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ABSTRACT

Spatial structure and temporal evolution of synoptic time scale variations of the tropospheric zonal mean
flow are studied by extensive cross-correlation analyses, and the degree to which observations agree with two-
dimensional, adiabatic theory is determined. Observational data from seven years of operational daily global
analyses are studied, along with data from the NCAR general circulation model.

Observed zonal mean zonal wind and temperature tendencies are compared with analyzed adiabatic forcing
terms. Although significant correlations are found throughout the extratropics, there are significant equation
residuals in both operational analyses and model data. Model momentum residuals result from calculational
inaccuracies (interpolation to pressure surfaces and spectral aliasing of nonlinear terms) and biases introduced
by once daily sampling; diabatic terms are also important for the daily thermodynamic balance.

Coherent wave-zonal mean flow interactions are revealed via cross-correlation analyses, including fluctuations
in zonal mean temperature, three-dimensional winds, and quadratic wave quantities. Equatorward propagating
wavelike patterns in the meridional plane are observed for both zonal wind and temperature tendencies. These
patterns result from midlatitude baroclinic-wave life cycles, and the signatures associated with wave growth and
decay are revealed with novel detail. New observed features of baroclinic wave life cycles shown here include
coherent fluctuations of the extratropical mean meridional circulation (Ferrel cells), and equatorward propagation
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of midlatitude wave activity (Rossby-wave radiation) as far as the equator.
An individual case study is presented to show the variability associated with a particular event.

1. Introduction

The theory of wave~mean flow interactions applied
to the zonal mean atmosphere has recently received
considerable attention. Edmon et al. (1980) described
the motivation behind using the transformed Eulerian-
mean (TEM) formalism for describing wave-mean
flow interactions, and pioneered its use in analyzing
the time-mean atmospheric structure. Trenberth
(1987) and Pfeffer (1987) used recent observational
data to study the influence of waves on the time-mean
tropospheric flow, both papers comparing the TEM
with traditional Eulerian-mean diagnostics. The role
of transcience in the wave-mean flow interaction
problem has received considerably less attention, par-
ticularly for observational studies. Edmon et al. (1980)
detailed various stages of idealized baroclinic wave life
cycles (from the model results of Simmons and Hoskins
1978) by Eliassen-Palm (EP) flux diagnostics, and
further detail was described in Hoskins (1983). Randel
and Stanford (1985) described the evolution of a par-
ticularly clear life cycle observed during the SH summer
using similar diagnostics. However, these studies fo-
cused primarily on the evolving wave characteristics
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rather than the detailed momentum and thermody-
namic balances throughout the wave life cycles.

The purpose of this study is to provide a compre-
hensive analysis of wave-zonal mean flow variations
in the troposphere from observed data. Seven years of
daily operational analyses are examined, along with
data from a general circulation model (GCM). Two
main questions are addressed here:

1) How well does the zonally averaged variability
(on synoptic time scales) evident in current operational
analyses (and GCM data) agree with zonal mean, adi-
abatic theory? This is answered by comparing observed
zonal momentum and thermodynamic tendencies to
adiabatic forcing terms. Although there are strong con-
temporaneous cross-correlations, there are relatively
large equation residuals in both analyzed and model
data. The cause of the model residuals is diagnosed
and discussed below.

2) What is the structure and evolution of coherent
wave-mean flow variations that repeatedly occur in
the data? This is studied by extensive cross correlation
analyses. The results show coherent, propagating
wavelike variations in the meridional plane for both
zonal mean zonal wind and temperature tendencies.
These patterns result from the growth and decay of
midlatitude baroclinic waves. The correlation analyses
reveal the structure and evolution of the life cycles with
novel detail. The ubiquitous nature of the life cycles is
attested to by their similar character in all seasons and
both hemispheres, along with their nearly identical
characteristics in GCM results.
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a. Theory

The zonal mean equations analyzed in this study
are based on the transformed Eulerian-mean (TEM)
formalism introduced in Andrews and Mclntyre
(1976) and Boyd (1976). These equations have been
subsequently discussed by Edmon et al. (1980),
Dunkerton et al. (1981), Hoskins (1983), and Tren-
berth (1987), among others. The zonal mean zonal
wind and temperature tendency equations in the TEM
formalism are written as

o

E"(f”*"‘DF)* (1)
or  —
E"I'SW*:RT. (2)

These equations (and those following) are the quasi-
geostrophic approximations to the full (primitive)
equations given in Dunkerton et al. (1981), but re-
taining the vorticity of the zonal mean wind [via f
= 2Q sing — (1/a cos¢)d(u cos¢p)/d¢]. The results
to be shown here were insensitive to inclusion of other
ageostrophic terms. Here S is a (latitude-height de-
pendent ) measure of the static stability S = (kT + (8T/
dz)). These equations are written in latitude (¢) — log-
pressure (z) coordinates, where z = In(py/p), with p,
= 1000 mb. Overbars denote zonal means and primes
deviations therefrom. R, and Rr are the respective
equation residuals in Egs. (1)-(2), and can result from
neglected effects (unresolved scales of motion, vertical
advections, friction, diabatic forcings) and/or inade-
quacy of the database.

In Eq. (1) Dris the scaled divergence of the Eliassen—
Palm (EP) flux vector F (also called the wave
driving):

1 1 i} s}
DF= [

—F, + —F, 3
acos¢ - ps | a cose ¢ ¢ 9z } (3a)

where

—-u'v’

Fv= (Fz) = 4 cosop; _@ (3b)
S

and v* and w* are components of the “residual” me-
ridional circulation defined as

— 14 v'T’

* — 5 — 4
vr=v-— az(”’ 5 ) (4a)
— 1 d v'T’

*=w — -_—, 4
w w+acos¢ 3 (cosd) S ) (4b)

Here p, = poe™? is the basic state density profile, with
po=127kgm™
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2. Data and analyses
a. Observed data

Observational results are based on zonal mean cross-
sections from operational three-dimensional wind and
temperature analyses produced by the European Centre
for Medium Range Weather Forecasts (ECMWF).
Daily data are studied for 1980-86. Trenberth and Ol-
son (1988) have extensively discussed the quality of
these data, and have noted apparently spurious changes
in the analyzed zonal-mean meridional and vertical
winds in the tropics (Hadley cell), as the operational
schemes have been modified over 1979-86. The cal-
culations here include analyzed mean meridional ve-
locities [Egs. (4a) and (4b)], but focus mainly on ex-
tratropics (polewards of 20°); Trenberth and Olson’s
results show less spurious variability and suggest more
reliable analyses away from the tropics.

The data studied here have been spectrally truncated
at rhomboidal wavenumber 15, corresponding to a
resolution near 4.5° lat X 7.5° long. Data are available
on pressure levels of 1000, 850, 700, 500, 300, 200,
and 100 mb. Time and meridional finite differences
are calculated using a five point +0.095, —0.690, 0.,
+0.690, and —0.095 centered formulation; this pro-
vides a more accurate approximation to a continuous
derivative for relatively short scale features (of order
four grid spaces) than a three point —0.5, 0, and +0.5
approximation. Vertical derivatives are calculated by
differencing between adjacent available pressure levels,
followed by linear interpolation (in log pressure ) back
to the standard levels.

b. GCM data

Data from a GCM are analyzed here in addition to
the observations. The main advantage of using data
from a GCM is that the instantaneously sampled values
exactly satisfy the governing equations of the model,
so that the data are “perfectly”” sampled. On the other
hand, no GCM is a perfect model of the atmosphere,
and comparisons must be made in light of the respec-
tive differing climates. In particular, the parameterized
physical processes included in the model may have a
different influence than diabatic forcing in the atmo-
sphere; this can be particularly important in the ther-
modynamic budget.

The model analyzed here is the NCAR Community
Climate Model denoted CCM]1; it is integrated with
horizontal spectral truncation at rhomboidal wave 15
(R15) and twelve vertical o-levels. Individual fields are
interpolated to pressure surfaces coincident with the
ECMWF analyses prior to further calculations. Seven
years of daily sampled model data are analyzed here,
and all calculations are made in an identical manner
to those for the observed data. An extensive comparison
of the climate of CCM1 with ECMWEF analyses is given
in Randel and Williamson (1989).
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¢. Data analyses

Cross-correlation analyses are used extensively here.
Correlation statistics are calculated from 90-day time
series centered on each season (1 December-28 Feb-
ruary, 1 March-29 May, etc.), and averaged over the
seven years of data. Significance levels for the corre-
lations here are estimated as in Lau and Chan [1983,
their Eq. (A8)]. Using three days as a conservative
estimate of the e-folding time scale for all the variables
here (i.e., the time lag at which the respective auto-
correlations fall to a value of 1/¢), and using 630 (90
X 7) total observations, an estimate of the standard
deviation for the seasonal correlation coeflicient be-
tween two uncorrelated variables is approximately 0.08;
5% and 1% significance levels for the seasonal corre-
lations here are then approximately 0.16 and 0.21, re-
spectively. The wave-mean flow cross-correlations in
section 5 are four seasonal averages, for which the cor-
responding significance levels are narrowed by a factor
of 2 (near 0.08 and 0.105). These numbers provide
only a rough guide—the main focus in the correlation
analyses are the spatial structures in the meridional
plane, and temporal evolution of the correlation pat-
terns.

When analyzing variations of zonal mean quantities,
it is important to be aware that variance will tend to
increase with latitude due solely to the spherical ge-
ometry of the earth. North et al. (1982) suggest that
the influence of the geometrical increase can be assessed
by comparing the variance of the zonal means with
the zonal mean of the (longitudinal) grid point variance
values. North et al. (1982) show that the increase of
variance with latitude for idealized statistics (and also
for observed geopotential height fluctuations) follows
an approximate inverse cosine of latitude dependence
[their Eq. (8)]; similar dependence (not shown) is ob-
served in high latitudes for the data studied here. To
alleviate this dependence, all subsequent maps of zonal
mean daily standard deviations are multiplied by the
square root of the cosine of latitude.

3. Equation balances for daily variability of the zonal
mean flow

a. Observed data

This section analyzes daily variations in the separate
terms of Eqs. (1) and (2) by presenting meridional
cross sections of the respective daily standard devia-
tions, and the degree to which the equations balance
on a daily basis is evaluated by comparison with the
respective rms equation residuals, Details of the statis-
tics for March-April-May are studied here; similar re-
sults are found in all other seasons.

Figure 1 shows daily standard deviation maps for
the observed time tendency (9iz/dt) and forcing term
(fv* + Dr) in Eq. (1); the rms equation residual is
simply the rms daily sum of both terms. In the time
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FIG. 1. Observed daily standard deviations of individual terms in
the zonal mean zonal wind tendency equation, Eq. (1); contours of
0.5ms™ ' day\.

60 80

average, the balance in Eq. (1) over most of the tro-
posphere is between fv* and Dr (not shown here—
see the results for the Southern Hemisphere (SH) win-

ter in Trenberth 1987); 317/ dt is negligible in the time

mean, and the equation residual has maximum local
values on the order of 1 m s™! day™! (ageostrophic
terms are of order 0.5 m s™! day !, but their inclusion
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does not systematically reduce the time-mean equation
residual). Daily standard deviations of all terms in Eq.
(1) (Fig. 1) peak in midlatitudes in the upper tropo-
sphere (near 300 mb), with the forcing and residual
also having maxima near the surface. The rms equation
residual is somewhat larger than, but of the same order
as, du/dt above the lowest levels, showing that there
can be little expectation of evaluating 91/t beyond a
factor of 2 on a daily basis from these data. The largest
residuals are found near the surface, showing poor bal-
ance in Eq. (1) there. Temporal power spectra for these
variables (not shown ) exhibit maximum power for pe-
riods of order 5 to 10 days; i.e., these variance maps
are for “synoptic” time scale variations.

Figure 2 shows daily standard deviation maps for
terms in the zonal mean temperature tendency equa-
tion, Eq. (2). Local time mean values of Sw¥* in ex-
tratropics are of order 0.25°-0.50°K day !, and the
- convergence of vertical eddy heat flux [an ageostrophic
term not included in Eq. (2)] is of this same order but
does not systematically balance Sw*; there is a rela-
tively large time mean Eq. (2) residual that is presum-
ably balanced by diabatic effects and unresolved scales.
The Sw* daily standard deviations in Fig. 2b are sub-
stantially larger than those of d7/9¢ (Fig. 2a), and the
residual variance is of the same order or larger than
that of Sw*, showing a rather poor quantitative agree-
ment between 37/t and Sw* on a daily basis. These
discrepancies are particularly large above 300 mb. In-
clusion of the appropriate ageostrophic terms in Eq.
(2) does not reduce this large rms equation residual.

Figure 3 shows a set of meridional cross-sections il-
lustrating the contemporaneous correlation coefficients
at each position in the meridional plane between the
time tendency and forcing terms in Egs. (1) and (2);
1.e., (du/dt) versus (fv* + Df) in Fig. 3a, and (37/
(')t) versus (—Sw¥*) in Fig. 3b. In spite of Eq. (1) re-
siduals the same size as the du/d¢ variations (Fig. 1),
Fig. 3a exhibits contemporaneous correlations of order
0.5 in extratropical regions everywhere above the 850
mb level; this shows that at least the sign of 9i7/d¢ can
be estimated from Eq. (1). Note that the correlations
in Fig. 3a are of order 0.3 even throughout the tropics.
Figure 3b shows correlation values of order 0.3-0.5
between 87/9t and —Sw*, polewards of 30° in both
hemispheres (somewhat stronger in the Northern
Hemisphere (NH)); the correlations are strongest over
850-500 mb, with secondary maxima near 200 mb.
No significant correlations are observed in the tropics.

Also added in Figs. 3c and 3d are the correlations
between (9i/9t) and fv* alone, along with (di/dt)
and D alone. The opposite-signed midlatitude corre-
lations in Figs. 3c and 3d demonstrate the opposing
effects of fv* and Dy in Eq. (1), and the dominant
effect of Dy is shown by the positive correlations with
du/8t. Compared to the (f v* + D) correlations (Fig.
3a), the correlations with Dy alone are reduced signif-
icantly above 200 mb and below 500 mb; this is con-
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F1G. 2. Asin Fig. 1, but for the zonal temperature tendency equation
[Eq. (2)] daily standard deviations (contours of 0.25°K day™'; dashed
lines in (a) are 0.375°K day ™).

sistent with a deepening of the effect of localized wave
forcing by the residual circulation (discussed in Dunk-
erton et al. 1981). The positive tropical correlations
in Fig. 3a are seen to be due mainly to variations in
Dr, implying that horizontal momentum flux conver-
gences ( with sources in extratropics ) are coherent with
tropical zonal wind variations; further results to con-
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firm this are shown in section 5a. There are also small
positive correlations with fv* in the lower troposphere
near 10°N and 10°S in Fig. 3¢, showing some coher-
ence between zonal wind and Hadley cell variations
(fv* and ' are nearly identical in the tropics).

Baldwin et al. (1985) have calculated statistics sim-
ilar to those in Figs. 3a and 3d for a much shorter
period of observations, and find values significantly
less than those computed here; the reason for the lack
of coherence in their study is unclear.

b. CCM1 results

The rms zonal momentum equation terms in CCM 1
(not shown) exhibit spatial structures and relative
magnitudes similar to the observations in Fig. 1. In
particular, the momentum residual in the model is of
similar size as that seen in the analyses. The model
momentum residual in these calculations is caused
by 1) interpolation to pressure surfaces and spectral
aliasing of nonlinear terms (the nonlinear terms are
truncated to R15 when calculated in the model, but
not in the calculations here), and 2) the model rms
(diz/dt) is substantially larger than that obtained from
daily # fields; i.e., there is a large fraction of (di/dt)

variance on time scales of less than one day. Horizontal
and vertical diffusions, which are the only other terms
in the model momentum equation, have small effects
on the daily momentum balances in the free tropo-
sphere.

The daily CCM1 thermodynamic balance is some-
what different than that seen in the ECMWF analyses.
Figure 4 shows the Eq. (2) rms values for CCM 1; these
can be compared with the observed data in Fig. 2. The
rms d7/0t patterns are similar to observations, with
maxima in midlatitudes (although the model exhibits
reduced upper tropospheric variability). The rms
Sw* term is fundamentally different between model
and observations: while the observed variance peaks
in midlatitudes above 300 mb (Fig. 2b), the model
fluctuations are largest in the tropics, and do not show
an increase with height. The differences in extratropics
are likely due to poorly analyzed upper tropospheric
w and v'T"’ values in the observed data. In the tropics,
the observed data could lack variability due to poor
observations or analyses, or the model could have ex-
cessive variability due to the nature of the parameter-
ized tropical heating (or both). The rms 37/t equation
residual in the model is nearly identical to the rms
Sw* term (just as in the observed data), due to large
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FIG. 4. Daily standard deviations of individual terms in the zonal
mean temperature tendency equation, Eq. (2), for CCM1 data. Con-
tours as in Fig. 2. Compare with the observed data in Fig. 2.

transient diabatic terms, along with computational in-
accuracies as discussed for the momentum budget
above.

Meridional cross-sections of contemporaneous cor-
relations between model time tendency and forcing
terms show similar magnitudes and spatial patterns to
those for the observed data (Fig. 3). Tropical (du/dr)
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versus (f v* + Dr) correlations are somewhat stronger
in the model than in observations, mainly due to in-
creased correlation with fv*. Figure 5 shows a cross
section of these correlations, which are positive and
extend throughout the troposphere in low latitudes.
Although the observations (Fig. 3c) show only a hint
of such structure, these model results suggest that sim-
ilar correlations may exist in the observed atmosphere
if the data quantity were sufficient.

An important overall result is that there are relatively
large equation residuals and less than perfect correla-
tions in these calculations using daily sampled model
data, even though the model data are sampled precisely.
Because the observations have been assimilated with
the use of a model similar overall to CCM 1, it is unclear
whether the analyzed residuals seen in Figs. 1 and 2
are due to computational inaccuracies, poor data and/
or analyses, or unresolved momentum /thermody-
namic sources and sinks.

4. Coherent wave-mean flow interactions
a. Observed data

Coherent variations among the various zonal mean
variables are analyzed here via lag correlation analysis,
allowing time lag information to be deduced along with
spatially coherent structure in the meridional plane.
The method used here is to choose one time series (in
each hemisphere) as a reference for midlatitude wave
amplitude variations; this reference time series is then
used for correlating all other zonal mean variables. For
the correlations shown here, the wave kinetic energy
at 300 mb, averaged over 40°-50°, is chosen as the
reference time series for each hemisphere. Kinetic en-
ergy was chosen simply for ease of calculation; one
could also choose (for example) geopotential height
variance or potential enstrophy for reference time series
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as measures of wave variance; these other quantities
were tested here, yielding nearly identical results to
those shown below. The 40°~50° latitude reference
position is chosen arbitrarily; the correlation patterns
are not fixed geographically, and the structures ob-
served here move with the choice of midlatitude ref-
erence position.

The correlation analyses are calculated separately
for each hemisphere; the maps are then plotted on
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global meridional diagrams, allowing comparison be-
tween hemispheres. The time series are digitally filtered
before calculating the correlations using a broad 3-25
day band-pass filter to “sharpen” the correlation dia-
grams ( qualitatively similar results are found using the
unfiltered time series); 3 and 25 day limits are chosen
in light of power and cross-coherence spectra of the
observed fluctuations that maximize in this range (not
shown). The correlations were calculated separately
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for each of four 90-day seasons; because it was found
that the results showed little seasonal dependence, cor-
relation diagrams for all four seasons have been aver-
aged together to produce a composite picture of wave-
mean flow interactions. The patterns throughout this
paper are very similar for NH and SH correlations,
and the following discussion focuses on overall char-
acteristics, without reference to a particular hemisphere
(the fundamental nature of the dynamics observed here
is emphasized by the NH-SH symmetry).
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Figure 6 shows correlation diagrams, constructed as
discussed above, for (di/dt) and (f v* -+ Dy) variations,
The correlation maps are shown for time lags of =2,
0, and +2 days; i.e., each time series is lagged with
respect to the wave kinetic energy time series. The i/
dt correlations at lag —2 days in Fig. 6 show strong
negative correlations (denoting decelerations) over
40°-50°, with weaker positive correlations (accelera-
tions) flanking approximately 20° to the north and
south. These correlations are in phase vertically, ex-
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tending throughout the entire troposphere. A nearly
opposite structure is observed at lag +2 days, while the
correlations at lag 0 show strong decelerations some-
what equatorward of those at lag —2 days.

The (fv* + Dr) correlation patterns in Fig. 6 are
very similar to those of (9#/dt), with wavy meridional
patterns and predominantly in-phase vertical structure.
The good pointwise agreement in spatial and temporal
patterns in Fig. 6 is consistent with the positive (du/
o) versus (f v* + Dr) cross-correlation values observed
throughout the meridional plane (Fig. 3a).

The (fv* + Df) term in Eq. (1) represents the total
mean flow acceleration; the direct wave driving is con-
tained in the Dy term, while fv* is a secondary cir-
culation that acts to mitigate D, and redistribute the
forcing in such a way as to maintain thermal wind
balance (Dunkerton et al. 1981). The correlation pat-
terns for the two separate terms f v* and Dy are shown
in Fig. 7. Vectors in Fig. 7 denote correlations with the
EP flux vector as discussed below. The central midlat-
itude f v* and Dy correlation patterns in Fig. 7 show
nearly opposite spatial structures and evolution through
time lags of —2 to +2 days; this demonstrates the mit-
igating effect of f v* on the central D maximum.
Comparison between the Dy (Fig. 7) and (f v* + + Dr)
correlations (Fig. 6) shows the tendency for fv* to
narrow the effective latitudinal scale of the forcing, and
accentuate the wavy meridional structure. Vertical out-
of-phase behavior is found for both fv* and Df pat-
terns above and below 700 mb in Fig. 7, but their com-
bined influence is more nearly barotropic (Fig. 6). The
central Dr maxima move equatorward and deepen
vertically (into the lower stratosphere) over —2 to 0
days, while at +2 days the correlations are nearly op-
posite to those at —2 days. The equatorward Dy neg-
ative maxima (over 10°-30°) at +2 days are more
pronounced than those in high latitudes.

The vectors in Fig. 7 represent correlations at each
position with the separate components of the EP flux
vector [ Eq. (3b)]. The horizontal component measures
correlation with F,, and likewise the vertical compo-
nent with F; the reference arrow in the upper right-
hand corner denotes a component correlation of 0.5
(the reference time series is still the 300 mb; 40°-50°
kinetic energy). The evolution in Fig. 7 shows 1) the
dominance of baroclinic processes (vertical arrows)
during wave growth, and, 2) vertical deepening and
equatorward turning of F throughout the life cycle.
Note that these correlations are all with respect to de-
viations from time mean values; the downward point-
ing arrows at lag +2 days denote a reduction in pole-
ward heat flux (rather than absolute equatorward flux),
as discussed further below. ~

Figure 8 shows similar correlation diagrams for 07/
dt, with vectors at each position denoting component

correlations with the residual circulation components
v* and w*. The 97/dt patterns at —2 days show
warming (positive correlations) over 1000-300 mb
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FIG. 8. Meridional cross-sections of 37/t correlations, with vectors
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(see text for details).

centered near 50°-60°, with out-of-phase correlations
(cooling) near 30°-40°. Vertical out-of-phase varia-
tions are seen above 200 mb, so that overall the 37/
ot patterns exhibit a quadrupole structure in each
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hemisphere. Note these 377/t fluctuations are in ther-
mal wind balance with the di/dt patterns in Fig. 6;
e.g., at lag —2 days the decrease in lower level temper-
4 ature gradient implied in Fig. 8 is associated with a
thermal wind deceleration in the middle and upper
troposphere. The reversed 7/t patterns above 200
mb act to reverse this thermal wind change above that
level. The d7/dt patterns at lag +2 days are nearly
opposite and identical to those at —2 days, while at lag
0 the correlations are similar to those at lag 0, but
shifted ~10° equatorward.
{ Vector residual circulation correlation patterns in
Fig. 8 show clear circulation cells below 200 mb in
each hemisphere, with relative poleward flow in mid-
latitudes over 200-300 mb, upward motion near 40°,
50 and downward motion near 60° at lag —2 days (re-
versed at lag +2 days). There is good agreement be-
- tween observed 67/9¢ patterns and those implied by
w* vectors; i.e., rising w* corresponding to local adi-"
abatic cooling, and vice versa. This is consistent with
the positive cross-correlations observed in midlatitudes
in Fig. 3b. There are only weak hints in the Sw* cor-
relations of reversed circulation cells above 300 mb, as
suggested in the 87/ 9t patterns. These weak upper level
patterns, together with the apparently excessive daily
Sw* variance values (Fig. 2b) and lower cross corre-
lations (Fig. 3b) above 300 mb, suggest that the Sw*
values analyzed in the ECMWEF data above 300 mb
are excessively noisy.

To illustrate the time development of the correlations
more concisely, Fig. 9 shows latitude-~time lag plots of
the correlations of 7°/d¢ at 700 and 100 mb, and di/
dt at 300 mb. These figures show that the strongest

zonal mean flow changes occur on the order of 1-2

YTy Sre—— 20 days prior to and following wave energy maxima; this

LATITUDE gives an estimate of the time scale of wave growth and

decay for individual events. Figure 9 also reiterates the

vertical out-of-phase 97'/dt variations (compare Figs.

9a—c) and the thermal wind balance between 07/dt

and 97/ dt. Note that the zonal temperature and wind

changes in Fig. 9 show clear tendencies to propagate

equatorward in time with a speed near 7° latitude per
day (or 10 m s™').

Figure 10 shows similar diagrams for heat and mo-
mentum flux and EP flux divergence correlations—
here the signs of the heat and momentum flux corre-
lations have been reversed in the SH so that positive
correlations are associated with poleward fluxes (thus
the NH and SH patterns are symmetric). Strong pole-
ward fluxes of heat are seen in midlatitudes at 700 mb
0-2 days prior to upper tropospheric wave maxima
(Fig. 10a), consistent with baroclinic growth of the
waves. Somewhat weaker negative correlations are seen
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near lags of +2 to +3 days. Because the heat flux daily
standard deviations at 700 mb are less than the time
average values (not shown here), the negative corre-
lations at positive time lag in Fig. 9a do not imply
absolute equatorward heat flux, but rather a reduction
in poleward transport.

Momentum flux correlations at 300 mb in Fig. 10b
show poleward flux (positive contours) in midlatitudes
at lags of zero to +2 days, consistent with the strong
equatorward EP flux vectors observed during the baro-
tropic decay phase of baroclinic wave life-cycles (Ed-
mon et al. 1980; Hoskins 1983; Randel and Stanford
1985). There is a clear tendency for the correlation
maxima to move equatorward in time, with significant
values reaching into the tropics at lags +2 to +4 days.
A somewhat surprising finding is that negative mo-
mentum flux correlations occur in middle latitudes 2—
3 days prior to wave variance maxima, and ~1 day
prior to the strongest low level heat fluxes (Fig. 9a).
As with the heat flux variations discussed above, these
correlations denote a reduction in the poleward flux
(a decrease in meridional tilt of the waves) at this time
rather than an actual equatorward flux. The EP flux
divergence correlations (Fig. 10c) show good qualita-
tive agreement with the 8i7/dt correlations in Fig. 9b,
while similar (fv* + D) patterns (not shown) show
nearly exact agreement with all details seen in the diz/
dt correlations. Figure 9c¢ also clearly shows the tropical
influence of waves with midlatitude origins.

Linear theory predicts that local wave potential en-
strophy (4g'?) tendencies should follow patterns of
wave driving D according to

a/az(é q'z/qy) = ~Dr, (5)
where g, is the background potential vorticity gradient
(Edmon et al. 1980). Noting that D = v'q’, this equa-
tion is a linear flux-gradient equation for quasi-geo-
strophic potential vorticity (g’). To demonstrate this
relationship qualitatively in these data, correlations are
calculated between (i) kinetic energy tendency (which
should behave similarly to potential enstrophy ten-
dency—note g, variations were tested and found to be
insignificant in Eq. 5), and (ii) reference time series
of 700 mb, 40°-50° poleward heat flux. This choice
of reference time series is made because the heat flux-
wave energy correlations are strong and peaked rather
sharply in time (see Fig. 10a). Note that the heat flux
peaks ~ 1 day prior to the 300 mb energy maxima (see
Fig. 10a), and this one day needs to be subtracted from
the time lags to make the correlations approximately
comparable to all the previous diagrams.

correlations in (a) and (b) have been reversed, so that positive cor-
relations denote poleward fluxes (to by symmetric with the NH cor-
relations).
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FIG. 11. Latitude-time lag sections at 300 mb of correlations be-
tween wave kinetic energy tendency and reference time series of
v'T’ at 700 mb, 40°-50° (made separately for each hemisphere).
Positive correlations denote local wave growth, negative contours
denote wave decay. The modified time lags on the right axes can be
used to approximately compare with the previous correlation diagrams
(see text for details). Note the meridional spreading of the tendency
correlations in each hemisphere, particularly towards low latitudes.

Figure 11 shows a latitude-time lag diagram of these
correlations at 300 mb; this diagram shows local wave
growth /decay regions associated with low level pole-
ward heat flux; note the modified time lags added on
the right-hand axes in Fig. 11. Strong positive corre-
lations are seen over 40°-60° at (modified) lags —1 to
—2 days in Fig. 11, denoting local wave growth, while
the midlatitude negative correlations over +1 to +2
days show local wave decay. The important point of
these patterns is that they reveal clear meridional
spreading of the wave activity tendency, particularly
towards lower latitudes, in good qualitative agreement
with the Dr development in Fig. 10c. Very similar be-
havior is obtained for the idealized barotropic decay
calculations in Held and Hoskins (1985, their Fig. 6)
and Held and Phillips (1987, their Fig. 2), which are
based on the barotropic equivalent to Eq. (5).

Figure 12 shows dimensionalized EP flux diagrams
constructed to represent a sort of composite life cycle.
These diagrams are constructed as follows: dimensional
values are assigned the separate v'T"’, u'v’, and Dg cor-
relation values previously shown by equating the largest
correlations (at any time lag) with a value of twice the
daily standard deviation. The correlations are weighted
by the square root of the cos(latitude) to account for
the increase of variance with latitude of zonal mean
quantities, as discussed in section 3. These dimensional
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values at each time lag are then added to the time (an-
nual) means of each quantity to produce the signatures
in Fig. 12. The intention here is simply to depict re-
alistic variations throughout a life cycle, including the
time-mean values.

EP FLUX LAG -2 DAYS
T T T T T T T
; : » 4 100
15t [} v
i \
1 \
- 1 P @
= 4,‘ G o\\ *t,r 200 =
?_C, 10 | /l r’ "‘\ " -
I/ ! ‘\\ f w
= el e 300 ¥
T v B I”I’ 2
(&) ' \ogy, w
G S '-n‘\t \ > 500 $
I x
.
> 700
r >
Or: [ 1000
e, 1 1 1 1
-8C -60 -40 -20 O 20 40 60 80
LATITUDE
EP FLUX LAG O DAY
T T T T
L 4 100
' v
’ [
I’ Il
- ; ; o
= eSSy 4 200
¥ o -
- ¢ l&J
I 2
(&1 w
— w
w w
I a
o
LATITUDE
EP FLUX LAG +2 DAYS
T T T T T T T
> AT P « € ¢ r 4 9 ] 100
15 F . )
HEEAY 7 -
; r O :7’,": ‘: - ’ 4 200 g:)
f 10 I~ :' i ,’ ] /I\\ -
- ‘ {25 300
— ne 1—\;4-{ < e T— [ 2 300 @
x :‘\ \ [ ~7 > >
Q v 7 ‘\ ! ’ " (]
— \ _ (3} ) w0
Ww 5 ey - s (¢ — w )’,0- 500 Wi
2 53y N g
1 X oxrs > . "’j—' - ﬂ 700
1 « 8 ‘ *
0 v ¥ < s ¥t 11000
1 1 L ) 1 [EPUR |
-80 -60 -40 -20 O 20 40 60 80
LATITUDE

FiG. 12. Dimensional (composite) EP flux diagrams constructed
from the cross-correlation values, daily standard deviation fields, and
time-mean values (as described in text). Vectors use standard scaling,
and contours are of Dy, with contour interval of 2 m s~/ day ™.



15 FEBRUARY 1990

The structure during wave growth (lag —2 days) is
almost entirely baroclinic, with upper level poleward
momentum fluxes reduced compared to time-mean
values. Barotropic processes become dominant in the
upper levels during maturity and decay, and there is a
reversal in sign of D in the midlatitude upper tropo-
sphere. Associated with this change of sign is a local
loss of midlatitude wave activity via propagation to
low latitudes. Note the heat fluxes in low levels are
always poleward.

Furthermore, the correlations here reveal fluctua-
tions in the Eulerian mean meridional circulations di-
rectly associated with wave growth and decay. Figure
13a shows wave correlations with the Eulerian mean
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meridional circulations (v and W) in a vector correla-
tion diagram, similar to those in Fig. 8 (again using
wave energy at 300 mb, 40°-50° as reference ). These
vectors show a clear indirect circulation cell in mid-
latitudes of each hemisphere, with rising motion in high
latitudes (60° ), sinking near 40°, equatorward flow at
and above 300 mb, and poleward flow in low levels
(700 and 850 mb). These correlations are direct evi-
dence of large-scale wave modulation of the Ferrel cells.
The Eulerian-mean circulation in Fig. 13a is oppositely
directed to the TEM residual circulation in Fig. 8b,
demonstrating the predominant effect (with opposite
sign) of the v'T’ terms in Egs. (4a) and (4b). Wave-
induced Eulerian-mean motions in these observations
are thus opposed to (and less than) the direct eddy flux
divergence terms in Egs. (4a) and (4b). This is exactly
the sense of the meridional circulation anticipated from
localized heat flux variations and incorporated into the
TEM theory.

Figure 13b shows time-lag development of the 200
mb D correlations, which are strongest near lag 0 (i.e.,
coincident with wave energy maxima ); similar behav-
ior is found of 500 mb W correlations. Because v'7”’
correlations are strongly asymmetric with respect to
wave energy (Fig. 10a), this shows that the Eulerian-
mean circulation does not respond to v'7T’ variations
alone (in which case both correlations would be iden-
tically timed), but rather to both eddy heat and mo-
mentum flux divergence variations (as should be ex-
pected).

b. Corroboration in general circulation model results

" Analysis of results from a general circulation model

(GCM) is included here to corroborate the observa-
tional data analyses shown above. Overall the cross-
correlation results are nearly identical to those seen in
observed data, and only selected comparisons are
shown here.

Figures 14a and 14b show 300 mb latitude-time lag
sections of kinetic energy correlations with di#/dt and
Dpr for CCM 1, for comparison with the observed pat-
terns in Figs. 9b and 10c, respectively. The model cor-
relations show the same overall character of wavy me-
ridional structures and reversibility between wave
growth and decay. The model correlations for both
variables exhibit less continuous equatorward propa-
gation than that seen in observations, and furthermore
do not extend to as low latitudes as those observed.
These differences may be related to the lack of transient
eddy poleward momentum flux in midlatitudes in
CCM1, as discussed in Randel and Williamson (1989).
This lack of model momentum flux is consistent with
a reduction in equatorward wave propagation, as evi-
denced in these correlations.

Figure 15 shows dimensional EP flux diagrams for
CCM1, constructed in an identical manner to those
for the observations in Fig. 12. Note that the CCM
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calculations are only made above the 850 mb level.
Time-mean EP flux signatures for both observations
and model are shown in Randel and Williamson
(1989). The overall life cycle evolution revealed here
is very similar between modeled and observed data.
The lag O patterns are somewhat different, with the

model Dy showing less equatorward propagation than
that observed. As discussed above, this is due to the
lack of model transient eddy momentum flux, as evi-
denced by comparing the horizontal vector compo-
nents in Figs. 12 and 15 in the upper troposphere at
lags 0 and +2 days.
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5. Case study

A particular case study of a large amplitude wave—
mean flow interaction event is described here to rein-
force the correlation analyses and illustrate the differ-
ences that can be evident with any particular event.
The case is similar in many aspects to the baroclinic
wave life cycle in the SH summer analyzed by Randel
and Stanford (1985); the main addition here is that
the associated meridional circulations are also ana-
lyzed. The particular event is chosen from the latitude-
time cross section of zonal mean wind, and time series
of poleward eddy heat flux and EP flux divergence for
1984 (shown in Fig. 16). The v'T"’ and Dy plots (Fig.
16b) illustrate the episodic nature of wave events with
a time scale of order 10 days. This event is in the NH
during October, as marked by the arrows in Fig. 16,
and was chosen for no other reason than its relatively
large amplitude.

1984 300 MB UBAR

MWOO . s U

20 F

80

60

40

LATITUDE

o
o
T

N
o

700 MB VT (k-M/S)

(=)
T
1

300 MB DF (M/S PER DAY:

20

JA FB MR AP MY JUN JY AG SP OC NV DC

FIG. 16. (a) Latitude-time section of zonal mean zonal wind during
January-December 1984; contours of 10 m s~!. (b) Time series of
700 mb poleward eddy heat flux (solid line, left ordinate) and 300
mb EP flux divergence (dashed line, right ordinate), averaged over
30°-60°N. The case study analyzed here is indicated by the arrow
in each panel.
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Figure 17 shows polar stereographic plots of the 300
mb geopotential throughout this life cycle. Very intense
development is seen between 13-16 October; the low
level poleward heat flux peaks on 15 October. Wave
amplitudes are largest over 16—18 October, culminating
with a separation of the two lows near 110° and 170°W
from the main vortex (Fig. 17¢). The hemispheric pat-
terns return to a more normal situation by 20 October
(Fig. 17d) as the wave amplitudes decrease. Quasi-sta-
tionary zonal waves 4-6 dominate the wave spectra
throughout this event.

Wave-mean flow diagnostics are analyzed by taking
3-day means prior to and subsequent to wave ampli-
tude maxima: 14-16 October-and 18-20 October, re-
spectively (referred to hereafter as pre- and postmax-
imum means). Both 0000 and 1200 UTC ECMWF
analyses are used in the 3-day averages.

Figure 18 shows meridional cross-sections of dit/dt,
EP flux cross sections, and 97/ d¢-vector residual cir-
culation diagrams for the pre- and postmaximum av-
erages. The di/dt and Dy contours in Fig. 18 have
been multiplied by cos(latitude). The premaximum
du/dt (Fig. 18) shows deceleration over 50°-60°,
peaking near —1 m s~! per day, with weaker acceler-
ation regions flanking approximately 15° to the north
and south. The premaximum EP flux diagram (Fig.
18b) shows strong heat flux in low levels over 40°-
60°, with strong flux convergence (maximum —10 m
s~! per day) in the upper troposphere. There are weak
regions of positive Dy poleward and equatorward of
the central negative Dr maximum. The fv* accelera-
tion (not shown ) has a pattern similar to and opposite
that of Dy in Fig. 18b, with a central maximum near
6 m s™! per day; the analyzed residual of Eq. (1) (not
shown) has maxima of order 1 m s™! per day; of the
same sign and slightly larger than the observed di/dt.

Figure 18c shows components of the residual cir-
culation plotted as vectors in the meridional plane; the
arrows are drawn such that they represent the net parcel
displacements that would occur over three days. Strong
midlatitude poleward flow centered near 300 mb is
seen in this diagram, consistent with the fv* acceler-
ation discussed above. The overall patterns show a
clockwise circulation cell over 1000-300 mb, with hints
of a weaker one of opposite polarity above 300 mb.
The observed 877/ ¢ patterns are also added in this dia-
gram, showing good qualitative agreement with ob-
served w* vectors; i.e., a quadrupole pattern in mid-
latitudes. However, the zonal temperature tendency
estimated from Sw* is more than twice as large as that
observed, and there is a large residual to Eq. (2).

The postmaximum averages shown in Fig. 18 show
primarily a reversal of the premaximum patterns. The
zonal wind exhibits acceleration over 50°-60°, flanked
by deceleration regions. The EP flux diagram shows
positive divergence in the midlatitude upper tropo-
sphere, and negative patterns to the north and south.
The low level heat flux has decreased markedly from
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FiG. 17. Northern Hemisphere polar stereographic projections of the 300 mb geopotential height contours
during wave growth /decay event case study, 13-20 October 1984. Geographic outlines are added in (a).

" the premaximum average, although it is still poleward.
The fv* acceleration again primarily balances Dp,
with Eq. (1) residuals somewhat larger than observed
oujot.’

The postmaximum residual circulation (Fig. 18f)
shows less coherent structure than the premaximum
average, but there is an overall reversal of the high
latitude patterns in Fig. 18c, in qualitative agreement
with the observed d7'/3t contours. Postmaximum Eq.

(2) residuals are again of order twice the observed
aT/ar.

6. Summary and discussions

Daily balances in the zonally averaged tropospheric
flow have been analyzed here by (i) comparing daily
rms equation residuals to rms values of the individual
terms, and (ii) correlating observed time tendencies to
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FiG. 18. Premaximum (top) and postmaximum (bottom) 3-day average meridional cross-sections during case study. Shown are (left)

observed dii/dt (contours of 0.5 m s~! day™'), (middle) EP flux diagrams (the vectors use standard scaling, and contours are 2 m s~

1

day™'), and (right) residual circulation vector diagrams with observed 37/d¢ (K day ™). The residual circulation vectors (right) are drawn
so that their lengths indicate net displacement that would occur in three days.

observed forcing terms. The observed zonal mean wind
and temperature tendencies both show strong corre-
lations with values anticipated via Eqs. (1) and (2)
throughout much of the extratropical troposphere
(away from the surface). Tropical zonal wind tendency
fluctuations are coherent with those anticipated from
quasi-geostrophic wave driving, while tropical temper-
ature tendencies are incoherent with analyzed zonal
mean vertical velocities. This latter statement holds
even for 1986, when ECMWF analyses of the Hadley
circulation were improved substantially over prior years
(see Trenberth and Olson 1988). Zonal wind equation
residuals are of the same order as observed di7/d¢ values,
suggesting daily tendencies can only be estimated to
within a factor of 2. Zonal temperature equation re-
siduals are substantially larger than observed tenden-
cies, showing little hope of quantitatively estimating
90T /0t values. This is particularly true above 500 mb,
likely due to poor analyses of mean meridional cir-
culations above this level. Overall similar results are
seen in analyses of GCM data. Momentum and ther-
modynamic residuals in the model data are due to cal-
culational inaccuracies and sampling biases (as dis-

cussed in section 4b), while thermodynamic residuals
have contributions from parameterized diabatic terms.

The evolving signatures of baroclinic wave life-cycles
and their influences on the mean flow have been re-
vealed here via cross-correlation analyses, including
coherent fluctuations in zonal mean temperature,
three-dimensional winds, and quadratic wave quanti-
ties. Observed zonal wind tendency variations are
nearly barotropic throughout 1000-100 mb, and ex-
hibit meridional out-of-phase behavior with a half-
wavelength near 15° latitude. Kidson (1988) has noted
similar structure for synoptic time scale zonal wind
fluctuations in a 15-year sample of Australian analyses;
somewhat longer meridional scales were observed for
lower frequency fluctuations. Quadrupole variations
in 87°/at are observed here, with vertical and meridi-
onal out-of-phase correlation maxima (in thermal wind
balance with 8i/d¢ variations); these fundamental
patterns of variability are also revealed by empirical
orthogonal function (EOF) analyses (not shown here).
These di/dt and T/ dt patterns are in good agreement
with those anticipated due to localized forcing of a bal-
anced symmetric vortex; see for example the temper-



456

ature tendency patterns in Garcia (1987; his Fig. 12).
Similarly, the residual circulations observed here are
in good agreement with those anticipated for localized
forcing (Eliassen 1951; Dunkerton et al. 1981; Garcia
1987; his Figs. 11 and 14). However, in spite of these
good qualitative agreements, the maximum contem-
poraneous correlations are only of order 0.5-0.6 (i.e.,
25-35 percent linearly dependent variance), even for
“perfectly” sampled GCM data. There are thus sub-
stantial limitations to the quantitative application of
adiabatic, zonal mean theory to observed tropospheric
variations.

The correlation analyses here reveal that poleward
heat flux correlations (which are strongly positive prior
to wave variance maxima, demonstrating baroclinic
wave growth) are negative during wave decay; these
negative correlations result from a systematic decrease
in poleward heat flux this time rather than actual equa-
torward flux. Strong poleward momentum fluxes are
observed coincident with and subsequent to wave vari-
ance maxima (i.e., barotropic decay of the waves); a
new finding here is the negative correlations several
days prior to wave amplitude maxima. These corre-
lations result from a decrease in the poleward flux dur-
ing this time; i.e., the waves exhibit small meridional
phase tilts just prior to their largest baroclinic growth.
Clear meridional propagation of midlatitude wave ac-
tivity (Rossby wave radiation ) is observed; momentum
flux and zonal wind tendency variations can be traced
deep into the tropics.

An interesting aspect of all the correlations shown
here is the degree of symmetric reversibility between
wave growth and decay phases (most of the patterns
in Figs. 6-8 are reversed between lags of —2 and +2
days). This aspect is very reminiscent of the wave am-
plitude vacillations obtained by Thompson (1987) as
the response to differential heating in an idealized two
level, quasi-geostrophic model. Thompson’s model
produces regular wave amplitude vacillations due solely
to baroclinic wave~mean flow interactions; in partic-
ular, positive and negative poleward eddy heat varia-
tions (about the time-mean value; the net heat fluxes
are poleward at any instant). The positive and negative
heat flux correlations (Fig. 10a) suggest that one might
view the coherent fluctuation in zonal means observed
here in a qualitatively similar manner to Thompson’s
simple model results (although barotropic effects,
which are neglected by Thompson, are certainly also
important here). Note that although such reversibility
can be suggestive of linear behavior, Thompson’s vac-
illations are fundamentally nonlinear.
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