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ABSTRACT

Total Ozone Mapping Spectrometer images of the springtime Southern Hemisphere commonly show concentric
layers in the total ozone field outside the Antarctic polar vortex. The layering appears to result from horizontal
folding and stretching of regions on the equatorward flank of the polar vortex near the midlatitude ozone
maximum. This folding and stretching interleaves low and high ozone air from the subtropics and midlatitudes,
respectively. Occasional large amplitude wave events can extract very low ozone air from the interior of the
polar vortex (the Antarctic ozone hole), but the folding and stretching occurs in midlatitudes even when wave
amplitudes are not exceptionally large. The folding and stretching results in relatively rapid horizontal mixing
of the atmosphere on the equatorward flank of the jet. This type of Lagrangian behavior may be common in
the atmosphere, but is only visible when local tracer gradients are large and observations with high spatial
resolution are available. Also, experimentation has shown that gray-scale images of TOMS data show the details
of the spatial distribution of ozone much more clearly than contour maps or false-color images.

1. Introduction

Observational and modeling studies have revealed
the existence of horizontal folds in tracer fields that are
associated with breaking planetary-scale waves (Hsu
1980; McIntyre and Palmer 1983; Lyjak and Smith
1983; Leovy et al. 1985; Juckes and McIntyre 1987;
Juckes 1989; Polvani and Plumb 1992). The wrapping
up of tracer fields can also be seen in analytical models
(Stewartson 1978; Warn and Warn 1978; Ottino
1989), other barotropic-type models (Salby et al.
1990a,b), and three-dimensional models (O’Neill and
Pope 1988; Robinson 1988). At the spatial scale re-
solved by most stratospheric satellite instruments, the
breaking wave patterns appear as large comma-shaped
deformations of the tracer field. Numerical simulations
like those of Juckes (1989), Salby et al. (1990a,b), or
Polvani and Plumb (1992) show much finer structure
in two-dimensional tracer fields.

The Total Ozone Mapping Spectrometer (TOMS)
on the Nimbus-7 satellite is one of the few instruments
capable of measuring stratospheric tracers with suffi-
cient horizontal spatial resolution to detect these fold-
ing and stretching events, provided that they are deep
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enough to affect the total column ozone. This paper
shows that the TOMS is capable of resolving fine struc-
ture in the total ozone field of the Antarctic polar vortex
resulting from wave events. The associated mixing
processes are an important part of the dynamics of the
ozone hole. TOMS images also show the more chaotic
mixing that occurs when the polar vortex breaks down.
Numerical model experiments to determine the large-
scale factors that control the mixing process are pre-
sented in a companion paper (Bowman 1993). Also,
experimentation has shown that gray-scale images of
TOMS data show the details of the spatial distribution
of ozone much more clearly than contour maps or false
color images.

2. Data and methods

Twelve years (1979-1990) of nearly global total
ozone observations are now available from the Total
Ozone Mapping Spectrometer on the Nimbus-7 sat-
ellite. This study uses selected daily gridded fields for
1978-1989 (Version 6.0 of the TOMS processing al-
gorithm), which are available on compact disk (CD-
ROM) from the National Space Science Data Center
at Goddard Space Flight Center.

The TOMS instrument uses backscattered solar ul-
traviolet radiation to make daily measurements of total
column ozone over the entire sunlit portion of the
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globe. No measurements are available from within the
polar night. The spatial resolution of the TOMS sensor
is ~50 to ~250 km, depending on scan angle. The
data used here are interpolated from the instantaneous
satellite fields of view to a semiregular longitude-lati-
tude grid, a product known as the GRIDTOMS data.
The latitudinal grid cell resolution is 1°. The longitu-
dinal dimension of the grid cells varies with latitude
so0 as to keep the cell area approximately constant ( Ta-
ble 1).

Images are created on a polar equidistant projection.
The image is centered at the South Pole; the outermost
latitude is 20°S. Using map coordinates from —1 to 1
in both x and y, the longitude and latitude (A, 8) in
degrees of any point (x, y) on the map are given by

' 360 tan~!(y/x)
AMx, p) = e

8(x, y) = —90 + 70Vx? + y2.

The inverse tangent is evaluated so as to return an
answer in the correct quadrant for the Southern Hemi-
sphere.

The ozone value for each pixel in the image is cal-
culated by finding the longitude and latitude of that
pixel and then interpolating the gridded TOMS data
to that longitude and latitude. The interpolation is lin-
ear in longitude and latitude. If any one of the four
surrounding data points is missing, the pixel is left
black. Since the satellite is a polar orbiter, the data are
not synoptic. Adjacent orbits are approximately 100
minutes apart. Generally the ozone distribution does
not change sufficiently within that time for disconti-
nuities to become apparent. This is not true at the in-
ternational date line, where data from the first and last
orbits on each day are juxtaposed. Rather than spatially
interpolate between observations separated by 24
hours, the intermediate pixels are left black.

The intensity I of each pixel is scaled into the range
(0, 255) by the transformation

(Q - Qmin)
(Qmax _ Qmin)

(la)

(1b)

I=255 (2)

where the minimum and maximum values of the range,
Qmin and Qnax, are set to emphasize features in the
middle of the gray scale. Ozone values greater than
Q.ax are all displayed as white, while values less than

Qmin are displayed as black. The values of Q.. and
Qmin for each figure are shown in Table 2.

TABLE 1. Longitudinal dimensions of GRIDTOMS data cells.

Latitude Cell width
<50° 1.25°

50°-70° 2.5°

70°-90° 5°
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TABLE 2. Upper and lower limits of the gray-scale
enhancement curves used in each figure.

Figure Qmin Qrﬂax
1 274 450
2a 267 444
2b 234 400
2¢ 275 464
2d 232 434
3 263 429
3. Results

Figure 1 is a sequence of daily TOMS images from
October of 1983. The ozone hole is the dark region
centered over the South Pole. It is surrounded by a
“doughnut” of higher ozone values. During this six-
day period, the polar vortex is distorted by a large am-
plitude traveling wave 2 superimposed on a modest
wave 1, as well as some smaller-scale features. By 20
October stretching and folding of the ozone field begins
at two locations, one near 150°W and one near 60°E.
By 21 October a strand of high ozone air is being
stretched away from ‘“crest” of the wave, now near
135°W. This strand elongates on 22 October, and a
similar fold is now clearly visible at 90°E. Both strands
of high ozone air continue to elongate on 23 October.
The strand in the western hemisphere appears to have
very low ozone air on its poleward side that was pulled
from within the ozone minimum, that is, from the
outer part of the ozone hole. By 24 October the strands
of low and the high ozone air are following different
trajectories. The edge of a “shadow” of the low ozone
air now crosses the ozone maximum near 50°W, 60°S
and near 100°W, 60°S, and it has a clearly defined
edge on the equatorward side. On 25 October the strand
of high ozone air has been wrapped around the vortex
until it is essentially concentric with the ozone maxi-
mum, while the low ozone air extends in a long, nar-
row, comma-shaped tongue all the way to 20°S,
170°W. Evidence of an increasingly narrow strand of
low ozone air is visible until at least 28 October.

The fold in the eastern hemisphere, which first ap-
peared around 21 October, straddles the date line by
24 October. It does not appear to draw low ozone air
from inside the vortex. As time progresses, the folds
are stretched and wrapped back around the polar vor-
tex. The result is a series of concentric layers of high
ozone air around the polar vortex. These features are
difficult to see in false-color images, unless the color
table is chosen very carefully, and are nearly impossible

“to see in contour maps.

The layered structure is apparent each year in the
Southern Hemisphere spring before the polar vortex
breaks down, as can be seen in Fig. 2, which shows a
sampling of days from other years. Each of the days
shown exhibits the layered structure described above.
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F1G. 1. Daily TOMS images of total ozone in the Southern Hemisphere for six consecutive days in October 1983.
Latitude circles are drawn at 40°, 60°, and 80°S. The outermost latitude is 20°S.
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FIG. 2. Daily TOMS images of total ozone in the Southern Hemisphere for four selected days
in October of 1984, 1985, 1986, and 1987. The map projection is as in Fig. 1.

The image for 3 October 1984 shows multiple narrow
maxima in the eastern hemisphere. These are the rem-
nants of earlier stretching and folding events. The image
for 3 October 1985 shows both existing layered struc-
ture and stretching and folding events in progress, one
between 0° and 45°E, and one at approximately 90°W.
The image for 3 October 1986 also shows both existing
layers and new filaments being formed. The two narrow
filaments, one between 45° and 90°E and the other at
90°W, show signs of rolling up at the ends. The rolling
up is most apparent for the strand in the western hemi-
sphere, with the rotation being cyclonic (clockwise).
The last image, from 21 October 1987, shows a situ-
ation similar to 24 October 1983 (Fig. If), with a long
strand extending across the date line. Remnants of

older strands are visible all around the exterior of the
0zone maximum.

The final sequence of images in Fig. 3 shows the
breakdown of the polar vortex and the disappearance
of the ozone hole in November of 1981. The zonally
averaged ozone flux and the erosion of the ozone min-
imum are shown in Fig. 8c in Bowman (1990). On 10
November the ozone hole is clearly defined, and there
are remnants of small strands of high ozone air near
the ozone maximum. By 12 November the ozone hole
is considerably deformed by a wavenumber 2 feature.
By 14 November the deformation is becoming un-
wavelike, although the low and high ozone regions are
still well separated. A very narrow strand of high ozone
air has been stretched out along the Greenwich merid-

90°E
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FiG. 3. Daily TOMS images of total ozone in the Southern Hemisphere for six days in November 1981.
Consecutive images are separated by two days. The map projection is as in Fig. 1,



2920

ian. On 16 November the low ozone region is disap-
pearing as the ozone field deforms further. By 18 No-
vember the low ozone air is largely gone, and by 20
November, the breakdown of the vortex and the mixing
of the ozone hole is essentially complete. The ozone
minimum did not reform that year.

4. Interpretation and discussion

TOMS images of the Southern Hemisphere com-
monly show thin concentric layers of alternating high
and low ozone air around the Antarctic ozone hole in
the Southern Hemisphere spring. Sequences of TOMS
images show that the layering results from folding and
stretching of air near the midlatitude ozone maximum.
The stretching is associated with planetary- and me-
dium-scale waves. Large amplitude wave } events oc-
casionally pull a thin strand of low ozone air from the
interior of the vortex; that is, from within the ozone
hole. There is no obvious evidence of high ozone air
being transported into the vortex interior during these
events. The event shown in Fig. 1 is possibly the best
example in the 12-year TOMS data record. Exami-
nation of the entire TOMS data record for the Antarctic
spring (1979 through 1991) shows that events that ex-
tract air from the vortex interior typically occur a few
times during the spring season. Folding and stretching
events that do not pull low ozone air from inside the
vortex are much more common. These events typically
have smaller zonal scales; they interleave high ozone
air from the ozone maximum and lower ozone air from
lower latitudes; at times several folds occur simulta-
neously at different longitudes. Both types occur si-
multaneously during the period shown in Fig. 1.

The layered structure is nearly always present in the
springtime Antarctic ozone field. Murphy et al. (1989)
concluded, using data from the Airborne Antarctic
Ozone Experiment, that “slivers of air from within the
CPR [chemically perturbed region of the ozone hole]
are interleaved with air from outside the CPR, pro-
ducing correlations characteristic of horizontal trans-
port.” This suggests that the region of horizontal mixing
may overlap the boundary of the chemically perturbed
region. It is not possible to determine from the TOMS
data alone whether the low ozone air in the wave 1
events comes from the outer part of the ozone hole or
from deep in the interior. The vortex is likely neither
a completely isolated “containment vessel” nor well
mixed (in the sense that the residence time of air within
the vortex is much less than a season). Quantitative
estimates of the exchange of air across the vortex
boundary will require better tracer measurements and
trajectory calculations.

During the strong wave 1 events, the low ozone air
may appear as a “shadow” overlying other features,
suggesting that the deformation is different at different
levels (see Fig. 1). This apparent vertical structure may
be related to the change in the character of the vortex
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around the 400-K level (McKenna et al. 1989; Po-
dolske et al. 1989). The fact that the features are visible
in total column ozone, however, indicates that the de-
formation is both relatively deep and barotropic, since
shallowness, vertical shear, or tilt would tend to destroy
or obscure the features in the total column.

The intertwining tongues of high and low ozone air
in the narrowest folding events have a width of ~ 1000
km or less and a length of 5000 km after 4 to 5 days
of folding and stretching. The ~1000-km width scale
is also characteristic of the distance between the max-
imum ozone values in the high ozone tongue pulled
from higher latitudes and the minimum ozone values
in the complementary low ozone tongue intruding
from lower latitudes. The wave 1 events appear to
stretch the filaments to even higher aspect ratios, rem-
iniscent of the simulations in Fig. 13 of Polvani and
Plumb (1992).

These time and space scales are consistent with
stretching deformation by the shear of the zonal-mean
wind at these levels. As a wave grows, the local accel-
erations displace the parcels with respect to the back-
ground flow. The climatological maximum of the jet
on the 450-K surface is located at 60°S latitude and
has value of ~40 m s~! in September (see Fig. 2 in
Bowman 1993). The climatological shear of the zonal-
mean wind reaches a maximum between 40° and 50°S
with a magnitude of ~—1.0 X 107> s™!. Particles dis-
placed by ~ 1000 km in a shear of that magnitude will
separate by ~1000 km day~! (assuming ~10° s
day ™). The lifetime of an individual fold is a few days
to a week from the time when the fold is first apparent
until the resulting narrow strands are difficult to dis-
tinguish after having been wrapped around the vortex.
Instantaneous shears may be larger, by perhaps a factor
of 2, or smaller (cf. Fig. 7 in Chan et al. 1989).

The strands of high ozone air are created at the wave
crests, and being wrapped around the vortex are pre-
sumably eliminated by mixing processes at scales t0o
small to be observed by the TOMS. Qualitatively, the
layers appear to be less distinct during quiet periods,
when waves are weak. Numerical model experiments
show that a Lagrangian tracer can undergo this stretch-
ing and folding process even when the wave amplitudes
are not large enough to produce folding and stretching
in the potential vorticity field (Bowman 1993). This
would explain why the layered structure is present even
in the absence of large wave breaking events. This type
of Lagrangian behavior is probably common in the
atmosphere, but is visible only when local tracer gra-
dients are large and observations with high spatial res-
olution are available. In the coarse-grained reconstruc-
tions of potential vorticity made from satellite mea-
surements, only large amplitude breaking waves and
broad comma-shaped patterns are usually visible.

The total ozone field appears to delineate the lower
stratosphere ‘“‘surf zone” well (McIntyre and Palmer
1983, 1984 ). Throughout most of the Southern Hemi-
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sphere spring, there is a strongly mixed region on the
equatorward flank of the polar jet, with occasional large
amplitude wave events pulling air from within the vor-
tex (McIntyre 1989). As the vortex weakens during
the spring as a result of radiative heating and wave
dissipation, the mixing region gradually moves pole-
ward, until it suddenly fills the interior of the vortex
as the vortex itself breaks down. The numerical ex-
periments in Bowman (1993) investigate the dynam-
ical factors that control the mixing process. Further
diagnostic calculations are planned to compare the total
ozone evolution with Lagrangian tracer trajectories at
different levels in the stratosphere.

A final note concerns the display of meteorological
data. Meteorological data are conventionally presented
in the form of contour maps or cross sections. Contour
maps allow either subjective or objective smoothing of
data, which may be advantageous when the data is
noisy or sparse. High-resolution satellite data are often
presented as false-color images. Color tables that vary
too rapidly tend to produce noisy-looking images, since
the colors may change considerably from pixel to pixel
in the image. Therefore, smooth color tables are usually
chosen, which have the side effect of emphasizing large-
scale features in the fields. Gray-scale images, on the
other hand, make the perception of small-scale struc-
tures easier without obscuring the large-scale patterns
of the field. Gray-scale images from GOES, for ex-
ample, are quite suitable for studying cloud fields, in
either the visible or infrared channels. Gray-scale en-
hancement curves are not only easier to design but
may better reveal detail in the images, while false-color
images may be better for smoother fields, like monthly
means.
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