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SUBSEASONAL VARIABILITY IN THE SOUTHERN HEMISPHERE

AS SIMULATED BY A TWO-LEVEL ATMOSPHERIC
GENERAL CIRCULATION MODEL

CHAPTER 1:

INTRODUCTION

There has been continuing scientific interest in
atmospheric variability on subseasonal time scales since
the beginning of the century.

The bulk of the

observational research has been concentrated in the
Northern Hemisphere (NH) because adequate data from the
Southern Hemisphere (SH) have not been available.

Studies

by Sawyer (1970), Blackmon (1976) and Blackmon et al.
(1977, 1979, 1984a,b) have shown that this variability is

caused by two distinctly different types of large scale
fluctuations.

Fluctuations with time scales of about two

days to a week have a different geographical distribution,
spatial structure and time behavior than those with longer
time scales.

Limited studies have been conducted using SH

data by Trenberth (1981, 1982) and the results indicate
that similar differences are found there.

The origin and life cycle of short time-scale
fluctuations are well understood.

Studies by Lau (1978,

1979a) and others have demonstrated the connection between

the theoretical modes of baroclinic instability of

2

realistic model atmospheres (e.g., Simmons and Hoskins,

1976, 1978) and the observed variability on these time
scales.

The origin and life cycle of long time-scale
fluctuations is, however, less clearly understood.

Wallace and Blackmon (1983) discuss several dynamical
mechanisms that could be responsible for their existence.

Since that work, additional mechanisms have been
suggested.

Atmospheric general circulation models (AGCMs) are an
important tool for the study of large-scale atmospheric
circulation.

Studies have shown that AGCM5 can simulate

many of the observed characteristics of atmospheric
variability (e.g., Blackmon and Lau, 1980; Lau, 1981;
Kushnir and Esbensen, 1986).

These latter two works, and

others (e.g. Hendon and Hartmann, 1985)

have employed

AGCMs for the analysis of low-frequency variability

to

elucidate the synoptic behavior of the disturbances.

Although the validity of the model's representation is
limited by its representation of the atmospheric physical
and dynamical processes, they provide data sets that are
complete, comprehensive and dynamically consistent.

This

is especially helpful when studying the SH where presently
the data necessary to form eddy statistics are marginal
for geopotential height and non-existent for other
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quantities.

AGCM analyses, when combined with

observational studies and interpreted on the basis of
theory and simpler dynamical models, can add to the
understanding of the atmosphere.

This study investigates

high-frequency and low-frequency variability simulated by
a two-level AGCM in the SH during wintertime and
summertime.

It was motivated by a similar investigation

of the simulated Northern Hemisphere winter by Kushnir and
Esbensen (1986).

Although the coarse vertical resolution

of this particular model limits the realism of the
simulation, it simulates most features of the tropospheric
large scale simulation.

The coarse vertical resolution of

the model simplifies the task of diagnosing the data and
interpreting the results.

The study of the SH offers additional challenges and
opportunities for insight into the nature of atmospheric
variability.

Trenberth

(1981) has pointed out that the

basic flows in the SH are quite different from those in
the NH especially with respect to the presence of an
additional equivalent barotropic component to both the
mean zonal flow and the stationary planetary waves.

He

goes on to question whether all the characteristics noted
of NH variability should also be expected in the SH.

Thus

the SH must be interpreted on its own, using NH studies as
a starting point and guide.

In addition, as already

mentioned, observed data are sparse and this complicates
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the task of comparison.

With these challenges, however,

comes the opportunity to investigate the range of
atmospheric variability under varying conditions and
perhaps the discovery of phenomena not yet documented.

In the first section, various mean fields during JJA
and DJF are presented, compared with observations when
they are available and analyzed.

Although the mean

circulation is statistically the first moment of the
signal that contains the eddy fields, it may be viewed as

the basic state on which the eddies are generated and
maintained.

This interpretation has been used in other

studies and it proves useful when discussing eddy
propagation and dispersion.

Since, according to this

interpretation, the mean flow influences the eddies and
because the SH circulation differs markedly from the NH,

care is taken to document and interpret the mean flow
characteristics.

In the second section, various high-

frequency eddy fields during JJA and DJF are presented,
analyzed, and compared with, observations when they are
available.

The third section examines high-frequency (hf)

eddy horizontal structure, time behavior and energy
propagation during JJA and DJF.

The fourth section is an

extension of the second section to the case of lowfrequency (if) eddies.

In section five, if eddy

horizontal structure, time behavior and energy propagation
during the two solstice seasons are investigated.
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CHAPTER 2:

DATA AND METHODOLOGY

The data and methodology used in this analysis have
been described by Kushnir and Esbensen (1985) and are
included here for completeness.

The model outputs a record of its dependent

prognostic variables and surface pressure fields four
times per simulated day.

Most of the variables, however,

are presented on the model's
where

p) / (p

(PS

and Pt

=

1/4 and 0= 3/4 levels

Pt), Ps is the surface pressure

200 mb is the pressure at the top of the model

atmosphere.

Over the oceans these levels correspond

roughly to the 400 and 800 rub pressure levels, but over

land the deviation from constant pressure surfaces can be
quite large.

To facilitate dynamical interpretation and

comparison with observations, the model

= 1/4 and

= 3/4 level variables were interpolated to the pressure
levels of 400 and 800 rub.

The interpolation was carried out in a model
consistent way based on the procedures suggested by Gates
et al.

(1971).

The wind velocity components are assumed

to vary linearly with pressure, and the potential
temperature & varies linearly in the k-power of pressure
(k being the ratio between the dry-air gas constant and

the specific heat of dry air at constant pressure).

The

temperature (T) on constant pressure surfaces is

calculated from the interpolated value of potential
temperature.

The potential temperature is also used to

calculate the geopotential height of the constant pressure
surfaces from a model-consistent form of the hydrostatic
equation.

The diabatic heating rate (Q) at the

levels

of 1/4 and 3/4 is derived from the values of the primary
variables using the model's subroutines; it is then

interpolated to pressure levels by assuming that QIT
varies linearly in the pk space.

(This assumption is

consistent with the vertical dependence of 9 and the
thermodynamic energy equation.)

Finally, the vertical

pressure velocity ((.J = dp/dt),

which is calculated by

the model at

= 1/2, is first derived at

= 1/4 and

6= 3/4 from a model consistent expression for the
adiabatic cooling term in the thermodynamic energy

equation (w).
assumption that

The resulting two

values, and the

= 0 at the model's top are then used to

interpolate c) to the 800 and 400 mb pressure levels, using
a parabolic fit in pressure.

(The fit is consistent with

the linear wind profile and the mass continuity equation.)

The approach adopted here is exploratory in nature.

We are searching for the dominant disturbances of the
model and the process responsible for their growth,
maintenance and decay.

Kushnir and Esbensen (1985) have,
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however, checked the consistency and quality of the
interpolated data by computing sample mass and heat
budgets.

The balances computed from the pressure-level

data were found to be in good agreement with the balances
computed in the 6-coordinate system of the model.

The use of time filtering in this study was intended
primarily to achieve a separation between short time-scale
and long time-scale fluctuations.

Our choice was to put

the "cut-off" time scale at 10 days.

This is based on the

observational studies of Sawyer (1970), Blackmon (1976)
and others.

Some justification for this choice also comes

from the theoretical modeling of atmospheric baroclinic
processes which indicates that the life cycle of most
baroclinic waves varies between 2 and 10 days (see e.g.,
Simmons and Hoskins, 1978).

Thus, disturbances that are

sustained beyond this cut-off time should be dynamically
different from those associated with migratory weather
cyclones.

Kushnir and Esbensen (1985) attempted to check the
validity of this choice by using sample time spectra of
geopotential height fluctuations at various geographical
locations.

The spectra closely resembled the "red-noise"

spectrum found in observations (e.g., Hartmann, 1974).

In

most of these, however, they found a marginally
significant "synoptic time-scale" peak at periods of 5 to

7 days, separated from the low-frequency "red-noise" peak.

Following the pressure-interpolation step, the time
series of the prognostic and derived variables sampled
four times per day were filtered in time to eliminate
fluctuations with periods shorter than about 2 days.

This

effectively removed diurnal variations from the data and
permitted a data sampling rate of once per day.

This

procedure was applied to data from 10 simulated Southern
Hemisphere winters and summers.

Since each season had to

be filtered separately with a 10 day low-pass filter, we
have "padded" the time series of each by 30 days of AGCM
These padded data were used only in

data on either side.

the time filtering; they were ignored in the diagnostics.

Here, a 4-pole symmetric tangent-Butterworth recursive
filter developed from the algorithm presented by Kaylor
(1977) was used.

The power response curves of the 2.5 day

and 10 day low-pass filters are shown in Fig. 2.1.

Next the daily normals of each variable were
evaluated in the following way:

value at location

Let a(x,p) be the field

and pressure level p on day n of year

m (m=1 to 10, n= -30 to 120).

Then the daily normal is

given by:

A

a(x,p) = 1/10

10

am,n(,p)
m=1

1-c
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Fig. 2.1.
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The power response curves of the two low-pass
filters used in this study:
(a) 2.5 day lowpass (half power frequency at 0.4 day1 and
10 day low-pass (half power frequency at
(b)
0.1 day-1).
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The daily anomaly is given by:

a'(.,p) = a(x,p)

an(X'p)

In this way the invariant part of the annual cycle and its
harmonics were removed from the data.

Following this

step, the series of daily anomalies were filtered with a
10 day low-pass recursive filter to separate the high and
low-frequency fluctuations.

By subtracting this anomaly

time series from the "total" (2.5 day low-pass) signal,
the 2.5 to 10 day anomaly fields were constructed.

The final results of these steps describe the
dynamical state of the wintertime mean circulation and its
fluctuations in three time scale categories:

a.

those with periods of 2.5 days to a season, the
total signal;

b.

those with periods of 2.5 to 10 days, the highfrequency (hf) part of the signal;

c.

those with periods of 10 days to a season, the
low-frequency (if) part of the signal.

Most of the diagnostics presented in this study are
based on analyses of variance and covariance.

The

variance of an anomaly field a' (,p) is given by:

11

10

90

[a'(x,p)]2

<a' (X,p)2>t = 1/(10x90)

m=1 n=1

and the covariance between field a' and field b' by

<a' (.1,p1)b'

(2,p2)>

=
10

1/(10x90)

2

90

:

[a'(1,p1)b'C2,p2)]

m=1 n=1

(where we allow for a spatial cross-covariance
calculation).
biased.

Note that the above estimators are slightly

The root-mean-square (r.m.s.) value is simply the

square root of the variance, and the correlation between
two fields is defined as:

<a' (x1,p1)b' ((x2,p2)>t

Corr<a1,b2> =

<a' (i,pi) 2>lI2t<b (x,p2) 2>"2t

Since the model uses a staggered scheme for its
horizontal differences (Ghan et. al., 1982), in some cases
a' and b' are not defined at the same geographical
locations (as is the case with the covariance between
either velocity component and the temperature or
geopotential height fields).

In these cases model-

consistent interpolations were performed.

The results of various analyses are presented here on
polar stereographic map projections, where the continental
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outline of the model was retained for consistency.
model topography is shown in Fig. 2.2.

The

During the

subsequent presentation and discussion of the results,
frequent comparisons are made with observations.

To limit

the number of figures presented in this study, the reader
will be referred to the literature where these
observations are presented.

In this text variance

and covariance quantities are enclosed in curly brackets
{}.

In the figures presented, positive values are

contoured as solid lines, negative values as dashed lines
and the zero contour is dotted.
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Fig. 2.2.

Surface elevation above sea level over the
Southern Hemisphere as used in the model's
lower boundary conditions. Contour interval:
500 m.
(See Fig. 3.5c for details over
Antarctica.)
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CHAPTER 3: THE MEAN CIRCULATION

Although the mean circulation is a statistical
feature of the total flow which includes the eddies it may
be viewed as the basic state on which the latter are
superimposed and maintained.

This approach has been

justified in past studies like those of Lau (1979b),
Holopainen et al.

(1982) and Hendon (1986a,b) who show

that the mean circulation plays the dominant role in
maintaining local dynamical balances on a seasonal time
scale, while the transient eddies play a secondary role.

This assumption allows the application of linear theory to
the task of interpretation.

It is important, therefore,

to document the features in the time mean flow.

3.1

Geopotential Height

The JJA 400 mb mean geopotential height (Z) field,

shown in Fig. 3.la, displays a strong circumpolar
circulation.

Th&e is a good deal of zonal symmetry, much

more than in the simulated NH winter (Kushnir and
Esbensen, 1986, Fig. 1). However, troughs can be seen near

180E, 35Sand3OE, 55S.

The DJF 400 mb Z field, shown in Fig. 3.lb, also
displays a strong circumpolar circulation with a good deal
of zonal symmetry. There is, however, a weak trough near
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45 E, 45 S and other weak troughs can be seen to the west
of the continents.

Seasonal differences include a poleward retreat of

the circumpolar vortex from subtropical latitudes from
winter to summer as well as higher heights at polar
latitudes during summertime.

The circulation weakens

substantially in the vicinity of the low-latitude jet but
remains nearly unchanged at middle latitudes.

Such

consistency in the mid-latitudes is not seen in the NH
simulation (Ghan et al., 1982, Fig. 9.1).

These simulated

seasonal intrahemispheric and interhemispheric differences
are in agreement with observations.

3.1.1

Stationary Waves in the Geopotential Height

Removing the zonal mean from the field highlights
the stationary waves; Fig. 3.lc shows the wintertime
deviation from the zonal mean (ZSTAR) at 400 mb.

Wave

number one is strong in two latitude bands covering 20-40 S
and 40-60 S; there is a phase shift of approximately 150
degrees longitude between them.

Near 180 E this results in

a meridional dipole, with the ridge near 60 S1 150 W and
the trough near 35 S, 180 E.

It forms a very strong block

diverting the upstream mid-latitude flow to the north of
the trough and to the south of the ridge.

At 70 S there is

some evidence of wave number 3 with the first trough
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east of the Greenwich meridian near 30 E.

Poleward of 20

S the 800 mb ZSTAR field (Fig. not shown) has maxima that
coincide with those at 400 mb but are weaker, indicating
that the features have a strong equivalent barotropic
component.

Fig. 3.lc may be compared with Fig. lb at 500 mb in
Trenberth (1980) and Fig. 2.13 at 200 mb in Wallace
(1983).

Note that the two observed figures agree with

each other regarding the position and phase of the
At lower latitudes they

features poleward of 40 S.

disagree in the position and strength of the trough east
of Australia.

The vertical structure cannot account for

this (bc. cit., Fig. 2.15) and it is likely a result of
the different data sets.

Trenberth's figure is probably

more reliable in the Pacific region because he used data
that made use of additional sounding stations (Swanson and
Trenberth, 1981) and observations by ships, aircraft, and
satellites (Trenberth, 1979)

Between 40-60 S the simulated wave number one feature
resembles the observed feature.

One exception, however,

is that the simulated ridge does not extend as far
eastward and the trough extends too far westward in the
vicinity of South America.

Between 20-40 S every feature

appears to be upstream of its observed position.

In

addition, the simulated ridge is too broad and extends too

far into the east Pacific at this latitude.

The magnitude

of the low simulated near the 180 E is much stronger than
the one in observations.

During the summertime the amplitude and extent of the
features simulated in the 400 mb ZSTAR decrease at all
latitudes as seen in Fig. 3.ld.

Again, wave number one is

seen to have a strong influence in the band between 35-55
S; the pattern has moved slightly equatorward from
Also the trough has shifted about 15 degrees

wintertime.
eastward.

Strong wave number one is not seen at lower

latitudes during this season.

At 20 S there are features

with wave lengths of about 5000 km in the vicinity of the
continents with ridges over land and troughs to the west.
Poleward of 40 S the 800 mb ZSTAR field (Fig. not shown)
has maxima in the same locations as the 400 mb figure.

However, in the vicinity of the continents near 25 S the
shortwave features seen at 400 nib change phase at the
lower level.

The 400 nib figure may be compared with Fig. la at 500
nib in Trenberth (1980) and Fig. 2.17 at 200 nib in Wallace
(1983).

Similar to wintertime, the two observed figures

agree with each other regarding the position and phase of
the features poleward of about 35 5.

However, at lower

latitudes, particularly over the subtropical continents,

there are large differences, notably disagreement over the

phase of the features over the continents.

At high latitudes the model simulates wave number one
that is weaker than both the observed fields.

The

simulated feature is also geographically smaller and there
is an odd shaped "ridge" along the Greenwich meridian that
does not appear in the observations.

Over the subtropical

continents the simulation looks more like the 200 mb
figure with positive anomalies over the continents,

although these features are not nearly as pronounced in
the observations.

3.2

Temperature

The JJA 800 mb temperature field, shown in Fig. 3.2a,
displays a high degree of zonal symmetry.

The temperature

decreases fairly steadily from 15 S to 80 S.

There are

elevated temperatures over the tropical regions of the
continents and several troughs can be seen in phase with
those in the corresponding 400 mb geopotential field.

The

strongest meridional temperature gradients are seen southeast of Africa and near central Australia.

The observed July temperature fields at 850 mb

(Taljaard et al., 1969, Fig. 73) and 700 mb (bc. cit.,
Fig. 76) have a similar zonal nature.

The simulated

magnitudes generally fall between those observed at 850 mb
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and 700 mb.

The exception, however, is near Antarctica

where the temperature is slightly over-simulated.

The 800 mb temperature field during DJF is shown in
Fig. 3.2b.
symmetry.

It also displays a good deal of zonal

On the average, the meridional temperature

gradients are weaker than observed.

Closer examination, however, reveals that there are
local increases in meridional temperature gradients in the
vicinity of the three continents between 30 and 50 S, a
trend seen in the observed SH general circulation.

This

has been attributed (see Newton et al., 1972, Ch.3) to the
southern oceans displaying low thermal variability and
remaining relatively cool throughout the year while the
temperatures of the continents fluctuate significantly.

The observed January temperature fields at 850 mb

(Taljaard et al, 1969, Fig. 9) and 700 mb (bc. cit., Fig.
12) display a similar zonal symmetry.

As during

wintertime the simulated values generally fall between
those observed at 850 nib and 700 mb.

The exception,

again, is at high latitudes where the model over-simulates
the temperature.

3.2.1

Stationary Waves in the Mean Temperature

As with the geopotential field, removing the zonal
mean highlights the stationary features:

the 800 mb field

is shown in Fig. 3.2c.

The 800 mb TSTAR field resembles the 400 mb ZSTAR
field in the higher latitudes reiterating that these
deviations have an equivalent barotropic structure.

This

is especially noticable in the 20-40 S and 40-60 S
latitude bands where wave number one is dominant.

Between 40 S and 50 S this field shows several
regions of enhanced meridional temperature gradient
(positive anomalies to the north and negative anomalies to
the south).

They are strongest in the vicinity of

southern Africa, and weaker in the south central Atlantic
and west of southern South America.

Over eastern

Australia and near 68 S, 150 E there is also evidence of a
strong meridional temperature gradient.

At 400 mb these

gradients becomes more pronounced (Fig. not shown).

In

the vicinity of the subtropical jet there is an extremely
strong meridional temperature gradient at 400 mb.

The large positive anomaly near 35 S1 115 W is in the
vicinity of a region of high precipitation (see
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Schlesinger and Gates, 1980, Fig. 27) and is probably a
result of latent heating.

In the 0-20 S latitude band temperatures are cool to
the west of Africa and South America in phase with the
effects of upwelling represented by the prescribed SST
(Alexander and Mobley, 1976).

There are positive

anomalies over South America and Africa which are likely
related to the over-simulated surface temperatures
(Schlesinger and Gates, 1980, Fig. 12)

A large low-latitude positive anomaly is located
between 15 to 20 S and 90 to 180 E.

This corresponds to

the poleward boundary of Hadley circulation.

The

simulated Hadley circulation is about twice as strong as
that observed (Schlesinger and Gates, 1980, Fig. 7).

This

circulation not only transports heat from tropical regions
into this area but there is also associated downward
motion and adiabatic compression that produces additional
warming.

The DJF 800 mb TSTAR fields are shown in Fig. 3.2d.

As during the winter season the fields resemble the 400 mb
ZSTAR field.

There are several seasonal changes.

In the winter

the continental features have moved out of the tropics
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into the subtropics and have nearly doubled in amplitude;
this was reflected in the ZSTAR fields.

Similar anomalies

are present at 400 mb (Fig. not shown) but they have
smaller amplitudes.

3.3

Zonal wind

Fig. 3.3a shows the simulated JJA 400 mb zonal wind
(U)

field.

It has a large maximum centered near 30 5

extending from the southern tip of Africa to the south
central Pacific.

A strong jet appears just east of

Australia at 25 S; this is consistent with the strong
trough simulated in this region.

To the south there are

calm winds at mid-latitudes and there is evidence that
they increase again near 70 S.

Near 40 S in the vicinity

of southern Africa, there is a second, weaker jet although
it is dwarfed by the larger maximum.

This .second jet will

be shown to be associated with the main storm track.

The observed geostrophic wind at 500 mb averaged over
nine winters (Trenberth 1982, Fig. la) has a much
different structure with two distinct maxima.
Interestingly, at 200 nib the observed geostrophic wind

averaged over 6 Julys bears a closer resemblance to this
simulated field (Swanson and Trenberth 1981, Fig. lib)

with regard to the position and strength of the strong
jet.

Also, the simulated 400 nib U and observed 200 mb U
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fields agree on the position of the relatively quiescent
region poleward of the strong jet.

In light of this

closer resemblance it would probably be best to compare
all simulated fields to observations at 200 mb.

Unfortunately, there are not many observations at this
level, especially those that require daily synoptic data
such as eddy statistics.

The DJF simulated 400 mb U field is presented in Fig.
3.3b.

For the most part it displays strong zonal

symmetry, although at approximately 30 S, near each
continent, there are short wave features.

Easterlies are

present equatorward of 20 S except in the central Pacific,
eastern Pacific and western Atlantic.

A single relatively

indistinct jet is present southeast of the Cape of Good
Hope where a similar feature was seen during JJA.

Observations presented by Trenberth (1982, Fig. lb) of the
geostrophic zonal wind averaged over eight summers at 500
mb do not have the short wave features consistent with
differences in the observed height field.

In addition,

they show nearly uninterrupted easterlies at lowlatitudes.

There is good agreement on the position and strength
of the jet, although the model places it 5 degrees
equatorward.

In both observation and the simulation there

are easterlies in the eastern hemisphere polar region,

27

however the model has them 10 degrees poleward of the
observed position.

The observed (Swanson and Trenberth

1981, Fig. ha) zonal wind at 200 mb
averaged over 6 Julys also resembles this simulated field,

the main difference being that the observed jet is
stronger and there are no low-latitude easterlies.

3.4

Meridional Wind

Fig. 3.3c presents the 400 mb JJA meridional wind.

Poleward of 25 S the major features in this field are
associated with the troughs and ridges in the geopotential
height field.

Equatorward of this latitude the meridional

wind is mainly ageostrophic (Fig. not shown).

There is a

region of poleward motion north of the zonal wind maxima
extending clockwise from 0 to 180 degrees and a region of
equatorward motion centered at 150 W.

The 800 nib

meridional wind (Fig. not shown) shows that the former
feature reverses direction in the lower level, indicating
that it is associated with the strong wintertime Hadley
circulation.

The most striking features in the 400 nib DJF

meridional wind shown in Fig. 3.3d are the circulations
consistent with the "continental waves" in the
geopotential field near 20 S.

The higher latitude

features are also consistent with the geopotential field.

3.5

Interpretation of the Wintertime Subtropical Jet

The subtropical jet is a result of the systematic
poleward drift of air in the upper branch of the tropical
meridional cell and accordingly lies near the poleward
boundary of the cell (see Palmen and Newton, 1969).

This

was verified by Physick (1981) when he examined data from
the single winter of the FGGE year and found that Coriolis
acceleration associated with poleward time-mean
ageostrophic flow at the tropopause level dominates the
forcing of the observed jet centered around 25 S.

This explains, at least partially, the closer
resemblance of the simulation at 400 mb to observations at
200 mb during the winter.

The upper level of the model,

that is the level at which the poleward branch of the
Hadley cell must occur, corresponds roughly to 400 mb over
the ocean.

3.6

Thus the forcing of this jet occurs at 400 mb.

Vertical Motion

The 400 mb JJA vertical pressure velocity field
(negative values indicate rising motion) shown in Fig.

3.4a is somewhat complicated, especially in the vicinity
of the continents.

Between 40S and 20 S it shows the

influence of the Andes with rising motion just inland of
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the west coast and sinking motion to the east.

The high

plateau of southern Africa does not produce much upward
motion although there is strong sinking to the east where
the plateau gives way to lower land.
is sinking motion.

Over Australia there

Between 20 S and the equator there is

sinking motion over the oceans west of Africa and South
America and rising motion to the east over the continents.

The 400 nib DJF vertical motion field, shown in Fig.

3.4b, differs in several ways from the winter field.

The

decreased zonal flow during this season appears to cause
decreased orographically forced vertical motion.

Along

the upsiope side of the Andes there is weak rising motion
and over Antarctica the maxima are reduced.

Thermal

effects tend to prevail at lower latitudes with sinking
motion to the west (cool region) of the continents and
rising motion over the continents (warm region).

There is a broad band of tropical and subtropical
rising motion from 0 to 160 E with the strong sinking
motion to the south that was seen in the JJA simulation
absent.

This, along with changes in the meridional

velocity field, indicates that the strong Hadley
circulation has moved to the other hemisphere.
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Antarctica

3.7

There are large gradients in the vertical motion
field in the vicinity of Antarctica, especially over the
more mountainous half extending clockwise from 20 W to 160
E.

The details in the field are difficult to see in these

projections so high-latitude (HL) projections have been
made.

The JJA HL 800 mb zonal velocity, Fig. 3.5a, shows

easterlies over must of the Antarctic region, although
this should not be taken to mean that there are easterlies
in the lower sigma level in the model.

In fact, the lower

sigma level can have weak westerlies everywhere.

Interpolation to 800 mb in regions where the surface
pressure is low results in a contribution to U opposite in
direction to U in the upper sigma level, in this case
tending to create easterlies.

Close examination of the

the HL surface elevation field (Fig. 3.5c) and JJA HL 400
mb vertical pressure velocity field (Fig. 3.5d) suggests
that there are actually westerlies in the lower sigma
level interacting with the orography.

This produces

rising motion where the zonal elevation gradient is
positive and sinking motion where the zonal elevation
gradient is negative.

Addtional features in the vertical

motion field can be accounted for by interaction of the
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800 mb meridional wind (Fig. 3.5b) with the orography.

3.8

Stability of the Mean Flow

Phillips (1954) showed that a homogeneous zonal

current on a-plane became baroclinically unstable when
the vertical shear became stronger than a threshold value
determined by j and the static stability of the flow.

This was generalized by Frederickson (1980) to include the
effect of a meridionally varying basic state and spherical
geometry.

He showed that the meridional gradient of

absolute vorticity in the lower level of a two-level model
replaces

in determining the instability threshold.

This

minimum shear is given by:
(aT ) / (2 sin2è ) {/4 (_) }

SHEARcr1t =

where:

a =
=
=
=

the
the
the
the

earth's radius
static stability parameter
latitude
mean absolute vorticity in the lower

level

This quantity has been calculated from the simulated
mean fields.

It was subtracted from the simulated shear

in the zonal wind and the result for JJA is presented in
Fig. 3.6a; only positive values have been contoured.

This

quantity may be thought of as the shear in excess of the
minimum necessary for baroclinic instability.

In Figs.

3.6b and 3.6c the hf and lf eddy kinetic energy,
respectively, are shown.

There is good correspondence
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(a) The difference between the simulated shear
in the zonal wind and the minimum shear for
incipient instability (see text). Contour
interval 5 rn/s.
(b) The 400 nib hf eddy kinetic
energy.
(c) The 400 mb if eddy kinetic energy.
Contour interval for figures (b) and (c) 10
m2/s2.
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between maxima in the hf eddy kinetic energy and some of
the regions of excess shear, namely in the Atlantic and
far eastern Pacific between 40
Australia.

60 S and east of

There are, however, additional regions of

excess shear, which are generally at lower latitudes and
of a little greater magnitude, that do not correspond with
maxima in the hf eddy kinetic energy field.

Interestingly, they are located a little upstream of
maxima in the if eddy kinetic energy field, e.g., near
south-central South America and southern Africa.
same behavior is seen during DJF (Figs. 3.7a

This

3.7c).

Thus, it appears that (at least) two modes of baroclinic
instability may be occurring in the simulated troposphere:

one is associated with hf disturbances and another is
associated with if disturbances.

3.9

Summary

The model was seen to simulate a strong circumpolar
circulation with a high degree of zonal symmetry during
both seasons.

The polar vortex was weaker during

summertime but it did not show as large a seasonal change
as simulated in the NH.

The deviations from the zonal mean in the 400 mb
geopotential were seen to fall roughly into three bands
each covering 20 degrees of latitude:
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DJF excess shear and the eddy kinetic energy.
(a) The difference between the simulated shear
in the zonal wind and the minimum shear for
incipient instability (see text). Contour
interval 5 rn/s.
(b) The 400 mb hf eddy kinetic
energy.
(C) The 400 mb if eddy kinetic energy.
Contour interval for figures (b) and (c) 10
rn2/s2.
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Between 60-80 S there was some evidence of wavenumber
three, stronger in the wintertime, although it was not
very pronounced during either season.

In the 40-60 S (35-55 S during summer) band,

wavenumber one dominated and was much stronger during the
winter.

Observations contained a similar feature.

The

magnitude, however, showed much more seasonal variability
than observed.

The 800 mb and 400 rtìb ZSTAR fields

displayed anomalies in phase with each other and those in
the 800 nib TSTAR field indicating that the features were

approximately equivalent barotropic.

In observations, orographic forcing has been
suggested as a mechanism playing an important role in
forcing this feature (Wallace, 1983).

However, Van Loon

and Jenne (1972) point out that the geopotential height
and temperature fields in this wave are essentially in
phase with the underlying sea-surface temperature pattern;
which is cause and which is effect is not obvious from
observations alone.

The greatest seasonal variability was seen between
20-40 S.

During wintertime, the simulation was dominated

by wave number one which was 150 degrees out of phase with
that 20 degrees poleward.

The trough was particularly

strong and, coupled with the ridge to the south, formed a
strong block in the time mean fields.

The same feature,

although not as strong, was seen at 800 mb indicating an
equivalent barotropic structure.

Such a strong trough was

not seen in observations and made the simulation appear
markedly different.

Equatorward of the geopotential minimum the
subtropical jet reached its maximum velocity.

To the

north the vertical and meridional velocities were
consistent with a strong Hadley circulation that acts to
The temperature field at 400

accelerate the zonal flow.

mb showed a warm region equatorward of the jet.

It was

suggested that adiabatic compression associated with the
Hadley circulation aided in maintaining thermal wind
balance near the strong jet.
feature was not present.

During summertime this

There were, however, short

wavelength features in the vicinity of the continents.

In the 15-35 S band during the summer, geopotential
anomalies were much smaller in magnitude and were more
regular, appearing in phase with corresponding thermal
anomalies over and to the west of all the continents.
These features reversed phase at the 800 mb level.

At 200

mb observed data showed features similar to those
simulated at 400 mb although they were not as strong.
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The summertime heating over the continents in
conjunction with the relatively small thermal variability
of the SST to the south brought about increased meridional
temperature gradients poleward of the continents.
phenomenon is seen in observations.

This

The strongest

gradient was near the Cape of Good Hope where the single,
relatively indistinct jet appeared during both seasons.
Observations place it approximately 5 degrees poleward.

In general, in comparison with observations, the

model simulated the summertime mean circulation better
than the wintertime.

This was mainly because of the

oversimulation of the subtropical jet near Australia at
400 mb.

Finally, a generalized criterion for incipient
instability of the time mean flow was calculated.

It was

found that some of the regions where instability was
indicated corresponded with maxima in the high-frequency
kinetic energy.

There were additional regions where

baroclinic instability was indicated but the hf kinetic
energy did not show maxima.

The if kinetic energy,

however, showed maxima downstream from these regions
indicating that baroclinic instability produced if
disturbances.
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CHAPTER 4:

4.1

HIGH-FREQUENCY FLUCTUATIONS

R.M.S. Geopotential Height Fluctuations

The JJA r.m.s. geopotential height departure at 400
mb is displayed in Fig. 4.la.

The most striking feature

is the regional dependence of variability.

Clockwise from

90 E to 90 W the strongest activity is located near 68 S.

It is poleward of the most prominent stationary ridge in
the geopotential field and tends to hug the Antarctic
coastline.

Clockwise from 90 W to 90 E the strongest

activity is located near 55 S1 10 W and 50 S, 13 E.

These

are coincident with a broad stationary trough in the
geopotential field.

The relatively weak maximum near 50

S1 30 E will be shown to be associated with the main storm
track.

At low and middle latitudes the field is more-or-

less zonal except southward of the low-latitude jet where
there is a local quiescent region.

This figure may be compared with Fig. 3a of Trenberth
(1982); he used 9 winters of observations at 500 mb to
arrive at his {Z'2}'12 field.

The observations show more

or less zonal structure from the equator to 45 S; there is
no interruption in this symmetry as there was in the
model.

The magnitudes of the observed maxima are comparable
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to those in the simulated field.

There are differences,

however, in the geographical distribution.

Between 50

60 S there are three distinct maxima at 70 E, 160 E and 50
W.

In the model, the maximum over the Indian Ocean was at

the same latitude but shifted westward by about 30
degrees.

The New Zealand maximum was shifted by a

considerable distance poleward and covered a broader range
of latitudes.

The simulated activity near the tip of

South America was shifted eastward to 10 W.

The DJF r.m.s. geopotential height departure at 400
mb is displayed in Fig. 4.lb.

In contrast to the JJA

field there is striking zonal symmetry.

The magnitude

increases poleward from the equator, peaking around 50 S
and then decreases farther poleward.
relatively indistinct maxima.

There are three

The one near 150 W, 55 S

lies just poleward of a ridge in the geopotential field.
The other two are near 30 W, 50 S1 and 80 E, 45 S.

Their

magnitudes are substantially less than those simulated
during the winter season and the latter will be shown to
be associated with the main storm track.

This figure may be compared with Fig. 3b of Trenberth
(1982); he used 8 summers of observations at 500 mb to
arrive at his {Z'2} field.

The observations also show a

striking zonal symmetry that peaks near 50 S.
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The magnitude of the observed maxima are about 20%
stronger than those in the simulated field.

The locations

of the maximum in the southwest Atlantic Ocean and the one
in the central Indian Ocean agree well with the
simulation.

Southwest of New Zealand, however, the model

had a maxima shifted about 40 degrees to the east in the
central Pacific.

4.1.1

High-Frequency Fluctuations

The JJA high-frequency simulated field, Fig. 4.lc, has
four distinct maxima and there is a noticable lack of
activity poleward of the low-latitude jet.
al.

Blackmon et

(1977), in their study of the observed NH winter,

referred to the maxima as storm tracks because eddies in
these areas were shown to display properties which are
characteristic of migratory baroclinic weather
disturbances.

The maximum south of Africa will be shown

to correspond to the main storm track.

Note that this is

a region where "excess shear" was seen in the mean fields.

The maximum to the west of southern South America will
also be seen to be associated with increased incidences of
baroclinic activity.

Near the eastern shore of Australia

(where there is a relatively weak maximum) and 40 degrees

poleward, along the Antarctic coast, disturbances will be
seen to behave somewhat differently.

Note that the latter

maximum in the {Z'2}112 field coincides with one in the
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low-frequency field that is nearly twice as strong.

For comparison, Trenberth (1982, Fig. ha) presents
the 2-8 day band part of his total observed eddy field.

As in the total field, the 2-8 day band does not have a
large quiescent region near 180 E.

The maximum along the

Antarctic coast near 180 E and the weak, local maximum
along the eastern Australian coast are not present.
main storm track is located near 50 S.

The

It is of greater

amplitude and geographical extent than the simulation; it
extends well east of the simulated one and spirals toward
the pole.

This spiraling may be appearing in an altered

form in the simulation with the end of the spiral
corresponding to the Antarctic maximum.

The DJF high-frequency simulated field, Fig. 4.ld,

has a single maximum located near 45 S extending from 10 E
across the Indian Ocean to near 180 E.

The upstream

portion of this maximum coincides with a region where
there was "excess shear" (see chapter 3).

This field is much more zonal than the corresponding
one during the winter season.

In general, there is a

poleward retreat of activity during this season and
magnitudes of maxima have decreased to about 70% to 80% of
the wintertime values.

These same seasonal differences

can be seen in nearly all the eddy fields examined.
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For comparison, Trenberth (1982, Fig. lic) presents a
figure showing the 2-8 day band part of his total observed
summertime eddy field.

In general the observations agree

quite well with the simulation.
differences.

There are, however, minor

The magnitude of the simulated maximum is

about 85% of the observed one.

In addition, the simulated

maximum is displaced several degrees equatorward of the
observed; this is the region of maximum instability as
inferred from the mean statistics.

Kushnir and Esbensen

(1986) found that their simulated storm tracks were

shifted to the region of maximum instability, i.e., they
were consistent in a "phenomenological sense".

They also

found that their storm tracks had a shorter eastward
extent than those in observations.

4.1.2

Ratio of Variances

In order to see the relative role of the different

periodicities, the ratio of the JJA high-frequency
variance to the total variance is displayed in Fig. 4.2a
A minimum in this field occurs where low-frequency
variance is dominant since the filtered signals are
mutually exclusive.
variability.

There is quite a bit of regional

Areas where the high-frequency signal

represents more than 30% of the total are generally
located in a band between 20

40 S.

There is a
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pronounced break in this band extending clockwise from 160
W to 75 W.

Outside this band, at high and low latitudes,

the significance of the high-frequency signal declines,
with two exceptions.

Around 68 S there is a maximum in

the vicinity of the one found in the {Z'2}112 field.

The

other exception occurs in the tropics and subtropics
equatorward of the low-latitude jet.

It will be examined

in more detail in the section dealing with eddy horizontal
structure and propagation.

Values of the variance ratio range from less than 10%
to 40%; thus the low-frequency signal represents 60% to
90% of the total variance.

Similar values where found by

Kushnir (1985, Fig. 4.2) and by Blackmon (1976, Fig. 6)
for the observed NH winter.

As already noted, Trenberth

(1981) found that high-frequency eddies play a greater

role in the observed SH eddy statistics than they do in
the NH, although he has no figure for comparison to this
particular one.

The ratio of the DJF high-frequency variance to the
total variance is displayed in Fig. 4.2b where, as during
the winter season, it is seen to compose up to 40% of the
signal.
area.

The higher percentage values cover slightly more
High-frequency activity is seen to be strongest at

latitudes north of approximately 20 S and south of
approximately 55 S; the field does not show large regional

deviations from zonal symmetry that were present during
the winter season.

There is a distinct maximum southeast

of Africa.

4.2

Dynamical Properties of High-Frequency Disturbances

In order to better understand the nature of the
disturbances responsible for the fluctuations in the
geopotential field, it is helpful to examine eddy
statistics derived from other dynamic variables filtered
in the same manner.

The geographical distributions,

amplitudes and phase relations between them provides clues
about the dynamical nature of the systems.

High-frequency fluctuations have generally been
related to the life cycle and propagation of weather
cyclones.

Properties of these weather cyclones were first

interpreted in the context of baroclinic instability
theory by Charney (1947) and Eady (1949).

More recently

the theory has been extended by studies like those of
Simmons and Hoskins (1976 and 1978) and Frederiksen (1978
and 1980) to more realistic situations.

Studies examining

observed data (e.g., Hartmann, 1974; Blackmon, 1976;
Blackmon et al.,1977; Lau, 1978 and 1979a; Lau et al.,

1978; Trenberth 1981 and 1982; Physick, 1981) and AGCM
data (e.g., Blackmon and Lau, 1980; Mullen, 1980; Kushnir
and Esbensen, 1985 and 1986) have clearly demonstrated the
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agreement between the observed properties of these
fluctuations and the theoretical modes of baroclinic
instability of realistic atmospheric basic flows.

Most of

this demonstration was accomplished by analysis of simple
statistical fields, mainly averages, variances and
The properties of theoretical modes of

covariances.

baroclinic instability and their relationship to the
statistical fields may be summarized as follows (Kushnir
and Esbensen, 1985):

I)

Location:

Disturbances are most intense where the

time-mean is the most baroclinically unstable.

A) A maximum excess of vertical wind shear over
the minimum value necessary for instability on
a sphere as given by Frederiksen (1980).

B) A region of strong "baroclinicity" [considered
by Blackmon et al.

(1977) to be synonymous

with thermal gradient] at the surface.

II)

Shape:

Disturbances generally have relatively short

zonal scales of a few thousand kilometers but larger
meridional scales.

A) A maximum in the band-pass kinetic energy due
to the meridional wind fluctuations (Kr) with
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> K, where K

is the kinetic energy due to

the zonal wind fluctuations.

B) A saddle point in the band-pass K within a
dumbbell-shaped configuration and maxima to
the north and south.

C) A meridionally elongated pattern in the onepoint geopotential correlation field with a
zonal scale of a few thousand kilometers.

III) Propagation:

Disturbances generally propagate

eastward with a phase speed proportional to the
strength of the surrounding large scale flow.

A) A zonally oriented series of minima and maxima
in the one-point geopotential correlation
field resembling "pearls on a string".

B) A phase speed on the order of 10 mIs as
determined from time lagged one-point
correlation fields.

IV)

Structure and Transport:

Disturbances generally tilt

westward with height, a result of their poleward
heat transport.

In the horizontal plane their phases

generally shift to the west both north and south of
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the region of their largest amplitude, inducing a
transport of westerly momentum into the jet stream.

A) Relatively low vertical correlation in {Z'2}'12

at the start of the storm track with larger
correlation toward the end.

B) A maximum in low-level eddy transient heat
flux {V'T'}.

C) A maximum in the {T'2}112 field poleward and

upstream of the storm tracks indicating local
regions of eddy available potential energy.

D) A maximum in the variance of vertical pressure

velocity {I2}

E) Convergence of the band-pass transient eddy
momentum flux {U'V' }.

F) A maximum in the 800 mb {c'T'} field, which is
related to the conversion of eddy available
potential energy to eddy kinetic energy
(AEKE).

G) A positive covariance of vertical motion and
meridional velocity.
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H) A negative covariance of vertical motion and
zonal velocity poleward of the storm track and
a positive covariance equatorward of the storm
track.

4.2.1

Vertical Correlation of Geopotential Fluctuations

The correlation of 800 mb to 400 mb geopotential
height anomaly for JJA is shown if Fig. 4.2c.

The lowest

values occur over the continents with the exception of
Australia.

Note that part of this low correlation may

result from interpolation over orographic features.

The

highest values generally occur in a band between 20

45 S

and there is a large maximum east of Australia and
downstream from the main storm track.

The DJF vertical correlation of Z'at 400 mb to Z' at
800 mb is shown in Fig. 4.2d.

Similar to the wintertime

fields there is evidence of strongly baroclinic
disturbances over Africa, Australia and Antarctica.

In

contrast, however, there is now evidence of these
disturbances over Australia.

In addition, the minimum

over South America has moved away from the vicinity of the
Andes and developed a greater eastward extent; the African
minimum also appears to extend a little farther eastward.
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There is a weak mid-ocean minimum in the eastern Pacific.

4.2.2

Temperature Fluctuations

The high-frequency r.m.s. values of the JJA
temperature anomaly field at 800 mb are shown in Fig.
4.3a.

In general, activity increases poleward and there

is a maximum southwest of the main storm track as defined
by the maximum in the 400 mb {Z'2}'12 field.

There is

also a tendency for increased activity along the southern
edges of the continents.

Highest activity is near Antarctica where there are
two maxima. One is over the mountainous half of the
continent and it merges into a second, zonally elongated
maximum near the coastline, extending clockwise from 110 E
to 110 W.

Note that the former maxima is in a region

where the 800 mb surface passes below the ground and
therefore is unrealistic.

The 400 mb high-frequency JJA {V'T'} field (Fig. not
shown) shows thermal activity increases near the storm
track and east of Australia.

The two features near the

coast of Antarctica are weak at the 400 mb level
indicating that they were caused by shallow disturbances.

The high-frequency r.m.s. values of the DJF
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temperature anomaly field at 800 mb are shown in Fig.
4.3b.

Two are near the main

There are three maxima.

storm track latitude, 50 S, one to the west of the main
storm track and the other to the west of South America.

The third is somewhat equatorward and over the eastern
shore of Australia.

There is far less activity over

Antarctica than there was during the wintertime.

The 400

mb figure (not shown) is similar.

4.2.3

Zonal Wind Fluctuations

The JJA high-frequency variance of zonal wind anomaly
at 400 mb is shown in Fig. 4.4a.
to be shaped rather broadly.

Mid-latitude maxima tend

There appears to be a north-

south dumbbell shape that has been associated with
observed NH storm track south of Africa extending into the
Indian Ocean.

There is also a hint of this configuration

along the east coast of South America.

The small maximum along the Antarctic coast near 180
E has a different shape as does the larger maximum along
the Australian coast.

The former is a very small region

that shows slight meridional elongation while the latter
is very narrow and displays strong zonal elongation.

Thus

disturbances in these regions are not typical in the sense
that their signatures in the eddy wind fields is not
characteristic of midlatitude transient baroclinic
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disturbances.

The DJF high-frequency variance of zonal wind anomaly
at 400 mb is shown in Fig. 4.4b.

broad band between 30

The field peaks in a

50 S with several maxima nested

within regions of strong vertical shear.

The maxima are

relatively indistinct compared to those in the JJA figure.

Also, the dumbbell shape found in the winter season is not
seen here.

Meridional Wind Fluctuations

4.2.4

The JJA high-frequency variance of the meridional
wind anomaly at 400 mb is presented in Fig. 4.4c.

The

magnitudes of maxima are larger than magnitudes in {U'2}

indicating that high-frequency eddies have larger
meridional scales than zonal scales.

This is the case in

observations (Trenberth, 1981, Fig. 15).

A large zonally

oriented, elliptically shaped maximum, centered on 40

S1

extends from 120 W clockwise to 80 E; within it there are
local maxima to the east of South America and to the
southeast of Africa.

There are also maxima near 180 E,

along the Antarctic coast and east of Australia, shaped
similarly to their respective counterparts in the {U'2}
field.

For these latter two maxima also,

{V'2} > {U'2}.

The DJF high-frequency variance of the meridional

wind at 400 nib is presented in Fig. 4.4d.

There is a

single, elliptically shaped maximum located in the
vicinity of the storm track.

Here, as in the winter

season, the magnitude of maximum is larger than the
magnitudes of the maxima in {U'2}.

Vertical Pressure Velocity Fluctuations

4.2.5

The JJA high-frequency 400 nib r.m.s. vertical

pressure velocity anomaly is shown in Fig. 4.5a.

Largest

values occur over the Antarctic continent, especially over
the high mountains.

They are so large they darkened the

figure and magnitudes greater than 1400 mb2/day2 were not

contoured; these occurred almost exclusively over
Antarctica.

There is a maximum south of Africa in the

vicinity of the main storm track as well as one in the
southeast Pacific near 30S, 110 W.

Small maxima occur over the continents at midlatitudes and there is a maximum along the western edge of
South America that appears to be associated with the
Andes.

Finally, there is a region of relatively

suppressed activity poleward of the subtropical jet.

The DJF high-frequency 400 nib DJF r.m.s. vertical

pressure velocity anomaly is shown in Fig. 4.5b.

There is

a decrease in activity over Antarctica compared to the
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vertical pressure velocity.
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Contour interval 200 mb2/day2.

winter season with the largest maxima occurring in the
mid-latitudes during this season.

Similar to the other

fields examined, this one forms a zonal band at midlatitudes with several maxima nested within; they are
located in the vicinity of strong vertical shear.

Interestingly, at mid-latitudes the geographical sizes and
magnitudes of the maxima are comparable to those simulated
during the winter season; this is in contrast with most of
the other fields.

4.2.5.1

Vertical Pressure Velocity Fluctuations Near

Antarctica

The exceedingly large values of vertical pressure
velocity variance during wintertime in the vicinity of the
Antarctic continent clockwise from 20 W to 170 E may be
explained as the result of orographic forcing by both the
zonal and meridional eddy winds.

This conclusion is based

on the following observations using a series of highlatitude (HL) projections.
Consider:

Ce)' =c' +)'

i) L' = U' (z/x)

ii) {2}
iii)

4' = V' (z/y)
{cJ2}= {c'V' } (z/y)

{cYU' } (?zIx)

{U'2} (z/x) = {U'c)' }

{)2} > 0
{U'2} > 0
{V'2} > 0

{V'2} (?z/y) = {V')' }
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The first pair of equations (i) is a kinematic

relationship between the eddy vertical pressure velocity
(Fig. 4.6a), the eddy horizontal velocity components,
{U'ø} and {V'G)},

(Fig. 4.6b and 4.6c) and the horizontal

gradient of elevation (see Fig. 3.5c).

To test whether

this describes the processes occurring in this region,

r.m.s. values of U', V1 and estimates of the meridional
elevation gradient were used to evaluate the above
relation for

'

in the vicinity of several maxima.

The

values calculated were the same order of magnitude as
those in the actual r.m.s. CA)'

field.

The second pair of equations (ii) requires that the
location of maxima in {)l2} coincide with absolute maxima
in both {k)'U'}

(Fig. 4.6d) and {.)'V'}

(Fig. 4.6e) wherever

the elevation gradient parallel to the horizontal wind
component is large.

The sign of the covariances must be

the same as the elevation gradient.

This relationship is

very pronounced in the region under consideration with
{U'c.)' }

strongest near 80 S, OE and 75 S, 165 E; {V'' } is

strongest in the region clockwise, between the two points.

The third pair of equations (iii) requires that
absolute maxima in {C.)'U'}
in {U'2}

({)'V'}) coincide with maxima

({V'2}) wherever the elevation gradient parallel

to the horizontal wind component is large.

The sign of

the covariances must be the same as the elevation
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Fig. 4.6.

Simulated 2.5-10 day JJA high-latitude figures
(a) The 400 mb vertical pressure.
Contour
interval for figure (a)
1000 mb2/day2.
(b) The 400 mb variance of the zonal wind.
(C) The 400 mb variance of the meridional wind.
Contour interval for figures (b) and (C) : 10
m2/s2.
(d)
The 400 mb covariance between the
vertical pressure velocity and the zonal wind.
(e) The 400 mb covariance between the vertical
pressure velocity and the meridional wind.
Contour interval for figures (d) and (e):
100
(mb m)/(day s).
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gradient.

This relationship is also very pronounced in

all the figures.

Again {U')'} is strongest near 80 S1 0 E

and 75 S, 165 E and {V"J'} is strongest in the region
clockwise, between the two points.

Note that the maximum

in {U'2} and {V'2} near 68 S, 165 E corresponds to a

region where there is increased excess shear in the mean
wind.

4.2.6

Meridional Transport of Zonal Momentum

The JJA 400 mb high-frequency meridional transport of
zonal momentum is shown in Fig. 4.7a.

Baroclinic

instability theory predicts that eddies growing in a
vertically and horizontally sheared basic state (jet) will
transport westerly momentum into the region of maximum
instability, which is usually found slightly poleward of
the jet (e.g., Stone, 1969; Simmons and Hoskins, 1976;
Frederiksen, 1980).

There appears to be locally

intensified convergence in the simulation near the main
storm track and just east of South America.

There is also

convergence away from the immediate vicinity of the storm
track into mid-latitudes forming a "broken" circumpolar
ring extending clockwise from 105 W to 180 E.

The break

results from a region of divergence just downstream from
the low-latitude jet maximum.

Thus eddies act to

deccelerate the mean flow in the jet exit region.

Circumpolar distribution is seen in observations
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(Trenberth, 1981, Fig. 13a; Physick, 1981, Fig. 9).

The

magnitudes of the maxima agree reasonably well with
observations.

The DJF 400 mb high-frequency meridional transport of
zonal momentum is shown in Fig. 4.7b.

There is strong

convergence in the latitudes between 30 S and 50 S with
local maxima in the vicinity of regions of "excess" shear.

In contrast to most of the other fields, the magnitudes of
the maxima are comparable to the winter season's although
the area over which the activity occurs is smaller.

4.2.7

Meridional Transport of Heat

The JJA 800 nib {V'T'} field is shown in Fig. 4.7c.

Theory predicts that eddies growing from baroclinic
instability processes transport heat poleward as they
extract potential energy from the mean flow.

Activity

increases moving poleward from the equator until about 70
S at which point it tapers off.

Four local maxima are

found slightly upstream of maxima in the 400 mb {Z'2}'12

field: one south of Africa (the main storm track), another
west of southern Peru, and two more near 180 E and 60 E
along the Antarctic coast, indicating baroclinic
instability plays a role in maintaining disturbances in
this region.

Note that there is no maximum corresponding

to the one in the 400 nib

{Z'2}'12

field along the east
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coast of Australia.

There is, however, one in the 400 mb

{U'T'} field (Fig. not shown) indicating that upper level

disturbances are transporting heat zonally through this
region although they are not extracting potential energy
from the mean flow.

The upstream location of {V'T'} maxima is consistent

with the fact that eddies grow as they are being advected
and reach their largest amplitude downstream from the
region of maximum instability.

The DJF 800 mb meridional transport of heat by
transient eddies is shown in Fig. 4.7d.

Highest values

are found in the mid-latitudes and the positions of maxima
agree well with regions where there is strong "excess"
shear.

4.2.8

Vertical Transport of Heat

The JJA high-frequency 800 mb vertical transport of
heat,

{L)'T'}, is shown in Fig. 4.8a.

This quantity is

closely related to the conversion of eddy available
potential energy to eddy kinetic energy.

Activity increases moving poleward from the equator
and there are large values over Antarctica.

To better

analyze this region a HL projection of this field is shown
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in Fig. 4.8b.

In the standard projection a contour

interval was chosen to emphasize mid-latitude features and
values greater than -70 mb K/day (they exist only in the
vicinity of Antarctica) were not contoured.

There are three local maxima slightly upstream and
poleward of maxima in the 400 mb {Z'2}1/2 field: one

southwest of Africa, one over eastern Australia and
another, already mentioned near 150 E along the Antarctic
coast.

The magnitude of this latter maximum is quite

large by mid-latitude standards, although it does not
occur where exceedingly large values of {.Y2} were found
to be associated with orographic forcing.

There is no

distinct maximum west of southern Peru at this level
although values are quite high there.

The DJF 800 mb vertical transport of heat by
transient eddies is shown in Fig. 4.8c.

It is very

similar in appearance to the meridional transport of heat.

4.2.9

Vertical Transport if Momentum

The JJA 400 mb high-frequency vertical transport of
meridional momentum,

{c.)'V'}, is shown in Fig. 4.9a.

Theory predicts that disturbances maintained by a
baroclinic energy cycle have high positive correlation
(e.g., Simmons and Hoskins, 1976) between vertical and
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meridional motions.

This is a result of rising motion

ahead of the trough line where there is poleward motion
and sinking motion behind the troughline where there is
equatorward motion.

The field has a maximum over and

extending downstream of the main storm track.

There are

also maxima west of South America and east of Australia,
both near 30 S.

To the south of the low-latitude jet

there is a relative minimum.

A well defined circumpolar region, where values stay
quite high, is centered at 40 S and extends clockwise from
60 W to 60 E at which point it becomes centered near 30 S
and continues around the globe.

This is strongly

reminiscent of the 400 mb mean geopotential height field.
It indicates that mid-latitude, high-frequency

disturbances follow this path as they propagate around the
hemisphere.

This was also suggested in the distribution

of the {tJ'V'} field.

At high-latitudes maxima are large over Antarctica
near 70 S1 20 E, 120 E, and 120 W.

As with the {&)'T'}

field a contour level was chosen to emphasize mid-latitude
features and values greater than 240 m mb/s day have not
been plotted.

The DJF 400 mb high-frequency vertical transport of
meridional momentum,

{(A)'V'} is shown in Fig. 4.9b.

This
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field, like many others during this season, peaks at the
mid-latitudes and has local maxima in the vicinity of
regions of strong vertical shear.

The JJA 400 mb high-frequency vertical transport of
westerly momentum is shown in Fig. 4.9c.

Near 30 S the

field is large and negative (indicating upward transport

of zonal momentum), extending clockwise from 90 W to 150
E; it forms a broken zonal ring with weak positive values
from approximately 150 E to 90 W.

There is a good deal of

activity in the Antarctic region.

As with the other two

fields examined which were covariances involving {)2}, a
contour interval was chosen to emphasize mid-latitude
features.

Absolute magnitudes greater than 100 mb m/s day

were not plotted.

The DJF 400 mb high-frequency vertical transport of
zonal momentum, {c'U'}, is shown in Fig. 4.9th

It is very

similar in appearance to the {c..)'V'} field.

4.3 Summary

In this section the results from an analysis of the
Southern Hemsiphere high-frequency eddies was presented.

As a measure of model performance comparisons were made to
observations when they were available.
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During wintertime the model failed to capture the
observed zonal distribution of high-frequency r.m.s.
geopotential height variability.

Instead, the model

simulated circumpolar symmetry that was interrupted by a
quiescent region poleward of the low-latitude jet.

A

strong block was seen in the time mean geopotential height
in this region.

The model simulated two maxima in the {Z'2}'12 field

that were not found in observations:

one over the east

coast of Australia and another along the Antarctic coast
near 165 E.

Disturbances in these regions were different

than those in the storm tracks.

The maximum near Antarctica was a little difficult to
analyze using the hemispheric projections because fields

involving&' were masked by large values over the
mountainous portion of the Antarctic continent.

An

analysis using high-latitude projections showed that most
of the activity over the continent was orographically
induced while the small region near 68
signs of baroclinic activity.

S1

165 E showed

The area of baroclinic

activity was quite small and maxima did not show the zonal
elongation associated with zonally propagating
disturbances.

This "localized" high-latitude baroclinic

instability corresponds well with a localized maximum in
the shear.
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The maximum over the east coast of Australia was not
associated with strong temperature variance and
covariances in the lower level that are normally seen
where there is baroclinic activity.

Interestingly, there

was evidence of increased thermal activity in the upper
level.

This region coincides with a maximum in the zonal

flux of temperature at 400 mb indicating that disturbances

are transporting heat through this region although they
are not extracting large amounts of potential energy from
the mean flow.

The model also simulated two maxima in the {Z'2}1/2

field that were associated with storm tracks, i.e., the
signals in the various other fields were characteristic of
migrating, baroclinic disturbances.

These were located

poleward of southern Africa and west of southern South
America.

Reasonable agreement on the position (relative

to observations) of these high-frequency maxima was found
although there were discrepancies.

These discrepancies

were consistent in a phenomenological sense on the grounds
that the maxima were located in regions of maximum
baroclinic instability as determined from the time mean
fields.

The same "phenomenological agreement" was found

by Kushnir and Esbensen.

The storm tracks had a shorter

eastward extent than those observed; this was also noted
by Kushnir and Esbensen.
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An intramodel comparison showed that SH winter highfrequency disturbances are slightly weaker than their NH
counterparts and they compose nearly the same percentage
of the total signal.

Observations, in contrast, indicate

high-frequency eddies are stronger in the SH winter and
that they play a greater role in the total signal.

A

direct comparison of the {Z'2}112 field to observations

indicated that the model simulated the total amount of
eddy activity reasonably well although the partition
between frequency bands was not correct.

The summertime simulation agreed with observations
much better than the wintertime.

During summertime, the

model simulated a zonal distribution of high-frequency
r.m.s. geopotential height similar to observations; maxima
The band was

occurred within a band in the mid-latitudes.

displaced approximately 10 degrees northward of the one in
observations, however, and maxima were about 85% as
strong.

In general activity retreated polewad, but

activity over Antarctica decreased.

A storm track, defined by a maximum in the 400 mb
{Z'2}112 field, was located near the main jet.

Other

fields examined in the vicinity showed the signature of
migrating baroclinic weather disturbances.

The fields

contained additional maxima in regions of "excess" shear.

In general, however, maxima were not much stronger than
neighboring values in the zonal direction.

Thus strong

activity was not highly localized.

Disturbances maintained their baroclinicity over
greater distances, compared with wintertime, as determined
from the vertical correlation of geopotential anomaly.
Low correlations extended farther over oceanic regions.

High-frequency eddies represented from less than 10% up to
40% of the total signal, as during the winter simulation.
In contrast to observations higher percentage values
covered a little more area.
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CHAPTER 5:

HIGH-FREQUENCY DISTURBANCE SHAPE AND
PROPAGAT ION

5.1

Wintertime One-Point-Correlation Analysis

A very useful tool for examining eddy horizontal
structure and eddy propagation is one-point-correlation
analysis and time-lagged one-point-correlation analysis.
This technique has been used in many studies of
atmospheric variability (e.g., Sawyer, 1970; Wallace and
Gutzler, 1981; Blackmon et al., 1984 a and b; Kushnir and
Esbensen 1985 and 1986).

The method involves correlating

the time-series at one point, the base grid point, with
all other points.

If the fluctuations at the base grid

point are uncorrelated with all the other points the
resulting pattern will look like a delta function.

If,

instead, the fluctuations are caused by coherent, largescale wave disturbances, the pattern will resemble the
disturbance that dominates the variability.

With this

method, the distance between the base grid point and the
adjacent minima gives a rough measure of the half
wavelength of the dominant disturbance.

By correlating

the base grid point with all other points at a different

time (time-lagged analysis), say three days previously or
later, propagation characteristics of disturbances may be
determined.

i1J

One-point-correlations and time-lagged one-pointcorrelations were done with base grid points located at
the centers of action in the high-frequency 400 mb
{Z'2}1/2 field for both winter and summer.

The results

are presented below.

5.1.1

Mid-Latitude Disturbances

The JJA correlations for the base grid point located
at 47 S1 30 E, the main winter storm track, are shown in
Figs. 5.la

5.lc for time lags of -3 days, 0 days, and +3

days, respectively.

The

-3 day lag shows the upstream

correlations extending over halfway around the hemisphere.

The stronger patterns are meridionally elongated and the
phase does not change sign in the meridional direction.

The disturbances are aligned nearly parallel to a latitude
circle and have a zonal wavelength of about 4400 km in the
vicinity of Africa.

The 0 day lag pattern is similar in

the vicinity of the base grid point.

Upstream, however,

the correlations have weakened substantially and
downstream the correlations have grown stronger.

There

are several interesting features downstream near 90 E.

The correlation pattern develops a strong NE, SW tilt and
is displaced equatorward of the one upstream.

This is

consistent with the poleward momentum fluxes expected in
the later stages of the eddies' life when it is decaying
barotropically (e.g., Simmons and Hoskins, 1978).
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The correlation of the simulated JJA 2.5-10 day
400 mb geopotential height fluctuation at 47 S,
30 E with that at all other points.
(a) all
other points lagging by -3 days.
(b) all
points at the same time.
(C) all other points
leading by +3 days. Contour interval:
0.1.
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Secondly, there is a split with the majority of the
disturbance being deflected equatorward of the block seen
The

in the time mean geopotential height field.

correlation patterns along this equatorward route are
rounded east of Australia.

The +3 day correlation shows

greater splitting over western Australia.

It also shows

that the disturbances regain their meridional elongation
as they exit the jet region and that there is some
activity in the tropics in the quadrant roughly between 90
The zonal phase speed estimated from these

E and 180 E.

figures is 11 rn/s.

The JJA correlations for the base grid point located
at 45 S, 80 W, just west of the tip of South America, are

shown in Figs. 5.2a

5.2c.

The patterns are generally

similar to those with a base grid point near southern
Africa.

There are some differences, however.

The -3 day

lag shows correlations extending upstream but not as
strongly as in the previous case.

In the western Pacific,

the disturbances are rounded and there is some activity in
the tropics, whereas in the immediate vicinity of the base
grid point the disturbances are meridionally elongated and
the phase does not change sign in the meridional
direction.

The 0 day lag shows weakening of the upstream

disturbances and strengthening of the downstream
disturbances.

The downstream disturbances show strong

northeast-southwest tilt and equatorward propagation; this
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The correlation of the simulated JJA 2.5-10 day
400 mb geopotential height fluctuation at 45
80 W with that at all other points.
(a) all
other points lagging by -3 days.
(b) all
points at the same time.
(C) all other points
leading by +3 days. Contour interval: 0.1.
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tendency is clearer here since the eddies are not affected
by strong mean flow.

The +3 day lag shows more upstream

weakening and downstream strengthening.

There is some

evidence of splitting near 30 E with part of the
disturbance spiraling poleward into Antarctica and part
heading into the tropics.

The zonal wavelength is about

4300 km in the vicinity of South America (42 S) and the
phase speed is about 10 m/s.

5.1.2

High-Latitude Disturbances

The JJA correlations for the base grid point at 68 S1
165 E, the "localized

baroclinic region near the

Antarctic coast, are shown in Figs. 5.3a

5.3c.

The -3

day lag shows only weak correlation upstream and
downstream of the base grid point.

The 0 day lag shows a

spiral of weak correlations to the mid-latitudes over
South America although the +3 day lag does not show
strengthening of these downstream correlations with time.
In fact, they do not show up at all.

The disturbances

tend to be rounder at and upstream of the base grid point
than they are downstream.

The zonal wavelength is about

3000 km in the vicinity of the base grid point and the
phase speed was estimated at 8 m/s.

This shorter

wavelength is consistent with the most unstable baroclinic
mode having a wavelength that is a decreasing function of
latitude.
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Disturbances Near the Subtropical Jet

5.1.3

The JJA one-point-correlation patterns in the
vicinity of the subtropical jet (20 5, 150 E), shown in
Figs. 5.4a

5.4c, display the most unusual behavior.

Far

upstream in the -3 day lag figure, the disturbances are
meridionally elongated and are nearly parallel to a
latitude circle.

Around 60 E, however, they show signs of

meridional phase variation with a node around 10 5; this
creates a checkerboard-like pattern of mid-latitude
disturbances with a mirror image to the north.

Note that

the critical line for these disturbances in near 10 S.
This feature is more pronounced in the 0 day lag figure.

The +3 day lag shows that the disturbances loose their
mirror images abruptly at 150 W, becoming meridionally
elongated as they leave the region.

The zonal wavelength

was estimated at 4800 km, the meridional wavelength at
6100 km and the phase speed at 11 m/s.

One-point-correlation analysis with lags spaced one
day apart confirmed that the disturbances and their mirror
images propagated as a single structure through this
region.

Projections that included the northern latitudes

showed that there is some cross equatorial correlation
associated with the mirror images, although the maxima are
clearly in the SH.

In addition, results at 800 mb

indicate that this is an upper level phenomenon.

SOW

sow

900

C)

b)

a)

lao

I00

lao

Soc

Fig. 5.4.

SOC

SOC

The correlation of the simulated JJA 2.5-10 day
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interval: 0.1.
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The meridional gradient of absolute vorticity at 400

mb (Fig. 5.5a) shows that the area meets the necessary
condition for barotropic instability, i.e.,
the region.

Ya/Y = 0 in

In fact, the zero contour encloses a region

where the odd disturbances were seen in the one-pointcorrelation field.

The 800 mb field never became negative

or went to zero (figure not shown).

It therefore seems

likely that the odd disturbances are a result of
barotropic instability triggered by interaction with midlatitude disturbances.

5.2

Wintertime E-Vector Analysis

Another very useful diagnostic tool for summarizing
the propagation characteristics and shape of eddies is the
so called E-vector.

Following Hendon and Hartmann (1985)

horizontal E-vectors, defined by Eh = ({V'2}
-{U'V'} j

,

were calculated.

{U'2})

i,

It can be shown that they

are parallel to the intrinsic group velocity for
barotropic Rossby waves on a mean basic state.

Information about the horizontal shape of the disturbances
may be deduced from the sign of the x-component of the
vectors.

Meridionally elongated disturbances have a

positive x-component while zonally elongated disturbances
have a negative one.

In addition, the divergence of this

E-vector represents the eddy forcing of the mean zonal
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(a) The JJA simulated mean 400 mb meridional
gradient of absolute vorticity. Contour
interval for figure (a)
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(ms)'.
:

(b) The JJA 2.5-10 day E-vectors calculated
from the simulated wind variances at 400 mb.
(See text for further details.)

wind and thus -Eh may be considered as the net eddy flux
of westerly momentum.

The horizontal JJA hf E-vectors have been calculated
and are superimposed on the u-velocity field in Fig. 5.5b.
In general the vectors have an eastward component at mid-

latitudes indicating eastward energy propagation relative
to the mean wind and meridionally elongated eddies.

The

vectors also tend to have an equatorward component north
of the storm track latitudes consistent with equatorward
propagation of decaying transient baroclinic disturbances.

There is divergence to the north of the storm track
latitudes and, in the case of the African storm track,

this divergence is also seen to the south, indicating that
the eddies are acting to accelerate the zonal mean flow at
these latitudes.

5.3

Interpretation of Disturbance Propagation

The meridional propagation of the disturbances, as
inferred from the vectors, may be interpreted using the
dispersion relation for barotropic Rossby waves on a
-plane:

fr

=

(k2+12)

Solving for 12 gives:
12

=

/

(U-cs)

k2

For 12 > 0 requires:
c

Given values for c

< U < c

+

and k2, values of the zonal wind

that forbid meridional wave propagation may be determined.

This relationship was evaluated by estimating the phase
speed and zonal wavelength of the disturbances using the
time-lagged one-point-correlation figures.
are summarized below.

The results

It appears that the upper limit is

consistently too small, perhaps because of the need to
include the meridional gradient of the mean vorticity in
however the values still provide a "ballpark" figure.

c

= 10 rn/s
/k + c = 19 m/s

c

= 11 m/s
+ c = 23 m/s

= 9 m/s
J3/k2 + c = 19 m/s
c

= 8 m/s
!/k2 + c = 10 m/s

The lower zonal velocity limit forbids meridional
propagation at lower latitudes from eastern Pacific
clockwise to the eastern Atlantic.

In the tropics the

E-vectors show increased activity where the stronger
westerlies dip equatorward west of South America,

decreased activity where the westerlies are weak, and
practically no activity where there are easterlies.
However it appears that the upper zonal velocity limit
forbids meridional propagation starting near Africa and

continuing around to the exit region of the subtropical
jet.

The E-vectors converge in this region acting to

decelerate the westerly mean flow.

The subtropical and tropical region clockwise from
around 60 E to 160 W deserves special consideration.

At

subtropical latitudes there is no indication that energy
is propagating to lower latitudes.

Any tropical

disturbances must be generated in situ.

In addition,

although tropical activity is very small, close
examination of the vectors between 150 E and 180 E
indicates divergence near 10 S and convergence near 15 S.

Thus eddies are acting to increase westerly flow at lower
latitudes and decrease westerly flow at higher latitudes,
i.e., they are acting to decrease the meridional shear.

This is consistent with the notion that barotropic
instability processes are responsible for the oddly shaped
disturbances in this region.

5.4

Summertime One-Point-Correlation Analysis

The DJF one-point-correlations with the base grid
point located at 45 S1 50 E (in the main storm track) are
shown in Figs. 5.6a

5.6c.

The figures resemble the ones

for the winter near the same location.

The patterns are

meridionally elongated and tend to parallel a latitude
circle upstream while downstream they are located slightly
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other points lagging by -3 days.
(b) all
points at the same time.
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equatorward and tilt to the southwest and northeast.

The

correlations do not extend as far upstream and downstream
during the summer, however, and consistent with
differences in the mean flow, there is no split in the
vicinity of Australia.

The DJF one-point-correlations for the base grid point
at 45 S, 115 W are shown in Figs. 5.7a

5.7c.

The

patterns resemble those in the main storm track except
that the centers of action are slightly weaker.

One-

point-correlations were made throughout the hemisphere.
The patterns were very similar in the middle latitudes.

Typical zonal wavelengths were estimated at 4000 km and c
at 10 m/s with little variance.

At high latitudes,

disturbances had shorter wavelengths and slower phase
velocities similar to those during JJA.

At lower

latitudes, correlations values decreased and the patterns

lost their characteristic mid-latitude shape approaching
the critical line.

The meridional gradient of absolute vorticity at 400
mb is shown in in Fig. 5.8a.

The field is much more zonal

than the wintertime counterpart and contains no large
region of negative values.
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5.5

Summertime E-Vector Analysis

The DJF E-vectors, Fig. 5.8b, show the strong zonal
symmetry seen in the mean, eddy and one-point-correlation
fields.

There is divergence out of mid-latitudes,

indicating eddies are acting to accelerate westerlies
there and convergence near where the zonal velocity drops
to 10 m/s.

The vectors are relatively non-existent

equatorward of this line.

5.6

Summary

In this section the shape and propagation

characteristics of hf disturbances were examined using
one-point-correlation analysis and the E-vectors of Hendon
and Hartmann.

In most cases the hf disturbances were

meridionally elongated and their phase did not change sign
in the meridional direction.

disturbances had k

At mid-latitudes the

4500 km and c

10 rn/s.

These

findings are similar to those of Kushnir and Esbensen
(1986) for the simulated NH winter.

3000 km and c

8 rn/s.

At high latitudes k

It was suggested that this was

because the zonal wavelength of the most unstable
baroclinic mode is a decreasing function of latitude.

The E-vectors confirmed and broadened the conclusions

drawn from the one-point-correlation figures.

Using

simple dynamical arguments, upper and lower limits of the
U velocity were found that would allow meridional phase
propagation.

Good agreement was found for the case of the

lower limit which appeared to keep wave activity from
Less convincing results

penetrating into the tropics.

were found for the case of the upper limit.

For very

strong zonal winds, however, meridional propagation did
not occur and the E-vectors converged, indicating that the
eddies were acting to decelerate the mean westerly flow.

During JJA along the equatorward side of the
subtropical jet, oddly shaped disturbances were found in
the one-point-correlation figures.

They consisted of a

rounded hf disturbance poleward of the critical line
accompanied by its mirror image equatorward of the
critical line.

The E-vectors indicated that the mirror

images were generated in situ and that the disturbances
were acting to decrease the meridional shear in this
barotropically unstable region.

During DJF disturbance behavior was similar to the
most prevalent JJA behavior.

Seasonal differences in the

time mean flow were reflected mainly in the distribution
and magnitude of disturbances.
zonally symmetric.

DJF activity was nearly
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CHAPTER 6:

6.1

LOW-FREQUENCY FLUCTUATIONS

High-Latitude Activity

The strongest activity in the JJA 400 mb if {Z'2}112

field occurs along the Antarctic coast.

In order to

better analyze this activity, projections showing only
the area from 50 S to the pole have been made.

6.1.1

R.M.S. Geopotential Height and Temperature

Fig. 6.la shows the JJA high-latitude (HL) 400 mb if
{Z'2}'12 field.

There are about five maxima more less

evenly spaced in the zonal direction forming an "egg"
shaped ring.

These maxima are located near 63 S, 35 E; 68

5, 150 E; 68 S, 145 W; 68 5, 100 W; 58 S,

10 W.

The JJA

HL 800 mb {Z'2}112 field (Fig. not shown) resembles the

400 mb field although the upper level maxima appear to be
located slightly upstream.

Figs. 6.lb shows the JJA HL 800 mb lf {T'2}1/2 field.

The field has maxima that are a little upstream and
poleward of those in {Z'2}112.

The largest values are

over the Antarctic mountains are not present at 400 mb
(Fig. not shown) and may be due to the extrapolation
procedure amplifying the fluctuations.

The 800 mb

surface passes below the ground in much of this region.

Horizontal Wind Variance and Horizontal Transports

6.1.2

Figs. 6.lc and 6.ld show the JJA HL 400 mb if {U'2}
and {V'2} fields, respectively.

The {V'2} maxima clearly

straddle the {Z'2}'12 maxima to the east and west.

An

obvious relationship between {U'2} and {Z'2}112 is not
apparent.

There is, however, a south-north maxima pair

near 65S, 150 E reminiscent of those seen in the vicinity
of the storm tracks.

This may be due to a longer

periodicity for "typical" baroclinic disturbances
generated in this region.

The JJA HL 400 mb and 800 mb if {V'T'} fields are
shown in Figs. 6.le and 6.if, respectively.

The figures

show {V'T'} << 0 upstream of maxima in {Z'2}112 and
{V'T'}

0 or {V'T'} > 0 downstream.

Poleward heat

transport dominates, suggesting baroclinic energy
conversions play a role in maintaining the disturbances.

Figs. 6.lg shows the JJA HL 400 mb if {U'V'} field.
Slightly poleward and upstream of most of the maxima in
the {Z'2}112 field, the eddy zonai momentum flux tends to

divergence while slightly poleward and downstream it tends
to convergence.

This forms a quadrapole structure in the

{U'V'} field centered slightly south of the {Z'2}'12
maxima.
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Simulated 10 day low-pass JJA high-latitude
figures.
(a) The 400 mb r.m.s geopotential
height.
Contour interval for figure (a):
10 m.
(b) The 800 mb r.m.s. temperature.
Contour interval for figure (b):
0.5 K.
(C) The 400 mb zonal wind variance.
(d) The
400 mb meridional wind variance. Contour
interval for figures (c) and (d) :
10 m2/s2.
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6.1 cont.

Simulated 10 day low-pass JJA high-latitude
(e) The 400 nib covariance
figures (continued).
between the meridional wind and temperature
(f) The 800 mb covariance
fluctuations.
between the meridional wind and temperature
Contour interval for figures (e)
fluctuations.
(g) The 400 nib covariance
2 (ni K)/s.
and (f):
between the zonal and meridional wind
Contour interval for figure
fluctuations.
(g) :

5 m2/s2.
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Simulated 10 day low-pass JJA high-latitude
figures (continued)
(h) The 400 nib vertical
pressure velocity variance.
Contour interval
2000
mb2/day2.
for figure (h) :
(i) The 400
covariance between the vertical pressure
velocity and the zonal wind fluctuations.
(j) The 400 nib covariance between the vertical
pressure velocity and the meridional wind
fluctuations.
Contour interval for figures
(1) and (j) : 100 (nib m) / (day s) .
(k) The 800
nib covariance between the vertical pressure
velocity and the temperature fluctuations.
Contour interval for figure (k): 50 (nib K)/day.
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6.1.3

Vertical Pressure Velocity Variance and Vertical

Transports

Figs. 6.lh

6.lj show the JJA HL 400 mb if {2) and

eddy covariances {'U'} and {C'V'}.

The values over the

interior Antarctic continent are so large that they dwarf
those associated with the disturbances near the coast.

These covariances are presented to complete the argument
made in the hf eddy section that the exceedingly large
fluctuations in the vertical lf eddy fields are forced by
the Antarctic orography.

The JJA HL 800 mb if vertical transport of heat,
{.YT'}, shown in Fig. 6.1k, appears to be dominated by

orographically induced activity; negative values nearly
surround the continental coastline where the elevation
gradient is very large.

This is likey due to lower

latitude (warmer) air impinging onto the steep orography
which forces it upward.

If the slope of the orography is

less that the slope of the isentropic surfaces but great
enough to impart sufficient vertical velocities, {c)'T'}

will be negative.

A similar argument applies to

equatorward moving air.

Under these conditions the

Antarctic coastline is a region where baroclinic growth is
favored for disturbances with sufficient horizontal
kinetic energy.
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6.1.4

Summary of High-latitude Disturbace

In retrospect, the JJA HL if {Z'2}'12 field contained

maxima distributed in a zonal ring, flanked to the east
and west by maxima in {V'2}.

A consistent relationship

with the {U'2} field was not clear.

Eddy zonal momentum

fluxes diverged upstream from the {Z'2}'12 maxima and
converged downstream.

The relative distribution of these

fields is consistent with the signature left by quasistationary Rossby waves with slowly varying amplitudes.
At 800 mb the maxima in {Z'2}112 were located slightly
downstream and those in the {T'2}112 field slightly

upstream, indicating a weak baroclinic structure.

At 400

mb {T'2}112 maxima coincided with {Z'2}112 maxima

indicating a more equivalent barotropic structure,

although a net poleward eddy heat transport was seen at
both levels.

The magnitude of {A)'T'} was large near the

Antarctic coast indicating baroclinic conversions were
taking place.

6.2

Mid and Low-Latitude Activity

In the following section, standard pole-to-equator
projections are used to examine mid and low-latitude
activity.
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6.2.1

R.M.S. Geopotential Height and Temperature

Fig. 6.2a shows the JJA 400 mb if {Z'2}1/2 field

using the standard pole-to-equator projection.

Two

features appear that were not, at least not completely, in
the high-latitude figures.

Only the poleward portion of

the maxima near 50 S1 between 20 E and 100 E, was in the
HL figures.

This feature is actually three maxima that

are not easily distinguished from each other.

The maxima

near 40 S, 140 W was not in the figures at all.

The

distribution downstream from here looks like a wavetrain
structure, part of which spirals to higher latitudes.

From the subtropics to about 40 S the figure shows a
relatively zonal distribution with slight waviness
superimposed.

The meridional gradient of activity is

quite large in this band.

During DJF the 400 mb if {Z'2}1/2 field, shown in

Fig. 6.2b, is more zonally symmetric.
50

Values peak between

60 S and there are maxima near 50 S, 30 W; 58 S1 160

W; and 50 S,

95 E.

indistinct.

There is also some waviness in the field

during this season.

The latter two are relatively

The magnitude of the maxima are about

2/3 of those during the wintertime.

The ratio of the 400 mb JJA if {Z'2} to the total if
{Z'2} field is shown in Fig.

6.3a.

This is the compliment
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of a similar field derived using hf data and presented in
the previous section.
and low latitudes.

The if signal is dominant at high

In the tropics it appears to be

strongest clockwise from the Greenwich meridian to about
115 E and over South America.

The same ratio for DJF is show in Fig. 6.3b.

The

role of if variance in the mid-latitudes has decreased
from wintertime while it has increased in the tropics.

The correlation of the JJA 400 mb if Z' to 800 irib

is shown in Fig. 6.3c.

Z'

Correlations are generally greater

than 80% poleward of 20 S.

Interestingly, values greater

than 90% seem to resemble the hf {Z'2}112 field more than
the respective if field.

The correlation of the DJF 400 mb if Z' to 800 mb Z'
is shown in Fig. 6.3d.

Correlations greater than 80%

generally occur poieward of 30 S although they drop off in
the Antarctic region.

Again, largest correlations occur

at the latitudes where the hf {Z'2}112 was at a maximum.

It appears that the if disturbances are slightly more

baroclinic several degrees poleward, where they reach
their maximum amplitude.

The 400 mb and 800 mb JJA if {T'2}112 fields are shown

in Figs. 6.4a and 6.4b.

Similar to the HL figures, at 400
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Fig. 6.4.

(a) The simulated 10 day low-pass r.m.s.
temperature fluctuations at 400 mb for JJA
(b) The simulated 10 day low-pass r.m.s.
temperature fluctuations at 800 mb.
(C) as in
(a) but for DJF.
(d) As in (b) but for DJF.
Contour interval:
0.5 K.

mb maxima in {T'2}1/2 coincide with those in {Z'2}112; at

800 mb the correspondence is not as great.

Also, there

are maxima in {T'2}'12 at 400 mb adjacent to the midlatitude continents.

At 800 mb there are maxima over the

continents.

The 400 nib and 800 mb if {T'2}'12 fields (Figs. 6.4c

and 6.4d) show maxima slightly poleward of those in the
{Z'2}1/2 field at 400 mb.

In addition, at 800 nib there

are maxima over the mid-latitude continents.

6.2.2

Horizontal Wind Variance and Horizontal Transports

Figs. 6.5a and 6.5b show the JJA 400 nib lf {U'2} and
{V'2} fields.

The {V'2} field has a very regular wavelike

structure of maxima starting near Africa, extending around
half the hemisphere and spiraling into the Antarctic
continent.

near 140 W.

The amplitude of the maxima increase markedly
The distance between them is about 3100 km in

tile vicinity of Australia and about 2700 km near 70 S.

Recall at higher latitudes {V'2} maxima were seen to
straddle {Z'2}112 maxima; overlaying figures reveals that

this is the case at mid-latitudes also, although extreme
values of {Z'2}112 are not nearly as pronounced.

This may

partially be explained by the fact that the wind
associated with Rossby waves is almost geostrophic.
for more-or-less constant eddy meridional winds

Thus

(actually
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the {V'2} field indicates it is larger at high-latitudes)

the zonal gradient of geopotential is proportional to the
sine of the latitude and there should be a weaker signal

in the eddy geopotential height field at lower latitudes.

Data sets were filtered with a 40 day lp filter and
the wavelike pattern in {V'2} was not very strong (figure
not shown).

At first glance, the {U'2} field does not

have this wave like structure.

However, close examination

reveals regularly space minima starting just west of the
Greenwich meridian near 30 S and continuing in a clockwise
direction to about 50 S1 165 E.

There are also maxima

related to the jets and to the east of the three midlatitude continents.

These latter maxima coincide with

some in the 400 nth {T'2}1/2 field.

Note that Rossby waves

are transverse waves; if they are nearly zonally oriented
they will leave a strong signal in the meridional wind
field but not in the zonal wind field.

The DJF if {U'2} and {V'2} fields are shown in Figs.
6.5c and 6.5d.

The {U'2} values are largest between

approximately 25 S and 60 S.

There are several small

maxima flanking each of the continents although the
upstream maximum near Australia is displaced poleward.
The {V'2} maxima are at higher latitudes, closer to the
{Z'2}1/2 maxima.

They show a hint of the cellular,

wavelike structure seen in the wintertime field although
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it is difficult to find the same clear relationship with the
{Z'2}112 field.

The JJA if {V'T'} fields at 400 mb and 800 mb are
shown in Figs. 6.6a and 6.6b.

In general, the largest

magnitudes occur poleward of 40 S, the exception being
near 40 5, 140 W.

This is the region where the {V'2}

maxima became larger rather abruptly.

Here {V'T'} << 0

over the upstream portion of the {Z'2}112 maxima and
{V'T'}

0 over the downstream portion.

Farther

downstream there is some evidence of a wavelike structure
that spirals into polar latitudes.

The DJF if {V'T'} fields at 400 mb and 800 mb are
shown in Figs. 6.6c and 6.6d.

At 400 mb the largest

magnitudes occur at high latitudes and tend to be located
upstream and poleward of the {Z'2}112 maxima.

Downstearn

from the {Z'2}1/2 maxima the values are closer to zero.

This is also seen at 800 mb.

At lower latitude, about 20

to 30 S, the field has a rather large magnitude over the
continents.

The JJA 400 mb if {U'T'} field is shown in Fig. 6.7a.

There are maxima that generally coincide with those found
in {U'2}, adjacent to the east coast of all the
continents.

In the case of Africa and Australia, these

are imbedded in a zonally elongated maximum region that
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spirals poleward, along a path similar to the {V'2} field.

The DJF 400 mb if {U'T'} field is shown in fig. 6.7b.

Except for near Australia, the maxima do not generally
coincide with those in {U'2} as they did during the
wintertime.

The JJA 400 mb if {tJ'V'} field is shown in Fig. 6.7c.

Maxima in poleward transport of zonal momentum occur over
and to the east of the continents; they peak just upstream
of those in {U'2}.

Near 25 S, 140 W, where the low-

latitude jet is rapidly decelerating, there is a region of
strong eddy zonal momentum flux divergence.

The DJF 400 mb if {U'V'} field is shown in Fig. 6.7d.

The largest poleward transports of eddy zonal momentum
occur at the mid-latitudes where there are maxima over and
near the continents.

There is also a maximum over the

central and eastern Pacific.

There are some equatorward

transports near the Antarctic coastline.

6.2.3

Vertical Pressure Velocity Variance and Vertical

Transports

The 400 mb JJA if {4)12} field is shown in Fig. 6.8a.

There are two zonally elongated maxima extending east of
180 E.

They both coincide well with maxima in {t)'V'}.
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The one at higher latitudes also coincides with the large
maximum in the 800 mb {V'T'} and {cJ'T'} indicating that it

is associated with baroclinic intensification of
disturbances.

The one at lower latitudes does not show

such a clear relationship with the T' covariances and may
be due to differential advection of relative vorticity.

The 400 mb DJF if {4)l2} is shown in Fig. 6.8b.

Near

20 S there are maxima to the east of the continents
although the one near Africa is quite small.

The

ones

near Australia and South America coincide with ones in
{J'V'} and all three coincide with ones in {(.'YT'}, and to

a lesser degree {V'T'}, indicating that the vertical
motion is associated with baroclinic processes.

The 400 mb if {cJ'V'}, Fig. 6.8c, field has a wavelike

structure similar to the one found in {V'2}.

In fact, the

features in the two fields coincide except downstream of
25 S, 140 W;

{V'2} appears to spiral into the pole at this

point whereas {t.J'V' } maintains a zonal path.

The field is

"noisy" in the vicinity of South America, although it

appears that the wavetrain may split into a poleward and
equatorward component.

There is another wavelike pattern

near 50 S1 first seen near 90 E.

At about 120 W it seems

to merge with the lower latitude one.

Note that the sign

of the covariances is consistent with arguments based on
quasi-geostrophic dynamics applied to equivalent
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barotropic disturbances that are being advected eastward.

The relative vorticity advection term gives rising motion
ahead of a trough where V1 < 0 and sinking motion behind
where V1 > 0.

During DJF the 400 nib if {'-)'V'}

field, Fig. 6.8d,

also has a wavelike structure in the Pacific although it
is stronger in the Indian Ocean and weaker in the eastern
Pacific ocean.

The distance between maxima is

approximately 2300 km, somewhat less than during
wintertime.

The sign of the covariance is consistent with

the above argument.

The 400 nib JJA if {cYU'} and 800 nib {4'T'} fields are

shown in Figs. 6.9a and 6.9b.

The {'J'U'} field, like the

rest of the fields involving U', does not show much
evidence of wavelike structures at these latitudes; {O'U'}

< 0 along the west coast of the mid-latitude continents
and {4)'U'} > 0 along their east coasts.

The 800 nib {'J'T'}

field shows weak negative values over the eastern part of
the continents where maxima in the {U'2} and excess

shear fields were seen. There is also a large negative
region about 10 degrees poleward and 15 degrees to the
east of the one in {Z'2}1/2 near 40 S1 140 W.

Recall that

this covariance is related to the conversion of eddy
available potential energy to eddy kinetic energy.
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Simulated 10 day low-pass covariances.
(a) Between the 400 mb JJA vertical pressure
velocity and the zonal wind fluctuations.
(b) Between the 800 nib JJA vertical pressure
(c)
velocity and the temperature fluctuations.
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Contour interval for figures (a) and (c)
DJF.
Contour interval for
20 (mb m) / (day s) .
10 (mb K) / (day).
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The 400 nib DJF if {c.)'U'} and 800 nib {"T'} fields are

shown in Figs. 6.9c and 6.9d.

The {')'U'} shows a well

defined zonal band of negative values between 20

30 S.

It is broken by positive regions along the downslope of
the Andes, in the lee of the African high plateau and
in western Australia.

At mid-latitudes, the {Ci)'T'} field

is negative along the eastern portion of the continents.

Near 40 S values begin to decrease and there are minima
near 60 S, 170 W and 60 S1 30 W.

The are also minima

along the Antarctic coast.

6.3

Summary

To at least some extent, the if JJA r.m.s., variance

and covariance fields at the middle latitudes display
features that is interpreted at high latitudes as the
result of quasi-stationary waves.

The apparent signature

of the quasi-stationary waves is clearest in the {V'2} and
{c1YV'} fields although it is also seen in the {Z'2}'12

field and as minima in the {U'2} field.

The most

noticeable difference from the HL case is the weaker
baroclinic conversions at middle latitudes, except near 40
5, 140 W where the amplitude of many fields are seen to
increase.

It is worth emphasizing that it is unclear

whether the regions where there is strong baroclinic
conversions represent the orgin of the lf disturbances or
merely regions to which the disturbances propagate and
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grow.

The excess shear field indicates that the

disturbances originate at lower latitudes where baroclinic
energy conversions are much weaker.

Finally, the eddy

fields have smaller magnitudes at middle latitudes than at
higher latitudes.

The 31 DJF r.m.s. and variance fields are more zonal
in nature.

There was some evidence of wavelike features

although it is not nearly as pronounced as in wintertime.
It is strongest in the {)'V' } field and apparent to a

lesser extent in the {V'2} and {Z'2}'12 fields

The

eddies show evidence of baroclinic energy conversions
along the eastern parts of the mid-latitude continents and
at high-latitudes, especially along the Antarctic coast.
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CHAPTER 7:

LOW-FREQUENCY DISTURBANCE SHAPE AND
PROPAGATION

7.1

Winter-Time One-Point-Correlation Analysis

Time-lagged one-point-correlations were performed at
all points where there were maxima in the if {Z'2}112
field.

During wintertime, the patterns depended strongly

on the location of the base grid point, with zonal as well
as meridional dependence.

One common feature was that the

evolution of all the patterns showed downstream
intensification and upstream decay while the base grid
point remained almost stationary.

This indicates

downstream energy dispersion associated with nearly
stationary wave disturbances.

Figures 7.la

7.lc show the if one-point-

correlations for the base grid point located at 65 S1 70
W.

The main feature seen is a wave ray path that

resembles a great circle.

Wave energy appears to emanate

from middle or low-latitudes, disperse poleward and turn
around at high-latitudes, somewhat reminiscent of the
Pacific North American (PNA) pattern.

Also, the

disturbances tend to be meridionally elongated or rounder
at high-latitudes while at lower latitudes they tend to be
zonally elongated.
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7.1.1

Interpretation of Energy Dispersion

Many aspects of this pattern are consistent with
arguments based on theory governing stationary Rossby wave
dispersion on a sphere (e.g., Hoskins and Karoly, 1981).

Away from the source region, wave disturbances are
governed by the linearized non-divergent vorticity
equation on a sphere.

The dispersion relation, assuming a

plane wave solution, is:

Uk _rn(y)k/(k2+12)
where

= the
1 = the
k = the
=

wave frequency
meridional wave number
zonal wave number
is the meridional gradient of absolute
vorticity on a sphere
Urn = the mean zonal velocity divided by the cosine
of the latitude.
This gives the group velocity components:

f/bk

Cgx

c, =

fIk + (2mk2)/(k2+l2)2

= (2jk1)/(k2+12)2

For stationary waves (5= 0), a ray path is defined
by:

dy/dx = cIcgx = 1/k
Since the dispersion relation has no dependence on
kinematic wave theory requires that k must be constant
along a ray path so that the dispersion relation is
satisfied everywhere.
in terms of 12 gives:

Rewriting the dispersion relation

x,
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12(y) :3m(y)/Um(Y)

k2

For many realistic zonal wind profiles,

/Um

decreases with latitude, and therefore 12 decreases with
latitude.

As 12 decreases, the disturbances become

rounder and the ray path bends away from the higher
latitudes.

In addition, it is apparent that stationary

waves are trapped meridionally by easterly flow.

The lf time-lagged one-point-correlation figures for
the base grid point at 68 S, 140 W, Figs. 7.2a

7.2c,

show a similar pattern, however the upstream portion of
the wave train is more zonal.

Again, lower latitude

centers of action tend to be more zonally elongated while

higher latitude ones tend to be more meridionally
elongated.

The figures for the base grid point at 68 S, 150 E,
Figs. 7.3a

7.3b, are more complicated than the previous

two sets of figures.

The base grid point is positively

correlated with a point nearly 60 degrees upstream.

This

point appears to show equatorward energy dispersion.

The

base grid point, however, shows nearly zonal dispersion
for half a wavelength then the wave train turns
equatorward.

Interestingly, the downstream maximum in the

zonal direction also coincides with a strong center of
action in the {Z'2}112 field.
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The figures for the base grid point at 35 S, 140 W
(Figs. 7.4a

7.4c) show a much different pattern.

In the

vicinity of the jet, the disturbances are much rounder and
the wave train is nearly zonal.

Away from the jet the

pattern returns to normal: the disturbances become zonally
elongated and disperse energy equatorward, with the
exception of just upstream from the Andes.

There is some

evidence of lf disturbances with a meridional phase
variation similar to those found in the hf data near 180 E
in the tropics.

The behavior near the jet may be

interpreted by a heuristic extension of the above
theoretical argument in
in the dispersion relation.

which3m(y)

is replaced

bym(xiy)

Strong jet regions are

flanked by regions of small or negative meridional
gradients of absolute vorticity that prohibit meridional
dispersion and that form waveguides (e.g., Branstator,
1983).

A comparison of the 400 nib JJA meridional gradient

of absolute vorticity (Fig. 5.5a) to the one point
correlation fields shows a consistent relationship.

Using

the 10h1 contour as a reference, waveguides are expected
between 7 S and 32 5 in the vicinity of the low-latitude
jet, between 45 S and 70 S poleward of this jet and
between 35 S and 50 S in the vicinity of Africa.

The series of one-point-correlations with the base
grid point located at 22 S, 157 W, Figs. 7.5a

7.5c,

provide a very convincing example of the utility of the
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above theoretical arguments in interpreting how the time
mean flow influences the dispersion of low-frequency
The correlations are hemispheric in nature and

energy.

show the wave trains following great circle-like paths

away from the mean jets and zonal dispersion in the wave
guide regions.

Interestingly, the centers of action that develop

near this base grid point coincide surprisingly well with
the centers of action in the {Z'2}112 field.

Several base

grid points along this wave train where used to calculate
one point correlation figures.

They all showed a similar

correspondence with the {Z'2}'12 maxima, suggesting that

regions of maximum variance throughout the hemisphere are
related.

7.1.2

Quasi-Resonance

Figures were made using V1 data with lags ranging
from -9 to 9 days (Figs. 7.6a

7.6g).

They show a rather

well defined group of several centers of action with the
largest correlations.

This group moves relatively quickly

eastward and travel completely around the globe.

They

also show individual centers of action that move rather
slowly eastward.

In the time it takes for an individual

center of action to move one wavelength, the maximum
correlation group travels once around the globe so that
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maxima occur in the same place.

For the base grid point

chosen, this shows up most clearly off the southeast tip
of Africa.

This seems to indicate that the disturbance is

made up of a wave-packet with a relatively large group
velocity (the velocity of energy propagation).

The

dominant components of this wave packet have a relatively
slow phase velocity (the velocity of lines of constant
phase).

Notice that as the disturbances propagate eastward
they reach their maximum amplitude when they coincide with
maxima in {V'2} indicating that this quasi-resonance

phenomenon is responsible for the wavelike structure in
that field.

The period of oscillation is about 18 days.

This was investigated further by performing one-pointcorrelations choosing other base grid points.

For nearly

all base grid points, this same behavior was found.

When

the base grid point was located at a {V'2} maxima,

however, adjacent correlations were stronger and extended
into higher latitudes more than when the base grid point
was located between {V'2} maxima.

Webster and Keller (1975) found a significant
spectral peak in the EOLE SH data set with a period in
the 18 to 23 day range.

The data showed that disturbances

associated with these fluctuations tended to reassert
themselves with the same phase in roughly the same
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locations.

In addition, they found that the disturbances

had a baroclinic character.

It seems possible, therefore,

that this quasi-resonance phenomenon may be occurring in
the real atmosphere.

The degree to which this type of behavior extended
into the high-latitudes and influenced the {V'2} field
there was investigated.

The figures with lags from -3 to

3 days and the base grid point located at 65 S, 118 E are
presented in Figs. 7.7a

7.7c.

They look and behave

remarkably like those in the set of figures just seen.
Thus the high-latitude disturbances seem to originate at
middle latitudes.

This is consitent with the explanation

for the maxima along the Antarctic coastline.

It was

argued that disturbances that made their way to this
region and possessed sufficient horizontal kinetic energy
would grow baroclinically.

Finally, its should be noted at this point that the
wavelike minima in the {U'2} field are located at the

meridional nodes between the mid-latitude and highlatitude centers of action when they are at their maximum
amplitude.

7.2

Winter-Time E-Vector Analysis

The JJA if E-vectors, superimposed on the mean zonal
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wind field, are shown in Fig. 7.8a.

At low-latitudes away

from the subtropical jet, equatorward energy dispersion
stops near U = 0 which is the expected critical line.

In

the interval from 135 W clockwise to 90 W there is energy
dispersion across the equator where the westerlies dip
northward.

Clockwise between about 90 E and 135 W, the

E-vectors diverge out of the equatorial region and
converge into the subtropical jet indicating that the
eddies are decreasing the meridional shear of the zonal
wind and thus stabilizing the area barotropically.

Recall

that the meridional gradient of absolute vorticity showed
that this area met the necessary condition for barotropic
instability.

At middle latitudes the vectors display a variety of
structures.

Away from the jet, the vectors generally have

an equatorward component strongest at lower mid-latitudes
while they are more zonal at higher mid-latitudes.

At

still higher latitudes they have a poleward component.

There is strong convergence into the subtropical jet from
the south as well as the north; the region to the south
also satisfies the necessary condition for barotropic
instability.

Near the jet and other regions where the

mean flow acts as a waveguide, the vectors have very small
or no meridional component consistent with the zonal
energy dispersion seen in the one-point-correlation
figures.

At high-latitudes (Fig. 7.8b) close examination
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reveals the tendency previously seen for the eddy zonal
momentum flux to diverge (E-vector convergence) upstream
from the location of {Z'2}1/2 maxima and for it to

converge downstream from the same maxima.
pronounced near 58 S1

This is most

10 W.

As was done during wintertime, summertime one-pointcorrelations were made for base grid points located where
{Z'2}112 was at a

maximum.

During DJF the one-point-

correlations also depend on the location of the base grid
point but not nearly as much at mid-latitudes as during
JJA.

As shown in the last section, this spatial

dependence can be interpreted theoretically by considering
the meridional gradient of mean absolute vorticity.

7.3

Summer-Time One-Point Correlation Analysis

The DJF 400 mb meridional gradient of absolute
vorticity at 400 nib

(Fig. 5.8a) is more zonally symmetric

and does not contain large regions with extreme values as
during the wintertime.

Values become low in several

zonally elongated regions at subtropical latitudes and
poleward of about 55 S, although there are not large
negative regions.

At high-latitudes values less than

10-11 form a complete barrier around the top of the globe

but at low-latitudes minimum regions are interrupted by
larger values in the vicinity of South America, Africa,
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and just east of Australia.

The one-point-correlation patterns for the base grid
point located at 60 S, 160 W are shown in Figs. 7.9a
7.9c.

The -3 day lag shows correlations both upstream and

downstream of the base grid point.

The centers of action

form a familiar great circle-like path and the

correlations at low-latitudes stop where the meridional
gradient of absolute vorticity becomes small.

The

simultaneous correlation field shows that the upstream
centers weaken substantially and the downstream centers
strengthen.

The downstream centers also show some

tendency to disperse energy zonally.

Three days later,

the pattern looks much as it did earlier.

The one-point-correlations for the base grid point at
50 S, 30 W

are presented in Figs. 7.lOa - 7.lOc.

The -3

day lag shows what appears to be several great circle-like
paths in different parts of the hemisphere.
simultaneous correlation is quite different.

The

There is

zonal dispersion reminiscent of, but weaker than, that
during the wintertime.

The zonal dispersion is strongest

where wave trains were seen in the {C.YV'} field, i.e., the
Indian Ocean.
same.

Three days later the pattern looks much the

There is, however, a definite tendency for

retrogression equatorward of about 30 S.
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Zonal dispersion and retrogression can be seen more

clearly in Figs. 7.11a - 7.11c which were made with the
base grid point located at 20 S, 145 E.

There is westward

movement at the centers of action near Africa and
Australia and near 30 S1 115 W in the -3 day lag figure.

7.4

Summer-Time E-Vector Analysis

The DJF if E-vectors with the zonal wind field
superimposed are presented in Fig. 7.12.
vectors are zonally symmetric.

In general, the

The vectors have their

largest meridional component at mid-latitudes while at

both low and high-latitudes the vectors have a small or
zero meridional component.
interesting deviations.

There are, however, some

The vectors indicate that the

disturbances are propagating to lower latitudes where the
meridional gradient of absolute vorticity is high, i.e.,
near South America, Africa and east of Australia.

Lower

latitude vectors are largest where the winds are eastward
and much smaller where they are westward.

The exception

is east of Australia where the vectors are large in a
region of westward winds.

Poleward of here, the

meridional gradient of absolute vorticity is large and the
phase velocity is westward: by the above argument,
meridional energy dispersion propagation is allowed.
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7.5

Summary

In this section the if disturbance shape, phase
propagation and energy dispersion were investigated.

These properties were related to the time mean flow and
the rotation of the earth by arguments based on the
linearized, barotropic equation for the conservation of
vorticity and kinematic wave theory.

The results

confirmed and broadened conclusions in the previous
sections.

As in the case of hf disturbances, a critical line
that prohibits meridional phase propagation seems to
exist.

near U

For the case c
0.

0 the critical line appeared

During the summertime, c

< 0 in some areas

and there was evidence that the disturbances were
propagating equatorward where U < 0.

Additional arguments were made in an attempt to show
the consistency between disturbance shape, ray path and
the time mean flow.

The meridional gradient of absolute

vorticity was shown to be a useful field for this purpose.

Away from the jets, the meridional gradient of absolute
vorticity decreased rather smoothly with increasing
latitude, and the disturbances "responded" by bending away
from higher latitudes and changing shape.

Near the

wintertime jets the meridional gradient of absolute
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vorticity became small to the north and south, restricting
energy dispersion to the zonal direction.

The E-vectors confirmed what was seen in the onepoint-correlation figures.

In addition, they showed that

the lf eddies, like the hf eddies, act to decrease the
meridional shear in the region to the north of the
wintertime subtropical jet.

This region met the necessary

condition for barotropic instability.

It was suggested that the wavelike structure which
was most noticeable in the {V'2} field during JJA was a
result of a quasi-resonance phenomenon.

In the time it

takes a disturbance to propagate one wavelength, the
energy associated with it makes one trip around the globe
so that maxima occur repeatedly in the same place.

The

period of this phenomenon was estimated at 18 days.

A

spectral peak with approximately the same period was found
in an observed data set.

An investigation into the

disturbances responsible for this peak indicated that they
had some of the properties of those seen in the
simulation.

Finally, during wintertime, away from the subtropical
jet, the one-point-correlation centers of action found
using V' data had large meridional extents; in some cases
they extended from the pole to the equator.

The strongest
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correlations in these centers of action were at the midlatitudes.

In the jet region the disturbances split into

a poleward and equatorward branch.

When the disturbances

split, there was strong correlation between the poleward
and equatorward branches indicating a common orgin.

Regardless of whether the base grid point was located at
high or mid-latitudes, the upstream centers of action were
remarkably similar and were strongest at the midlatitudes.

On this basis it is suggested that the if

high-latitude disturbances have their orgin in the midlatitudes.

The strong maxima in the mean variance fields

along the Antarctic coastline may then be explained as the
result of baroclinic conversions increasing the eddy
kinetic energy of finite amplitude disturbances that
propagate into the region from middle latitudes.

Baroclinic instability was seen at high-latitudes in the
high-frequency eddy statistics but the resulting
disturbances behaved much differently, indicating that
these are different phenomena.
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CHAPTER 8:

SUMMARY, CONCLUSIONS, AND SUGGESTIONS
FOR FURTHER RESEARCH

The major conclusions of this study may be summarized
as follows:

In general, the model simulated the main features

observed in the time mean circulation during winter and
summer.

During winter it over-simulated the subtropical

jet at 400 mb, however, and the mid-latitude flow was
blocked poleward of this region.

The time mean flow indicated that several regions met
the criterion for incipient instability.

Some of these

regions corresponded with maxima in the high-frequency
kinetic energy field.

Others regions corresponded with

maxima in the low-frequency kinetic energy field.

Thus it

appears that baroclinic instability may have produced both
hf and if disturbances.

The properties of the high-frequency disturbances
were investigated.

In most cases, high-frequency activity

was strongest at mid-latitudes.

The disturbances had

properties associated with migrating baroclinic weather
disturbances.

During wintertime there were disturbances

located at high and low latitudes with unique properties.
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At high latitudes they had shorter zonal wavelengths.

Near the subtropical jet hf disturbances lost their
baroclinic nature, changed shape and grew by barotropic
processes.

The properties of the low-frequency disturbances were
investigated.

Low-frequency activity was strongest

poleward of the strongest hf activity.

The disturbances

seemed to disperse energy consistent with linear theory
governing stationary Rossby waves on a sphere.

During

summertime and wintertime, away from regions of strong
mean flow, the disturbances appeared to emanate from lower
middle latitudes, disperse energy poleward and then turn
back equatorward.

The disturbances were baroclinically

active, especially at higher latitudes.

Energy dispersion

was modified by local changes in the meridional gradient
of mean absolute vorticity, especially during wintertime.

During wintertime, disturbances grew baroclinically along
the Antarctic coast.

It was suggested that this

baroclinic growth was enhanced by the orography.

Also

during wintertime, the disturbances showed a quasiresonant behavior that resulted from their slow phase
velocity, faster group velocity and cyclic path of
dispersion.

The resulting period of oscillation was

approximately 18 days.

Webster and Keller (1974) found a

significant spectral peak with the same period in the EOLE
observed data set.
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This study has used data generated by the OSU AGCM.

It is hoped that the some of the findings extend beyond
the model and into the real atmosphere.

To explore this

possibility, some of the analysis here should be applied
to observed data sets as they become available.

It may

also be useful to apply the analysis to AGCMs with better
vertical resolution.

In addition, the techniques used here could be
expanded to investigate several phenomena further.

For

example, selective compositing may prove useful in
determining the nature of the evolution of an event.

It

may be possible to determine if the regions of excess
shear associated with lf kinetic energy represent a source
of these disturbances.

These techniques might also

elucidate the behavior of if disturbances as they approach
the Antarctic coast and the hf disturbances as they
approach the subtropical jet.

Spatial filtering and

complex empirical orthoginal function analysis may be
helpful in further study of the quasi-resonance phenomenon
at mid-latitudes.
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