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ABSTRACT

Global ozone observations from the Microwave Limb Sounder ( MLS) aboard the Upper Ammosphere Research
Satellite (UARS ) are presented, in both vertically resolved and column abundance formats. The authors review
the zonal-mean ozone variations measured over the two and a half years since launch in September 1991, Well-
known features such as the annual and semiannual variations are ubiquitous. In the equatorial regions, longer-
term changes are belicved to be related to the quasi-biennial oscillation (QBO), with a strong semiannual signal
above 20 hPa. Ozone values near 50 hPa exhibit an equatorial low from October 1991 to June 1992, after which
the low ozone pattern splits into two subtropical lows (possibly in connection with residual circulation changes
tied to the QBO) and returns to an equatorial low in September 1993. The ozone hole development at high
southern latitudes is apparent in MLS column data integrated down to 100 hPa, with a pattern generally consistent
with Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) measurements of total column; the MLS data
reinforce current knowledge of this lower-stratospheric phenomenon by providing a height-dependent view of
the variations. The region from 30°S to 30°N (an area equal to half the global area) shows very little change in
the ozone column from year to year and within each year. )

The most striking ozone changes have occurred at northern midlatitudes, with the October 1992 to July 1993
column values significantly lower than during the prior year. The zonal-mean changes manifest themselves as a
slower rate of increase during the 1992/93 winter, and there is some evidence for a lower fall minimum. A
recovery occurs during late summer of 1993; early 1994 values are significantly larger than during the two
previous winters. These results are in general agreement with variations m d by thc Nimbus-7 TOMS and
Meteor-3 TOMS instruments at midlatitudes. However, the southern midlatitudes exhibit less of a column ozone
decrease (relative to the north) in the MLS data (down to 100 hPa) than in the TOMS column results. The
timing and latitudinal extent of the northern midlatitude decreases appear to rule out observed ClO enhancements
in the Arctic vortex, with related chemical processing and ozone dilution effects, as a unique cause. Local
depletion from ClO-related chemical mechanisms alone is also not sufficient, based on MLS ClO data. The
puzzling asymmetric nature of the changes probably requires a dynamical component as an explanation. A
combination of effects (including chemical destruction via heterogeneous processes and QBO phasing) appar-
ently needs to be invoked. This dataset will place constraints on future modeling studies, which are required to
better understand the source of the observed changes.

Finally, residual ozone values extracted from TOMS-minus-MLS column data are briefly presented as a

preliminary view into the potential usefulness of such studies, with information on tropospheric ozone as an
ultimate goal.
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1. Introduction

There have been various reporis of stronger than
expected declines in ozone during the last two years,
from satellite measurements (Gleason et al. 1993;
Herman and Larko 1994; Planet et al. 1994) to
ground-based and balloon-based data (Grant et al.
1992, 1994; Kerr et al. 1993; Bojkov et al. 1993;
Hofmann et al. 1993, 1994; Komhyret al. 1994). The
potential for ozone destruction as a result of hetero-
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geneous reactions occurring on volcanic (sulphate)
aerosols has been increasingly discussed since the
large eruption of the El Chichén volcano in 1982 and
its possible relation to ozone changes (Hofmann and
Solomon 1989). The possible impact of the June
1991 eruption of Mount Pinatubo on ozone is a sub-
ject of much current interest, given the large increase
in stratospheric volcanic aerosol from that eruption
(Bluth et al. 1992; McCormick and Veiga 1992; Mc-
Cormick et al. 1994).

The Upper Atinosphere Research Satellite (UARS)
was launched on 12 September 1991, with 10 instru-
ments of international origin aboard (Reber 1993 ). The
study of upper-atmospheric chemistry and dynamics,
coupled with UARS measurements of solar flux and
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energetic particles, is at the center of this mission’s
research goals.

Ozone measurements from the Microwave Limb
Sounder (MLS) are described in this paper, for the pe-
riod between October 1991 and March 1994. We focus
on the zonal-mean variations observed throughout the
globe during this interesting time. This overview is
meant to present some of the more obvious features
seen in MLS data, even though a full interpretation
(with model comparisons) will have to await further
studies. Since the MLS data are now being released to
the non-UARS community, it is hoped that this paper
can guide other interested scientists toward certain
areas of research in relation to this dataset. Elson et al.
(1994) give an overview of the large-scale wave com-
ponents observed in the MLS ozone data. Some words
of caution and caveats are given in section 2 regarding
retrieval uncertainties and known systematics, even
though a product of good quality overall has been
achieved so far. The dataset presented here was gen-
erated from MLS Version 3/level 3AL data files on the
Central Data Handling Facility at the Goddard Space
Flight Center; these files are being stored on the Dis-
tributed Active Archive Center (DAAC), also at God-
dard. Further details and profile intercomparisons with
other datasets will be given in upcoming publications.
In section 3, zonal-mean ozone mixing ratios at various
latitudes from 80°S to 80°N are presented; some em-
phasis is placed on changes observed at low latitudes
and the possible connection with the QBO. The ozone
abundances are then integrated in the vertical to pro-
duce zonal-mean column measurements for various
pressure intervals; this is discussed primarily in section
4. We focus in section 5 on the ozone column behavior
at midlatitudes (30°-60° bin) and the significant dif-
ferences observed during the first two years of MLS
operation, along with possible explanations for these
measurements. Comparisons with both the Nimbus-7
and Meteor-3 Total Ozone Mapping Spectrometer
(TOMS) ozone column data are made. Section 6 gives
a brief presentation of residual ozone column obtained
from a subtraction of MLS column from TOMS total
column data as a topic worthy of further study, regard-
ing the possibility of extracting variations in tropo-
spheric ozone.

2. MLS ozone retrievals

The MLS instrument measures thermal emission at
millimeter wavelengths by scanning through the at-
mospheric limb (Waters 1993 ). An instrument descrip-
tion has been given by Barath et al. (1993), and first
results on polar CIO and ozone in the lower strato-
sphere are described in Waters et al. (1993a). Tem-
perature (with tangent pressure registration from O,
lines at 63 GHz ) and water vapor (e.g., Harwood et al.
1993) are the other primary products, and retrievals of
SO, (Read et al. 1993) and, more recently, HNO; have
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also been performed. Ozone is measured in two distinct
spectral bands by the 205-GHz and 183-GHz radiom-
eters, and independent retrievals are carried out for
each band. We report here on the 205-GHz results only,
because they have shown somewhat better accuracy
than the 183-GHz results and because they cover a
longer time period (the 183-GHz radiometer measuring
H,O and O; stopped operating in mid-April 1993).
Stratospheric abundances and variations are empha-
sized here (mesospheric information is mostly obtain-
able from the 183-GHz ozone retrievals). Atmospheric
profiles retrieved in this fashion are spaced about 4 de-
grees apart in latitude, with better coverage near the
latitudes corresponding to orbit turnaround. These turn-
around points occur at about 34°N (34°S) and 80°S
(80°N) when the satellite is flying forward (back-
ward ), with the alternating coverage arising as a result
of the UARS yaw maneuvers (roughly every 36 days),
tied to the orbit precession. There are 15 orbits per day,
so that each latitude (at the 4° resolution) is sampled
about 30 times during a 24-h period. This type of sam-
pling goes into the zonal means discussed throughout
this paper.

Substantial details on MLS ozone retrievals and
comparisons with other datasets will be discussed in
upcoming work, and continued validation and refine-
ments in the retrievals are to be expected.

The MLS retrieval technique uses a sequential esti-
mation approach (Rodgers 1976) to obtain tangent
pressure and temperature from the 63-GHz band, fol-
lowed by mixing ratio retrievals in the other bands.
Climatological a priori profiles, provided by UARS in-
vestigators (based on existing datasets, and models
where data are lacking), are combined with the data in
this technique, mostly for stability in altitude regions
where measurement sensitivity is rapidly degrading; we
have used large a priori errors to ensure that minimal
bias is introduced in the retrievals. Given the linearity
in the radiative transfer at these wavelengths, a single-
pass fit gives good results, and we have not used op-
tically thick channels. However, further improvements
can be expected with a fully iterative retrieval, to be
implemented for the next major reprocessing of the
MLS data. The current retrieval mixing ratio profiles
consist of joined linear segments having three equally
spaced breakpoints per decade change in logp (i.e., at
pressures of 100, 46, 22 hPa, . . .), which corresponds
to a vertical (level 2) grid with roughly 6-km spacing.
The atmospheric profiles are retrieved as the breakpoint
values. An approximate interpretation of these values,
relative to the true (infinite resolution) profile, is the
least-squares fit of the linearly segmented retrieval pro-
file to the true one. The integrated column is essentially
conserved regardless of the retrieval grid spacing. The
level 3 standard UARS grid is twice as fine as the MLS
level 2 grid—that is, it has six points per decade in
logp rather than three. The MLS values at the nonre-
trieved level 3 grid points are averages of the level 2
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coefficient values on either side. A trade-off exists be-
tween vertical resolution and profile noise; the opti-
mum MLS vertical resolution is 5 points per decade in
logp, which is only slightly coarser than the level 3
grid spacing. Profiles retrieved from MLS observations
should generally be sensitive to features with vertical
scale of a few kilometers. Smearing effects from the
antenna field of view and radiative transfer through the
atmosphere lead to a vertical smearing of 3.2 km (4
km is often quoted as vertical resolution). Current es-
timates of retrieval precision (‘‘one sigma noise esti-
mate’” ) for single profiles are 0.3 ppmv (parts per mil-
lion by volume) between 1 and 4.6 hPa, 0.2 ppmv be-
tween 10 and 46 hPa, and 0.5 ppmv at 100 hPa; these
values correspond to roughly 1% —2% random errors at
the ozone peak near 10 hPa, 5%—10% errors in the
upper stratosphere, and large percentage errors near
100 hPa, where the mixing ratios are small and histor-
ically difficult to measure accurately on a global scale.
These figures are based on observed summertime vari-
ability (rms deviation about the mean ) in latitude bands
near turnaround (30°-35°N or 30°-35°S), where a
large number of profiles can be obtained in a narrow
latitude range, as well as in the relatively quiet tropical
regions (5°S—~5°N); true precision may be slightly bet-
ter than the minimum standard deviation obtained for
the eight days used in this analysis, but theoretical es-
timates agree well with this empirical method of esti-
mating precision. For zonal means in a typical 5°-wide
latitude bin, with about 40-45 individual measure-
ments included, precision is expected to be of order 0.1
ppmv or less. In terms of the noise component on col-
umn ozone calculated by integrating the retrieved pro-
files in the vertical, as done in this paper, the correlation
between levels leads to some cancellation of errors. Our
estimates of column precision, using the minimum ob-
served variability in ‘‘quiet’’ periods/locations and
near turparound points (from a sample of eight days,
each with over 100 profiles in two separate latitude
bins) are 7, 2, and 1 DU (Dobson units) for column
ozone calculated above 100, 46, and 22 hPa, respec-
tively. For zonal means in a typical 5°-wide bin, these
column precision estimates will go down by a factor of
about 6.

However, systematic errors will not ‘‘average out.”
Based on comparisons with other datasets, and based
on examination of the fields themselves, we find that
there are small biases at certain pressure levels. In par-
ticular, the 46-hPa MLS values may be somewhat low
(a few tenths of a ppmv), whereas the 100-hPa values
show an opposite bias (of order 0.1-0.2 ppmv high).
The retrieval technique relies on fitting the spectral
contrast within the instrument bandpass. In the lower-
most stratosphere, this contrast is significantly reduced
in comparison with the middle to upper stratosphere,
and it becomes difficult to separate from contributions
(some better taken into account than others) from
HNO;, H,0, N,0, dry air continuum, and other small
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instrumental or computational effects. It is expected
that updated retrieval software will produce improve-
ments in ozone (205-GHz band), thanks in part to si-
multaneous retrievals of HNO,, which can lead to
changes in O, of order a few tenths of a ppmv in the
lower stratosphere. We sometimes get zonal-mean val-
ues that are negative at 100 hPa (the lowest level for
reasonable MLS sensitivity), particularly in the sum-
mer months at tropical latitudes; this bias is not yet
removed or completely understood. Finally, small os-
cillations in the mean field, tied to the UARS ‘‘yaw
cycle’’—36-day variation——are known to exist (see
figures later in the paper), particularly in the lowermost
stratosphere; small discontinuities can also appear
when a yaw day is crossed. These features may be
propagated to ozone through the retrieved tangent pres-
sures, and further investigation is necessary to fully un-
derstand and remove these effects, which are present at
the few percent level.

The above issues should not affect the main results
presented here, which mostly deal with zonal-mean
trends. For example, excellent tracking has been ob-
tained between MLS and Stratospheric Aerosol and
Gas Experiment (SAGE) Il ozone-mean values (D.
Cunnold 1993, personal communication), despite a
small offset between the two datasets (5%—10% higher
values seen in MLS ozone), and other high-quality
comparisons with ground-based, ozonesonde data and
other UARS instruments have been made (to be pub-
lished later). The MLS zonal-mean radiances are gen-
erally fit by ‘‘forward model’”’ radiances (using re-
trieved MLS fields) to within about one percent (rms).

We now turn to a description of some of the inter-
esting aspects of these 2.5 years of MLS data on zonal-
mean ozone.

3. Ozone mixing ratio data

Figure 1 is a time series representation of zonal-mean
ozone volume mixing ratio for four pressure levels (46,
22, 10, and 2 hPa), from October 1991 to March 1994,
These zonal means are computed from MLS level 3AL
data (stored every 4° of latitude ). Because of the UARS
cyclic ‘‘yaw maneuver,”” MLS observations alternate
between mostly northern and mostly southern latitudes
(coverage from 34°S to 80°N, followed by 34°N to
80°S). This leads to roughly 36-day gaps in MLS data
at latitudes poleward of 34°N or 34°S (see Fig. 1).
Other gaps occasionally occur because of missing or
bad data caused by problems with the instrument or
satellite. Figure 1 is useful for identitying changes from
one year to the next. Figures 2 and 3 also display zonal-
mean MLS ozone mixing ratio data (for all retrieval
points between. 100 and 2.2 hPa, ie., at 100, 46, 22,
10, 5, and 2 hPa), but as color contour plots. This dis-
plays certain variations more effectively than in Fig. 1.

There are a number of general points that one can
make based on the above figures. For example, largest
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FiG. 1. Zonal-mean ozone volume mixing ratio time series for 1 October 1991 through 14 March 1994, from 80°S to 80°N (in 16°
increments), based on MLS (level 3AL) data. Retrievals for four different retrieval pressures are shown: (a) 10 hPa, (b) 2 hPa, (c) 46 hPa,
and (d) 22 hPa. October 1991 through September 1992 values are given by the light-blue dotted line, the following year is given by the
dark-blue solid line, and the October 1993 through mid-March 1994 period is shown by the red solid line. Gaps in the time series occur at
middle to high latitudes because of the alternating coverage between north and south (see text).

3
ES

Ll



2850 JOURNAL OF THE ATMOSPHERIC SCIENCES VoL. 51, No. 20

22 hPa

; , 4 7.5
'\I | 5.5
1 ; &

6.0
5.5

m 5.0
| 4.5
o 4.0
- 3.5
ml Eso

= 2.2

< dWeN il Re

1.5
46 hPa

Latitude (degrees)

1.0
0.5

Lalitude (degrees)

2.25
2.00
1.75
1.50
1.25
1.00

Q.75

Lotitude (degrees)

G.50

= 0.25

C.00

-0.25

l.i e

1991 1992 1993 1994

S - i 1 i i 1 i 1 i i i 1 1 L L ' - A L - L Il 1 L i 1

O ND J F M AMUJUJ A S DNDUJUFMAMUJUJ AS ONDUJJFM

FiG. 2. Stratospheric zonal-mean ozone mixing ratios (ppmv ), based on MLS (level 3AL) data. Contour plots are shown as a function
of latitude and time, for 1 October 1991—14 March 1994. Panels are labeled with the surface pressure of the retrieved field (22, 46, and
100 hPa from top to bottom).



15 OCTOBER 1994 FROIDEVAUX ET AL. 2851

2 hPa
4
=)
154
=
@
=]
=
3
T
b
&
s
@
3
C]
30
¥
@
= o0
@
3
=
3
~30

1993 | 1994

1991 1982 I

M o Y AT ] | A P Er Pt [T T R
O N D b F M A M J JU A S O ND J F M A MM J

i i i i L 1
J A S O N D J F M

Fic. 3. Same as Fig. 2 but for 2 (i.e., 2.2). 5 (i.e.. 4.6). and 10 hPa. from top to bottom.



2852

ozone mixing ratios are observed at equatorial latitudes
in the midstratosphere (see the 10-hPa plots), and larg-
est variability is observed at high latitudes in winter, as
expected. Note that small temporal oscillations can be
seen (probably best in Figs. 2 and 3 in the Tropics),
tied to the UARS yaw period of approximately 36 days.
These are known artifacts in MLS data, and investi-
gations continue regarding these effects, which are
present at the few percent level. The lower-strato-
spheric ozone maxima are observed during February
and March in the Northern Hemisphere middle to high
latitudes, with a similar peak during August and Sep-
tember in the Southern Hemisphere (see the 46-hPa
plots); this spring maximum is caused by transport of
high-ozone air from the Tropics, where the primary
production occurs, with a subsequent decrease induced
by increasing photochemical destruction (e.g., Perliski
et al. 1989). The ozone hole—related decrease in ozone
during August and September is observed at the highest
southern latitudes, in the lower stratosphere; a synoptic
view of early results from MLS in the 1992 winter over
these regions was given by Waters et al. (1993b). We
will come back to the ozone hole briefly in section 4,
but the polar regions are not the main emphasis of this
paper; see Manney et al. (1994a,b) for recent discus-
sions of polar ozone loss based on UARS data from
MLS and the Cryogenic Limb Array Etalon Spectrom-
eter (CLAES).

In the midstratosphere (see the 10-hPa plots) at mid-
dle to high latitudes, the annual cycle dominates as a
consequence of significant photochemical production,
which maximizes in the summer. This annual variation
is observed, with the expected 6-month shift between
hemispheres. A well-known semiannual oscillation
(SAO) dominates at low latitudes in the middle to up-
per stratosphere, as observed in these data as well (see
also Eluszkiewicz et al. 1994). The SAO and associ-
ated vertical motions are believed to play a role in pro-
ducing features like the double-peak structures in pres-
sure—latitude cross sections from the Stratospheric and
Mesospheric Sounder (SAMS) N,O and CH, fields
(Gray and Pyle 1987; Choi and Holton 1991). In the
upper stratosphere, temperature-dependent ozone -de-
struction cycles play a dominant role, and the 2-hPa
MLS plots appear to follow such trends (e.g., spring
midlatitude decreases when temperatures are increas-
ing). These and other features related to the annual and
semiannual ozone variations are in general agreement
with previous analyses by Perliski and London (1989)
and Perliski et al. (1989). Further correlative studies
would be useful, however, for quantitative conclusions
on these variations. Ray et al. (1994) provide a more
detailed analysis of SAO, based on MLS data, and com-
ment on the amplitude characteristics versus pressure—
latitude.

An interesting tropical feature is the existence of low
ozone abundances at 46 hPa from October 1991 to mid-
1992. The low equatorial values (Fig. 1) rise sharply
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during June—July 1992 and level off until September
1993; during this time period, the low ozone feature
splits into two somewhat weaker subtropical lows after
June of 1992. From late 1993 on, low values are again
observed near the equator. Figure 2 further shows that
these low ozone values may be linked to upward mo-
tion in connection with the quasi-biennial oscillation
(QBO). Indeed, the subtropical lows occur during a
period of equatorial westerlies (near 20 hPa), a period
traditionally associated with enhanced downward mo-
tion at the equator, with upwelling in the subtropics as
a result of the return arms of the induced circulation
(e.g., Gray and Pyle 1989). Lower-stratospheric ob-
servations of H,O from MLS also show variations pos-
sibly associated with the QBO in the lower stratosphere
(Carr et al. 1994). Observations of the subtropical
ozone QBO, as deduced from TOMS data by Bowman
(1989), can place constraints on details of the mech-
anism for the QBO and the spread of related anomalies
to other latitudes. We simply note here that the sub-
tropical low MLS ozone values are reasonably sym-
metric about the equator. Bowman (1989) and Lait et
al. (1989) point out that the TOMS analyses show a
more symmetric QBO behavior about the equator than
previous analyses of ground-based or Nimbus-4 Back-
scatter Ultraviolet (BUV) data. However, uplift effects
and circulation changes arising from post-Pinatubo
aerosol heating would also have to be considered as an
explanation for low tropical ozone (Grant et al. 1992,
1994; Kinne et al. 1992; Pitari 1993; Schoeberl et al.
1993).

Subsequent spreading of the aerosol to higher lati-
tudes would also need to be taken into account; SAGE
IT aerosol data, for example, have provided much in-
formation about the poleward dispersal of Mount Pin-
atubo aerosol, a process itself partly connected to the
QBO (Trepte and Hitchman 1992; Trepte et al. 1993).
The time constants for lofting (Kinne et al. 1992), and
the fairly symmetric nature of the latitudinal cross sec-
tions of aerosol extinction measured by Improved
SAMS (ISAMS) (Lambert et al. 1993) and CLAES
(Mergenthaler et al. 1993) during 1992 would lead us
to believe, however, that the MLS-observed splitting of
tropical low ozone values into the subtropics is a result
of residual circulation effects, possibly tied to the QBO,
as opposed to aerosol-induced lofting effects. We ex-
amine further in Fig. 4 the variations in equatorial mix-
ing ratio (AOs) with respect to the mean over the 2.5-
yr period of MLS observations. This figure shows that
the changes mentioned above for 46 hPa are sornewhat
anticorrelated with changes occurring at 100 hPa. The
MLS variations for 100 hPa are to be viewed with cau-
tion, given the decreasing sensitivity at that level; fu-
ture refinements in the retrieval algorithm may change
this behavior somewhat. However, one possible sug-
gestion from the anticorrelated behavior in these lower-
stratospheric levels is one of oppositely directed ver-
tical motions at the 100- and 46-hPa levels. The nu-
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merical simulation of the ozone QBO by Gray and
Dunkerton (1990) exhibits a 6-month phase shift be-
tween the maximum in ozone at altitudes below 23 km
and the maximum at about 26 km, which the authors
attribute in part to chemical control (NO, variations)
at the higher altitudes; more recent modeling by Chip-
perfield et al. (1994 ) leads to a similar result. The ob-
served phase shift between the steep rise in MLS ozone
at 22 and 46 hPa appears to agree with that type of
behavior. With more MLS data and further analyses,
altitude- and latitude-dependent results on the ozone
QBO (amplitude and phase ) could be obtained, as done
for SAGE II data by Zawodny and McCormick (1991).
In the middle to upper stratosphere, observed variations
displayed in Fig. 4 show a transition toward changes
dominated by a semiannual signal (at 10, 5, and 2 hPa),
with noticeable phase changes at the different levels.
Pursuing the equatorial variations a little further, we
calculate the ozone column by integrating the mixing
ratios in the vertical, using the retrieved MLS profile
points only (i.e., every other level 3 grid point). Then,
based on the MLS level 3AL files, we produce an area-
weighted average for the 5°S—5°N bin. In order to study
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the height dependence in the column amounts, the col-
umn ozone values above 100, 46, and 22 hPa are plot-
ted in Fig. 5 as a function of time since 1 October 1991.
A 36-day smoothing (running average) has been ap-
plied to help remove the known spurious oscillation
tied to the UARS ‘‘yaw period.”” While the column
above 22 hPa displays a strong semiannual oscillatory
behavior, clearly connected to the mixing ratio varia-
tions of Fig. 4, the column down to the lower levels
(100 and 46 hPa) is also affected by a longer-period
variation. We infer that this must be a manifestation of
the quasi-biennial oscillation in column ozone (see,
e.g., Oltmans and London 1982); a definite character-
ization of the QBO from MLS data would require a
longer time series and removal of the mean annual and
semiannual components. More thorough analyses from
satellite data have been performed (e.g., Hilsenrath and
Schlesinger 1981; Hasebe 1983; Bowman 1989). Nev-
ertheless, it is hoped that further investigation into the
46- and 100-hPa ozone data from MLS (see Fig. 4)
will lead to an improved understanding of the QBO
signal and its generation. The bottom panel of Fig. 5
shows the zonal-mean winds at the equator, at 46 hPa,
and at 22 hPa, based on U. K. Meteorological Office
(UKMO) data (Swinbank and O’Neill 1994). The
ozone QBO has traditionally been linked to the lower-
stratospheric wind QBO and wave-driven vertical mo-
tions (Holton and Lindzen 1972; Plumb 1984), which
can modulate the total column. Lait et al. (1989) have
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FiG. 5. Top panel: Integrated ozone (DU) from MLS daily data
between 5°S and 5°N (area weighted ) versus time, for column down
to 100 hPa (solid line), 46 hPa (dash—dot line), and 22 hPa (dashed
line); note that the latter values have been increased by 50 DU for
plotting convenience. Bottom panel: UKMO 1200 UTC zonal-mean
winds (m s™") for same time period, over the equator (solid line for
46 hPa, dashed line for 22 hPa). Positive wind is westerly.
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found better correlation between TOMS total column
ozone QBO signal and the 30-hPa zonal winds at the
equator than with the 50-hPa winds. Also, Bowman
(1989) finds maximum correlation between TOMS
column ozone data and zonal-mean winds at 20 hPa.
This agrees with the general relationship shown in Fig.
5, where better correlation is apparent for winds at pres-
sures of 22 hPa than of 46 hPa. The maximum ozone
values occur during the westerly phase of the dynam-
ical QBO near 22 hPa, presumably in connection with
the downward motion generally ascribed to this QBO
phase (e.g., Hamilton 1989; Gray and Dunkerton
1990). We note that the long-term column ozone vari-
ations seen in Fig. 5 (for the columns down to 100 and
46 hPa) are mostly driven by the changes at 46 hPa
shown in Fig. 4, in qualitative agreement with the im-
plications from Gray and Dunkerton (1990). Further-
more, the exact phase relationship between ozone- and
zonal-mean winds at various heights can be affected by
the feedback mechanism of ozone heating on the cir-
culation, as well as by photochemical effects [see the
recent work by Hasebe (1994 ) and earlier modeling by
Ling and London (1986)]. Further comparisons with
such models would be of much interest, despite the
relatively short time span of MLS observations.

We now extend the consideration of column ozone
variations to other latitudes, given the importance of
the column to attenuation of solar UV radiation and the
existence of long-term measurements of column ozone
from other instruments.

4. An overview of MLS ozone column data

An analog to the mixing ratio time series of Fig. 1
is shown in Fig. 6, for ozone integrated above 100 hPa,
every 16° in latitude. The interannual ozone column
changes for this 2.5-yr time period are seen to maxi-
mize in the northern midlatitudes. In particular, the
48°N October values are very similar for the three
years, but the rate of increase toward the well-known
March maximum varies substantially in each of these
years. The second year (solid, dark-blue line) shows
lower values than the first year (dotted, light-blue line)
in the winter, while the third year (thick red line) ex-
hibits ozone values higher than the first year in that
season. It turns out that most of these changes are
driven by interannual variations in the 100-hPa mixing
ratios, as discussed further below. The July—September
column ozone values are quite similar during 1992 and
1993 for middle to high northern latitudes. The equa-
torial column behavior mirrors the changes seen in Fig.
1 at 46 hPa, as shown also in the previous section.
Interannual variations at the southernmost latitudes
(80°S) are most apparent during the vortex breakup
phase (November), as one might expect, and are quite
small at other times.

In order to get a broader view of the changes at dif-
ferent latitudes, we have produced area-weighted in-
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F1G. 6. Time series of MLS zonal-mean ozone column (DU) above
100 hPa, for a time period identical to that of Fig. 1 (Octoter 1991
through mid-March 1994) and for the same 16° increments in lati-
tude. Three curves are shown for each year of data (same identifi-
cation as in Fig. 1). Vertical scales cover a range of 100 DU for all
latitudes except for 80° and —80°, where the variations over a year
are larger, particularly in the south.

tegrals of the column ozone variations for different lat-
itude bands in Fig. 7 (top left panel), as opposed to the
specific latitudes of Fig. 6. The globe has been split
into latitude intervals ranging from 0° to 15°, 15° to
30°, 30° to 60° (midlatitudes), and 60° to 80° (polar
latitudes); also the 30°S-80°N, 30°S-30°N, and
30°N-80°S bins are shown. The vertical intervals are
the same ( 100 DU from minimum to maximum) except
for the 60°-80°S bin. Furthermore, Fig. 7 includes
three other panels to give column amounts above 22
hPa, between 100 and 46 hPa, and between 46 and 22
hPa. Again, the striking feature is the northern midlat-
itude (30°-60°N) wintertime column decrease (or
slower rate of increase) during 1992/93 versus 1991/
92; an average drop of about 8% (20-25 DU) is evi-
dent from mid-December to mid-March (if one as-
sumes continuity in the time interval during which
MLS is not viewing these regions). Roughly half of
this decrease arises from the layer between: 100 and 46
hPa, and another quarter comes from the 46- to 22-hPa
layer, as can be seen from an examination of the other
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FIG. 7. Area-weighted average MLS ozone column for various latitude bins (see labels), as a function of time since October 1991 (curves
have same identification as in Figs. 1 and 6). Mean columns are computed as follows: (a) above 100 hPa, (b) above 22 hPa, (c) between
100 and 46 hPa, and (d) between 46 and 22 hPa.
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panels in Fig. 7. Similarly, more than half of the re-
covery in the 1993/94 winter is coming from the low-
ermost layer measured here (roughly 50~100 hPa).
The 1993 decrease is reduced in May and has essen-
tially disappeared by midsummer. In early 1994, col-
umn ozone at northern midlatitudes is roughly 5%
higher than in early 1992. The highest northern lati-
tudes also show larger ozone values in late 1993, but
values close to the early 1992 measurements in early
1994. While the 1992/93 changes in the 60°~80°N bin
are similar to those occurring in the 30°—~60°N bin, they
are, interestingly, smaller in magnitude; overall, this is
also true of the changes in the 15°-30°N bin. We dis-
cuss the midlatitude ozone observations and potential
implications at greater length in section 5.

In the Tropics, the second year of MLS observations
generally shows larger ozone column values than the
first year, in contrast to the behavior at higher latitudes
in the north. The integral over 30°S—30°N (an area
equal to half the global area) shows very little change
from year to year and within each year in the ozone
column above 100 hPa.

The other fairly large difference of note is the Oc-
tober—November 1992 low ozone in the 15°-30°S bin;
in this case, an examination of the mixing ratios shows
that these changes appear to come mostly from the
pressure levels above 100 hPa (46 hPa in particular).
A large component (about half or more) of the 15°-
30° bin column ozone values and annual variations (in
both hemispheres) comes from the column above 22
hPa. The average ozone column changes in the 30°-
60°S bin from year to year are significantly smaller
than the average decrease in the corresponding
Northern Hemisphere bin. Finally, the 60°-80°S bin
clearly shows the existence of an ozone hole develop-
ment during August and September, and the largest in-
terannual vanability is observed during vortex breakup
in November.

More focused descriptions of the ozone changes in
the polar vortices as observed from MLS data analyses
have been given by Waters et al. (1993a, 1993b) and
Manney et al. (1993, 1994a, 1994b). In particular,
Manney et al. (1994a) discuss the evidence for vortex-
averaged ozone depletion in the northern winter, by
contrasting the behavior of ozone with long-lived trac-
ers measured by CLAES. Although we see no evidence
for an ozone hole development in the zonal-mean
ozone column during the winter at 60°-80°N, as ob-
served in the 60°~80°S bin during September, we be-
lieve that the rate of increase in the column is no doubt
reduced by chlorine-induced ozone destruction (given
the MLS CIO observations also presented in some of
the above references).

We conclude this section with a comparison of the
ML.S ozone variations at high southern latitudes with
Nimbus-7 TOMS total column data. Figure 8 gives a
height-dependent view of the column changes as seen
by MLS, for column above 100, 46, and 22 hPa, during
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the months of June through November 1992. This
shows that the overall trends observed by TOMS are
well reproduced in the MLS column data above 100
hPa, both during the decline and the springtime in-
crease. The lack of polar night data in the case of
TOMS weights the early winter TOMS data toward the
lower latitudes, and accounts (at least in part) for the
poorer correlation between average MLS and TOMS
columns in July; the more poleward coverage provided
by MLS gives an ozone decrease already in late June
in the lowermost stratosphere, thus leading to a de-
crease in column earlier than observable by TOMS.
Exact correlation is not expected anyway, because of
the different horizontal and vertical resolution of these
instruments (TOMS can sample essentially down to the
ground, if the effects of clouds and tropospheric profile
assumptions on the retrievals are small). The short-
term peaks occurring in September are well matched
in both datasets; these peaks are tied to warming e¢vents
(see Fishbein et al. 1993). The figure also adds MLS
information on column above other levels, and this
shows that most of the depletion in total column comes
from a reduction in the ozone amount between 100 and
50 hPa, in agreement with previous finer-resolution
vertical profiles from ozonesondes over Antarctica
(e.g., Hofmann et al. 1989). In contrast, the column
above 22 hPa is observed to increase during this time
period, presumably because of a combination of pro-
duction increase (more sunlight) and transport of
ozone from lower latitudes and higher altitudes.

5. Midlatitude ozone decreases
a. Further observational analyses

We pursue here a more detailed description of the
midlatitude ozone decreases in 1992/93, as well as pos-
sible implications. First, a comparison with the TOMS
results is warranted. Nimbus-7 TOMS stopped func-
tioning in May 1993 (last good full day of data is May
6), after over 14 years of outstanding operation. We
have added recent results from the Meteor-3 TOMS
instrument as comparison for 1993, including the 1 Jan-
uary—6 May overlap period with Nimbus-7 TOMS.
The Meteor-3 instrument is in a precessing orbit, which
leads to periods of time during which observations over
a good portion of a hemisphere are not possible (solar
zenith angles are too high); because of this (and in-
strument malfunction during most of June 1993), we
have omitted all of June at all latitudes, as well as all
of July for southern latitudes from the Meteor-3 data
record. The TOMS and MLS column amounts from |
October 1991 to end of September 1993 are shown in
Fig. 9, for the 30°-60° northern and southern latitude
regions. We see from the figure that very good agree-
ment is obtained between both TOMS instruments dur-
ing the 1993 overlap period shown here. The 1992/93
decrease in ozone column is evident in TOMS data (as
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discussed by Gleason et al. 1993). This is particularly
true during winter and spring in the north. Decreases
in the south are largest in the early part of the diagram,
that is, in October and November. By end of August
1993, TOMS average ozone column amounts have ba-
sically recovered to the 1992 values, but may still lie
somewhat below the expected lows based on long-term
variability (Herman and Larko 1994); these authors
note that the average symmetry between hemispheric
(long term) decreases has been broken since the onset
of large ozone losses in 1992, mostly in the Northern
Hemisphere. The MLS ozone column data appear to
agree qualitatively with the general results seen by the
TOMS instruments over this time period. Large
Northern Hemisphere decreases are also seen by MLS,
especially in the wintertime, when the absolute de-
crease is similar in both datasets (20—-25 DU). Recov-
ery to 1992 values appears to occur somewhat quicker
in the MLS resuits than in the TOMS data. The recov-
ery in the south (in August) is observed in both data-
sets. The main difference is in the magnitude of the
southern decreases; TOMS-inferred decreases are sig-
nificantly (50%—100%) larger than the MLS column
differences during November and January/Februoary in
particular. Keeping in mind the MLS column precision
estimates in section 2, and the fact that a large number
of profiles (more than 250) are averaged in the latitude
bands discussed here, noise in the MLS averages
should be at the sub—Dobson unit level. Systematic
effects (see also section 2) can remain, as seen, for
example, in the artificial oscillations for MLS data
within each UARS yaw period. These effects (of order
5 DU) are reproduced in both years, however, and
should not affect the interannual differences at the sys-

FROIDEVAUX ET AL.

2857

tematic levels (more than 10 DU) observed by TOMS
in the south. Rather, a systematic interhemispheric dif-
ference between both years would have to be invoked,
in either TOMS or MLS data. Taken at face value, the
differences could imply that the column ozone de-
creases in the Southern Hemisphere occurred at rela-
tively lower altitudes ( with respect to the 100-hPa pres-
sure level) than in the Northern Hemisphere, so that
MLS did not quite sample the whole effect in the south.
It appears unlikely that aerosol or tropopause height
effects could cause such differences in the retrievals
between TOMS and MLS measurements, and further
investigation into these interhemispheric differences is
needed. Unfortunately, there are fewer ground-based or
ozonesonde datasets in the south than in the north to
help in this matter.

We offer a finer-resolution picture of the MLS col-
umn changes in Fig. 10, where the complete zonal-
mean column dataset is mapped as a function of time,
for the two years discussed above. The bottom panel
gives the difference (second year minus the first) and
puts the temporal and latitudinal extent of the changes
at northern midlatitudes during the first part of the time
period (wintertime in particular) in evidence. One of
the changes contributing to the observed midlatitude
year-to-year differences can be found by examining the

MLS ond TOMS Data: Oct. 91 — Sep. 93
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Fi1G. 9. Column ozone (DU) from TOMS and MLS measurements
for the 30°-60°N bin (top panel) and for 30°~60°S (bottom panel ),
during the October 1991 —September 1993 period. Nimbus-7 TOMS
data are the solid lines (blue for 1991/92, red for the lower values
of 1992/93). Meteor-3 TOMS data are shown by dotted green line,
overlapping the Nimbus-7 TOMS results during the 1 January 1993
6 May 1993 interval. MLS column ozone above 100 hPa is shown
as blue dots for 1991/92 and as red dots for 1992/93.
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20°-30°N region, where the depth of the annual min-
imum in the fall is seen to be larger in the second year
(1992). Also, the 30°-40°N band exhibits a decrease
between October and December, as opposed to the in-
crease in the previous year. The low ozone values in
the 20°-40°N region appear to arise as a combination
of the low values at 46 hPa, observed in the splitting
of the equatorial low mentioned in section 2, and the
overall lower ozone values in the 100-hPa region (see
Fig. 2).

Panels in Fig. 11 depict the changes in latitude —pres-
sure cross sections from early December through mid-

March, in roughly two-week averages. The first year
(1991/92), second year (1992/93), and differences
between the two are shown. Ozone concentration (units
of 10'® molecules per cubic meter), rather than mixing
ratio, is plotted to emphasize the lower stratosphere,
where changes at 46 and 100 hPa are most important
for column abundances. Higher equatorial ozone values
are observed near 46 hPa in the second year, as seen
clearly in the difference plots, and the early December
southern subtropical decrease is also seen. The effect
of lower ozone concentrations in the 100-hPa pressure
range in particular is evident at midlatitudes, with the
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FiG. 11. Time evolution of the latitude—pressure cross section for ozone density (from MLS data, coupled with MLS and NMC temper-
atures ), for roughly two-week averages in the 1991/92 Northern Hemisphere winter (top four panels), 1992/93 winter (middle four panels),
as well as the difference (second year minus the first, bottom four panels). Exact days used in averages are indicated above each column;

density units are 10'® molecules per cubic meter.

differences migrating to higher latitudes as time pro-
gresses. In late February and early March, the ozone
decreases are spread over a larger vertical extent than
during December, possibly as a result of polar vortex
processing and subsequent dilution effects at lower lat-
itudes.

b. Discussion

Figure 11 is consistent with the long-held views that
high-latitude winter—spring ozone column values arise
from the poleward and downward transport of large
ozone concentrations produced in the Tropics. The
midlatitude fall-winter decrease may be related in part
to the mixing of lower than usual values from the 50—
100-hPa vertical range at low latitudes (20°-40°N)
into the lowermost (100 hPa) midlatitude regions. Po-
lar region decreases may have played a role in February
and March [indeed, higher ClO is observed by MLS in
the vortex in 1993 (Manney et al. 1994a)], but not in
the early winter, when high-latitude changes between

the two years are small and much lower Cl1O is present
in the vortex. Indeed, MLS results from the previous
section show that the ozone decrease in 1992/93 does
not start in the polar regions and spread to lower lati-
tudes.

The low ozone values observed at midlatitudes by
MLS are generally consistent with other recently re-
ported measurements such as the Nimbus-7 TOMS re-
sults (Gleason et al. 1993), indicating unprecedented
low global ozone in 1992; the TOMS update by Her-
man and Larko (1994), with Meteor-3 TOMS data
added up to July 1993; and other ground-based and
satellite results (Bojkov et al. 1993; Kerr et al. 1993;
Hofmann et al. 1993; Hofman et al. 1994; Komhyr et
al. 1994; Planet et al. 1994). Given the TOMS histor-
ical record and statistical models that can fit this record
up to 1991, the 1992 and 1993 ozone column changes
at northern midlatitudes in particular are significantly
outside expectations (Gleason et al. 1993; Herman and
Larko 1994 ). Despite some difference in the magnitude
of the hemispheric asymmetry in the decreases dis-
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cussed above for MLS versus TOMS, the MLS data
support the statements by Herman and Larko (1994)
that “‘there is no longer an average symmetry between
the hemispheres,’’ based on the 1992/93 data and com-
parisons to long-term records (Stolarski et al. 1991,
1992; Herman et al. 1993; McCormick et al. 1992; Niu
et al. 1992). The 1994 MLS data appear to show a
return to pre-1992 values, which should be more in line
with the historical envelope discussed in TOMS data
analyses such as those of Herman and Larko (1994).
The northern midlatitude ozone decreases observed
during the two years after the eruption of Mount Pin-
atubo (June 1991) are about an order of magnitude
larger than the already significant long-term decreases
discussed in some of the above references. There were
also equatorial ozone decreases (Grant et al. 1992,
1994; Schoeberl et al. 1993; Herman and Larko 1994)
in the months just after the eruption. The low MLS
equatorial values (late 1991 and early 1992) appear to
support the latter findings, but the MLS data lack the
long-term record for comparisons from the pre- and
post-Pinatubo time periods.

The combination of these observed ozone decreases,
as well as the recovery in late 1993, point to Mount
Pinatubo as a likely culprit for at least part of the ozone
changes. As mentioned above, as well as by Herman
and Larko (1994), the timing of the decreases does not
support a polar processing/dilution effect alone. Fur-
thermore, known natural causes of ozone decrease such
as solar flux variations or QBO effects appear to be too
small to explain, by themselves, the large recent
changes in ozone (Chandra 1993; Gleason et al. 1993;
Herman et al. 1993; Schoeberl et al. 1993). Rather, a
combination of effects is probably required, but the
timing, duration, magnitude, and latitudinal extent of
the ozone decrease all need to be addressed. Heating
by the volcanic aerosol appears to have occurred after
the Mount Pinatubo eruption (Labitzke and McCor-
mick 1992). Such heating can then lead to uplift (and
subsequent adiabatic cooling) in the tropical lower
stratosphere (Kinne et al. 1992), with accompanied re-
ductions in the ozone concentration. Further changes
in the circulation can also be expected, and some mod-
els have addressed these issues (Brasseur and Granier
1992; Granier and Brasseur 1992; Pitari 1993; Pitari
and Rizi 1993; Kinnison et al. 1994), even though a
fully coupled three-dimensional simulation of the ra-
diative, dynamical, and chemical effects (with realistic
aerosol distribution and decay) is a difficult task. Ra-
diative effects alone, however, would lead to a decrease
in the tropical ozone amounts, but an increase in the
middle to high latitudes (based on such models). Thus,
increased chemical destruction associated with heter-
ogeneous reactions on the sulphate aerosols appears to
be needed to explain the midlatitude ozone losses. Such
effects were discussed previously (Hofmann and Sol-
omon 1989) in connection with the El Chichén erup-
tion, and related observational evidence of post—El
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Chichén lower-stratospheric ozone decreases has been
presented recently by Wen and Frederick (1994). N,Os
hydrolysis on sulphate aerosols, and the related de-
crease in available NO, and increase in ClO, (and
HO, ), has been implicated as a major reason for long-
term trends in ozone (Rodriguez et al. 1991), as well
as for observed changes in lower-stratospheric species
concentrations (Johnston et al. 1992; Fahey et al. 1993;
Avallone et al. 1993; Solomon et al. 1993; Kawa et al.
1993; Coffey and Mankin 1993; Koike et al. 1993,
1994; Webster et al. 1994; Rinsland et al. 1994); aero-
sol-induced changes in photolysis rates can also cause
perturbations in chemical species abundances (e.g.,
Michelangeli et al. 1989; Michelangeli et al. 1992).
However, the early reduction in the Tropics is likely a
result of changes in the atmospheric heating and cir-
culation (e.g., Brasseur and Granier 1992).

Model calculations of the impact of heterogeneous
reactions on sulphate aerosol (see also Pitari et al.
1991) generally predict largest ozone decreases at high
latitudes. A recent 2D model with more realistic aerosol
distribution by Rodriguez et al. (1994) gives a reduc-
tion (from a background aerosol case) of about 2% —
4% in the 30°-60° region, with a peak at latitudes pole-
ward of 60°. Reasons for the high-latitude peak include
the larger availability of inorganic chlorine, the longer
replenishment time for ozone, and the slower photo-
dissociation rate of HNO; produced from the hetero-
geneous reactions (see also Hofmann and Solomon
1989). Interestingly, ozone destruction cycles involv-
ing enhanced HO, amounts play a larger role than cy-
cles involving the enhanced ClO, abundances.

The following aspects of the MLS (and TOMS ) ob-
servations may be the most challenging to understand
in detail: 1) the latitudinal extent of the changes, that
is, the observations, do not support a high-latitude max-
imum decrease generally predicted by models; 2) there:
exists asymmetry in the decreases about the ecuator;
and 3) there is a large decrease in 1993, occurring later
than the year directly following the eruption. Issue 1
may have to do with the model treatment of poleward
(and cross vortex ) transport of the aerosols and related
heterogeneous chemistry effects; we also note that
QBO effects have not been ‘‘removed’’ from the MLS
dataset presented here. Furthermore, if enhanced chem-
ical destruction is taking place at high latitudes as a
result of volcanic aerosol, enhanced poleward transport
of ozone from higher tropical altitudes could mask the
effect. It is interesting that the long-term ozone trends
based on TOMS data, as deduced by Niu et al. (1992),
show mostly negative values at high latitudes, but some
longitudinal regions of increase as well, during the win-
ter only. Finally, we note that model results have tra-
ditionally been presented in terms of total column
changes, whereas the MLS column data shown here are
for pressures down to a maximum of 100 hPa. Since
polar ozone amounts below 100 hPa could be contrib-
uting significantly to ozone decreases (more so than at
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lower latitudes), some of the apparent differences in
latitudinal behavior could arise from the different col-
umns used (for models versus observations ). For issue
2 above, it is worth noting that enhanced northward
transport 1s not unexpected (see Pitari and Rizi 1993)
after the eruption of Mount Pinatubo. How this north—
south asymmetry could lead to a larger decrease in
ozone in the northern midlatitudes (as opposed to the
high-latitude effect mentioned above) is another issue.
Details of the transport in the lowermost stratosphere
(and possibly the troposphere) could play a role here.
For example, Hou et al. (1991 ) have shown that effects
ranging from planetary waves (see also Leovy et al.
1985) to mesospheric drag and tropospheric forcing (in
addition to photochemistry) can influence the lower-
stratospheric ozone amounts (and the column ozone );
they also discuss the north—south asymmetry in trans-
port (in relation to the asymmetry in the spring column
maximum). The aerosol observations from SAGE
(McCormick and Veiga 1992; Trepte et al. 1993) have
shown that the Mount Pinatubo aerosols spread mostly
southward in the first months after the eruption; how-
ever, the altitude distribution of the northward and
southward components was different, with the north-
ward dispersion occurring at lower altitudes. These
lowermost stratospheric altitudes may be the critical
difference, based on MLS ozone data in both hemi-
spheres. However, the UARS aerosol extinction data
from ISAMS and CLAES in 1992 do not show much
asymmetry between the two hemispheres (Lambert et
al. 1993; Mergenthaler et al. 1993); detailed modeling
of heterogeneous chemistry including the latitude-de-
pendent Mt. Pinatubo aerosol dispersion and decay
would be useful. Deshler et al. (1993) note that at 41°N
the important aerosol surface area (and mass) showed
a maximum about six months after the eruption, with
a fairly steady behavior through 1992. We add that the
midlatitude lower-stratospheric ClO data from MLS
show little asymmetry between the hemispheres. Also,
in connection with question 3, the MLS ClO data make
it difficult to explain the 8% reduction in ozone during
the winter of 1992/93 by ClO-related chemistry alone
(if we use first-order estimates of the impact of the
ClO—dimer, C1O-BrO, and CIO-HO, rates on ozone
column); this is also true for more complete calcula-
tions (including HO, and other cycles) by Rodriguez
et al. (1994), who find a few percent reduction in the
column. The latter authors point out that saturation of
the N,Os hydrolysis heterogeneous reaction occurs dur-
ing both years following the eruption, and this—com-
bined with the long time constant for ozone in the lower
stratosphere—explains the long steady duration of the
chemical destruction. Given the magnitude of the ob-
served changes, we find it likely that other effects
played a role as well. Although Rodriguez et al. (1994 )
note that uncertainties in heterogeneous reaction rates
could be invoked, this would not resolve the question
of an asymmetry between hemispheres (based on their
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model). Hofmann et al. (1994) point to the QBO as
only a partial possible explanation for the larger de-
creases in ozone observed in ozonesonde data during
1993. Indeed, the QBO phase change with latitude (see,
e.g., Zerefos et al. 1992; Chandra 1993; Kalicharran et
al. 1993; Chipperfield et al. 1994) would imply a rel-
ative high in midlatitude ozone in early 1992, followed
by a relative low in early 1993 (essentially opposite in
phasing to the variations shown here at the equator for
MLS column ozone). The strength of planetary-scale
waves is also coupled to the phase of the QBO (Holton
and Tan 1980). Based on the MLS data shown in this
paper, the Northern Hemisphere subtropical low ozone
column during late 1992, and subsequent mixing to
higher latitudes during winter in the lowermost strato-
sphere, could play a part in the low northern midlati-
tude ozone values during the 1992/93 winter. If the
midlatitude lower-stratospheric ozone values during
winter occur largely as a result of transport from higher
altitudes in the Tropics, however, less efficient trans-
port in 1992/93 would have to be invoked. Previous
models (e.g., Tung and Yang 1988) have addressed
seasonal changes in column ozone, particularly at high
latitudes, but have not emphasized the seasonal behav-
ior of midlatitude ozone in the lowermost stratosphere.

6. Residual ozone (TOMS minus MLS)

Since the ozone data from TOMS give the total col-
umn down to the ground (under the caveats mentioned
earlier) and are generally quite consistent with ground-
based measurements of total column, one is tempted to
subtract stratospheric column ozone values from the
TOMS data in order to infer tropospheric ozone. Ozone
in the troposphere is a precursor for OH, an important
radical that controls the oxidization of various source
gases, including methane and hydrogenated chloro-
fluorocarbons (HCFCs). Using TOMS and SAGE
data, Fishman et al. (1990) found that residual (TOMS
minus SAGE) ozone was large downwind of Africa in
the Tropics and that the abundances maximized during
the time of biomass burning (the dry season), between
July and October. Similar results were obtained by Cros
et al. (1992), from an analysis of the satellite data over
Brazzaville, Congo (4°S); tropospheric ozonesonde
data from that site appear to agree fairly well with the
satellite residual values. Tropospheric ozone column
amounts in the latter study range from about 30 to 50
DU, with a peak in late summer. Furthermore, the ob-
served seasonal cycle in tropical total ozone column
may be dominated by tropospheric ozone variations
(Oltmans 1981; Logan and Kirchhoff 1986; Fishman
et al. 1986); the amplitude of the seasonal cycle in the
Tropics is typically of order 20 DU, and the ozone max-
imum at the surface tends to occur about two months
earlier than the stratospheric ozone peak, based on lim-
ited datasets ( Oltmans 1981). There is considerable in-
terest in determining the factors that control tropo-
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FiG. 12. MLS and TOMS ozone column values for the 5°~10°S
bin, during the period 1 October 1991-31 December 1993. Top
panel: Nimbus-7 TOMS total column data are represented as a solid
line, Meteor-3 data as a dashed line (this overlaps the solid line for
1 January 1993-6 May 1993), and MLS column (above 100 hPa)
as dots. Bottom panel: Residual difference between the TOMS and
MLS column amounts. Plus symbols are for Nimbus-7 TOMS minus
MLS, and triangles are for Meteor-3 TOMS minus MLS.

spheric ozone; biomass burning and stratospheric in-
trusions both appear to play an important role
(Anderson et al. 1993). The model by Law and Pyle
(1993) lends some support to the existence of phase
differences between the troposphere and the lower
stratosphere in the Tropics.

We show here an example of residual ozone from
Nimbus-7 TOMS minus MLS column ozone (where
the MLS column is above 100 hPa). The latitude bin
chosen here is 5°—10°S, in a region studied by some of
the above authors, because of the existence of heavy
biomass burning during July—October. We have
looked at several other latitude bins, notably between
30°S and 30°N since the gaps in MLS data at higher
latitudes make the analyses somewhat weaker; the 5°—
10°S bin gives one of the cleanest residuals (keeping
in mind the artificial yaw-period oscillation in MLS
data, which can be detected in this figure ). The residual
ozone has a clear seasonal signature. The amplitude of
the variation and the timing of the residual maximum
coincide reasonably well with results shown in the
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FiG. 13. Residual column amount between TOMS and ML.S data
for the 5°—10°S bin (same time period as in Fig. 12), for MLS col-
umn computed down to 100 hPa (solid line) and down to 46 hPa
(dashed line). The lines are polynomial fits through the residual dif-
ferences (the solid line corresponds to the data shown in the bottom
panel of Fig. 12).

above references. It is also interesting that a phase shift
is observed between the residual calculated in Fig. 12
and the residual calculated using MLS data down to 46
hPa only (see Fig. 13). This could be interpreted as a
phase difference occurring as a result of the different
seasonal peaks in the troposphere and stratosphere
(since the curve for 46 hPa is more influenced by
stratospheric ozone). Preliminary analyses at other lat-
itudes do not yield such a distinct phase change. While
these preliminary results may have some significance
in terms of tropospheric ozone, we prefer to leave
them—in this overview paper—as an indication of po-
tentially interesting signals, which must be interpreted
with great care. The existence of MLS systematics at
the 5-DU level, along with the interpretation of TOMS
data [e.g., in the presence of clouds; see Thompson et
al. (1993)], indicate the need for further detailed anal-
yses. An updated version of MLS data, with improve-
ments in the lowermost stratosphere, is planned. De-
spite caution about the current data and the desire not
to make premature statements about ‘‘tropospheric
ozone’’ here, we suggest that the MLS dataset, coupled
with TOMS ozone column, has the potential for pro-
viding valuable information on this interesting topic.

7. Conclusions

We have reviewed the observed variations in MLS
stratospheric ozone data, based on analyses of two and
a half years (October 1991 to mid-March 1994) of zo-
nal-mean mixing ratios and column abundances. Ex-
pected periodic variations are clearly observed; for ex-
ample, we note the existence of a clear SAO in tropical
ozone, for pressures less than about 20 hPa, and a dom-
inant annual cycle at middle to high latitudes. Interest-
ing variations are measured in the tropical lower strato-
sphere: in particular, a low equatorial ozone feature
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near 50 hPa, which splits into two subtropical lows dur-
ing the summer of 1992 and re-forms a single (equa-
torial ) branch during the fall of 1993. Given the time
constants for the maintenance of aerosol lofting effects
(Kinne et al. 1992) and the observed dispersal of aero-
sols, we would tend to ascribe these lower-stratospheric
variations to changes in the residual circulation, pos-
sibly QBO-related, as opposed to an aerosol-induced,
change. MLS ozone column data comparisons with
TOMS data in the southern high latitudes (60°-80°S)
exhibit seasonal trends (for June—November) consis-
tent with the overall TOMS variations; the ozone hole
development is shown to occur primarily as a result of
decreases in the 100- to 50-hPa region (in agreement
with other data). Based on MLS zonal-mean data, the
decrease is primarily driven by changes near 50 hPa.
The largest ozone column changes from year to year
have occurred during the December to March time
frame at northern midlatitudes, with the 1992/93 win-
tertime values typically 8% lower than the correspond-
ing 1991/92 abundances. This slowing in the rate of
ozone increase during the winter months appears to be
related in large part to decreases in the lowermost
stratosphere (near 100 hPa) during early winter, with
an associated poleward spread, rather than a polar ef-
fect that migrates south; however, dilution effects from
chlorine-related processing of polar ozone may have
contributed to the decreases during February and
March 1993, based on the significantly enhanced C10
values observed in the Arctic vortex at that time (Man-
ney et al. 1994a). While the phasing of the QBO is
expected to lead to low ozone at midlatitudes in late
1992, compared to early 1992, this effect alone would
not be expected to be large enough to explain the ob-
servations. Since models do not predict that radiative
and dynamical changes could, by themselves, lead to
the type of midlatitude behavior observed, it is likely
that chemical cycles causing ozone destruction as a re-
sult of heterogeneous chemistry on volcanic aerosols
have played a role in the observed decreases, as pre-
dicted by various models. However, the latitudinal ex-
tent of the changes (maximum decrease is not at high
latitudes ) and the asymmetry in the decrease (northern
midlatitudes significantly more affected than the south-
ern midlatitudes) are not easy to understand without
more detailed modeling. We note also that the TOMS-
inferred asymmetry is somewhat less pronounced than
the MLS-deduced effect. One mechanism that could,
in principle, explain the asymmetry, would be poleward
mixing of aerosol and low tropical ozone, with stronger
mixing toward the northern winter midlatitudes. A de-
tailed analysis of other chemical species (or dynamical
tracers) would be desirable, possibly from the Cryo-
genic Limb Array Etalon Spectrometer (CLAES) da-
taset (even though these observations ceased in early
summer 1993). An examination of aerosol, HNO;, and
NO, fields (in addition to the C1O from MLS ) may also
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shed some light on the magnitude of possible changes
caused by heterogeneous chemistry.

The low ozone values observed by MLS and other
instruments from late 1991 to mid-1993 appear to have
essentially disappeared during the late fall 1993 and
early winter 1994. This recovery also seems to imply
that effects related to the eruption of Mount Pinatubo
were involved in the temporary ozone depletion, in
combination with QBO and other effects. We expect
that future analyses of the MLS data, in conjunction
with others from UARS and elsewhere, will continue to
educate us about the particularly interesting ozone vari-
ations that have occurred during the UARS mission.

Finally, analyses of the TOMS minus MLS residual
ozone column should eventually improve our under-
standing of tropospheric ozone variations, and this pap-
er’s brief presentation of residual ozone gives a prelim-
inary indication of the potential use of these combined
datasets.
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