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Figure 4. Ten-day scatter plots of the ozone mixing ratio measured by POAM II (at approx. 57°N) versus the average latitude
of the 20-day back trajectory for each measurement. The three rows represent early, middle, and late summer periods in 1994.

The three columns represent 0 levels of 550, 600, and 700 K

. The solid lines show the average latitude distribution of ozone

mixing ratio computed from MLS data for 23 Apr - 21 May 1994, and for 6 Jul - 8 Aug 1994, corresponding roughly to the
early and late summer time periods. The MLS ozone has been multiplied by 0.9 to account for the average bias between the

MLS and POAM data [Bevilacqua., 1997].

throughout the summer, generally moving with the mean
wind. This is suggestive of transport by advection or wave

activity that is stationary with respect to the mean wind. The.

presence of vertical shear in the mean wind implies that if
the ozone wave patterns are moving with the wind, they
should also exhibit vertical shear. Although not easily
discernable from Figure 3, the ozone patterns do exhibit
shear, with regions of high or low ozone sometimes vertically
aligned and sometimes misaligned.

The picture of high and low ozone patterns advecting
with the mean zonal wind is consistent with the idea of a
passive tracer field frozen into the summertime flow.
However, simple ozone photochemical time-scale
considerations suggest that this cannot be the full story. The
ozone photochemical lifetime varies with latitude and time
during the summer, but is always shorter than about 70 days
at 700K at middle and high latitudes (calculations from NRL
CHEM-1D model [Siskind et al., 1993]). Thus, the
photochemical lifetime of ozone is too short at 700K to be
considered a passive tracer on a seasonal time-scale. If the
ozone patterns were not dynamically forced during the
summer at 700K, they would decay significantly from early
to late summer, which is not observed in Figure 3 or Figure
1(b). At 600K and 550K, the photochemical lifetime
increases to 100-200, and 150-300 days respectively, with the
shorter lifetimes found at higher latitudes. With these longer
lifetimes, advection of ozone as a quasi-tracer could
contribute significantly to the persistence of the ozone
patterns. However, because the variance is observed to
increase in late July, there must also be a contribution from
transport and/or photochemistry.

Trajectory Analysis and Discussion

In order to examine the role of meridional transport in
forcing the observed summertime ozone patterns, we use an
isentropic trajectory analysis [Bowman, 1996] driven by
winds from the UK Meteorological Office (UKMO)
[Swinbank and O’Neill, 1994]. Bowman et al. [1998] have
recently identified errors in the summertime wind fields of
stratospheric meteorological data sets which can lead to
significant errors in trajectories. Geographically fixed
geopotential anomalies in the northern hemisphere were
found, and it was suggested that these errors arise from the
input data used by the assimilation systems. The errors are
manifested in the wind fields as geographically fixed, or
stationary medium-scale wind anomalies of relatively
constant magnitude over the summer season. These spurious
wind anomalies account for a large fraction of the eddy wind
strength during easterly zonal flow in which persistent
stationary waves are not expected. Based on these findings,
we estimated the wind errors by time-averaging the eddy
component of both the zonal and meridional daily wind fields
from June through August at each 0 level. The wind fields
were then modified by subtracting the time-mean eddy
patterns from the instantaneous daily wind fields. This
correction results in an overall reduction in the strength of
the eddy winds and in the meridional displacement of parcel
trajectories. For the trajectories used in this study, the
average dispersion in latitude of parcel trajectories relative to
the starting latitude is generally reduced by 0% to 40%. Until
the source of the geopotential errors is better understood, it
is difficult to evaluate the accuracy of the correction made
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here. However, we performed a sensitivity analysis to
determine that errors in the wind correction of 10% have no
significant effect on the results presented here.

Twenty-day isentropic back trajectories are computed for
each summertime POAM measurement at selected 6 levels
using the corrected UKMO winds. A 20-day trajectory length
was chosen because it is long enough to identify the transport
tendency when the winds are weak, yet short compared to
ozone photochemical time-scales in the summertime over the
550 to 700 K 6 range. The 20-day average latitude of each
back trajectory is computed as a measure of the parcel
transport history. Figure 4 shows the POAM ozone mixing
ratio as a function of the trajectory-averaged latitude for data
obtained at the indicated 6 levels and time-periods
characterizing the early, mid- and late summer. At 600 and
700K there is a good correlation between the ozone mixing
ratio and the average trajectory latitude in all time periods,
with the mixing ratio decreasing with increasing trajectory
latitude. At 550K there is only a weak correlation in the
early summer, but a stronger correlation does emerge in the
mid and late summer periods. Thus, in general we find that
relatively high ozone mixing ratios are associated with
parcels of low-latitude origin, and low ozone mixing ratios
with parcels of high-latitude origin. The next step is to
check the consistency between the observed ozone mixing
ratio/trajectory latitude correlation and the observed
summertime meridional ozone gradient. The solid lines in
Figure 4 show the zonal average ozone mixing ratio as a
function of latitude obtained from MLS data for the 23 April-
21 May (top panels) and 6 July-8 August 1994 (bottom
panels) UARS north-looking periods. The MLS data show
that the meridional ozone gradient generally increases during
the course of the summer as a result of latitudinal and time
variation of the ozone production and loss rates [Bruhl et al.
1998]. There is generally good agreement between the
measured ozone latitudinal gradient and the ozone mixing
ratio/trajectory latitude correlation in both its temporal and 6
variation. This suggests, then, that meridional transport can
account for the large-scale patterns observed in summertime
ozone, and is in agreement with the results of Natarajan and
Callis [1997] and Luo et al. [1997]. Furthermore, we point
out that the meridional transport responsible for the ozone
patterns need not occur continuously over the course of the
summer. It can occur in episodic events, but the frequency
of the events must be large enough to maintain the observed
ozone/latitude correlation over the entire summer. However,
the fact that the ozone patterns remain coherent suggests that,
if the forcing is episodic, it must remain in phase with the
zonal mean wind. -

Examination of the zonal-wave amplitudes and phases of
the corrected winds (not shown) reveals that westward
propagating, large scale waves (zonal wavenumbers 1-5) are
present intermittently throughout the summer. This is in
contrast to the stationary waves 1-2 described by Luo et al.
[1997] which are the dominant waves in the uncorrected
UKMO winds. The westward propagating waves are nearly
barotropic throughout the layer between 500 and 800K and
have phase speeds comparable to the zonal-mean wind
between 600 and 700 K. Periods of larger wave amplitudes
last from a few days to a week while the phase progression
often remains coherent for periods of a month or more, even
when wave amplitudes are weak. These westward-
propagating waves appear to be evanescent in the
stratospheric easterlies that occur above ~500 K, consistent
with planetary wave theory [Charney and Drazin, 1961,
Dickinson, 1969]. The effective meridional diffusivities (K,)
calculated using the methods in Bowman [1996] indicate
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significant meridional dispersion and mixing of air parcels in
the easterlies between 600 and 800 K. When the wind field
is filtered to remove westward-propagating wave modes, the
mixing disappears almost entirely. This suggests that the
zonal variability of tracers in the summer stratosphere
between 550 and 800 K is due to the breaking of westward
propagating waves that, although evanescent in the vertical,
retain sufficient amplitude at these levels to induce
significant transport. Further study is required to confirm
this hypothesis and to examine why the intermittent wave
breaking tends to reinforce the zonal tracer variance.
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