frederiksen and Frederiksen [30, Figure 11]. Again,
there are closely similar teleconnection pattern modes with
the basic states for 1949–68 and for 1997–2006. These
teleconnection patterns are little changed in growth rate or
structure during the three periods of interest. This indicates
that while there has been a change in the strength of the
mean Antarctic oscillation (Section 2), its variability about
the mean has changed less.
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Figure 6: As in Figure 4 but for the SH upper-level streamfunction (a), the RPEA of the upper-level streamfunction (b), and the upper-level
divergence in the Australian region (c) for the leading NWCB mode, mode 12, for the July 1975–94 basic state.

8.3. African Easterly Waves. African easterly waves are
westward-propagating tropical waves that are generated by
the African easterly jet and originate on the east coast
of North Africa. They are frequent precursors of Atlantic
hurricanes with about 85% of intense hurricanes having
their origins as African easterly waves ([42] and references
therein). The upper-level streamfunction for mode 7 for the
1975–94 basic state is shown in Figure 8. It is a baroclinic
mode with a period of 4 days and with growth rates that
are between 5% and 7% larger after 1975 than for the earlier
period of 1949–68 (Tables 1 and 2).

9. Sensitivity Studies

In this study a rhomboidal R = 15 truncation is used for
both the perturbation and basic-state fields. This resolution,
corresponding to (3R + 1) by (5R + 1)/2 grid points, or
circa 750 km by 500 km at 30S in longitude by latitude, has
been used in many simulation and instability studies and
is adequate for resolving the leading storm track modes
and lower-frequency modes of variability. For example, the
storm track in Figure 4(b), associated with the smallest scale
wavenumber 12 mode considered here, has a longitudinal
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Figure 7: As in Figure 4 but for the global upper-level streamfunction (a) and the upper-level divergence in the Australian region (b) for the
leading intraseasonal oscillation mode, mode 35, for the July 1975–94 basic state.

extent of around 4000 km and a latitudinal extent of circa
2000 km in the Australian region. Studies of the relationship
between resolution and the dissipation required to obtain
the same large-scale mean and transient flow properties
and predictability have been carried out by Frederiksen and
Kepert [43] and Zidikheri and Frederiksen [44]. Here we
examine the sensitivity of the instability properties for a
range of dissipations to draw general conclusions.

Our standard dissipation K ′d = 2.338 × 1016 m4 s−1 has
also been the standard dissipation used in many general
circulation models at rhomboidal R = 15 resolution going
back to the 1970s ([25] and references therein). We expect
that this is the most realistic choice, but in this section we also

present results for mid-latitude blocking, northwest cloud
band and intraseasonal oscillation modes for twice this value
and with zero dissipation to gauge the sensitivity of our
results. Tables 3 and 4 show the mode number, period Td

r ,
growth rate ωdi , and e-folding time τdi of these modes with
twice and zero dissipation and the largest pattern correlations
Ac with the corresponding mode with standard dissipation
for the 1949–68 and 1975–94 basic states, respectively.
Table 5 shows the change in the growth rate Δωdi for these
modes between 1949–68 and 1975–94 and how it depends
on the strength of the dissipation.

We see from Table 5 that the changes in Δωdi are generally
quite similar for standard and zero dissipation and thus
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Figure 8: As in Figure 4(a) but for the African easterly wave, mode 7, for the July 1975–94 basic state.

Table 3: Periods Td
r , growth ratesωd

i , and e-folding times τdi , of modes for the 1949–68 basic state withQd
F = 1500 K andCd

F = 5×10−4 K m−1

and for different K ′d , which have the largest pattern correlations Ac with leading ML blocking, NWCB, and ISO modes for the 1949–68 basic
state with standard parameterizations. Also shown are the mode numbers.

Class Mode
K ′d Td

r ωd
i τdi Ac Mode

m4 s−1 (days) (day−1) (days) standard

ML blocking 58 0 6.016 0.3069 3.258 0.7956 30

ML blocking 15 4.676× 1016 6.188 0.2214 4.517 0.9375 30

NWCB 40 0 9.833 0.3833 2.609 0.7412 43

NWCB 45 4.676× 1016 8.800 0.1096 9.126 0.7049 43

ISO 95 0 53.88 0.1777 5.628 0.8375 57

ISO 56 4.676× 1016 61.41 0.0868 11.52 0.9155 57

that the results should depend only weakly on dissipation
in this range. For twice the dissipation, the differences in
Δωdi increase for NWCB and ISO modes that are close to
the instability threshold while Δωdi is more similar to that
for the standard dissipation for the mid-latitude blocking
modes that are further from threshold. This is to be expected.
For all our choices of dissipation, the changes in growth rate
Δωdi for mid-latitude blocking, northwest cloud band, and
intraseasonal oscillation modes between 1949–68 and 1975–
94 are significant.

10. Discussion and Conclusions

In this paper, we have sought to understand some of the
changes and trends in Australian winter rainfall over the last
fifty or so years in the context of changes in the SH large-
scale circulation and the associated properties of relevant
SH weather systems and modes of variability. We have
examined, in particular, the changes in the structures and
growth rates of the leading SH instability modes derived

from an atmospheric primitive equation model. Decreased,
or increased growth rates are generally an indication of
whether the particular mode is less or more likely to develop
into mature systems and impact on the rainfall.

We have conducted this study with July climatological
basic states averaged over the periods 1949–1968, 1975–
1994, and 1997–2006. As in J. S. Frederiksen and C. S.
Frederiksen [1, 2] we find that the largest decreases in
growth rates occur for the cyclogenesis, or storm track,
modes with reductions of 33% and 37% during 1975–1994
and 1997–2006, respectively, compared to 1949–1968. These
modes were shown to have largest impact on rainfall over
southwestern Australia and southern Australia in general.
The reduction in growth rate of these storm track modes
implies a reduced tendency for their development and would
explain the reduced rainfall and negative rainfall trends over
much of southern Australia.

Our analysis has also shown a significant decrease in
the growth rate of modes associated with the onset of mid-
latitude blocking. For these modes we have found reductions
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Table 4: As in Table 3 for modes for 1975–94 basic states with different dissipation parameterizations, K ′d , that have the largest pattern
correlations, Ac, with leading ML blocking, NWCB, and ISO modes for the 1975–94 basic state with standard parameterizations.

Class Mode
K ′d Td

r ωd
i τdi Ac Mode

m4 s−1 (days) (day−1) (days) Standard

ML blocking 55 0 6.205 0.2831 3.532 0.7707 21

ML blocking 11 4.676× 1016 6.218 0.1862 5.371 0.8237 21

NWCB 6 0 8.806 0.4894 2.043 0.6338 12

NWCB 19 4.676× 1016 7.514 0.1579 6.334 0.7850 12

ISO 75 0 34.37 0.2294 4.358 0.8654 35

ISO 22 4.676× 1016 43.28 0.1492 6.701 0.9584 35

Table 5: Changes in growth rates, Δωd
i , for leading blocking, NWCB, and ISO modes when basic state is changed from 1949–68 basic state

to 1975–94 basic, for different dissipation parameters, K ′d .

K ′d
Basic state Mode Basic state Mode

Δωd
i

m4 s−1

2.338× 1016 1949–68 30 ML blocking 1975–94 21 ML blocking −11.2%

0 1949–68 15 ML blocking 1975–94 11 ML blocking −15.9%

4.676× 1016 1949–68 58 ML blocking 1975–94 55 ML blocking −7.7%

2.338× 1016 1949–68 43 NWCB 1975–94 12 NWCB +24.9%

0 1949–68 40 NWCB 1975–94 6 NWCB +27.7%

4.676× 1016 1949–68 45 NWCB 1975–94 19 NWCB +44.1%

2.338× 1016 1949–68 57 ISO 1975–94 35 ISO +28.7%

0 1949–68 95 ISO 1975–94 75 ISO +29.1%

4.676× 1016 1949–68 56 ISO 1975–94 22 ISO +71.9%

in growth rate of 11% and 19% in 1975–1994 and 1997–
2006, respectively, compared with the earliest period. The
structures of these modes, at appropriate phases, show a
blocking high over New Zealand and a low pressure cell
off the eastern seaboard of Australia. This low pressure
cell is conducive to the development of rain bearing east
coast lows on the east coast of Australia. This region has
experienced quite large reductions in rainfall over many
decades consistent with the reduced growth rate of these
modes and hence the reduced tendency for the development
of east coast lows.

Not all of Australia has experienced reductions in winter
rainfall. Over the central northwest of Western Australia,
central eastern Australia, and northern Queensland, there
have been increases and positive trends in rainfall. Our study
suggests that these positive changes are attributable to the
changing nature of two types of weather systems commonly
associated with these regions. The first of these is associated
with eastward-propagating northwest cloud-bands originat-
ing in the Indian Ocean off northwest Australia. Over the last
fifty or so years, these NWCB modes have increased their
growth rates by around 25% and 45%, respectively, for the
1975–1994 and 1997–2006 basic states compared with 1949–
1968. The increasing likelihood of the development of these
systems would have a positive impact over the three regions
mentioned above and can partly explain the observational
changes.

Another category of mode that has an impact on rainfall
over the central northwest of Western Australia is associated

with variability at the intraseasonal timescale. For these
modes we see an increase in growth rate of around 29% and
31% for 1975–1994 and 1997–2006 compared to 1949–1968.
However, we have also noticed a continual decrease in the
period of these modes from 59 days to 35 days and finally 25
days in the last period. Again, the increased growth rate of
these modes is consistent with the increased rainfall trends
over central northwestern Western Australia.

Other modes that show some significant change in their
growth rate are those associated with African easterly waves,
which are westward-propagating tropical waves generated by
the African easterly jet and originating off the east coast
of North Africa. These have increased growth rates of 5%
and 7% in the latter two periods compared with 1949–1968.
However, these have no relevance for Australian rainfall.
The other modes, such as high-latitude blocking modes and
Antarctic modes, do not show any significant changes in their
growth rates or horizontal structure.

In subsequent papers, we plan to analyze the changing
properties of SH atmospheric modes in other seasons to try
to better understand the observed changes in rainfall and
climate, in general.

Appendix

A.

A.1. Primitive Equation Instability Model. The synoptic
weather modes described in this paper have been derived
using the two-level linearized primitive equation model
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described in more detail in J. S. Frederiksen and C. S.
Frederiksen [2]. The model includes a generalized Kuo-type
heating parameterization that incorporates closures for both
convection and evaporation-wind feedback formulated in
more detail in their appendix. Briefly, the linearized primitive
equations are described in terms of a mean perturbation
streamfunction ψ, which is the average between the values at
the upper (level 1) and lower (level 3) levels, a vertical shear
perturbation streamfunction τ, which is half the difference
between the upper and lower-level values, the lower-level
perturbation velocity potential χ (equal to minus the upper-
level velocity potential), and the mean and vertical shear
perturbation potential temperatures θ and σ , respectively.

The linearized primitive equations are as follows:

∂∇2ψ

∂t
= −J(ψ,∇2ψ

)− J
(
ψ,∇2ψ + 2μ +

1
2
h
)

− J(τ,∇2τ
)− J
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2
h
)

+ J
(
χ,∇2χ

)
+ J
(
χ,∇2χ

)

+∇ ·
((
∇2τ − 1

2
h
)
∇χ
)

+∇ ·
(
∇2τ∇χ

)
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(
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)
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(A.1a)
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(A.1b)
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(A.1c)

∂θ

∂t
= −J(ψ, θ

)− J
(
ψ, θ

)
− J(τ, σ)− J(τ, σ)

+∇ · σ∇χ +∇ · σ∇χ − K ′∇4θ

− s∇2χ + CF
(
u(3) fu + v(3) fv

)
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(A.1d)

∂σ

∂t
= −J(ψ, σ

)− J(ψ, σ
)− J(τ, θ)− J

(
τ, θ
)

+∇ · θ∇χ +∇ · θ∇χ − K ′∇4σ.

(A.1e)

The fields with an overbar refer to the basic state, the Jacobian

J(X ,Y) = ∂X

∂λ

∂Y

∂μ
− ∂X

∂μ

∂Y

∂λ
, (A.2)

and λ is longitude, μ is sine of latitude φ, and t is time.
The strength of the diffusion is specified by K and K ′ which
denote surface drag and biharmonic diffusion coefficients,
respectively. Also h = 2μgAH/(RT0) where H is the global
topography as shown in Figure 1(d) of J. S. Frederiksen and
C. S. Frederiksen [29], g is the gravitational acceleration, R
is the gas constant for air, T0 is the horizontally averaged
surface temperature, and A is a vertical profile factor taken
to be 1. These equations have been nondimensionalized by
using a, the radius of the earth, as a length scale; Ω−1,
the inverse of the earth’s angular speed of rotation, as a
time scale; and a2Ω2/bκcp as a temperature scale, where cp
is the specific heat at constant pressure and bκ = 0.124
is a dimensionless constant. Corresponding dimensional
quantities are indicated by the superscript d in the sequel.

A heating profile, for which the generalized Kuo-type
heating projects completely onto the internal mode dynam-
ics, is used (see appendix of [2]). The heating due to
convection and surface evaporation then only enters the
linearized mean potential temperature equation (A.1d) and
is given by

Q̃θ = −s∇2χ + CF
(
u(3) fu + v(3) fv

)
, (A.3)

where the basic-state moisture destabilization parameter is

s = AFmLq

cp
= QFq, (A.4)

and the evaporation structure functions are

fu =
(
qs − q

)
u(3)

[(
u(3)

)2
+
(
v(3)
)2
]1/2 ,

fv =
(
qs − q

)
v(3)

[(
u(3)

)2
+
(
v(3)
)2
]1/2 .

(A.5)

Here, u(3)(u(3)) and v(3)(v(3)) are the lower-level zonal and
meridional perturbation (basic state) velocities; q and qs
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are the basic state specific humidity and saturation specific
humidity at the lower-level, respectively. We assume that q
is essentially equivalent to the moisture mixing ratio W .
Further,

QF = 2(1− b)AFL
cp

= mAFL

cp
, (A.6)

CF = CEρ
(
p1000

)
g(1− b)AFL

Δpcp
. (A.7)

Also, m = 2(1 − b) is the moisture availability factor, where
(1−b) is the proportion of the total convergence of moisture,
or “moisture accession”, that is condensed and precipitated
out as rain or carried away, and the fraction b increases the
humidity of the air in the Kuo [45] representation. More
over,

AF =
[(

p750

p1000

)κ

+

(
p500

p1000

)κ

+

(
p250

p1000

)κ]−1

= 0.414.

(A.8)

Here, κ = R/cp, cp = 1004 J K−1 kg−1 is the specific heat
of air at constant pressure, R = 287 K−1 kg−1 is the gas
constant for air, L = 2.5 × 106 J kg−1 is the latent heat of
condensation, g = 9.8 m s−2 is the gravitational acceleration,
p1000 = 1000 hPa, p is pressure, the pressure spacing is
Δp = 250 hPa, CE is a nondimensional drag coefficient, and
ρ(p1000) = 1.276 kg m−3 is the surface density of air.

The first term in (A.1c) is the convection parameteriza-
tion which, in this linearized form, gives heating for rising
motion and cooling for sinking motion. The second term in
(A.1c) is the evaporation-wind feedback mechanism.

A.2. Standard Parameters. The synoptic weather modes
experience the effects of the instability of the three-
dimensional basic-state fields and of convection, surface
evaporation feedback, topography, and dissipation. The
global topography is shown in Figure 1(d) of J. S. Frederiksen
and C. S. Frederiksen [29]. We use drag and biharmonic
diffusion coefficients with values

Kd = 8.39× 10−7 s−1,

K ′d = 2.338× 1016 m4 s−1
(A.9)

as in our previous studies.
The strength of the convective heating in (A.4) is

specified by

Qd
F = 1500 K, (A.10)

and the corresponding moisture destabilization parameter
s in (A.3) is positive. For a slowly varying basic-state
static stability, we can combine the moisture destabilization
parameter with the dry static stability term and define a
moist static stability by

σm = σ − s. (A.11)

The strength of the evaporation-wind feedback in (A.7) is
specified by

CdF = 5× 10−4 K m−1. (A.12)

A.3. Eigenvalue-Eigenvector Equations. Each of the pertur-
bation fields and basic-state fields is expanded in terms of
spherical harmonics with the perturbations also having a
time dependence exp(−iωt). Here t is the time and ω =
ωr + iωi is the complex angular frequency with ωr being
the frequency and ωi the growth rate. This then results in a
system of eigenvalue-eigenvector equations of the form

−iωx = Ax, (A.13a)

where

x =
(
. . . ,ψmn, . . . , τmn, . . . , χmn, . . . , θmn, . . . , σmn, . . .

)T
.

(A.13b)

is the column vector of spherical harmonic spectral coeffi-
cients of the five field variables, T denotes transpose and the
matrix A is determined as described in J. S. Frederiksen and
C. S. Frederiksen [27]. In general, the eigenmodes together
with their adjoint modes form a complete biorthogonal
system for representing any disturbance [37]. A rhomboidal
R = 15 truncation is used for both the perturbation and
basic-state fields in which the zonal wave number m =
−15, . . . , 0, . . . , 15 and the total wave number n = |m|, |m|+
1, . . . , |m|+ 15. This resolution is adequate for resolving the
leading synoptic weather modes and lower-frequency modes
of variability.
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