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Wavebreaking and mixing in the Northern Hemisphere

summer stratosphere
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Abstract. The cause of zonal ozone variations observed by the Polar Ozone and Aerosol
Measurement II (POAM II) instrument in the Northern Hemisphere summer stratosphere from
~55° to 65°N and ~20 to 30 km is investigated using United Kingdom Meteorological Office
(UKMO) stratospheric data. Eliassen-Palm (E-P) flux vectors calculated from the UKMO data
show that wave activity propagates vertically from the troposphere into the stratospheric easterlies
during the Northern Hemisphere summer. In the layer between 20 and 30 km the E-P flux
divergence is small but nonzero. Space-time power spectra show that wave power shifts from
eastward propagating waves in the upper troposphere to predominantly westward propagating
waves in the middle stratosphere, consistent with phase speed filtering following the Charney-
Drazin theorem. Air parcel trajectories and effective diffusivity calculations show substantial
mixing due to breaking of westward propagating waves in the summer easterly wind regime.
Changes in mixing properties during the summer season are consistent with changes in the mean
state and the wave forcing. We conclude that breaking of large-scale westward propagating
waves in the summer easterlies causes meridional transport and the observed local maximum in

ozone variability.

1. Introduction

In winter the zonal mean zonal wind u in the extratropical
stratosphere is westerly, increasing with altitude into the polar
night jet. In summer, on the other hand, # is predominantly
easterly, with only a shallow layer of weak westerlies below ~20
km (Figure 1, left). The large-scale wave characteristics of the
stratosphere are also very different in the two seasons. In winter
planetary wave amplitudes are large, while summer waves are
generally weak (Figure 1, right). These observations are
consistent with Charney and Drazin [1961], who showed that the
easterly zonal mean flow in the summer stratosphere effectively
prevents vertical propagation of stationary planetary-scale waves.
The Charney-Drazin theorem states that only waves that satisfy
the relationship

O<i-c<i, Y]

(where ¢ is the phase speed of the wave) can propagate
vertically. That is, the phase speed of the wave relative to the
mean wind, i —c, must be positive (eastward) but less than a
critical value .. Stationary waves (¢ =0), for example, can
only propagate vertically into regions where the winds are
westerly and less than .. During the summer, stationary waves
can propagate only up to the zero-wind line, which normally lies
between 15 and 20 km (Figure 1). Above that level the waves
become evanescent with height. Traveling waves can propagate
vertically into easterly winds if they have westward zonal phase
speeds that are faster (more negative) than . There is evidence
of westward propagating waves in the summer stratosphere
[Muench, 1968], and Bowman [1996] showed that eddy diffusion
coefficients ( Ky),) in the summer lower stratosphere are
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comparatively large, indicating significant irreversible transport
by eddies.

The apparent weakness of large-scale waves in the summer
stratosphere suggests that most atmospheric properties should be
nearly zonally symmetric. It should be noted, however, that while
the waves in summer are much weaker than in winter, the typical
meridional wind speed is still a substantial fraction of #. In a
study of Northern Hemisphere (NH) summer ozone variability
observed by the Polar Ozone and Aerosol Measurement II
(POAM 1I) instrument, Hoppel et al. [1999] found substantial
zonal ozone variations in the lower stratosphere between ~55°
and 65°N latitude and ~20 and 30 km altitude (the latitude band
observed by POAM 1I). The ozone variance appears as persistent
large-scale ozone patterns moving approximately with the zonal
mean wind. Analysis of ozone observations from the Limb
Infrared Monitor of the Stratosphere (LIMS) [Miles et al., 1994],
Microwave Limb Sounder (MLS) [Elson et al., 1994] and
Halogen Occultation Experiment (HALOE) [Park and Russell,
1994] also indicate that the largest stratospheric ozone variability
is confined to a region between 20 and 30 km in altitude and 50°
and 75° latitude during the NH and SH summers. This part of the
summer stratosphere will be referred to here as the “region of
maximum variance” (RMV).

Several hypotheses have been proposed for the source of the
summertime zonal variations. Hess and Holton [1985] suggested
that patterns of high and low tracer values were created during
the spring breakdown of the circumpolar vortex. They proposed
that the tracer values were “frozen” into the mean summertime
flow and persisted for several months.

Randel [1993] documented westward propagating Rossby
normal-mode planetary waves in stratospheric ozone data using
Solar Backscatter Ultraviolet (SBUV) satellite measurements.
His ozone waves had maxima in high latitudes of the middle
stratosphere (due to transport) and in midlatitudes of the upper
stratosphere (due to photochemistry). These global modes were
observed to occasionally exhibit large amplitudes in the
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Figure 1. Latitude-height cross sections of (left) the monthly mean zonal mean zonal wind & and (right) the rms

wave amplltude of the meridional wind v for July 1998. The contour interval for # is 10 ms~
- The vertical coordinate is z=~H1In(p/py ), where H =7 km and p, =1000 hPa.

2ms’!

summertime stratosphere, suggesting that they may contribute
substantially to the overall variance there. He concluded that
constituent oscillations associated with normal modes provide a
mechanism for summertime stratospheric variability that
complements the mechanism proposed by Hess and Holton
[1985].

Miles et al. [1994] concluded that wavenumber 1 ozone
variance in the SH summer was at least partly dynamical in
origin, forced by stationary and westward propagating

; for v it is

wavenumber 1 disturbances. Park and Russell [1994] found
observed HALOE summer ozone variance to be anticorrelated
with the variations of HCl and NO but uncorrelated with the
tracer species HF and CH,4. This observation suggests that the
ozone patterns may be caused by local NOy chemistry. Luo et
al. [1995] showed that these species are not very sensitive
indicators of isentropic transport by virtue of the fact that their
mixing ratio isopleths are very nearly parallel to isentropes
poleward of 60°N during the summer. Natarajan and Callis
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Figure 2. Longitude-time cross sections of v for the summer of 1998 at 21.5 hPa (~26.9 km) and 61.25° N
latitude. (left) Unmodified UKMO winds and (right) winds modified by removing the seasonal time mean

(stationary) waves.
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[1997] and Luo et al. [1995] analyzed selected days of HALOE
data during August in the NH and found that regions of high and
low ozone mixing ratio correlate reasonably well with the
meridional transport histories obtained by trajectory calculations.

Hoppel et al. [1999] analyzed ozone profiles from POAM II
for the NH summers of 1994-1996. POAM II provides a
continuous time series of measurements with high vertical
resolution in the latitude band from 55° to 65°N, which is near
the center of the RMV observed by LIMS, MLS, and HALOE
(50°-75°N). Trajectory calculations by Hoppel et al . [1999]
showed that the zonal variance could result from meridional
transport.  Effective meridional diffusivity K,, calculations
indicated significant meridional dispersion and mixing of air
parcels in the stratospheric easterlies between the 550 and 800 K
isentropic surfaces (~21-29 km). Hoppel et al. [1999] suggested
that this meridional transport might be caused by breaking of
westward propagating planetary-scale waves at critical levels in
the stratospheric easterlies. Examination of wave amplitudes and
phases [Bowman et al., 1998] showed that westward propagating,
large-scale waves (zonal wavenumbers 1 to 5) are present at least
intermittently throughout the NH summer. In this study we
further investigate the properties of the summertime waves and
the transport associated with them in order to better evaluate the
possible mechanisms for production of summertime ozone
variability.

2. Data

Dynamical data are from the once-daily United Kingdom
Meteorological Office (UKMO) stratospheric data assimilation
[Lorenc et al., 1991; Swinbank and O'Neill, 1994]. The available
variables are temperature 7T ; geopotential height Z; and zonal,
meridional, and vertical velocities u, v, and o, respectively.
Thermodynamic and dynamical variables are given on staggered
global grids, each with longitude-latitude resolution of
3.75°x2.5°. The vertical grid consists of 22 pressure levels
from 1000 to 0.316 hPa evenly spaced in z=-Hln(p/p,) at
intervals of ~2.69 km, where H =7 km and p, =1000 hPa. The
data set includes seven NH summers, June through August of
1992 through 1998.

Bowman et al. [1998] showed that a number of stratospheric
data sets, including that from the UKMO, contain stationary
features in the summertime stratosphere that may be due to data
or analysis problems. As discussed above, stationary waves,
especially waves with smaller horizontal scales, should be weak
(evanescent) in easterly wind regimes. Figure 2 shows longitude-
time cross sections of the UKMO v field for the summer of 1998
at 21.5 hPa (~26.9 km) and 61.25°N latitude. This point is in the
middle of the RMV and well into the summertime easterlies. In
the left panel the stationary wave anomalies are visible as various
light- and dark-colored vertical bands that extend throughout the
season. Part of the stationary wave field is large scale (wave 1),
but a number of smaller-scale features are also visible. Because
the stationary features are significant when compared with the
relatively weak flow in the summer stratosphere, they can have
noticeable impacts on many applications of the data, including
trajectories. Therefore, for some calculations in this study the
summer winds have been changed by removing the June through
August time mean wave fields for each variable. These filtered
winds are referred to here as “modified” winds. The right panel
of Figure 2 shows the result of removing the time mean waves
from the v field. The effects of removing the stationary waves
on various computed quantities is discussed below. Unless
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otherwise indicated, results presented are climatological averages
using modified winds from 1992 through 1998.

3. Methods
3.1. Wave Amplitudes

Some quantities are computed directly from the gridded
UKMO data. For other purposes it is useful to expand the
UKMO data in zonal Fourier sine and cosine series of the form

X(A;)=X(S sinkA; + Cy coskd; ), @)
3

where X is the variable of interest, A; is the longitude of each
grid point, and k is the zonal wavenumber. The Fourier
coefficients S, and C, are computed using fast Fourier
transforms. In this study, only waves 1 through 8 are retained.
The amplitudes of individual wave components are given by

Ay =ySE+CE. €))

3.2. Space-Time Power Spectra

Traveling wave power spectra for the NH summertime
stratosphere are computed following Bowman [1996]. The
UKMO meridional wind v is expanded in a space-time Fourier
series as

WA1)= %?Vk,ae"("*“”), @

where ¢ is time, k& and o are discrete spatial and temporal
frequencies, and v, , is the complex amplitude of each wave.
Power spectra are estimated by averaging the spectra for the 7
available years of data and are plotted as functions of the zonal
phase speed c =0o/k.

3.3. Eliassen-Palm Flux and Flux Divergence

The Eliassen-Palm flux F, referred to as the E-P flux, and the
divergence of the E-P flux, V-F, are used as diagnostic tools to
determine the forcing of the zonal mean flow by wave
disturbances. F is a vector in a meridional plane. The
meridional and vertical components, Fg) and [, in spherical
geometry with z as the vertical coordinate are

F = {1~“(¢),1~"(z)} = {—poacos¢(7t7),fp0acos¢(\7—9’/§z )} ®)

where ¢ is latitude, 0 is potential temperature, a is the mean
radius of the Earth, pq is basic state density, f is the Coriolis
parameter, and several small terms have been neglected [Andrews
et al., 1987]. Overbars denote zonal means, primes denote
departures from the zonal mean, and subscripts without
parentheses denote partial differentiation. The divergence of the
E-P flux is defined under the same conditions as

z

. V.F=ac(l)s¢(17(¢)cos¢)¢+([’(z)) . (6)

The quantity plotted in Figures 9 through 12 is

1
D=—V.F,
Poacosd ™
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which is the acceleration due to waves in the transformed
Eulerian mean (TEM) zonal momentum equation [Andrews et al.,
1987].

3.4. Effective Meridional Diffusion Coefficients

Eddy mixing rates are measured by effective meridional
diffusion coefficients Ky, which are computed from Lagrangian
trajectory statistics [Schoeberl et al., 1992; Bowman, 1993]. K Yy
is a measure of the rate at which the latitudinal variance of the
particles increases with time. The Lagrangian trajectories are
calculated from modified UKMO winds on isentropic surfaces
using a standard fourth-order Runge-Kutta scheme [Bowman,
1993].

4. Results
4.1. Mean State

Figure 1 shows the zonal mean zonal wind u for July. The
subtropical jet is located at ~45°N latitude and 10 km altitude in
July, and the zero-wind line in the extratropics is generally at or
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Figure 3. Snapshots at 5 day intervals of contour advection
calculations initialized on July 6, 1996 on the 550 K isentropic
surface (top four panels). Snapshots after 20 days of contour
advection calculations initialized on July 6, 1996 on the 650 and
750 K isentropic surfaces (bottom two panels). All contours are
initially coincident with the 65°N latitude circle. The outer and
inner latitude rings are 30° and 60°N, respectively.
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Figure 4. Latitude-height cross sections of climatological
monthly mean wave amplitude for v by zonal wavenumber. The
contour interval is 1 ms™.

below 20 km. Winds in the lowest part of the stratosphere are
weak and westerly; above that they are easterly. Wind speeds
become increasingly negative with height, reaching 40ms!
above 40 km in the subtropics. The easterlies weaken slightly
from June to July, then weaken considerably more in August.
The location of the zero-wind line is similar in all three months.

4.2. Evidence for Wavebreaking

Figure 3 shows the results of several contour-advection
calculations initialized on July 5, 1996, and integrated forward
for 20 days using the modified winds. Material lines (contours)
are initially coincident with the 65°N latitude circle on the 550,
650, and 750 K isentropic surfaces. The top four panels show the
material line on the 550 K surface at 5 day intervals. While the
timescales are slower than during the winter, the contour
undergoes the same type of folding and stretching seen in similar
wintertime calculations. Multiple horizontal scales of motion are
present, but a dominant wave 2 produces wide tongues that are
stretched into filaments as the month progresses. Midlatitude air
intrudes deeply into the weak easterly vortex. Stirring continues
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throughout the month, and the air initially at 65°N is scattered
between 30°N and the pole after 20 days. It is clear that despite
the relative weakness of summertime waves, mixing in the
easterlies is substantial and transport by breaking waves could be
responsible for the observed variations of ozone in the RMV.

The bottom two panels show similar calculations after 20 days
on the 650 and 750 K surfaces. There is evidence of weak
wavebreaking at 650 K, but at 750 K there is little sign of
irreversible deformation of the flow during this time period.

4.3. Wave Characteristics

4.3.1. Wave amplitudes. Figure 4 shows climatological
latitude-height cross sections of the wave amplitudes A; for the
meridional wind v. As the wavenumber increases, the waves are
increasingly localized in the troposphere. Wave 1 has greatest
amplitude near the pole in the upper troposphere. Waves 2
through 4 extend equatorward into middle latitudes but are
concentrated between 70° and 80°N. Waves 6 to 8 have maxima
near the subtropical jet and are weaker in high latitudes. Wave 5,
which has significant amplitude in both middle and high
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Figure 5. Latitude-height cross sections of percentage change in
the climatological monthly mean wave amplitude for v due to
removal of the stationary waves. The contour interval is 10%.
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Figure 6. Climatological monthly mean wave amplitude for v
as a function of zonal wavenumber at 46.4 hPa. Values are
meridionally averaged over the width of the region of maximum
variance (RMV).

latitudes, is intermediate between the other two groups. Except
for waves 1 and 2, the individual wave amplitudes are <1m s7!
above 20 km (neglecting the mesosphere).

Removing the time mean waves as in Figure 2 almost
certainly has the unwanted side effect of removing some real
stationary waves, especially in and above the subtropical jet.
Figure 5 shows the percentage reduction in wave amplitude
during July for waves 1 through 8 caused by removal of the
stationary waves. Waves 1 and 2 in particular are reduced
significantly, primarily in the subtropics and midlatitudes and at
high altitudes (outside the RMV). In high latitudes of the middle
stratosphere the reductions are typically in the range of 20 to 30%
(somewhat larger for wave 1). Some of the stationary wave 1
power at higher altitudes is probably due to the diurnal tide.
Because the UKMO data are available only once per day, any
diurnal tidal signal is aliased to zero frequency and is not
properly represented. The higher wavenumbers (5 to 8) are
typically reduced between 10 and 30%.

Figure 6 shows amplitude spectra for wavenumbers 1 to 8 for
June, July, and August at 46.4 hPa and 61.25° N. There is some
variation in wave power during the season. The wave power is
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Figure 7. Time-longitude sections of the v wind component for
zonal wavenumbers 1 through 3 for June 1 through August 31,
1996 at 61.25°N and 21.5 hPa. Positive values are shaded, while
negative values are white. The data are unsmoothed, and the
jaggedness is the result of the daily sampling interval.
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Figure 8. Normalized traveling-wave phase speed spectra at six
levels. Total power decreases with height. Each spectrum is the
average of spectra for seven summer seasons. The wave power is
integrated over 2 m s™! bins.

generally smallest in July, while August is slightly larger than
June.

4.3.2. Phase propagation and space-time power spectra.
Figure 7 shows time-longitude sections of the v wind component
associated with zonal wavenumbers 1 through 3 for the summer
of 1998 at 61.25°N and 21.5 hPa. Positive v velocities are
shaded black, while negative velocities are white. The long-term
coherence and westward propagation is apparent, especially for
waves 1 and 2.

Space-time power spectra of the v wind at 61.25°N are
estimated by averaging the individual spectra for 96 day periods
(May 30 to September 2) for each year (Figure 8). The spectra
are further smoothed by averaging over 2 m s™! bins. The power
is plotted as a function of zonal phase speed c. Because the
wave power falls off substantially with altitude, the areas under
the curves have been normalized to emphasize relative changes in
the spectra. The 215 hPa level represents wave spectra in the
upper troposphere; the top four pressure levels are located within
the RMV. The stationary wave components (¢c=0) have been
omitted.

At 215 hPa most of the traveling wave power is eastward
moving. Westward moving power becomes progressively more
important at higher altitudes, indicating attenuation of eastward
propagating waves as they reach the stratospheric easterlies. The
climatological monthly mean & for each month at the
appropriate pressure are indicated by the arrows.
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4.4. E-P Fluxes

Figure 9 shows the E-P flux F and E-P flux divergence D for
July. The F vectors have been normalized to unit length to
overcome the typical rapid decrease in magnitude with increasing
height. Therefore they no longer represent the magnitude of the
E-P flux, but they do indicate the direction of propagation of
wave activity.

Wave activity in the midlatitudes generally propagates upward
from regions of divergence in the lower troposphere. In the
stratosphere, D is almost entirely negative (convergent). D has
a minimum near 8 km at 70°N. Above this point a large region
of convergence in the lower stratosphere is roughly bounded by
the zero-wind line (dashed curve). Smaller values of D extend
above the zero-wind line into the easterlies.

To show the effects of removing the time mean waves on D,
in Figure 10 we plot both modified and unmodified
climatological monthly mean D, meridionally averaged over the
latitudinal width of the RMV. Dotted horizontal lines represent
the lower and upper boundaries of the RMV. Throughout the
profiles, differences between the modified and unmodified D are
small, indicating that removal of the time mean waves has only a
small impact on D in our region of interest. All three months
have positive (divergent) maxima in the lower troposphere up to
~3.5 km and negative (convergent) maxima at ~8 km in the upper
troposphere. Above this, D decreases roughly exponentially into
the upper stratosphere. D is small but clearly nonzero in the
RMV, indicating that the zonal mean flow is forced by waves in
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Figure 9. Latitude-height cross section of climatological
normalized E-P flux F and E-P flux divergence D for July.
Arrows indicate the direction of E-P flux propagation. The
dashed line is the location of the zero-wind line. The solid and
dash-dotted curves are positive and negative contours of D,
respectively.
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Figure 10. Meridionally averaged climatological monthly mean
profiles of D for June, July, and August. D is computed using
two different wind fields: unmodified winds (solid curve) and
stationary waves removed (dash-dotted curve).

The E-P flux divergence can be decomposed by zonal
wavenumber. This is shown in Figure 11 for July. Each solid
curve denotes the accumulated power up to the wavenumber
indicated, i.e.,

~ n
Dn = ZD]( >
k=1

®)

where D, is the E-P flux divergence for wavenumber k.
Therefore the contribution to D, by each wavenumber is
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Figure 11. Meridionally averaged climatological monthly mean
profiles of D for July by zonal wavenumber. The dashed line is
the total D for all wavenumbers.
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Figure 12. Meridionally averaged climatological monthly mean
profiles of D for June, July, and August.

indicated by the spacing between adjacent curves. At all altitudes,
wavenumbers higher than 8 contribute little to the total D, which
is indicated by the dashed line. In the troposphere and lower
stratosphere, waves 6 through 8 contribute substantially to D
but in the lower RMV, roughly 90% of the E-P flux divergence is
due to zonal waves 1 through 5. In the upper half of the RMV,
planetary waves 1 through 3 dominate the forcing in June and
July. Waves 1 through 5 appear to be able to penetrate to all
RMV levels in August. The forcing in August is substantially
greater than either June or July.

Figure 12 shows the meridionally averaged D in the lower
and middle stratosphere (including the RMV) for each summer
month on a logarithmic scale. The profiles are roughly linear,
and a least squares fit gives e-folding depths of 4.5, 5.3, and 6.5
km in June, July, and August, respectively. The e-folding depth
increases from June to August, indicating greater wave
penetration in August.

4.5. Waves and Mixing

Figure 13 shows climatological monthly mean latitude—0
cross sections of Ky, (dashed lines) and u (dotted lines) for
July. June and August are similar, with some minor differences
discussed below. This calculation is carried out with modified
winds. In each month K, decreases rapidly with altitude up to
550 or 650 K. Values of K, above the zero-wind line (thick
solid curve) are generally <4%10° m?s™! but are definitely
nonzero. In August, when the high-latitude easterlies weaken,
the mixing increases somewhat above the zero-wind line.
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Figure 13. Climatological monthly mean latitude—6 cross
sections of Kyy and u. K, is shown with dashed lines and is in
unitslof 10°m?s™'.  Positive and negative values of u (in
m s~ ) are indicated by solid and dotted lines, respectively. The
thick solid curve is the zero-wind line.
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Figure 14. Meridionally averaged climatological monthly mean
profiles of K,, (10° m%s7h). Trajectories are computed using
four different wind fields: unmodified winds (solid curve),
stationary waves removed (dashed curve), westward-propagating
waves removed (dotted curve), and both stationary and westward
propagating waves removed (dash-dotted curve). The scale on
the right indicates the approximate altitude of the potential
temperature surfaces.

Figure 14 shows vertical profiles of K, meridionally
averaged over the latitudinal width of the RMV. The different
curves are for various calculations of K yy made using trajectories
with winds filtered to remove various phase speed bands. The
scale for K, is logarithmic. Removing the stationary waves
(dashed curve) reduces the mixing by a relatively small, uniform
amount in June and July. In August, when the easterlies are
weakest, the stationary waves are more important, and their
removal results in a substantial decrease in mixing above 550 K.
Removing the westward propagating waves (dotted curve)
essentially eliminates all mixing in the upper level easterlies in
June and July. By contrast, the impact in August, when the
easterlies are weakest, is very small. In all cases, removing both
the stationary and westward propagating waves (dash-dotted
curve) shuts down all mixing at upper levels.

K, values in the RMV generally decrease from June to July
and then increase again in August. This trend reflects the July
reduction and August increase in wave amplitudes seen in Figure
6. For the modified winds the mixing decreases approximately
exponentially with altitude. A linear fit to the K,, profiles up to
750 K yields e-folding scales of 9, 11, and 18 km for June, July,
and August, respectively.

5. Discussion and Conclusions

In the Northern Hemisphere summer stratosphere the zonal
mean zonal wind # is easterly, except in a shallow layer above
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the tropopause. Of the three summer months, the easterly wind
regime is strongest in June and weakest in August. Simple theory
[Charney and Drazin, 1961] suggests that large-scale waves,
which are typically dominated by stationary components, should
be weak in stratospheric easterlies, and therefore stratospheric
properties should be nearly zonally symmetric. Observations,
however, show that ozone and other trace species exhibit
substantial deviations from zonal symmetry in the layer between
~20 and 30 km at latitudes around 60°N [Elson et al., 1994, Miles
et al., 1994; Park and Russell, 1994; Hoppel et al., 1999]. The
ozone variance decreases from June to July and increases to a
maximum in August [Hoppel et al., 1999, Figures 1 and 2].

The analysis of summertime dynamics is complicated by the
apparent presence of stationary artifacts in most stratospheric
analyses (Figure 2). These artifacts include both a large-scale
wavenumber 1 component, which may be in part a diurnal tide
that is aliased to zero frequency by the once-daily sampling
interval, as well as smaller-scale stationary features. Calculations
carried out using dynamical fields with stationary waves removed
indicate that the stationary waves contribute little to the E-P flux
divergence in the region of interest. Except for August, when the
easterlies are weak through a deep layer, removing the stationary
waves does not have a large impact on trajectory calculations
either, although K, is reduced somewhat when the stationary
waves are removed.

Contour advection calculations show the classic patterns of
breaking waves. The wavebreaking diminishes with height and
largely disappears at 750 K and above. The phase speed
spectrum of traveling waves in the stratosphere shows a shift
from eastward moving power near the tropopause to westward
moving power in the easterly winds of the RMV (Figure 7). This
is consistent with the trapping of eastward propagating waves
that one would expect from Charney-Drazin. The presence of
westward propagating waves in a region of easterly winds
suggests that those waves encounter critical lines and break with
subsequent irreversible meridional parcel displacement.

E-P flux vectors calculated from the UKMO data set (using
either modified or unmodified winds) show the familiar pattern
of vertical propagation from source regions in the lower
troposphere into the stratosphere (Figure 9). Throughout the NH
summer the total scaled E-P flux divergence D has a convergent
maximum in the upper troposphere and lower stratosphere that
decreases approximately exponentially into the upper
stratosphere. In the RMV, however, D is still clearly nonzero,
which means that waves do interact irreversibly with the zonal
mean flow in this region.

Despite the fact that summertime waves are substantially
weaker than their wintertime counterparts, they are not small in
comparison to the summertime zonal flow, and significant
meridional transport and mixing occur in the summer
stratosphere. Climatological monthly mean meridional mixing
K,, calculations for June, July, and August (Figures 13 and 14)
show the same June-to-July decrease and subsequent increase in
August as the ozone variance observed by POAM II [Hoppel et
al., 1999]. Meridional mixing (transport) is of the order of
~3.4x10° to 1.5%10° m? s from the base to the top of the
RMV in June and July, increasing to ~ 4.0x10° to
2.0x10° m?s7! (from RMV base to top) in August. These
diffusion coefficients correspond to standard deviations of
particle latitudes in the range of 8° to 20° after 1 month.

Mixing calculations computed using wind fields filtered by
phase speed show that in June and July westward propagating
waves are primarily responsible for mixing in the RMV (Figure
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14). In August, when the easterly winds are very weak,
stationary waves contribute most to the mixing. From the
available data it is not possible to determine how much of the
stationary wave field is real and how much is artifact. The
changes of the zonal mean fields, the waves, the mixing
diagnostics, and the ozone observations are consistent over the
course of the season. From June to July the easterlies strengthen,
the waves weaken, and the mixing and ozone variations decrease.
From July to August the easterlies weaken, the waves strengthen,
and the mixing and ozone variations increase.

While the wave properties and mixing decrease with height,
the ozone variance has a local maximum near 650 K (~25 km).
The dynamical characteristics and the ozone observations are
consistent with the following division of the summer stratosphere
into three layers. In the lower stratosphere, where the winds are
westerly, mixing by stationary and eastward propagating waves is
vigorous, and photochemical lifetimes are long. As a result, the
mixing completely eliminates any ozone gradients, and further
eddy activity cannot produce any zonal variations in ozone. In
the weak easterlies, between the zero-wind line near 500 and
~800 K, the mixing is not strong enough to completely remove
the tracer gradients. Breaking by westward propagating waves
continually introduces new variability into the ozone field. In the
upper part of this layer, ozone variability decreases due to both
decreasing wave-driven mixing and to increasingly short
photochemical timescales. Above the upper boundary of the
RMYV (~800 K), photochemical time scales are so short compared
to meridional mixing and transport time scales that ozone
variability cannot be maintained [Garcia and Solomon, 1985].
From all of the above evidence we conclude that breaking of
westward propagating large-scale waves in the summer
stratosphere between 20 and 30 km near 60°N causes meridional
transport and the observed local maximum in trace species
variability.
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