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ABSTRACT

The persistence of the southern annular mode (SAM) is studied during austral winter (June—-September)
and summer (December-March) using observations of the three-dimensional vorticity budget. Analysis of
the relative vorticity tendency equation shows that convergence of eddy vorticity flux in the upper troposphere,
coupled with a secondary circulation, constitutes a positive eddy feedback that acts to sustain the vorticity
anomaly associated with the jet shift against drag. The feedback exhibits a strong seasonality, with summer
months revealing a positive feedback through much of the hemisphere and winter months showing a positive
feedback over the Indian Ocean but not over the western Pacific. Results suggest that the lack of wintertime
feedback over the western Pacific is due to the weakness of the eddy-driven midlatitude jet in that region.

1. Introduction

The southern annular mode (SAM) is the leading
mode of variability of the Southern Hemisphere tropo-
spheric winds and is often described as a zonally sym-
metric north—south shift of the midlatitude jet (Hartmann
and Lo 1998; Thompson and Wallace 2000; Lorenz and
Hartmann 2001; Yang and Chang 2007). The SAM is an
internal mode of variability in the Southern Hemisphere,
and understanding the mechanisms that sustain the SAM
anomalies will aid models in reproducing the real atmo-
sphere and provide an opportunity for seasonal forecasting.
In terms of climate change projections, it is important
that we understand the internal modes of variability and
their sustaining mechanisms, given that in the presence
of feedbacks, a small external forcing that projects onto an
internal mode can cause large changes in the variability of
the atmosphere.

In the zonal mean, Lorenz and Hartmann (2001) showed
that the persistence of this annular mode was extended
because of a positive feedback between the SAM zonal
wind anomalies and the eddy momentum fluxes. Multiple
studies have suggested that the positive feedback between
the eddies and the low-frequency flow sustains the low-
frequency anomalies against surface drag (Feldstein
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and Lee 1998; Robinson 2000; Gerber and Vallis 2007
Hartmann 2007; Barnes and Hartmann 2010, hereafter
BH10). Robinson (1996, 2000) demonstrated the impor-
tance of surface drag by showing that when the jet shifts
poleward, the eddy fluxes produce a poleward transport of
heat that typically reduces the baroclinicity in the region
of the shifted jet (and thus restricts the production of more
eddies). In the presence of drag, the poleward transport of
heat, and thus the destruction of the temperature gradi-
ent, is balanced by the adiabatic cooling from a thermally
indirect Ferrel cell, which moves momentum supplied by
eddy fluxes at upper levels to the surface (Hartmann and
Lo 1998; Robinson 2006; Hartmann 2007).

Throughout the winter, the upper troposphere of the
Southern Hemisphere exhibits a double jet structure,
with a strong subtropical jet near 30°S and an eddy-
driven jet centered near 50°S over the Indian Ocean that
weakens and turns poleward to 60°S over the Pacific,
described as the “spiral jet” by Williams et al. (2007).
Although the exact latitude of the eddy-driven jet varies
with longitude and season, we will call it the “‘midlatitude
jet” throughout this paper. Many studies have docu-
mented the seasonality of the Southern Hemisphere jets
and have found that the midlatitude jet is present over
the Indian Ocean throughout the year. The subtropical
jet is the dominant upper-tropospheric jet during the
winter but is severely diminished during the summer
months (Bals-Elsholz et al. 2001; Nakamura and Shimpo
2004; Hoskins and Hodges 2005). Over the North Pacific
Ocean, Eichelberger and Hartmann (2007) found that
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the eddy feedback is most suppressed when the sub-
tropical and midlatitude jets fuse into one strong sub-
tropical jet. They suggested that the feedbacks are
weakened when the subtropical jet becomes dominant
and acts as a strong waveguide, inhibiting the meridional
propagation of the waves required for a positive feed-
back. Nakamura and Shimpo (2004) confirmed that the
subtropical jet acts as a waveguide for synoptic-scale
eddies, although this jet is not favorable for their growth.
Previous studies of eddy feedbacks associated with
meridional shifts of midlatitude jets have focused solely on
the zonal-mean zonal momentum equation (Lorenz and
Hartmann 2001, 2003; Codron 2005, 2007; Eichelberger
and Hartmann 2007). Recently, BH10 introduced a three-
dimensional vorticity-budget framework to study feed-
backs in a local domain without taking the zonal mean.
Using this technique, they showed that a meridional shift
of the midlatitude jet over the North Atlantic Ocean
during winter, referred to as the North Atlantic Oscillation
(NAO), experiences a positive eddy feedback that extends
the NAO’s persistence. A novelty of using the relative
vorticity equation is that one does not have to take the
zonal mean; thus it becomes possible to study zonal asym-
metries in the interactions between the low-frequency flow
and the eddies. In this paper, we apply the method of BH10
to the Southern Hemisphere with the primary goal of
demonstrating quantitatively that the net eddy transport of
vorticity constitutes a positive feedback and that its
strength is both regionally and seasonally dependent.

2. Data

The dataset consists of 44 years (1958-2001) of 2.5° X
2.5° latitude—longitude gridded daily (1200 UTC) sea
level pressure (SLP), zonal velocity u, meridional ve-
locity v, and the vertical component of relative vorticity
{ [=V X u, where u = (i, v)] on 12 vertical levels (1000,
925, 850,775,700, 600, 500, 400, 300, 250, 200, and 150 mb)
from the 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40)
(Uppala et al. 2005). Only Southern Hemisphere fields
are analyzed in this paper, and we note that these data are
based on limited observations for the first part of the
record. We performed the analysis on data from the 1970
2001 period only (not shown) and obtained nearly iden-
tical results. When appropriate, the 44-yr dataset is split
into austral winter [June-September (JJAS)] and summer
[December-March (DJFM)] months and the time series
analysis is applied to each 121-day season (ignoring
31 March during leap years). To aid in visualization, we
have filtered the plots of spatial fields by expanding in
spherical harmonics and truncating at T25.
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To analyze the variability of the atmosphere, we de-
fine daily anomaly data throughout this paper by re-
moving the mean seasonal cycle. The mean seasonal
cycle is a smooth curve computed as the annual mean
plus the first four Fourier harmonics of the daily clima-
tology for all seasons over the 44 years of data. Thus, the
magnitude of a variable x at a single location can be
decomposed into a climatological value X plus an anom-
alous value x such that x = ¥+ x. Part of this analysis
requires splitting the anomalous fields into high- and low-
frequency components, representing variability on time
scales less than and greater than 7 days, respectively. This
frequency division uses a 7-day cutoff Lanczos filter with
41 weights (Hamming 1989) applied to all seasons over
the 44 years. The winter and summer fields were retained
after frequency filtering was performed on all months of
the dataset.

3. Southern annular mode

Various definitions of the SAM include empirical or-
thogonal function (EOF) analysis of the 500-, 300-, or
1000-mb geopotential heights, zonally averaged zonal
wind, or sea level pressure field (Hartmann and Lo 1998;
Thompson and Wallace 2000; Lorenz and Hartmann
2001; Sen Gupta and England 2007). We define the SAM
as the leading EOF of the monthly-mean sea level pres-
sure anomalies throughout the Southern Hemisphere
(equator to pole) for all months of the year. Before per-
forming EOF analysis, the data were properly weighted to
account for the decrease in area toward the pole. The
SAM pattern explains 18% of the month-to-month vari-
ance of sea level pressure over the hemisphere and is
distinct from the other eigenvectors according to the cri-
terion outlined by North et al. (1982).

The following results use a SAM index Z(¢) defined by
projecting daily sea level pressure anomalies onto the
SAM pattern of the monthly-mean sea level pressure.
Here Z is normalized to have a standard deviation of
one and a mean of zero by construction. We analyze the
summer and winter seasons separately using Z derived
from the annual EOF; note, however, that results are
nearly identical (time series correlated at 0.99) if sea-
sonal EOFs are used to define seasonal indices instead.

SAM patterns in fields other than sea level pressure are
obtained by regressing Z onto the daily anomaly maps. We
present the summer and winter SAM patterns of anom-
alous 300-mb zonal wind associated with a one standard
deviation variation of Z alongside the seasonal mean
zonal wind in Fig. 1. The summer SAM pattern (Fig. 1a)
depicts a nearly zonal north—south shift of midlatitude jet.
The wintertime pattern differs substantially (Fig. 1b). Dur-
ing the winter months, a strong subtropical jet forms and
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FIG. 1. Anomalous 300-mb zonal wind associated with the SAM defined as the leading EOF of monthly-mean sea
level pressure during (a) summer and (b) winter. Contours are drawn every 1.75 m s~ ! with positive contours de-
noted by thick black contour lines and negative contours as thin contour lines. The zero contour has been omitted.

Shading denotes the seasonal-mean zonal wind contoured every 10 m s~ .

extends from the Indian Ocean into the mid-Pacific, with
its maximum occurring over the western Pacific. Figure
1b depicts the midlatitude jet weakening over the Pacific
and eastern Indian Ocean and a localized region of zonal
winds turning slightly poleward, abruptly ending over the
mid-Pacific. Nakamura and Shimpo (2004) show that dur-
ing the summer season, the upper-level high-frequency
eddy variability is strong throughout the hemisphere, but in
winter the eddy variability is weak over the Pacific, con-
sistent with the lack of an eddy-driven jet in the region.
During the winter, the SAM anomalies describe a meridi-
onal shift of the eddy-driven midlatitude jet over the Indian
Ocean, but over the western Pacific the SAM pattern de-
scribes a strengthening/weakening (pulsing) of the local-
ized region of westerlies near 60°S and a weak pulsing of
the subtropical jet (Aoki et al. 1996; Bals-Elsholz et al.
2001; Lee and Kim 2003; Codron 2005; Yang and Chang
2006; Codron 2007).

Previous studies have shown that variability associated
with a meridional shift of the eddy-driven jet exhibits
an eddy feedback while a pulsing does not (Lorenz and
Hartmann 2001, 2003; Eichelberger and Hartmann 2007).
In addition, Eichelberger and Hartmann (2007) argue
that the subtropical jet is driven by the Hadley circulation
and its variability lacks an eddy feedback because it in-
hibits the meridional propagation of the eddies. Figure 1b
shows that over the Pacific during winter, a strong, elon-
gated climatological midlatitude jet is absent and the
subtropical jet dominates, with the SAM describing a
pulsing of the westerlies. Thus, one might expect a lack of
eddy feedback during winter over the Pacific Ocean basin.
During the summer (Fig. 1a), the SAM describes a

1

meridional shifting of the midlatitude jet throughout most
of the hemisphere, and thus one would expect to find
a positive eddy feedback where the eddy-driven jet is
strong. Figure 2 shows the autocorrelation functions of
the SAM index for the winter and summer months. In
support of a reduced feedback, the winter SAM index has
a shorter decorrelation time when compared to that of the
summer season, which we will suggest is associated with
a lack of feedback sustaining the anomaly. Figure 2 also
shows the autocorrelation of a “split-jet” index (SJI),
which defines a strengthening and weakening of the zonal
wind over the Pacific Ocean. This index will be discussed
in section 7.

The seasonal SAM variability of the midlatitude jet
is also evident in the mass-weighted upper-level (300—
150 mb) and lower-level (1000-850 mb) relative vorticity
fields displayed in Fig. 3. The high-phase SAM denotes an
anomalous increase in cyclonic vorticity near the pole, 90°
out of phase with the shift in upper-level zonal wind. The
boxed domains in Fig. 3 define the Indo-Atlantic sector as
the domain poleward of 30°S, between 60°W and 120°E,
and the Pacific sector as the domain poleward of 30°S,
between 120°E and 60°W. We define the Southern Hemi-
sphere region to be the entire cap extending poleward of
30°, thus encompassing the Indo-Atlantic and Pacific sec-
tors. Results are not sensitive to the exact meridional or
zonal extents of these sectors.

At this point, a brief discussion on the ‘““annular’ nature
of the SAM is warranted. Previous studies have shown
that multiple definitions of the SAM posses coherent
annular features (Cohen and Saito 2002; Watterson
2007). We have calculated the time series of the SAM
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FIG. 2. Autocorrelations of the seasonal SAM indices and the
split-jet index.

over the Indo-Atlantic and Pacific regions by projecting
the SAM’s sea level pressure pattern onto the two do-
mains separately. We find that during the summer, the
Indo-Atlantic and the Pacific SAM patterns are correlated
at 0.73, while they are correlated at 0.56 during the winter.
Not surprisingly, winter has the least zonally symmetric
SAM pattern and is also the season with the least amount
of temporal correlation between the two regions.

The results thus far suggest that the underlying dy-
namics of the SAM during the summer and winter seasons
are different and that the seasonality of the persistence of
the SAM may be due to the zonal asymmetry resulting
from the absence of a shifting midlatitude jet over the
Pacific during winter. Here, we investigate these seasonal
and spatial differences in the eddy feedbacks associated
with the SAM.

4. Vorticity budget and feedback mechanism
a. Budget

This study utilizes the relative vorticity equation. This
diagnostic is chosen because relative vorticity is a scalar
quantity with budget terms that are straightforward to
interpret in the context of large-scale dynamics. The
relative vorticity tendency at a given horizontal location
and vertical pressure level is given by (Holton 2004)

i a -~ [ou
(1)

where V- and V respectively denote the 2D horizontal
divergence and gradient, fis the Coriolis parameter, w is
the vertical velocity, k is the vertical unit vector, and F
is the forcing due to friction. One can ignore the vertical
advection of vorticity and the tilting terms (second and
third right-hand terms) in (1) using simple scaling argu-
ments (Holton 2004). We can split the terms into mean
and anomalous quantities and rearrange to obtain an
equation for the vorticity tendency as done in BH10:
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aA _ . P —
a_f = [_(5 + f)V = gV . u]stretching

+ [7V : (2ﬁ)]eddy + [7ﬁ : V(Z + f) —u- VZ]wave
+ {_V ' [ﬁ(z + f)]}clim +F, (2)

where we have made the approximation that /9 >> 97/t
(the climatological-mean vorticity tendency is not identi-
cally equal to zero because of its seasonal component).

The first bracketed term on the rhs of (2) is the vor-
ticity source due to divergence, often referred to as the
“stretching term.” The second rhs bracketed term rep-
resents the forcing of the anomalous vorticity by the
divergence of the anomalous vorticity flux and will be
termed the “eddy forcing.” The third bracketed term of
(2) is the linear wave term, composed of the advection of
the background vorticity by the anomalous wind and the
advection of the anomalous vorticity by the mean wind.
The fourth bracketed term is composed of seasonal-mean
quantities and represents the climatological vorticity flux
convergence (stationary wave forcing), which is nearly
constant throughout the winter season.

b. Feedback mechanism

We envision a feedback mechanism that compensates
for the effect of surface drag and enables persistence and
self-maintenance of the SAM pattern. This mechanism
is the same as that presented in BH10 with regard to the
NAO. It is important to stress that this mechanism is
similar to those described in zonal-mean frameworks
by previous authors (Robinson 2000, 2006; Gerber and
Vallis 2007, Hartmann 2007). We briefly describe the
mechanism here and refer readers to BH10 for more
details and a schematic of the mechanism (BH10; Fig. 3).

The midlatitude jet in the Southern Hemisphere is
a source of eddies and we expect that a meridional shift
of the jet is coupled to a similar shift in the eddy source
region (Hartmann 2007). If the eddies propagate away
from the jet before breaking, there will be a convergence
of eddy vorticity flux at upper levels, which reinforces
the jet in its shifted position. Upper-level divergence bal-
ances the convergence of eddy vorticity flux through the
stretching term in (2), which requires mass convergence at
the surface. This mass convergence generates vorticity and
maintains the shifted jet against surface friction. The
feedback loop is completed by the fact that this secondary
circulation produces adiabatic heating and cooling in such
a way that the baroclinicity is maintained, sustaining a
balanced jet and enhancing eddy growth in the region of
the shifted jet. These new eddies will further reinforce the
jet in its anomalous location via the mechanism de-
scribed, thus creating a feedback that extends the per-
sistence of the shifted jet.
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FI1G. 3. SAM structures of the mass-weighted relative vorticity at (a),(b) upper levels and (c),(d) lower levels during
(a),(c) summer and (b),(d) winter. Contours are drawn every 2 X 10 % s™! for the upper levels and every 1.5 X
107®s™! for the lower levels, with positive contours shaded and the zero contour omitted. Also drawn are the
regional definitions of the Indo-Atlantic and Pacific sectors used in the analysis.

S. Summer feedback analysis of the SAM

During the summer, the SAM manifests itself as a
nearly zonally symmetric meridional shift of the midlati-
tude jet (Figs. 1a and 3a,c). In this section, we will show
a nearly zonally symmetric feedback between the eddies
and the vorticity anomalies that extends the persistence of
the SAM during summer.

a. Summer forcing patterns

The analysis described uses mass-weighted upper- and
lower-level fields, averaged for the 300-150- and 1000—
850-mb levels, respectively. The results are robust in
that the pairing of any upper-level forcing field and any

lower-level vorticity field produces similar conclusions
(not shown). Figure 4 shows the patterns obtained when
Z is regressed onto the summer forcing fields on the
rhs of (2). The stretching field organizes in an annular
pattern with positive forcing around the coast of Ant-
arctica and negative forcing equatorward (Fig. 4a). This
pattern counters the positive forcing by the convergence
of eddy vorticity flux, consistent with the proposed feed-
back mechanism (Fig. 4c). The linear wave forcing pattern
associated with the summertime SAM shown in Fig. 4b has
little organization and, as we will show, projects poorly
onto the SAM vorticity anomaly pattern. It is possible to
plot lagged-regression patterns of all four of these fields,
and this has been done (not shown). The lagged patterns
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FIG. 4. Summer SAM structures of the upper-level (a) stretching term, (b) linear wave term, (c) total eddy forcing,
and (d) synoptic eddy forcing obtained by regressing Z() onto the field. Contours are drawn every 1.5 X 10~ s 2 for
(a),(b) and every 8.75 X 10712 s~ for (c),(d), with positive contours shaded and the zero contour omitted.

appear similar to those shown in Fig. 4 for small positive
and negative lags. This relationship will be quantified using
time series analysis in the next section.

BH10 demonstrated that the high-frequency eddies were
responsible for maintaining the NAO vorticity anoma-
lies. Similarly, other studies have shown the importance
of high-frequency eddies in driving and maintaining
large-scale variability in the atmosphere (Nakamura and
Wallace 1990; Branstator 1992; Lorenz and Hartmann
2001; Feldstein 2003; Eichelberger and Hartmann 2007).
As done in BH10, we separate the “synoptic” (high-
frequency) eddy forcing from the total forcing by high-
pass filtering (<7 days) the anomalous horizontal winds
u’ and the anomalous vorticity ¢’ and computing the com-
ponent of the eddy forcing due to fluctuations on these
synoptic time scales [~V - ({'u’)]. The resulting regression

(Fig. 4d) of the summertime Z onto the synoptic eddy
forcing aligns well with the SAM vorticity structure (Figs.
3a,c), supporting the hypothesis that the synoptic eddies
are acting to sustain the large-scale SAM structure. We
quantify this result in the next section.

b. Summer time series analysis

The technique employed here is similar to that of BH10
although it has been simplified since results are robust to
the specific method chosen. We define the eddy forcing
time series M by the projection of the daily eddy-forcing
field onto the SAM’s lower-level anomalous vorticity
pattern, normalized for unit variance. Hence, M indicates
how well the upper-level forcing pattern aligns with the
lower-level vorticity anomaly, or to what extent the upper-
level eddy forcing sustains the anomaly against friction. By
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FI1G. 5. (a) Summer cross correlations between Z and M in the SH
region for the total eddy forcing (circles), stretching term forcing
(solid), and linear wave forcing (dashed). (b) Summer cross corre-
lations between Z and M in the entire SH (dashed), Indo-Atlantic
(circles), and Pacific (solid) sectors. (c) Summer cross correlations
between Z and the synoptic eddy forcing in three domains. In all
panels, positive lags imply that Z leads M.

defining M in this way, we have implicitly assumed that the
optimal shape of the eddy field for forcing the SAM
anomaly is the shape of the SAM vorticity anomaly itself.
BHI10 presents a heuristic argument suggesting why this
may be appropriate for a steady Rossby wave.

We hypothesize that a positive feedback requires the
upper-level eddy forcing to sustain the lower-level SAM
vorticity anomaly. This implies that

az VA
CeM-Z, ®

where 7 is the decay time scale and M is composed of
both a random forcing component and a component
organized by the low-frequency vorticity anomalies.
Equation (3) is a simple stochastic index model that
has been used in many studies to model fluctuations of
zonal jets (Robinson 1994; Kidson and Watterson 1999;
Watterson 2000; Lorenz and Hartmann 2001).
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Figure 5a shows the cross correlations between M and Z
for the Southern Hemisphere domain during the summer,
with positive lags signifying that the SAM leads the eddy
forcing. These cross correlations measure how well the
forcing patterns (i.e., Fig. 4) project onto the NAO vor-
ticity pattern at various lags. The greatest correlations
occur at negative lags, consistent with the low-frequency
anomalies being driven primarily by random fluctuations
of the eddies as described by (3). Positive correlations at
positive lags larger than the period of a typical synoptic
disturbance (7 days) imply a positive feedback between
the eddy forcing and the slowly varying vorticity field. The
total eddy forcing time series is positively correlated with
Z at the 95% confidence level for positive lags 0 to +25
days and beyond (see appendix A of BH10 for details on
how this significance level was calculated). Although the
cross correlations are small, they are consistently positive
over a long period of time and thus have a significant
effect on the persistence of the jet shifts, increasing the
e-folding time of the summer SAM from 4.5 to 13 days, as
determined by spectral analysis (results not shown; see
BHI10 for method). These positive correlations support
the hypothesis that the SAM anomalies organize the eddy
fluxes for self-maintenance throughout the entire South-
ern Hemisphere during summer. As hypothesized, the
stretching term exhibits a negative correlation with Z,
implying that the stretching field projects negatively onto
the SAM vorticity anomaly, thus acting to balance the
total eddy forcing at upper levels (Fig. 5a). The linear
wave term has near-zero correlations at all lags because of
its unorganized structure, as was seen in Fig. 4b.

Figure 5b compares the cross correlations between Z and
M defined in the Southern Hemisphere, Indo-Atlantic, and
Pacific sectors during summer. The cross correlations in the
Indo-Atlantic are significant at the 95% confidence level
forlags 0 to +21 days and those in Pacific are significant for
lags 0 to +25 days and beyond. From this figure, we can see
that an organized feedback between the eddies and the
SAM structure is found equally in the two sectors and
is indicative of the feedback throughout the entire hemi-
sphere. The correlations of the synoptic eddy forcing
and Z are plotted in Fig. 5c and confirm that the positive
correlations at positive lags are associated with the high-
frequency eddies and their organization by the low-
frequency flow. Hence, the high-frequency eddies drive the
net positive feedback between the eddies and the SAM
structure throughout the Southern Hemisphere domain.

6. Winter feedback analysis of the SAM

Here, we apply the same analysis done for the summer
to the winter fields associated with the SAM. As previously
noted, past work has demonstrated that the structure of
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FIG. 6. As in Fig. 4, but for winter SAM structures.

the SAM during winter is less zonally symmetric than its
summertime manifestation. The following results support
a zonally asymmetric eddy feedback as well.

a. Winter forcing patterns

Figure 6 displays the regression patterns of the SAM
vorticity forcing fields during winter. Unlike during the
summer season, the wintertime total eddy and synoptic
forcing patterns (Figs. 6¢,d) only align with the SAM vor-
ticity anomaly in the Indo-Atlantic sector (Figs. 3b,d), while
the fields appear less organized over the Pacific. Similarly,
the stretching pattern is opposite in sign to the SAM vor-
ticity anomaly in the Indo-Atlantic sector only (Fig. 6a),
although it is most organized over the eastern Indian
Ocean. The linear wave forcing plotted in Fig. 6b appears
noisy and unorganized, similar to the summer structure,
although larger in magnitude. Again, it is possible to plot

lagged-regression patterns of all four of these fields, and
this has been done for the winter as well (not shown). The
lagged patterns appear similar to those shown in Fig. 6 for
small positive and negative lags.

b. Winter time series analysis

Figure 7a shows the cross correlations between M and
Z for the Southern Hemisphere domain during the winter,
with positive lags signifying that the SAM leads the eddy
forcing. As during summer, the entire Southern Hemi-
sphere exhibits positive correlations at large positive lags
between the eddies and the SAM, implying an eddy feed-
back. In addition, the stretching term offsets the effects of
the eddies in a similar manner. Unlike during the summer,
the linear wave term projects positively onto the SAM
vorticity anomaly at small negative lags and negatively at
small positive lags, indicative of a propagating wave.
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We plot the total eddy forcing correlations with Z for
the three domains during austral winter in Fig. 7b. Com-
paring with those for the summer (Fig. 5b), we see a
striking difference. Although a positive feedback exists in
the Indo-Atlantic sector during both seasons, a strong
feedback is absent over the Pacific during winter. Con-
sistent with this observation, we find that most of the
wintertime feedback in the Southern Hemisphere domain
is due to the feedback in the Indo-Atlantic sector alone. In
Fig. 7b, the correlations in the Pacific are statistically dif-
ferent from zero for lags 0 to +10 days, while the corre-
lations in the Indo-Atlantic are statistically different from
zero for lags 0 to +25 days and beyond. Cross correlations
of the wintertime synoptic eddy forcing show that the
high-frequency eddy forcing contributes to the difference
in eddy feedback between the two sectors (Fig. 6¢).

Previous studies have demonstrated that the winter-
time SAM manifests itself as a pulsing of zonal winds in
the western Pacific, rather than a meridional shifting
of an elongated eddy-driven midlatitude jet (as in the
Indian Ocean basin) (Aoki et al. 1996; Bals-Elsholz et al.
2001; Lee and Kim 2003; Yang and Chang 2006; Codron
2007). Based on this work, we apply the previous cor-
relation analysis to localized western Pacific (30°-90°S,
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135°E-135°W) and Indian Ocean (30°-90°S, 45°-135°E)
domains to investigate the feedbacks in these contrast-
ing regions. The resulting cross correlations (not shown)
are similar to those in Fig. 7b, with correlations in the
western Pacific dropping to zero by lag +10 days and the
correlations in the Indian Ocean staying positive beyond
+25 days. In addition, areas outside of these two regions
have negligible correlations, consistent with the weaker
SAM signal there. We conclude that the difference in
feedback between the Indo-Atlantic and Pacific sectors
results from a difference in feedback in the localized areas
of the Indian Ocean and western Pacific. We suggest that
this difference is due to the lack of an eddy-driven mid-
latitude jet over the western Pacific. Consistent with pre-
vious studies, we find that the variability of the subtropical
Hadley-driven jet does not exhibit a feedback.

7. Winter split jet

Yang and Chang (2006) studied the dynamics of the
Southern Hemisphere split jet, a pulsing of the zonal wind
in the wintertime western Pacific. In this section we use
our methodology to test whether the split jet exhibits
a positive eddy feedback. Our reasons are twofold: 1) to
test our hypothesis that only meridional shifts of an eddy-
driven midlatitude jet are sustained by a positive eddy
feedback and 2) to demonstrate the importance of using
lagged-correlation analysis when studying feedbacks.

Following Yang and Chang (2006), we define an SJI
during winter as the difference in area-average 300-mb
zonal wind anomalies over the two boxes shown in Fig. 8
(box A: 55°-70°S, 150°E-150°W and box B: 35°-50°S,
150°E-150°W)

~A ~B
SII= Usyy — Uy 4)

As in Yang and Chang (2006), we normalize the SJI to
have a mean of zero and a variance of one. Composites
of the 300-mb zonal wind during the top and bottom 5%
SJI days are shown in Fig. 8. During a split-jet episode
(positive SJT), two distinct regions of strong westerlies
are seen in the western Pacific Ocean basin, associated
with the subtropical jet and a localized region of strong
zonal winds near Antarctica. In the unsplit-jet case
(negative SJI), the strong westerlies near the pole are
absent and only the subtropical jet is observed.

We now pose this question: Do eddies act to increase the
persistence of split-jet events as defined during Southern
Hemisphere winter? Here, the same time series analysis
from previous sections is applied to the SJI in the west-
ern Pacific region (30°-90°S, 135°E-135°W) since this is
where the variability is greatest, although results are
similar for the entire Pacific sector. The resulting cross
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FIG. 8. 300-mb zonal wind associated with (a) a split jet and (b) an unsplit jet during winter. Contours are drawn every
10 m s~'; darker shading denotes more positive values and the zero contour is omitted.

correlations for the total eddy forcing are shown in Fig. 9.
At large positive lags, the correlations of the SJI with the
total eddy forcing are not statistically different from zero,
implying that indeed no feedback exists between the
eddies and the midlatitude jet in the western Pacific dur-
ing split-jet episodes, consistent with our hypothesis.

Yang and Chang (2006) used simultaneous correlations
to conclude that an eddy feedback is present during split-
jet episodes. However, multiple studies have stressed that
in the presence of damping, (3) implies that instantaneous
(lag zero) composite analysis will always show some mo-
mentum forcing in phase with the wind anomalies whether
or not a feedback is present (Lorenz and Hartmann 2001;
Watterson 2002). Consistent with this, Fig. 9 shows that at
a lag of zero days, the eddy forcing and the SJI are posi-
tively correlated at 0.1. However, we have demonstrated
that no feedback between the split-jet variability and the
eddies exists. Consistent with a lack of feedback, the SJI
has a very short decorrelation time compared to the sea-
sonal SAM indices, as shown in Fig. 2.

8. Discussion and concluding remarks

We applied the three-dimensional feedback analysis
of BH10 to jet structures associated with the southern
annular mode (SAM) to investigate spatial and seasonal
differences in the strength of the eddy feedback. The
main findings of this study are as follows:

e During austral summer, a positive feedback between
the eddies and the jet anomalies extends the persistence
of meridional shifts of the midlatitude eddy-driven jet.

o During austral winter, a positive feedback is concen-
trated over the Indian Ocean, where the midlatitude

jet is strong. Over the western Pacific Ocean, where
the subtropical jet dominates, the low-frequency var-
iability of the SAM manifests itself as a pulsing of a
weak and localized midlatitude jet and an eddy feed-
back is absent.

The annular nature of the northern annular mode
(NAM) has long been disputed, largely because of the
zonal asymmetries introduced by the continents, while
most studies have viewed the SAM in a zonally symmetric
framework (Thompson and Wallace 1998, 2000; Ambaum
et al. 2001; Lorenz and Hartmann 2001). We have dem-
onstrated that during austral winter the dynamical mech-
anisms of the SAM are actually not zonally symmetric and
conclude that eddy-feedback mechanisms previously di-
agnosed with zonal averages are really concentrated in
regions where the midlatitude eddy-driven jet dominates.

These results suggest strong similarities between the
wintertime variability of the midlatitude jet in the Southern
and Northern Hemispheres. The meridional shifting of the

03l SJI

——total eddy|

correlation

10 20

0
lag (days)

FIG. 9. Winter cross correlations between the split-jet index and the
total eddy forcing in the western Pacific (30°-90°S, 135°E-135°W).
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midlatitude eddy-driven jet over the Southern Hemisphere
Indian Ocean basin can be likened to the North Atlantic
Oscillation of the Northern Hemisphere, both showing a
strong feedback between the low-frequency flow and the
eddies (BH10). During winter, the midlatitude jet over the
Southern Hemisphere’s western Pacific Ocean is weak and
the region is dominated by a strong subtropical jet, similar
to the Northern Hemisphere Pacific Ocean basin. In both
regions, the midlatitude jet variability is a pulsing rather
than a shifting during annular mode episodes, and the eddy
feedback is weak (Eichelberger and Hartmann 2007).
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