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ABSTRACT

Zonal flow vacillation with very long time scales is observed in a 3070-day simple GCM simulatiox} with
zonally symmetric forcing. The long lasting zonal wind anomalies suggest that zonal flow vacillatioq is self-
maintained. Wave-mean flow interactions are investigated by composite analysis and transform Eulerian mo-
mentum budget analysis. Nonlinear life-cycle simulations are conducted to demonstrate that each extreme
phase of the zonal flow vacillation is a quasi stable state and is self-maintained by the embedded synoptic eddies.

The first EOF mode of zonal-mean wind shows an out of phase relation between anomalies at 60°S and at
40°S with a barotropic structure. This structure is similar to the dominant vacillation pattern observed in the
Southern Hemisphere. The composite jet stream in the high (low) index phase of zonal flow vacillation shifts
poleward (equatorward ) from the time-mean location and becomes broader (narrower) and weaker (stronger).
Composite eddies in the high index phase tilt NW-SE and show mostly equatorward propagation, while eddies
in the low index phase have “banana” shapes and propagate both equatorward and poleward. Transformed
Eulerian momentum budget analyses show that the differences of wave propagation between two extreme phases
result in the anomalous eddy forcing needed to maintain zonal wind anomalies against frictional damping.

Budget analyses also indicate that eddy momentum flux convergence is the major positive forcing in both
the extreme and transition phases. Eddy baroclinic forcing exerts weak damping on the wind anomalies in the
upper troposphere but acts together with residual circulation forcing to counteract frictional damping near the
surface. The major balance during the index cycle is between eddy barotropic forcing and residual circulation
forcing in the upper troposphere and between residual circulation forcing and frictional damping in the lower
troposphere. Further comparisons of eddy forcing from various time-scale eddies show that the anomalous eddy
forcing is primarily provided by synoptic time scales. Two nonlinear life-cycle simulations, started separately
from the composite zonal flows of the two extreme phases and small-amplitude wavenumber 6 perturbations,
display the intensification of initial wind anomalies by the growing eddies. A dual-jet stream structure appears
in the life-cycle simulation started from the high index composite, and a more intense single jet stream structure

evolves from the low index initial state.

It is noticed that maximum wind anomalies are established earlier at higher latitudes than at lower latitudes.
This suggests that the mechanisms triggering transitions from one self-maintained phase to the other operate at
higher latitudes. It is suspected that barotropic instability/stability is a possible triggering mechanism for transition

from one state to another.

1. Introduction

Zonally symmetric variations have been observed
both in the circulations of the Northern Hemisphere
and the Southern Hemisphere. For instance, Lorenz
(1951) found negative correlations between zonally
averaged sea level pressures at 35°N and at 55°N, and
Trenberth (1979) observed large interannual vari-
ability in the zonal-mean circulations of the Southern
Hemisphere. The zonally symmetric variations are es-
pecially important in the Southern Hemisphere because
of the relatively flat topography in this hemisphere.
Karoly (1990) pointed out that the low-frequency
variations of the Southern Hemispheric circulations
are primarily zonally symmetric. The variations appear
In two aspects of the hemispheric circulations. One is

Corresponding author address: Dr. Jin-Yi Yu, Department of At-
mospheric Sciences, AK-40, University of Washington, Seattle, WA
98195.

© 1993 American Meteorological Society

on the fluctuations of the westerly strength, and the
other is on the meridional displacements of the jet
stream location. Large amplitude fluctuations of the
zonal kinetic energy have been observed by Webster
and Keller (1975) in the upper troposphere. And
Trenberth (1984), by comparing the circulation of the
Global Weather Experiment (GWE) year to the mean
circulations in 1972-80, found that the interannual
variability in the GWE year was characterized by the
meridional displacements of the main jet streams in
the Southern Hemisphere.

Both the variations in zonal flow strength and jet
stream location are qualitatively similar to the char-
acteristic features in the zonal index cycle of Namias
(1950). The zonal index was introduced by Rossby
(1939) for the purpose of extended forecasting and was
originally defined by the strength of westerlies between
35° and 55°N. It was later noticed by Willett (1948)
that variations in the zonal flow strength were asso-
ciated with latitudinal displacements of the jet stream
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in the Northern Hemisphere. This vacillation phe-
nomenon was referred as “the zonal index cycle” by
Namias (1950). Because of the strong zonal symmetry
in the circulations and more and better observations
becoming available, the interest in the zonal index
concept has been increasing for studies of Southern
Hemisphere variability. Kidson (1988) applied EOF
analysis to 15 years of 500-mb zonal mean winds to
examine the dominant patterns of the zonal flow vac-
illations. A zonal index, based on the leading EOF
mode, was then derived to characterize the variations
of the Southern Hemisphere zonal circulation. The first
EOF mode in his study has an out of phase relation
between two centers of action at 40°S and at 60°S.
Similar structure was seen in the rotated principal
component analysis of 9 years of monthly mean zonal
mean winds from European Centre for Medium-Range
Weather Forecasts (ECMWF) and National Meteo-
rological Center (NMC) analyses (Nigam 1990). Kid-
son (1988) and Nigam (1990) showed that this dom-
mant mode had a barotropic structure.

Although the structures and time scales of the zonal
flow vacillations in the Southern Hemisphere are now
better known from observational analyses, the dynam-
ics behind this phenomenon has not yet been com-
pletely understood. Trenberth (1984) argued that it
was the anomalous convergence of eddy momentum
that helped sustain the westerly anomalies against sur-
face friction. Karoly (1990) examined the zonal cir-
culations and transient eddy statistics in two extreme
phases of the zonal vacillation in the Southern Hemi-
sphere and found that the interaction between eddy
fluxes and zonal flows helped maintain the wind
anomalies. The importance of transient eddies was
further discussed by Robinson (1991) in a two-layer
GCM simulation. By analyzing the angular momen-
tum budget projected onto his first rotated EOF struc-
ture, Robinson (1991) argued that the momentum
fluxes from synoptic eddies sustained wind anomalies
against friction, and the zonal index was driven by the
small difference between the forcing of synoptic eddies
and dissipation, together with forcing of low-frequency
waves.

These studies suggest that the index cycle concept is
useful for studying zonal flow vacillations, especially
in the Southern Hemisphere. These studies also showed
the importance of eddy forcing in supporting the zonal
flow variations. More detailed studies on the relation
between the zonal flow vacillation and the eddy forcing
from observational analyses are difficult because of the
lack of reliable eddy statistics in observations (Karoly
1990). Mechanistic studies, however, with simple
GCMs are able to shed light on this relation. Though
a two-layer simple GCM is enough for this kind of
mechanistic study, a higher vertical-resolution GCM
permits more detailed analysis of eddy fluxes and their
interactions with the zonal flow. This paper will ex-
amine the variations of eddy structures and flux prop-
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erties and their interaction with the zonal flows in dif-
ferent phases of the zonal flow vacillation. Emphasis
will be placed on the relative contributions to the eddy
forcing from eddy momentum fluxes and eddy heat
fluxes. The time scale of the eddies that are most im-
portant to the zonal flow vacillation will also be in-
vestigated. The newly developed GCM and the simu-
lation employed in this paper will be described in sec-
tion 2. The zonal flow vacillations in the model
simulation and the definition of the index cycle will be
discussed in section 3. The associated zonal-mean cir-
culations and eddy statistics will be presented in section
4, and the angular momentum budget during the index
cycle will be analyzed in section 5. The relative im-
portance of eddies with different time scales will be
compared in section 6. Three baroclinic eddy life-cycle
experiments are conducted in section 7 to illustrate the
regime characteristics of the two extreme phases. A
discussion on the possible reasons why the index cycle
vacillates is presented in section 8.

2. Model description

The model employed in this study is a dry primitive
equation model with global spherical geometry. The
governing equations are primitive equations on ¢ CO-
ordinate (Phillips 1957). They are
3
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where v is the static stability and ¢ is the vertical motion
on sigma coordinate. Here ¢ is the logarithm of surface
pressure, ® is geopotential height, F represents the pa-
rameterization of frictional processes in the model, and
H 7y represents the diabatic forcing. The other symbols
have conventional meanings.

This model is a full Galerkin model, which uses the
spectral method for horizontal representation and the
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finite-element method for vertical representation. The
horizontal solution is triangularly truncated at total
wavenumber 21 with spherical harmonics as the basic
functions. Nonlinear terms in the governing equations
are calculated by the transform technique of Eliasen
et al. (1970) and Bourke (1972). The finite-element
method uses linear interpolation functions as the basic
functions, which are defined as follows:

(0= 0i-1)/(0i —0i-1), for c€[o;_1, 0]

ei(0)= (6i41—0)/ (041 —a;), for 6 E€[0;,0,4]

0, otherwise.
(6)

The accuracy and stability of applying the finite-ele-
ment method to a semi-implicit primitive equation
model have been investigated by Béland et al. (1983)
and Coté et al. (1983); respectively. A comparison of
this method with the finite-difference method for the
representation of vertical structure in a model atmo-
sphere was discussed in Hartmann ( 1988). The vertical
resolution of this model is variable and is chosen to be
seven vertical levels (nodal points) in this study. The
o levels are placed at ¢ = 0.04, 0.20, 0.36, 0.52, 0.68,
0.84, and 1.00. The semi-implicit time scheme of Rob-
ert et al. (1972) is used for time differencing. This
method allows a longer time step for integration, and
a one-hour time step is chosen in this study. The der-
ivation of governing equations and the application of
the spectral transform method basically follow Daley
et al. (1976). The applications of the finite-element
method and the boundary conditions, ¢ = 0 at ¢
= (.04 and at ¢ = 1.00, are adapted from Béland and
Beaudoin (1985).

This GCM includes the physical processes of fric-
tional damping, radiative heating, dry convective ad-
Jjustment, and biharmonic diffusion. The frictional
damping in this model is parameterized by a quadratic
friction F = —¢(0){V |V. The drag coefficient c is a
function of altitude. It decreases linearly from c¢
= 107%s~! at lower boundary to ¢ = 10~ s™! in the
lowest interior node of the model atmosphere and in-
creases again from the highest interior node to ¢ = 5
X 1078 s~! at upper boundary. Radiation provides the
only diabatic heating in the model and is parameterized
by thermal relaxation of the Newtonian type. The
heating is obtained by relaxing temperature T back to
a prescribed equilibrium temperature T* with a relax-
ation time 7. That is, Hy = (T* — T)/r, where T*
= To(o) + AT cos2¢ and 7 = 15 days. Here T is the
global-mean temperature, and 2AT is the equator to
pole temperature difference; AT is set to 30 K in most
¢ levels, 0 K in the second upper level, and —15 K in
the top level. Dry convective adjustment of Manabe
et al. (1965) is adopted to prevent the model from
becoming statically unstable. Biharmonic diffusion is
applied in the vorticity, divergence, and thermody-
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namic equations. These terms are used to simulate the
dissipation effect from the subgrid scales. The diffusive
coefficient v is set to 6 X 1071 m* s™', which gives a
1.5-day damping time on total wavenumber 21. Several
tests have been conducted with this model to verify
the model dynamics. The normal mode calculation of
Simmons and Hoskins (1977) and the life cycle cal-
culation of Simmons and Hoskins (1978) were re-
peated with this model and similar results were ob-
tained.

In the simulation conducted here, a Gaussian-shaped
mountain is placed in the northern model hemisphere
and flat topography in the southern model hemisphere.
It is designed for the purpose of future comparison
between mountain and no-mountain hemispheres. The
Gaussian-shaped mountain is 4 km high with e-folding
widths of 20° in longitude and 15° in latitude. The
analyses presented here are from the no-mountain
Southern Hemisphere of this simulation. The moun-
tain in the northern model hemisphere has little effect
on the Southern Hemisphere simulation described
here. The model is spun up from rest for 300 days.
The end of this integration is used as the initial con-
dition for another 3070 days of integration. Data are
sampled daily on sigma surfaces and are linearly in-
terpolated to pressure surfaces on 100, 200, 300, 500,
700, 850, and 1000 mb.

3. Zonal flow vacillation and index cycle

During the 3070 days of simulation, the jet stream
vacillates meridionally between high and middle lati-
tudes. Along with this vacillation, the maximum wind
speed also varies with time. The zonally averaged west-
erly winds on day 83 and on day 495 are shown in Fig.
1 as an example of this vacillation. On day 83, there
is a narrow jet stream located at 40°S, and its maxi-
mum wind speed is much more than 40 m s !, which
is the maximum wind speed of the time-mean jet
stream. In clear contrast to day 83, there are two jet
streams on day 495; one at 30°S and the other at 52°S. -
The wind speeds of both jet streams are smaller than
the time-mean jet stream. Vacillations occur not only
in the upper-level jet streams but also in the surface
westerlies. The surface westerlies shrink to middle
latitudes on day 83 but expand to high latitudes on
day 495.

The power spectrum of the 300-mb zonally averaged
westerlies at 41°S (not shown) increases as the fre-
quency decreases, but no spectral peak passes the 99%
a priori significance level. This suggests that the zonal
flow vacillation in the simulation is a low-frequency
phenomenon with no preferred period, that is, red
noise. EOF analysis is applied to the covariance matrix
of the zonally averaged winds to examine the spatial
pattern of the vacillation. The structure of the first EOF
mode (referred as the EOF-1 mode, hereafter), which
explains more than 67% of the variance, is shown in
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FIG. 1. Zonally averaged zonal winds on (a) day 83 and (b) day
495. Easterlies are contoured by dashed lines and are shaded.

Fig. 2. This mode shows that the wind anomalies cen-
tered at 40°S are out of phase with the wind anomalies
centered at 60°S and at 25°S. The amplitudes are larger
at 60°S and at 40°S than at 25°S. It also shows that
the zonal flow vacillation has a barotropic structure
with the maximum amplitudes at 300 mb. Both the
meridional and vertical structures of the EOF-1 mode
in this simulation are similar to the dominant vacil-
lation patterns observed in the Southern Hemisphere
by Kidson (1988) and Nigam (1990).

Since the principal component of the EOF-1 mode
represents the amplitude and phase of the EOF-1 mode,
its temporal variation indicates how the zonal flow
vacillates. Figure 3 displays the time series of the prin-
cipal component of the EOF-1 mode, and it shows that
the principal component oscillates intermittently be-
tween positive values and negative values. This figure
also shows that the time series may remain in either
extreme positive values or extreme negative values for
long periods of time, on the order of 100 ~ 200 days,
before shifting to the other extreme. A bimodal be-
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havior, however, is not supported by the histogram of
the principal component. Based on these characteris-
tics, an index cycle is used to qualitatively describe the

- zonal flow vacillation. An index cycle consists of two

extreme phases and two transition phases. The two ex-
treme phases are the high index phase and the low
index phase. In Rossby’s ( 1939) original introduction,
the “high” zonal index and “low” zonal index were
referred to the westerly strength averaged in midlati-
tudes. It has been pointed out by Namias (1950) that
the maximum wind displaces toward lower latitudes
in the low index phase, and the maximum wind speed
in this phase is actually stronger than that in the high
index phase. We will maintain Rossby’s definition of
high and low index so that the “high” index and the
“low” index refer to the latitudinal locations of the jet
stream and not maximum wind speed. With this con-
vention, the high (low) index phase is referred to the
situation when the jet stream is located at a latitude
higher (lower) than the time-mean location. The sign
of EOF-1 is defined such that the positive phase of the
EOF-1 mode is the high index phase, and the negative
phase of the EOF-1 mode is the low index phase. One
of the transition phases is the transition from the low
index phase to the high index phase. During this pro-
cess, the principle component increases from a negative
value to a positive value. So this phase is referred to as
the “positive transition phase” for the sake of discus-
sion. Similarly the “negative transition phase” refers
to the shifting from the high index phase to the low
index phase in the index cycle.

The composite method will be used to examine the
zonal-mean circulations and eddy properties in each
phase of the index cycle. The selection of data for com-
position is based on the principal component of the
EOF-1 mode. Those days that have principal compo-
nents among the top (bottom) 15% are averaged to-
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FI1G. 2. Meridional-vertical structure of the first EOF mode of the
zonally averaged zonal wind anomalies in 3070 days of simulation.
The negative values are shaded and the contour interval is 0.04.
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FI1G. 3. Principal components of the first EOF mode. The square points indicate the days selected for
composition in the high index phase (positive side) and in the low index phase (negative side). There are

460 points on each side.

gether to form the high (low) index phase composite.
The days selected by this criterion are marked by square
points in Fig. 3. It shows that the data are well sampled
through the major peaks of the time series. During the
transition phases, it is the time tendency of the principal
component rather than the principal component itself
that matters. So the selection criterion is based on the
time tendency of the principal component. Moreover,
since the zonal flow vacillation is a low-frequency phe-
nomenon, time tendencies are calculated from the 50-
day low-pass filtered principal components. The re-
sponse function of this filter is shown in Fig. 4, along
with two other filters that will be used later. Those days
that have time tendencies among the top (bottom) 15%
of positive (negative) values are selected for compo-

=
o @ =
4

response function
- N W e N

-1 PR VP VPR T TS SR TRPR WP S S S

0 (Yl 04 06 08 A0 12 .04 06 U8 20 22 24 2%

héquency (1/day)

F1G. 4. Response functions of the 50-day, 20-day,
and 7-day low-passed filters.

sition in the positive (negative) transition phase. In
order to avoid overlap between sampling the transition
phases and the extreme phases, data already used in
the extreme phases are excluded from the transition
phases. There are 460 days of data in each phase of
the index cycle.

4. Zonal circulations and eddy properties

The composite zonally averaged zonal winds in the
extreme phases are shown in Fig. 5. In the high index
phase there is a broad and weak jet stream at 48°S on
200 mb. This is about 5° ~ 10° poleward from the
time-mean location. Accompanying the poleward shift
of the jet stream, surface westerlies extend to higher
latitudes and span between 38°S and 72°S. In contrast
to this, the composite zonal flow in the low index phase
has a strong and narrow jet stream near 40°S at 200
mb, and the surface westerlies are confined between
30°S and 60°S. The difference between these two com-
posites (not shown) has an anomaly structure similar
to the EOF-1 mode, and its maximum amplitude is
about 12 m s™'. This is close to the magnitude of zonal
flow vacillation observed in the Southern Hemisphere
(Nigam 1990; Karoly 1990).

When the composite jet stream displaces equator-
ward in the low index phase, the polar cell of the mean
meridional circulation (not shown) expands into 60°S.
The polar cell is much weaker in the high index phase
than in the low index phase. The composite temper-
atures (not shown) exhibit meridional displacements
of the thermal gradient in thermal wind balance with
the zonal wind vacillations. The temperature difference
between the extreme phases is similar to that associated
with the observed zonal vacillation in the Southern






