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ABSTRACT

Two years of stratospheric measurements of ozone from the Upper Anmosphere Research Satellite Microwave
Limb Sounder are examined in order to characterize large horizontal scale wave variations. The use of Fourier
analysis allows the detection of variations from daily through seasonal and interannual timescales. High-latitude
winter variations at 10 hPa often have very large amplitudes, but smaller midlatitude variations are more ubig-
uitous. Some variations have the characteristics of locally generated instabilities. Correlations of wave features
with changes in the zonal-mean ozone at 10 hPa suggest the presence of significant horizontal motions during
strong wintertime polar warming events. Such correlations are not evident at other levels. Spectral analysis of
the large-scale variations show most waves to be slowly propagating. In contrast to some past observaiions,
equatorial regions are shown to lack large amplitude wave events.

1. Introduction

Planetary-scale waves are known to be important
mechanisms for transport processes in the middle at-
mosphere. There are many indicators of wave activity
including temperature and species concentrations. Each
of these indicators has been studied in the past for in-
sight into a variety of wave mechanisms. This discus-
sion will focus on an overview of wave variations in
ozone concentration as measured during the first two
years of operation of the Microwave Limb Sounder
(MLS) (Barath et al. 1993) on the Upper Atmosphere
Research Satellite (UARS) (Reber 1990). A compan-
ion paper (Froidevaux et al. 1994 ) traces the evolution
of zonal-mean ozone over a similar period.

There are several reasons why the MLS dataset pro-
vides a unique view of ozone in the middle atmosphere.
Unlike the Total Ozone Mapping Spectrometer
(TOMS) its vertical measurement resolution (about 4
km) allows the inspection of vertical variations within
the ozone column. Although MLS retrievals occur at
levels separated by about 5 km, vertical resolution is
superior to Nimbus-7 Solar Backscatter Ultraviolet
(SBUV) measurements, which have Gaussian-shaped
averaging kernels 8—10 km in width (Randel and Gille
1991). In addition, unlike SBUV and TOMS, MLS is
able to detect ozone during the night. The length of the
MLS data record is shorter than SBUV and TOMS, so
interannual variations are not as well represented in the
MLS data. As described by Gille and Russell (1984),
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the Limb Infrared Monitor of the Stratosphere (LIMS)
on Nimbus-7 had capabilities similar to MLS but pro-
vided data only for about 8 months. In addition, LIMS
was unable to view latitudes south of about —64°. Al-
though MLS is able to view latitudes as far south as
—80°, it cannot do so all of the time. Because UARS
performs a yaw maneuver approximately every 36 days
(one UARS ‘“‘month’’), MLS alternately views lati-
tudes from about —34° to 80° and from 34° to —80°.
Although the middle and high latitudes are undersam-
pled by this viewing procedure, the low latitudes
(*34°) are sampled continuously, except for data out-
ages.

One area of focus in past studies has been that of
ozone variability on seasonal to interannual timescales.
Perliski and London (1989) examined 9 years of
SBUYV data. Among their findings was that longitudinal
wavenumber 1 variations had largest amplitudes in the
polar regions with a secondary maximum over the
equator. Randel (1993) also analyzed SBUV data and
found evidence that planetary wave events associated
with polar warmings can influence zonal-mean ozone
over nearly the entire globe. It must be noted, however,
that according to Randel and Gille (1991) SBUV data
may underestimate wave amplitudes by 20%—-60% de-
pending on the vertical structure of the disturbance.

Planetary-scale waves have been examined on
shorter timescales as well. Kelvin waves hold a great
deal of interest because they serve to transport momen-
tum and chemical species in the Tropics. Salby et al.
(1990) and Randel (1990) examined ozone power
spectra from LIMS observations and found a clear Kel-
vin wave signature (eastward propagating wave 1 and
2 variations with periods ranging from about 4 to 40
days). Canziani et al. (1994) provide a similar study
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using MLS data. Their discussion of ozone variations
associated with Kelvin waves focuses on two time pe-
riods near the solstices during the first UARS year. They
found similarities with the earlier LIMS studies but also
some differences, including a greater amount of asym-
metry about the equator. Kelvin wave amplitudes in
ozone concentration are typically at least an order of
magnitude smaller than other variations and are there-
fore not evident in the figures discussed here.

LIMS observations have also been used to investi-
gate another important source of planetary waves: in-
stability. It is well known that unstable disturbances are
generated near the equatorial and polar flanks of the
polar night wind jet. For example, Elson (1990) found
that during the winter months in 1979, an unstable
mode centered near 20° and 10 hPa was evident in the
ozone field. The small vertical scale (about 10 km) of
this type of feature would make it hard to properly mea-
sure in SBUV data. This instability traveled westward
with a period near 13 days.

The purpose of the discussion here is to provide an
overview of planetary-scale ozone variations as mea-
sured by MLS from October 1991 through September
1993. Section 2 will describe the method used to ana-
lyze the data. Section 3 will present an overview of
wave activity at several pressure levels for each of the
two years. In addition, several limited time periods will
be examined in greater detail. Comparisons will be
made between the time evolution in the zonal-mean,
wavenumber 1, and wavenumber 2 ozone. Section 3
will also examine the variance spectra for midlatitude
disturbances and will provide examples of the vertical
structure of these disturbances. Comparisons will be
made with earlier studies.

2. Data analysis: Fourier transforms

Elson and Froidevaux (1993, hereafter EF) have de-
scribed the production of synoptic MLS maps. The ap-
proach begins with a coordinate system rotation in or-
der to calculate Fourier transforms of the time and
longitude dependence of ozone concentration. This
technique, described by Salby (1982a,b), makes use of
fast Fourier transforms at selected latitudes and heights
to produce Fourier transform coefficients for discrete
values of m, the longitudinal wavenumber, and o, the
frequency. The input series must be equally spaced in
longitude and time, a requirement made more difficult
by the variability of the UARS orbital period. This vari-
ability is small enough to allow the routine calculation
of Fourier coefficients over a 7.2-day (108 orbit) pe-
riod, and uniess otherwise indicated, these coefficients
are used here. Longer calculations (e.g., over a UARS
month ) are possible only during times when the orbital
period is very slowly changing. As discussed by Elson
(1990), there is a trade-off between better frequency
resolution and interference caused by transience as one
increases the sample length. The 60-day sample

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 51, No. 20

lengths, found useful for analyzing LIMS data, are not
possible using the present approach unless a remapping
(e.g., Canziani et al. 1994 ) is carried out. Nevertheless,
the frequency resolution obtained here for several cases
with sample lengths of order 30 days is quite adequate.

The Fourier transform coefficients are used here in
two different ways. In order to demonstrate the vari-
ability of ozone on seasonal to interannual timescales,
all resolved frequency contributions to the inverse
transform for individual zonal harmonics (including
the zonal mean ) are displayed at several pressure levels
as a function of time. We refer to this as ‘‘zonally av-
eraged fluctuations’’ or ‘‘wavenumber 1 fluctuations.”’
The sine and cosine components are also used to cal-
culate the cross-spectral and power spectral density
functions, as described by Bendat and Piersol (1671).
These functions are then spectrally smoothed using a
Hanning window. This smoothing is necessary, in part,
in order to provide reasonable estimates of statistical
significance. Such estimates are found by calculating
coherency and relating it to a posteriori probability (El-
son 1990). The spectral density functions are also used
to find the eastward and westward propagating wave
variances described by Schifer (1979). As discussed
by EF, the Fourier series corresponding to the ascend-
ing and descending parts of the orbit cease to be in-
dependent as one approaches the turning points of the
orbit. This can produce artifacts in the form of scaliop-
ing effects poleward of +75°.

3. Results
a. Time evolution of wavenumber components

The zonally averaged (m = 0) fluctuations of ozone
concentration during the first two years of observations
show several interesting features, as discussed by Froi-
devaux et al. (1994). The absolute value of wavenum-
ber 1 (m = 1) fluctuations at pressure levels of 46, 10,
and 2 hPa (UARS levels 8, 12, and 16) is shown here
in Fig. 1. Missing days (e.g., UARS yaw maneuvers,
field-of-view contamination from the moon, platform
and instrument problems) have been omitted, resulting
in gaps in this and similar figures. Wave activity is seen
to be transient in nature but predominant during the fall,
winter, and spring months in each hemisphere and at
all ievels shown. Of the three levels, 10 hPa exhibits
the largest amplitude. Interannual variability can also
be seen at all levels, with a very large difference oc-
curring near 60° at 10 hPa during December and Jan-
vary (UARS days 84124 and 446—-485). Note that
UARS began its operation on 12 September 1991
(UARS day 1).

The results for m = 2 fluctuations are similar in struc-
ture to those for m = 1 but the amplitudes are generally
smaller. Figure 2 shows these amplitudes at the same
levels as Fig. 1. Although both wave 1 and wave 2 are
usually present during the active months, there are
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FiG. 1. Time evolution of the amplitude of wave 1 ozone fluctuations (ppmv) at (a) 2 hPa for UARS days 20-375, (b) 2 hPa for
UARS days 380-736, (c) 10 hPa for UARS days 20-375, (d) 10 hPa for UARS days 380—736, (e) 46 hPa for UARS days 20--375,
and (f) 46 hPa for UARS days 380-736.
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FIG. 2. Same as Fig. 1 but for wave 2 ozone fluctuations.
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some noteworthy departures from this pattern. Days
54—-83 (November 1991) show the southern midlati-
tudes to be quite active with wave 2 events, but nearly
devoid of wave 1 at 10 hPa. Similarly, days 626—665
(June 1993) contain significant levels of wave 1 activ-
ity but little wave 2 activity in this same latitude region
at 46 hPa. Manney et al. (1991a) found comparable
behavior when they examined the height field from Na-
tional Meteorological Center (NMC) data.

Closer inspection of Fig. 1 yields several interesting
features. In both hemispheres, wave activity appears to
be strongest, especially at 10 hPa, in two somewhat
distinct bands: one between 60° and 80° and a second,
smaller one in the 20°—35° range. The equatorial region
seems particularly devoid of large amplitudes. These
findings are in marked contrast to the equatorial SBUV
results of Perliski and London (1989) described above
but are quite similar to the LIMS results described by
Elson (1990).

Figures 1 and 2 lead to the question of whether the
time and latitude structure of the wave events can be
linked to a mechanism. As discussed above, one pos-
sibility is locally generated instabilities. The latitude
gradient of potential vorticity (PV) can provide an in-
dicator of the likelihood of instability, at least in the
small amplitude approximation (Manney et al. 1988).
Figure 3 shows this quantity on the 840-K potential
temperature surface (near 10 hPa), derived from U.K.
Meteorological Office data using the technique de-
scribed by Manney and Zurek (1993 ), for the two years
shown in Figs. 1 and 2. The white contours show zero
values of the PV gradient, that is, the region where the
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necessary condition for instability is satisfied. The tem-
poral correlation with large wave events at high lati-
tudes in both hemispheres is stronger during the spring
months. This is consistent, at least in the Southern
Hemisphere, with past suggestions (Manney et al.
1991b) that instability in the polar regions is most im-
portant during the spring breakup of the vortex. Ac-
cording to the results of Manney et al. (1991a), there
is considerable interannual variability in the location
and timing of sign changes in PV. This is reflected in
Fig. 3 where the area bounded by white contours in
October is much greater in 1992 than 1991. In Fig. 4,
we focus on a late winter period (days 518-554) in
the Northern Hemisphere. This figure shows the PV
gradient and the amplitude of wave 2 fluctuations.
Wave 2 is often the fastest growing mode for an unsta-
ble basic state (Elson 1990; Manney et al. 1991b). The
most extensive region bounded by zero gradient values
corresponds in time and latitude to the largest m = 2
amplitude poleward of 60° between days 541 and 550.
Although this structure is similar to that found by Man-
ney et al. (1991a) for height fields in the Southern
Hemisphere, a more definitive identification of mech-
anisms requires an examination of the height and tem-
perature fields for this time period. As discussed by
Elson (1990), the spatial structure of unstable distur-
bances in ozone and temperature can be quite different.

By expanding the time axes in Fig. 1 and comparing
m = 0 and m = 1 amplitudes, one can see significant
differences with altitude in how the waves and the zo-
nal mean interact. Several periods with large wave am-
plitudes have been selected for discussion. Figures 5a
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FIG. 3. Potential vorticity gradient (10™* km? kg ™' s ™' deg™') on an 840-K potential temperature surface for (a) the first UARS
year {days 20-375) and (b) the second UARS year (days 380-736). The zero value is highlighted by a white contour.
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FiG. 4. (a) Amplitude of wave 2 ozone fluctuations (ppmv ) versus time for UARS days 518-554 (10 Feb 1993 —~18 Mar 1993)
at 10 hPa and (b) potential vorticity gradient on an 840-K potential temperature surface (10™* km> kg ™' s ' deg ') for the same

period. The zero value is highlighted by a white contour.

and 5b show the m = 0 and m = 1 amplitude fluctua-
tions for February and March 1993 at 2 hPa. At these
levels, there does not seem to be much temporal cor-
relation between changes in zonal-mean ozone and
wave 1 amplitude. This behavior is typical for the 2-
hPa data examined here and is in disagreement with the
findings of Randel (1993) based on SBUV data from
1979 to 1981.

At 10 hPa in August and September of 1992 (Figs.
5c and 5d) the situation is quite different. Here we see
that not only are the wave 1 amplitudes larger, but there
is a definite signature in the zonal mean that corre-
sponds in time and latitude to the large amplitude, tran-
sient wave events near days 361 and 371. These warm-
ing events were described by Fishbein et al. (1993)
who noted their approximate 9-day periodicity. The
time evolution of the zonal-mean concentration implies
that there is at least temporary poleward transport of
ozone during the buildup of the wave 1 event. This type
of correlation is not uncommon at 10 hPa and always
has similar characteristics. Evidence that horizontal
ozone transport is important at 10 hPa is to be expected
since the concentration peaks near this level, making
transport by vertical motions less likely.

At 46 hPa, during the northern winter of 1991, large
wave | amplitudes appear in the same latitude band as
the large time tendencies in the zonal mean, as shown
in Figs. 5e and 5f. The time correlation between the
two, however, is not obvious. As is the case at 2 hPa,
the mean ozone concentration near 60° shows evidence
of changes by the creation or deletion of closed con-
tours, as would be the result of vertical transport. This
is in contrast to the behavior at 10 hPa (Fig. 5¢c) where

mean changes result from bending of existing contours
as would be the case with horizontal transport. Much
of the structure at 46 hPa is likely to be determined by
the position and dynamics of the polar vortex.

b. Spectral analysis and spatial structure of selected
features

The wave 1 and 2 ozone variations described above
have distinctive vertical structure as well as preferred
frequencies. Fishbein et al. (1993 ) characterized warm-
ing events during an active period in the Southern
Hemisphere. Here, we describe a more quiescent pe-
riod, when MLS was looking south. For the period cho-
sen, 10 January—8 February 1993 (UARS days 487—
516), the UARS orbital period was quite constant, al-
lowing a 30-day record to be used for spectral analysis.
The amplitude of the wave 1 and 2 variance is shown,
at several altitudes, in Fig. 6 as a function of latitude
and frequency. Several panels in this figure show large
amplitudes near the 1-day westward propagating limit
of the diagram. These large amplitudes are the result
of a small systematic difference in the ascending and
descending branches of the MLS data and should be
regarded as artificial. Some panels also show significant
amplitude very near the polar limit of the data. As dis-
cussed above, this is the result of the lack of independ-
ence between the ascending and descending datasets in
this region. From Fig. 6, it can be seen that there is
significant variation of both the latitude structure and
propagation characteristics with altitude. In general, the
spectra are peaked at the smaller frequencies (usually
referred to as “‘red’’) but much of the slow-moving



15 OCTOBER 1994

ELSON ET AL.

2873

¢, ¥ T T 1 T T |‘ 9
(2 o
~ 3 -
2 2
8 a
a o 2 o
= =
= =
= -
3 3 -
4 R -4 I e
> & <
og— i: il L iz _I—L__J.!_ - L L n
515 52 529 53 535 5480 545 550 555 515 528 525 530 535 54@ 545
UARS DAY NUMBER UJARS DAY NUMBFER
Wy 9@
6a- 6@
5 o
o] 5]
2 g
ad
a a- g ES
g E
:"1 - 30 :5 -3
- 60 o
Ld - 4
335 340 345 350 355 0 365 370 335 348 345 350 355 30Q0 365 370
UARS DAY NUMBER UARS DAY NUMBER
06— T T T |. o—r— T T
HB- 1. o
‘G‘ £l o 6‘ 38
= [
(= [=]
S S
1
a o a =
: 3
3 -3 3 -
“- 8] - w 8]
Ig — 1_._...§__.a__1.__...ll | —— u -~ la i i ;
B B85 98 95 18@ 185 110 115 128 125 ae as 9@ 95 100 105 110 115 120

UARS DAY NUMRER

UUARS DAY NUMRBFER

FIG. 5. Zonally averaged [(a), (c), ()] and wave 1 fluctuations [(b), (d), (f)] of ozone (ppmv) versus time at 2 hPa [(a} and (b)], 10
hPa [(¢) and (d)], and 46 hPa [(e) and (f)]. Panels (2) and (b) cover a period in Feb and Mar 1993, (¢) and (d) in Aug and Sep 1992,
and (e) and (f) in Dec 1991 and Jan 1992.



2874

Gy

LT o

LATITUDE (DEG)
G T -

Y P S . n i i L

T.@ 5.9 3.@ 1.9 1.9

FREQ (RAD/DAY)

PERIOD (DAYS )
L | 5

"
!

L i L

Y. S
T.0 -5.9 -3.@ -1.8

T)
=]
Q
g o
E
b= | K. o

- 60

| PP

i
1.e 3.e 5.9 7.9

FREQ (RAD/DAY)

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 51, No. 20

2 -|’
a
=
[
E
3
i bl il hiliafonshilictins sttt bl
T 5.0 3.0 -1 @ 3.8 S.8
FREQ (RAD/DAY)
PERIOD (DAYS )
1 2 5 2 i
W i
R ol
- ¢
)
=
-
(%]
=]
o=
E
3

Y SNSRI S S S -

7.8 -5.9 3.0 1@ r.e 3.

FREQ (RAD/DAY)

FIG. 6. Wave variance amplitude of ozone (ppmv) at (a) 2 hPa, (b) 10 hPa, and (¢) 22 hPa. All panels are for wave 1 except (d),
which shows wave 2 at 22 hPa. UARS days 487516 are covered. Color and contour scales are logarithmic.

variance changes from eastward to westward and back
to eastward as one moves from 2 to 10 to 22 hPa. The
largest amplitudes occur at 10 hPa and +25° and at 22
hPa and —65°. Wave 2 also has its largest amplitude in
this latter region. In addition, there is a relative maxi-
mum centered at the equator at 2 and 22 hPa, but not
at 10 hPa. Notice that the amplitudes of these equatorial
variations are quite small. Although this is due in part
to the spectral smoothing, an examination of Fig. 1
shows that all unsmoothed frequencies together do not
produce large equatorial fluctuations.

We can examine the latitude and height structure of
variance amplitude in a frequency band where that var-
iance is large. Figure 7 shows the height/latitude struc-
ture of the variance amplitude in a band centered at a
period of 15 days (westward) for this same time in
1993. Two features are evident in both wave 1 and 2,

one near +30° and 10 hPa and one near —60° and 20
hPa. Both features are of limited vertical extent with
the more poleward feature showing a greater degree of
coherency between the cosine and sine components.
The midlatitude feature has structure quite sirnilar to
that observed in the LIMS data (see Fig. 7 of Elson
1990).

4. Discussion

Large-scale wave fluctuations in the ozone concen-
tration measured by UARS MLS show a strong depen-
dence on season, latitude, and altitude as well as inter-
annual variation. Since the measured variations depend
on the spatial gradients of the zonal-mean ozone con-
centration, it is possible to infer qualitative character-
istics of transport when these gradients are taken into
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account. Amplitudes are largest in the winter polar
regions near 10 hPa where the zonal-mean gradients
are large and predominantly horizontal, so horizontal
transport is likely to be important. Although not shown,
a similar examination of water vapor, which has a dif-
ferent zonal-mean concentration distribution, suggests
that vertical contributions to transport are less impor-
tant here.
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Many of the ozone disturbances detected by MLS
are of limited vertical extent so that differences with
SBUV observations might be expected. For example,
the characteristics of SBUV data, which implied strong
interactions between waves and the mean ozone con-
centrations, attributed to the 2-hPa level may have had
a contribution from the lower altitudes. It is more dif-
ficult to explain differences between SBUV and MLS
observations of equatorial variations. The SBUV re-
sults of Perliski and London (1989) for a 9-year av-
erage showed significantly more amplitude between
+20° than for either of the MLS years. Several aspects
of their analysis make larger SBUV amplitudes a sur-
prise. Their evaluation examined the mean of monthly
averages over the 9-year dataset (1978-87). These av-
erages filtered out traveling wave variations. The MLS
results included all resolvable frequencies and exam-
ined individual years. Both of these aspects should have
exaggerated the MLS results compared to those of the
SBUV if the same signal were present in both datasets.
Whether this difference represents a real trend or an
artifact in one or both datasets remains to be deter-
mined. Part of a UARS validation effort currently under
way involves the comparison of MLS, SBUV, and
other UARS ozone measurements. Characteristics of
the middle-to-high latitude wavenumber 1 results of
Perliski and London are similar to those of MLS. Wave
amplitudes seem to be large in the Northern Hemi-
sphere during October through February and large in
the Southern Hemisphere from July through No-
vember.
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