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ABSTRACT

The planetary wave parameterization scheme developed recently by Garcia is applied to stratospheric circu-
lation statistics derived from 12 years of National Meteorological Center operational stratospheric analyses.
From the data a planetary wave breaking criterion [based on the ratio of the eddy to zonal mean meridional
potential vorticity (PV) gradients], a wave damping rate, and a meridional diffusion coefficient are calculated.
The equatorward flank of the polar night jet during winter is identified as a wave breaking region from the
observed PV gradients; the region moves poleward with season, covering all high latitudes in spring. Derived
damping rates maximize in the subtropical upper stratosphere (the ‘‘surf zone’’), with damping time scales of
3-4 days. Maximum diffusion coefficients follow the spatial patterns of the wave breaking criterion, with
magnitudes comparable to prior published estimates. Overall, the observed results agree well with the parame-

terized calculations of Garcia.

1. Introduction

It is generally accepted that dissipation of planetary
waves in the middle atmosphere is greatly enhanced by
‘‘breaking,”’ that is, by the cascade of wave properties
to small scales where they can be acted upon more
readily by processes such as radiative damping and
mixing. Wave breaking can be simulated in numerical
models of sufficiently high spatial resolution, but it
must be parameterized in lower-resolution models and
indeed in two-dimensional models, where zonally
asymmetric motions cannot be represented explicitly at
all. In a recent paper, Garcia (1991, hereafter G91) has
attempted to characterize the wave breaking process in
terms of a dissipation rate, é, derived from the linear-
ized, steady-state equation for the conservation of plan-
etary wave activity:

_ —V-(CA)

6
2A

(1)
where C, represents the group velocity and A is the
quasigeostrophic wave activity density (also known as
the angular pseudomomentum). The idea embodied in
Eq. (1) is that, in regions where the wave amplitude
exceeds some ‘‘saturation’’ criterion, excess wave ac-
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tivity must be dissipated at a rate dictated by the con-
vergence of wave activity flux, V-(C,A), into the re-
gion. Garcia also showed that, under certain assump-
tions, one can derive a horizontal diffusion coefficient,
K,,, as a function of é. This approach has the advantage
of providing mutually consistent estimates of the effect
of planetary wave breaking on the mean meridional
circulation and on diffusive transport.

In addition to its possible application to low-reso-
lution models of the middle atmosphere, Garcia’s treat-
ment of wave breaking is of interest in that it provides
a simple conceptual framework for interpreting why
wave breaking occurs and how its distribution changes
as a function of location, season, and the strength of
wave forcing. Following results of other authors (e.g.,
Haynes 1989), the parameterization is based on the
assumption that barotropic instability is the mechanism
that precipitates wave breaking. Wave saturation, and
hence wave breaking, is assumed to occur in those
regions where the eddy potential vorticity gradient ex-
ceeds the background zonal mean value, that is, in
regions where the necessary condition for barotropic
instability (Charney and Stern 1962) is met. The pa-
rameterization also identifies wave group velocity as
the most important factor determining the dissipation
rate due to breaking, as per Eq. (1).

As noted by G91, this simple approach to parame-
terizing wave breaking yields physically plausible re-
sults for the dissipation rate, 6, and for the horizontal
diffusion coefficient derived from the dissipation rate.
In particular, the magnitude of 6 agrees well with es-
timates obtained from high-resolution numerical mod-
els (e.g., Robinson 1988) and from the observational
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study of Randel (1990). The derived diffusion coeffi-
cients are also consistent with recent work (e.g., Plumb
and Mahlman 1987; Juckes 1989; Salby et al. 1990;
Yang et al. 1990). In spite of this good overall agree-
ment, the parameterization has not been tested exten-
sively on stratospheric observations. The purpose of
this paper is to make such detailed comparisons with
climatological data for the stratosphere. We utilize Na-
tional Meteorological Center (NMC) daily strato-
spheric analyses on pressure levels between 100 and 1
mb for the years 1979~1990. These data cover a period
long enough to establish a stratospheric climatology
against which the results of the wave breaking param-
eterization can be compared. Agreement between the
numerical results of G91 and those obtained from the
NMC data would enhance our confidence in the former
and provide a simple theoretical basis for the interpre-
tation of the latter.

Section 2 of the paper describes the NMC dataset
and the methods used to analyze it. Estimates of dis-
sipation rates and diffusion coefficients due to wave
breaking, their spatial distribution, and seasonal evo-
Iution are presented in section 3. The results are con-
trasted with the predictions of Garcia’s parameteriza-
tion and with estimates of stratospheric diffusion co-
efficients obtained by other authors. A summary and
discussion are provided in the last section.

2. Data and analyses

The data to be examined are daily stratospheric geo-
potential height analyses produced at NMC, available
on pressure levels of 100, 70, 50, 30, 10, 5, 2, and 1
mb. These height fields are used to derive hydrostatic
temperatures and linear balance horizontal winds, as
described in Randel (1992). Because the focus here is
on the quasigeostrophic equations, and because eddy
wind derivations are problematic in the tropics, we
show results only poleward of 20° in each hemisphere.
Climatological averages shown here are taken over the
12 years, 1979-1990.

This paper examines several highly derived quanti-
ties related to the quasigeostrophic potential vorticity
(PV) fields. The zonal mean PV gradient g, is given
by: : ’

_ 20 19 1 9 ,_
O cos¢é a? 0¢ [cosd) ) (@ cosd>)] -
7} 1 ou ‘
_ soan2 a0 9| -z 2 OY
(29 sing)*e % [e e Bz:l , (2)

where notation is standard, following Andrews et al.
(1987). The vertical coordinate is z = H In(1000 mb/
p), with H a constant scale height of 7 km. Throughout
this paper, overbars denote zonal means and primes
deviations therefrom. The eddy potential vorticity, q’,
follows the definition of Palmer (1982):
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Because the NMC data are archived as zonal Fourier
components on a latitude—pressure grid, zonal deriva-
tives are calculated spectrally, while latitude and pres-
sure derivatives are calculated using finite-difference
approximations. Also, due to the large number of de-
rivatives involved in (2)-(3), a 1-2-1 meridional
smoothing was applied to the resultant fields.

One fundamental difficulty arises in the comparisons
because the parameterization scheme of G91 is derived
for a single zonal wave component, whereas observed
stratospheric variability has significant contributions
from at least zonal waves 1 and 2. A straightforward
way around this difficulty is to assume that the indi-
vidual zonal waves do not attain large amplitudes si-
multaneously and sum the contributions from the in-
dividual waves for a total wave effect. Although such
an idealized situation is not always realized, it is nev-
ertheless fairly consistent with observations (e.g.,
Smith et al. 1984), and we proceed assuming such a
separation.

The criterion for planetary Rossby wave breaking
defined by Garcia is that the eddy PV gradient exceeds
the zonal mean PV gradient, that is,

lg;y1/g, > 1. (4)

The rationale is that when this criterion is satisfied, the
total PV gradient (g, + g, ) will be negative, which is
a necessary condition for barotropic instability (Char-
ney and Stern 1962). Numerical simulations (e.g.,
Haynes 1989) indicate that barotropic instability plays
an important role in the development of Rossby wave
critical layers, and thus in Rossby wave breaking. Here
we calculate |g;| as a sum over a band of zonal wave
numbers, k, according to:

=3 (G G o

where s, and ¢, are the zonal sine and cosine coeffi-
cients of the eddy PV defined in (3). Because we are
interested mainly in locating regions where the eddy
gradients are large (as opposed to locations where the
zonal mean gradients are very small or negative, which
signals instability of the zonal mean flow) we have,
more or less arbitrarily, set a minimum value of g, at
0.5 X 107" m™' s™! when calculating the ratio (4).
Some results for a particular day with a large am-
plitude wave in the stratosphere (14 January 1990) are
presented here as an example. Figures 1la—c show the
zonally averaged zonal wind, iz, the zonally averaged
PV gradient, g,, and amplitude of the eddy PV gradi-
ent, |g,|. Relatively large values of g, are found along
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FiG. 1. Meridional cross sections of zonal average quantities on 14 January 1990. (a) Zonal wind @, (b) zonal mean PV gradient g, (c¢)
amplitude of eddy PV gradient |g; |, (d) ratio of |q,|/g,. Units in (b)—(c) are 10 ™" m™ s !, with values above 3.0 shaded.

the axis of the polar night jet, with small values on the
north and south flanks. Figure 1d shows the ratio of the
eddy to zonal mean PV gradients for this day, based on
the individual cross sections shown in Figs. 1b—c. The
ratio exhibits a strong maximum in the subtropics be-
tween 20° and 40°N, with values in excess of 4 above
10 mb at 35°N. Figure 2a presents a synoptic map of
the 10-mb geopotential height for this day, showing an
enhanced Aleutian anticyclone, and the center of the
vortex displaced slightly off the pole. The local merid-
ional PV gradient, (g, + ¢, ), is shown in Fig. 2b. A
large region of negative gradient wraps around the
equatorward side of the anticyclone; this is the local
manifestation of the region where the criterion (4) is
met in Fig. 1d. Note that there is also a region of neg-
ative meridional PV gradient near the pole in Fig. 2b,
and a corresponding region of ratio |g'|/q, > 2 over
polar latitudes in Fig. 1d. This is a result of the vortex
center being moved off the pole, a situation quite dis-
tinct from the reversals at low latitudes, which are due
to planetary wave advective effects. These reversed PV
gradients in polar regions occur often (see Baldwin and

Holton 1988, their Fig. 3), and because we do not wish
to include them as wave breaking regions, we simply
do not plot the ratio (4) polewards of 64° latitude in
our climatological results.

A more rigorous identification of wave breaking
regions may be made by examining the meridional gra-
dient of Rossby—Ertel PV,

06

0 =8+ (6)
calculated on isentropic surfaces (McIntyre and Pal-
mer 1983, 1984; Clough et al. 1985). For comparison
to the quasigeostrophic results, we show in Fig. 3a
the Rossby—Ertel PV Q for this day on the 850-K
isentrope (near the 10-mb level); Fig. 3b shows the
meridional gradient of Q. Comparison to the 10-mb
quasigeostrophic calculations (Fig. 2b) shows that
the regions of reversed gradient are nearly identical.
This similarity enhances our confidence in the use of
quasigeostrophic theory in the Rossby wave param-
eterization. :
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14 January 1990 10 mb height

180
F1G. 2. Polar stereographic maps of 10-mb geopotential height (m)

and quasigeostrophic PV gradient (107" m™' s™') for 14 January
1990. Regions of negative PV gradient are hatched.

The planetary wave damping rate § is calculated
from Eq. (1), with the quasigeostrophic wave activity
density A given by (Palmer 1982):

(7)

We furthermore use the fact that, for linear Rossby

A= %ia cosde ~1q"?/g; .
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850 K Rossby-Ertel PV

180

-FI1G. 3. Polar stereographic maps of the Rossby—Ertel potential
vorticity on the 850-K potential temperature surface (PV units of
10~° K m* kg™ s™"), and its calculated meridional gradient (PV
units/S00 km), for 14 January 1990. Regions of negative PV gradient
are hatched. Note the close correspondence to the 10-mb quasigeo-
strophic PV gradient shown in Fig. 2.

waves that obey WKB scaling, the divergence of wave
activity flux in (1) is proportional to the quasigeo-
strophic Eliassen—Palm (EP) flux divergence (Palmer
1982):
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Combining (1), (7), and (8), our estimate of the
damping rate is given by

§o—DF_ (10)
(q'*/qy)

where DF is the scaled EP flux divergence

z/H

a cos¢ (102)
in units of meters per second per day.

We require the damping rate for individual zonal
wavenumbers in the expression for the diffusion coef-
ficient given below. We find that the derived values for
each wavenumber are approximately the same, and for
ease of calculation (10) is estimated using the numer-
ator and denominator each summed over the zonal
wave band; this gives values similar to the results for
individual wavenumbers. We calculate the ratio in (10)
using time-averaged quantities (as described below),
because this equation is derived from the steady-state
wave activity equation (1), that is, the effects of daily
wave transience are not considered. In order for the
wave activity A (7) to be well behaved, we also require
gy, = 0.5 X 107" m™' s~ in calculating (10).

According to G91, the derived damping coefficient
6(10) can be used to estimate an eddy diffusion coef-
ficient:

du'v’
k(T — ¢)* + 6%°

where k and c are the (dimensional ) zonal wavenumber
and phase speed of the planetary wave. Using the
steady-state meridional eddy displacement, ' = —iv’/
(k(u# — c)), this expression may also be written as

a7 (o ()] oo

We calculate (12) for each zonal wave coefficient (by
calculating "7’ for each wavenumber), and the total
K,, shown here is given by the sum over the individual
wavenumbers. In order to keep (12) well behaved near
critical lines (where & = c¢), we enforce two restric-

K, = (11)
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tions: 1) |n’'| < 1500 km, and 2) |&# — ¢ =3 m s,
Our results are not sensitive to the exact values of these
limits.

The parameterized eddy diffusion coefficient, X,,,
given by (12) can be compared to estimates, D,,, de-
rived from the closure assumption

v = -D,7;, (13)

which expresses a simple flux gradient relationship for
quasigeostrophic PV. Using the faci fact (Palmer 1982)
that, for quasigeostrophic waves, v’q’ = DF, where DF
is the scaled EP flux divergence (10a), Eq. (13) be-
comes

D, = -DF/g;. (14)

Newman et al. (1988) have estimated D,, from the
NMC data according to (14), using a hnear regression
(with zero intercept) of monthly mean v’q’ and g, val-
ues. Here we simply calculate the ratio (14) from long-
term average fields, again using the requirement that
g, = 0.5 X 107" m~! s7*. The direct ratio method of
calculating (14) gives maximum values in the subtrop-
ics (see below), versus maxima in high latitudes cal-
culated by Newman et al. (1988). Observational and
theoretical studies (Plumb and Mahlman 1987; Juckes
1989; Salby et al. 1990; Yang et al. 1990; Sassi et al.
1990; G91; Stanford et al. 1993) indicate that maxi-
mum Rossby wave mixing and associated diffusion oc-
cur in the subtropics.

The parameterized diffusion coefficient (12) and the
flux gradient expression (14) may be shown to be
equivalent if the observed waves obey the linearized
potential vorticity equation

(15)

. P 2
qia=-1'n'" g, /[1 + (m) ] (16)

where the substitutionv’ = ikn’ (i ¢) has been made.
Equations (10), (12), and (16) may be combined
to rewrite the parameterized diffusion coefficient as

ik(it — c)qin +v'q, = — 6,

whence

Ky=—-— (ql 2/qobs (17)

or, by (14),

yy(qlll%/qobs (18)

where qobs are the values calculated from observations
via (3). To the degree that g;;2 = g%, the parameter-
ized, K, and flux gradient, D,,, expressions for the
diffusion coefficient are equivalent.

Time-average quantities are used to calculate the in-
dividual terms in (10), (12), and (14). The |q,|/g,
ratios in (4) are calculated daily and then averaged with
respect to time. We note that nearly identical patterns
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FIG. 4. January average zonal mean zonal wind iz and average of
the daily ratio |q,|/g,. Averages are calculated over the 12 years
1979-1990.

are found for (4) if the fields |g;| and g, are time
averaged before taking their ratio, but the magnitudes
are slightly smaller in that case. Direct time-averaged
monthly means for January and August are shown be-
low, along with climatological latitude—time sections
in which the individual terms have been smoothed us-
ing a running Gaussian-shaped filter with a width of
approximately one month (to approximate moving
monthly means).

3. Results
a. January and August monthly means

Figure 4 shows the climatological average January
mean zonal wind # and average ratio |g,|/q,. Maxi-
mum |q,|/q, ratios-(above 3) are found on the equa-
torward side of the jet in the middle stratosphere, where
q, is relatively small (see Fig. 1b). Almost the entire
NH extratropics exhibit |g,|/g, ratios greater than 1.
Isolines of |g,|/g, = 2, on the other hand, correspond
more nearly to expectations of the location of the sub-
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tropical wave breaking region. Note that a ratio of 1
would identify regions of marginal instability, where
(g, + q5) = 0, whereas a ratio of 2 would indicate
regions where (g, + q,) < —g,, that is, where the
waves would reverse the sign of the background PV
gradient. Identifying wave breaking regions according
to |q,|/q, > 2 is somewhat arbitrary but qualitatively
similar to the choice of Baldwin and Holton (1988, see -
their Fig. 2), who identified wave breaking by a certain
maximum value of PV, together with a reversed me-
ridional PV gradient. In fact, the region of |q,|/q, > 2
seen in Fig. 4 is very similar to the climatological lat-
itudinal wave breaking profile identified by Baldwin
and Holton (1988, their Fig. 3). Hereafter we replace

(4) by

4113, > 2 (19)
as our wave breaking criterion.

Figure 5 shows the calculated damping rate 6 for
January climatology. Note that we have chosen to con-
tour values of é only over regions where the magnitude
of the EP flux divergence DF (10a) is greater than 0.5
m s~ '/day. The derived damping rates exhibit largest
values in the subtropical upper stratosphere, with max-
ima on the order of 0.25-0.3 day ~*. (corresponding to
planetary wave damping time scales of 3—4 days).
These magnitudes compare well with the maximum
values of 0.3—0.4.day ~* calculated by G91. The largest
damping rates obtained here are located slightly equa-
torward of the subtropical maximum in DF (not
shown), and of the largest ratios of |q,|/g,, both of
which peak near 30°-40° latitude. Note that these
damping rates are computed directly from the ratio
(10), whereas in G91 6 was obtained in terms of the
WKB approximation for the group velocity, C,, and
wave activity density, A. The agreement between the
damping rates obtained here and those of Garcia con-

January damping rate
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FIG. 5. Derived planetary wave damping rate § (units of day '),
calculated from January climatological data. Results are plotted only
over regions where the climatological DF < —0.5 m s~!/day.
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stitute a posteriori support for his use of the WKB ap-
proximation to express the dissipation rate.

Figure 6 shows the parameterized diffusion coeffi-
cient computed from Eq. (12), K,,, along with the dif-
fusion coefficient, D,,, derived from the flux gradient
relationship (14). Maxima in both estimates are found
in the subtropics (20°-40°) and also in the polar upper
stratosphere. Here K|, reaches a maximum of about 30
X 10° m? s ™! in the middle stratosphere and decreases
with height, while D,, has a similar value at 10 mb, but
increases with height to approximately 45 X 10°m? s !
near 1 mb. The occurrence of subtropical maxima in
the 20°-40° latitude range, with values of 30—40
(X10° m?s™'), is consistent with prior estimates of
diffusion coefficients from satellite observations [Ly-
jak (1987) and Sassi et al. (1990) using LIMS data;
Yang et al. (1990) using NMC data; and Stanford et
al. (1993) using SAMS data], and also with model
calculations (Plumb and Mahlman 1987; Juckes 1989;
Salby et al. 1990). Juckes (1989) and Stanford et al.
(1993) also show a polar maximum in the diffusion
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coefficient similar to that in Fig. 6. The model calcu-
lations of G91, based on Eq. (12), show subtropical
maxima in K,, of approximately 20 X 10° m* s~ (de-
termined mainly by the structure of the derived wave
breaking criterion ). Garcia does not find a polar max-
imum in K, because his wave breaking criterion (4) is
not satisfied in that region.

Derived statistics for SH winter (August) are shown
in Figs. 7-9. The August zonal wind & (and also g,)
has a much stronger high-latitude maximum compared
to NH winter. The |q,|/g, ratio shows a narrow max-
imum on the subtropical flank of the jet, centered near
30°-40° latitude. The derived wave breaking region in
SH winter (Fig. 7b) is considerably narrower than that
in NH winter (Fig. 4b), presumably because the larger
amplitude waves observed in the NH are able to erode
the polar vortex more effectively and so increase the
width of the breaking region. A similar result is ob-
tained by G91 (his Fig. 5).

The derived damping rate 6 in the SH winter, shown
in Fig. 8, maximizes in the subtropical upper strato-
sphere with values near 0.25, very similar in structure

August zonal wind
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F1G. 7. August climatological zonal wind
i and average ratio |q;|/g,.
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August damping rate
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FIG. 8. August climatological planetary wave damping rate (units
of day !). Results are only plotted over regions where the climato-
logical DF < —0.5 m s~'/day. :

and magnitude to the NH values (Fig. 5). As in the
NH, the strongest damping rates are calculated some-
what equatorward of largest DF and | g, |/, ratios. Fig-
ure 9 shows the diffusion coefficients obtained from
the parameterization (12) and the flux gradient rela-
tionship (14). The patterns are similar to those in the
NH (Fig. 6), except that the parameterized diffusion,
K,,, shows maximum values at the lowest latitude in-
cluded in the calculations (20°S). Estimates of K,, for
the NH (Fig. 6a), and of D,, for both hemispheres
(Figs. 6b, 9b), maximize at 30°—40°. This difference
in latitudinal structure in Fig. 9 is due primarily to a
combination of the background zonal wind profile (Fig.
7a) and the choice ¢ = 0 for the zonal phase speed.
Choosing ¢ = 10 m s~ [a realistic choice for the east-
ward propagating waves observed in the SH strato-
sphere—see the phase speed spéctra of EP flux diver-
gence shown in Fig. 8 of Randel and Held (1991)]
results in the parameterized K, structure shown in Fig.
10, where the latitudinal maximum in the middle strato-
sphere has shifted to near 30°.

b. Observed seasonal variations

Seasonal evolution of the wave breaking criterion
(lg;1/g, > 2) is shown in Fig. 11, superimposed on
the zonal wind structure, for the 10-mb and 1-mb lev-
els. The wave breaking patterns are basically the same
at both levels: maxima are found in both hemispheres
during middle to late winter on the equatorward flank
of the polar night jet. The patterns move poleward and
broaden during late winter—spring, so that all latitudes
poleward of approximately 40° satisfy the criterion dur-
ing these times. This seasonal evolution is intuitively
consistent with subtropical wave breaking in midwin-
ter, followed by broad latitudinal-scale disruption of
the vortex during the spring transition. Note how the
wave breaking region in the Southern Hemisphere is
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confined to middle latitudes until late winter, when it
spreads beyond 60°S. Similar seasonal behavior is ob-
tained by the model simulation of Garcia.

It could be argued that the agreement between the
results of Fig. 11 and the calculations of G91 is to be
expected insofar as Garcia’s model produces a realistic
seasonal cycle of zonal winds and wave amplitudes.
However, such a realistic seasonal cycle is obtained in
the model only when the planetary wave parameteriza-
tion is employed. If the only dissipation mechanism
included in the wave equation is thermal damping, it is
found that the EP flux divergence is confined mainly
to the upper stratosphere, where thermal relaxation is
rapid. As a consequence, the model becomes very sen-
sitive to wave forcing, producing frequent sudden
warmings in both hemispheres even when climatolog-
ically realistic wave amplitudes are specified at the
lower boundary. It appears, then, that the role of the
parameterized damping rate in G91 is to allow signif-
icant wave dissipation to occur in the lower strato-
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FiG. 10. Parameterized K,, for August climatology,
calculated using ¢ = 10 m s ™.

sphere, where its effects are less dramatic than in the
upper stratosphere. The realistic seasonal evolution of
the wave and mean state thus obtained, and the fact that
the location and evolution of the breaking region agree
with those determined from observations, may then be
viewed as providing indirect support for the wave
breaking parameterization.

The magnitude of the derived damping rates shows
relatively little seasonal variation. Maximum values are
observed in the subtropical upper stratosphere through-
out both winter hemispheres, with magnitudes of 0.25—
0.30 day ', similar to the patterns for January and Au-
gust shown in Figs. 5 and 8, respectively. A weak max-
imum (~0.07 day ') is found at high latitudes during
the spring transition in the SH (October—November),
but not in the NH. This finding is also consistent with
the conclusion of G91 that damping rates are essen-
tially independent of wave amplitude, being deter-
mined instead by wave group velocity.

Figure 12 shows the seasonal variation of the para-
meterized and flux gradient estimates of the diffusion
coefficient at 10 mb. Here we have used a zonal phase
speed ¢ = 0 in the NH and ¢ = 10 m s™! in the SH,
close to values derived from observed transient wave
statistics (Randel and Held 1991, Fig. 8). The two es-
timates shown in Fig. 12 are very similar. This follows
from the fact that the two expressions for the diffusion
coefficient, (12) and (14), are equivalent if g}2
= g4 (18), which apparently is the case at 10 mb. The
evolution is similar in pattern to that of the wave break-
ing criterion (Fig. 11), with maxima over 30°-40° dur-
ing midwinter, moving poleward during late winter—
spring. High-latitude mixing (large values of the dif-
fusion coefficient) is found in spring in both hemi-
spheres.

Figure 13 shows seasonal variation of the two esti-
mates of the diffusion coefficient at 2 mb. Overall, the
seasonality is similar to that at 10 mb; however, the
parameterized values, K,,, are approximately only half
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as large in the subtropics as the flux gradient results,
D,,. The results in Fig. 13 imply that the linearized PV
estimates gy, are too small compared to observed val-
ues in the upper stratosphere. This could happen if the

-damping rate obtained from (10) were an overestimate

of the “‘true’’ damping rate due to wave breaking.
Thermal damping rates are fast in the middle strato-
sphere, so thermal dissipation may contribute substan-
tially to the EP flux divergence there. If this is the case,
DF in Eq. (10) would overestimate the EP flux diver-
gence due solely to wave breaking and this, in turn,
would yield too small a value of g,

4. Summary and discussion

The purpose of this study has been to apply the sim-
ple equations derived by G91 to observational data to
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determine whether results consistent with the idealized
model are obtained. Three central quantities were de-
rived from the data: the wave breaking criterion (19),
wave damping rate (10), and parameterized diffusion
coefficient (12). Calculations of the wave breaking cri-
terion from observed data clearly identify the subtrop-
ical flank of the polar night jet as the primary region
of planetary wave breaking. The data suggest that a
lg, g, ratio of 2 be used to quantify such regions. Our
results are in good agreement with the calculations of
Baldwin and Holton (1988), based on a slightly dif-
ferent wave breaking criterion. The movement of the
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wave breaking region to higher latitudes during the
winter to spring transition documented in this study
was also found by Baldwin and Holton for the Northern
Hemisphere; here we have shown that similar behavior
is found in the Southern Hemisphere. The structure and
seasonal evolution of the surf zone observed in these
data are in good agreement with the model calculations
of G91, which suggests that the observational results
may be interpreted in terms of the barotropic instability
criterion and the rate of convergence of wave activity
into breaking regions.

The damping rates derived here also point to the sub-
tropics as the primary location of the ‘stratospheric
surf zone’” during much of the winter season. Maxi-
mum damping time scales are found to be 3—4 days,
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in good agreement with the damping times derived by
G91. Note that nearly identical subtropical wave dis-
sipation rates were derived from the NMC data by Ran-
del (1990) from analysis of daily wave activity ten-
dency and EP flux divergence correlations. These sim-
ilar results validate the use of time-averaged fields in
the parameterization scheme. The similarity in the re-
sults from the numerical model and from different da-
tasets also supports the idea that group velocity, rather
than amplitude, is the fundamental parameter deter-
mining the dissipation rate of breaking waves.

The diffusion coefficients, K,,, derived from the pa-
rameterization scheme (12) are in reasonable agree-
ment with prior published values, with subtropical
maxima in winter of order 30 X 10° m® s~'. That the
strongest derived mixing occurs in the subtropics,
clearly outside the vortex, is consistent with recent
analyses of chemical constituent data (Schoeberl et al.
1992). The K,, values calculated here are in good
agreement with the estimates, D,,, obtained directly
from the flux gradient relationship (14) in the middle
stratosphere, but in the upper stratosphere the para-
meterized K, values are somewhat smaller. Because a
portion of the observed planetary wave EP flux diver-
gence is a result of thermal dissipation rather than wave
breaking, Eq. (10) may overestimate significantly the
dissipation rate due to breaking in the upper strato-
sphere, where thermal relaxation is fast. An overesti-
mate of the damping rate due to breaking would then
lead to smaller values for the parameterized diffusion
coefficient, K,,,, compared to the values, D,,, calculated
from the flux gradient relationship. :

We have shown that when the parameterization of
G91 is applied to observational data, estimates of the
wave breaking criterion, damping rate, and diffusion
coefficient are realistic and are similar to the values
calculated with Garcia’s model. It might appear at first
glance that these similarities are due simply to the fact
that the zonal mean state and planetary wave structures
calculated with the model compare favorably with
stratospheric climatology. However, in G91 the con-
vergence of wave activity, V-(C,A), is calculated us-
ing the WKB approximation to obtain expressions for
C, and A, whereas in this study we have used the fact
that, for quasigeostrophic waves, V-(C,A) is propor-
tional to the EP flux divergence, yet the results for the
dissipation rate are essentially the same. Furthermore,
the realistic structure and seasonal evolution of the
wave and mean fields obtained in G91 are in no small
measure a result of the planetary wave breaking param-
eterization. If the latter is not included in the calcula-
tions, the correspondence between model results and
observations is much less satisfactory. Thus, the con-
sistency between the results presented here and those
of G91 may be taken as support for the ideas that the
wave group velocity controls the dissipation rate, 6, and
that the latter can be estimated by the WKB method.
Finally, insofar as the spatial distribution and magni-
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tude of the parameterized and flux gradient estimates
for the diffusion coefficient are similar, our results also
validate the use of linear theory to derive the parame-
terized expression for K,, and provide a theoretical in-
terpretation for the flux gradient relationship (14),
which is otherwise an empirical approach to estimating
diffusion coefficients from observed data.
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