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ABSTRACT

Detailed structure of the global quasi-biennial oscillation (QBO) in ozone is analyzed using Stratospheric
Aerosol and Gas Experiment II ozone and nitrogen dioxide data. Emphasis is placed on the midlatitude QBO,
in particular its vertical structure and seasonal synchronization. The global QBO signal is isolated using a
combination of singular-value decomposition and regression analyses, which combine to act as an accurate QBO
digital filter. Results show that the midlatitnde ozone QBO has a two-cell structure in the vertical (similar to
that at the equator), with in-phase maxima in the lower and middle stratosphere. Both upper- and lower-level
anomalies contribute important fractions to the midlatitude column amounts. The lower-level maxima have a
broad latitudinal structure (~15°-60°), and collocation with the strongest background gradients suggests that
these anomalies result from mean vertical transport. The middle stratosphere signal maximizes in the subtropics
(10°-40°) and is likely due to nitrogen-related chemical effects (which are in turn due to transport variations).
The vertically in-phase seasonal synchronization in midlatitudes is evidence of QBQO modulation of the winter

hemisphere circulation.

1. Introduction

Interannual variability in equatorial ozone is domi-
nated by an approximate 2-yr cycle, which is closely
linked with the quasi-biennial oscillation (QBO) in
zonal wind and temperature in the tropical lower strato-
sphere. A strong QBO component in ozone is also ob-
served in extratropics of both hemispheres. Analyses
of long time series of global satellite data from the Total
Ozone Mapping Spectrometer (TOMS) have clearly
documented characteristics of the global QBO in col-
umn ozone (Bowman 1989; Lait et al. 1989; Chandra
and Stolarski 1991; Randel and Cobb 1994; Tung and
Yang 1994a; Yang and Tung 1994). The main results
of these analyses show: 1) column ozone variations
near the equator (*10° latitude), approximately in-
phase with the equatorial zonal winds near 30 mb, and
2) extratropical anomalies over approximately 15°-60°
latitude in each hemisphere, approximately out of
phase with the tropical signal. The amplitude of the
column ozone QBO anomalies is of order 2%—-4%
background values. An intriguing and as yet poorly un-
derstood aspect of the extratropical ozone QBO is that
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it is seasonally synchronized, such that the QBO influ-
ence is observed only during winter—spring of each
respective hemisphere. Similar results have been de-
rived from ground-based measurements (e.g., Hamil-
ton 1989; Yang and Tung 1994) and from other sat-
ellite-derived column ozone data (Hasebe 1983; Hol-
landsworth et al. 1995b). Nearly identical global QBO
patterns are also observed in lower-stratospheric tem-
perature data (Randel and Cobb 1994).

The vertical structure of the ozone QBO has been
analyzed using Stratospheric Aerosol and Gas Experi-
ment (SAGE II) ozone profile data by Zawodny and
McCormick (1991) and Hasebe (1994). Their results
focused on the equatorial QBO, showing significant
anomalies in the lower stratosphere (20-27 km) and
in the middle stratosphere (30-38 km), with a node
near 28 km. These studies furthermore noted significant
QBO modulations in tropical nitrogen dioxide (NO,),
and Chipperfield et al. (1994) demonstrated from
model results that the two-cell structure in ozone was
due to mean vertical transport (in the lower strato-
sphere) and reactive nitrogen (NO,) associated chem-
ical effects (in the middle stratosphere), respectively.

The work here presents a further analysis of the
SAGE II data, with focus on studying the extratropical
ozone QBO, in particular its detailed vertical structure
and seasonal synchronization. The analyses here are
based on singular-value decomposition (SVD) and re-
gression analyses of SAGE II constituent data together
with the QBO zonal winds; these analyses allow ac-
curate isolation of the global QBO signals. Our results
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demonstrate the importance of both middle- and lower-
stratospheric contributions to midlatitude ozone QBO
anomalies and show that both chemical and dynamic
processes must be included in a proper global QBO
simulation.

2. Data and analyses

The primary datasets analyzed here are ozone and
nitrogen dioxide (NO,) mixing ratios from SAGE IL
These data are reviewed and discussed in McCormick
et al. (1989) and Zawodny and McCormick (1991).
SAGE Il uses a solar occultation measurement tech-
nique, obtaining 15 sunrise and 15 sunset measure-
ments per day, each near the same latitude, but spaced
~24° apart in longitude. The latitudinal sampling pro-
gresses in time, so that much of the latitude range
55°N-55°S is sampled in one month. The vertical res-
olution of these data is 1 km, and zonal averages are
binned into monthly samples on a 4° latitude grid prior
to further analyses. The time period spans November
1984—May 1991 (data after the Mt. Pinatubo eruption
are omitted). We combine sunrise and sunset ozone
data, and examine the altitude range 18.5-50.5 km.
Because of the strong diurnal variation of NO, we ex-
amine only sunset measurements, with data spanning
18.5-45.5 km. As discussed by Zawodny and McCor-
mick (1991), Gray and Chipperfield (1990), and Chip-
perfield et al. (1994), the QBO signal in sunset NO,
measurements is primarily due to QBO-modulated
transport of total reactive nitrogen (NO,).

For longer term perspective of the QBO and com-
parison of SAGE II profiles with column ozone data,
we also use column ozone (measured in Dobson units
where 1 DU = 2.142 X 107° kg m™?) derived from
solar backscatter ultraviolet (SBUV ) measurements on
Nimbus 7, combined with SBUV/2 data from NOAA-
11, spanning November 1978—October 1994. Column
ozone measurements derived from SBUV/2 are not
strongly degraded by the Pinatubo aerosols (Bhartia et
al. 1994). Details of merging these datasets and an atlas
of global ozone variability based on this long record
are available in Randel and Wu (1995).

The statistical analysis we use to isolate the global
ozone QBO is based in part on singular-value decom-
position (SVD). SVD involves a matrix operation ap-
plied to covariances between gridpoint observations of
two fields. It determines optimal modes of covariability
between the two fields and is conceptually similar to
empirical orthogonal function (EOF) analyses of one
field of data [the work here is an extension of the QBO
EOF analyses of Wallace et al. (1993)]. A detailed
discussion of SVD and its application to idealized and
observed data may be found in Bretherton et al. (1992)
and Wallace et al. (1992). For the analyses here the
two fields of data are the deseasonalized constituent
anomalies (either ozone or nitrogen dioxide, as a func-
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tion of latitude, altitude, and time) and the deseason-
alized equatorial zonal winds over 70—10 mb (as func-
tion of altitude and time). SVD analyses of these fields
determines constituent variations that are temporally
coherent with the QBO winds; output of the analyses
are sets of coupled constituent zonal wind modes (spa-
tial structures), along with eigenvalues quantifying the
percentage covariance explained by the respective
modes. Time variation is determined by projection of
the spatial structures onto the original anomalies.

One further consideration in the SVD analysis is the
choice of using mixing ratio anomalies versus local
percentage variations (i.e., values divided by the long-
term background zonal means). This choice can make
a difference in the detailed structure of the SVD modes
for constituents whose background fields vary strongly
with altitude; the SVD analysis will preferentially
weight the regions of maximum variance. We have
compared results for the different fields here and
choose percentage anomalies for ozone (in order to
give more equal weight to lower stratospheric varia-
tions ) and mixing ratio anomalies for nitrogen dioxide
(to highlight middle stratospheric variations). Note
that these choices have no effect on the regression anal-
yses or the net isolation of the QBO signal shown
below.

3. Resuits
a. Background—Global column ozone anomalies

As background for the SAGE 1I results below, we
first consider the observed global ozone anomalies as-
sociated with the QBO. Figure 1a shows a latitude—
time diagram of column ozone anomalies from com-
bined SBUV + SBUV/2 data spanning 1979-1994
(Hollandsworth et al. 1995a; Randel and Wu 1995).
Anomalies here are defined as deviations from a sea-
sonally varying background (calculated from the entire
record), and additionally a linear trend over 1979
1994 has been removed (i.e., the trend shown in Hol-
landsworth et al. 1995a); no other signals have been
removed here. Additionally, the anomalies in Fig. 1
have been multiplied by cos (latitude) to represent area
weighting. The tropical ozone anomalies in Fig. la
clearly exhibit a QBO variation, and this is furthermore
demonstrated in Fig. 2, which shows a time series of
the SBUV + SBUV/2 equatorial ozone anomalies to-
gether with a reference QBO time series based on the
equatorial stratospheric zonal winds. Figure 1b shows
the near-global QBO column ozone variation derived
by seasonally varying regression analyses of the data
in Fig. 1a onto the QBO reference time series shown
in Fig. 2. [ This reference time series is calculated from
a linear combination of the equatorial zonal winds over
70—-10 mb, with the following weights: 10 mb (0.24),
15 mb (0.51), 20 mb (0.60), 30 mb (0.50), 40 mb



2548

JOURNAL OF THE ATMOSPHERIC SCIENCES

a) SBUV ozone anomaly (DU)
60N

30N |1}

EQ F M0

Latitude

30S |

60S |

b)
60N |

30N |

i £
EQ &

Latitude

30S |

60S |

81 87 91
Year

c) SBUV ozone residual (DU)

£Q |

Latitude

30S |

60S |

Year

FiG. 1. Latitude—time sections of column ozone anomalies from combined SBUV-SBUV/2
data. Shown are (a) full anomalies, defined as deseasonalized and detrended over 1979—94,
(b) the QBO component, derived by seasonally varying regression analysis, and (c) residual
anomalies (full minus QBO). Data in all panels have been multiplied by cos(latitude) to
account for area weighting. Contour interval is 3 Dobson units (DU), with zero contours
omitted and positive values shaded.
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FIG. 2. Solid line shows deseasonalized column ozone anomalies
over the equator from combined SBUV + SBUV/2 data. Light
dashed line is a QBO reference time series, derived from a linear
combination of the equatorial zonal winds over 70—-10 mb, as de-
scribed in text. Heavy dashed lines are column ozone anomalies from
SAGE 1I data, derived by vertically integrating the ozone density
anomalies shown in Fig. 4a.

(0.26), 50 mb (0.04), and 70 mb (—0.09). These
weights were calculated empirically to optimize the fit
to column ozone, neglecting volcanically perturbed pe-
riods.] The SBUV + SBUV/2 global QBO patterns in
Fig. 1b are similar to those derived from TOMS data
(Bowman 1989; Yang and Tung 1994), in particular
showing large anomalies over 15°-60° in each hemi-
sphere, approximately out of phase with the tropical
patterns. An important aspect of these subtropical—
midlatitude anomalies is that they are seasonally syn-
chronized, with large amplitude only during winter—
spring seasons in each respective hemisphere (see
above references); this is why it is necessary to use
seasonally varying regression to accurately fit the QBO
anomalies away from the equator. Figure 1c shows the
remaining column ozone anomalies after removal of
the QBO. Comparison of the separate panels in Fig. 1
shows the importance of the QBO in both Tropics and
midlatitudes and demonstrates that correct isolation of
QBO effects is crucial for evaluating other sources of
interannual variability.

Besides the QBO ozone variations in the Tropics and
low—midlatitudes discussed above, analyses of TOMS
data and other long-term records suggest a further re-
gion of QBO influence in the winter polar vortices (Olt-
mans and London 1982; Garcia and Solomon 1987;
Bowman 1989; Lait et al. 1989; Randel and Cobb
1994). The polar ozone QBO is approximately in phase
with midlatitudes (and out of phase with the Tropics)
and also seasonally synchronized (maximum in
spring). Observational evidence for the polar ozone
QBO is less statistically significant than that in the
Tropics or midlatitudes, at least partly because of the
high level of ‘‘natural’’ interannual variability in vortex
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structure. Because the sampling of the SAGE 1I instru-
ment includes polar regions for only short time periods,
the polar lobe of the ozone QBO is not analyzed here.

b. SAGE II ozone analyses

For isolation of interannual QBO effects, it is first
necessary to accurately estimate seasonal variations.
One technique that works well for the irregularly sam-
pled SAGE II data is the fitting of annual and semi-
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FIG. 3. Time series of sunrise (circles) and sunset (pluses) SAGE
IT ozone data at the indicated locations. Smooth curves show (re-
peating) annual cycles derived from harmonic regression fits of these
data.
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annual harmonics to the data at each latitude and alti-
tude. Figure 3 shows the ozone data and fit annual cy-
cles over the equator at 34.5 km and at 20° and 44°N
at 30.5 km. The seasonal cycle is predominantly an
annual harmonic at midlatitudes (44°), whereas in low
latitudes there is important contribution from the semi-
annual harmonic [in agreement with the SBUV anal-
yses of Perliski and London (1989) and SAGE II re-
sults of McCormick et al. (1989)]. Monthly mean in-
terannual anomalies are defined by simply subtracting
the seasonal harmonic fits, and these are the basis for
all further analyses.

Figure 4a shows the resulting interannual ozone
anomalies over the equator, with the results here cal-
culated in terms of ozone density [in Dobson units DU
per kilometer]. (Figure 4b shows the statistical QBO
fit of these anomalies, as discussed below.) Ozone den-
sity is used in Fig. 4 in order to visually determine
contributions to the column ozone anomaly (simply a
sum in the vertical of the ozone density anomalies).
The numerically summed column ozone amounts de-
rived from these data are included as the heavy dashed
line in Fig. 2; because these values agree well with the
SBUV + SBUV/2 column ozone, this demonstrates
that almost all of the equatorial column ozone vari-
ability is explained by the profile information in Fig.
4a. The QBO completely dominates the variability in
Fig. 4a, with alternating positive and negative anoma-
lies that can be traced downward in time. There are two
regions of maximum ozone perturbation: in the lower
stratosphere (20—27 km) and middle stratosphere (30—
37 km). The anomalies at these levels are approxi-
mately one-quarter cycle out of phase, and both levels
contribute significantly to column ozone variations.
Similar tropical ozone QBO anomalies from SAGE 1I
data have been shown in Zawodny and McCormick
(1989), Hasebe (1994), and Chipperfield et al.
(1994). Isolation of the QBO ozone signal at the equa-
tor is relatively easy because it completely dominates
interannual variability. This is not the case in midlati-
tudes, however, where the QBO component is of sim-
ilar size to other variability (e.g., Fig. 1).

As examples of the effect of the ozone QBO, Fig. 5
shows global ozone fields during the two extreme
phases: April 1985 and April 1989. The QBO has a
clear visual effect on the tropical ozone mixing ratio
values. over 30—40 km, with upward bending isolines
in the positive phase (April 1985) and downward bend-
ing equatorial patterns in April 1989. The resuiting
double peaked (or ‘‘rabbit-ears’’) structure in April
1989 is similar to patterns observed in SAGE II aerosol
data (Trepte and Hitchman 1992).

Results of the SVD analyses between the global
ozone anomalies and the QBO zonal winds show that
the first two modes (termed SVD1 and SVD2) explain
72% and 25% of the overall covariance, respectively.
(Two such modes are typical for a regularly propagat-
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FIG. 4. Altitude~time sections of interannual ozone density anomalies
over the equator. Panel (a) shows the full anomalies (departures from
harmonic seasonal cycles), while (b) shows results of the statistical QBO
fit. Contour interval is 0.3 DU/km, with zero contours omitted.

ing oscillation, analogous to a sine and cosine Fourier
decomposition for a traveling harmonic wave.) The
spatial structure of these modes is shown in Fig. 6 (for
ozone) and Fig. 7a (for zonal wind). SVD1 in ozone
exhibits a two peak (in altitude) maximum over the
equator, similar to the structure seen in Fig. 4. Addi-
tionally, there are out of phase (negative) maxima in
the lower stratosphere over midlatitudes of both hemi-
spheres and additionally over the subtropics in the mid-
dle stratosphere (i.e., the subtropics exhibits a similar
two-peaked vertical structure as that seen over the
equator but of the opposite sign). Ozone SVD2 is qual-
itatively similar to SVD1, with the patterns approxi-
mately in quadrature with SVD1 (note that these modes
are orthogonal by construction ). The zonal wind spatial
structures (Fig. 7a) show a mode that peaks over 10—
20 mb (SVD1) and over 30—-40 mb (SVD2); these are
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F1G. 5. Cross sections of ozone mixing ratio (ppmv) during opposing phases of the QBO in April 1985 and April 1989.

similar to the QBO wind EOF modes derived by Wal-
lace et al. (1993). Time projection of the zonal wind
SVD structures is shown in Fig. 7b; note that the pro-
jections are shown for the period 19791994 (for ref-
erence and comparison to Fig. 2), although the SVD
spatial structures (Fig. 7a) are calculated from data
over 1985-1991.

Time variation of the ozone QBO is determined by
projection of the two SVD spatial structures (shown in
Fig. 6) onto the global ozone anomalies. Figure 8 shows
a “‘phase space’’ plot of the projections of SVDI1 and
SVD2 (each smoothed slightly in time); time progression
corresponds to clockwise transits (or orbits of the ozone
QBO), with one cycle corresponding to a QBO cycle
(note there are ~2.5 cycles in this 6.5-yr record). Figure
9 shows a second method of analyzing these same data
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in terms of amplitude and phase of the projection points
in Fig. 8. The amplitude shows substantial variations in
time, with a minimum in the middle of 1988 and maxima
during August—October of several years.

The amplitude of the zonal wind SVD projections is
also included in Fig. 9 [a longer time series of a nearly
identical quantity covering 1956-1990 is shown in
Wallace et al. (1993, their Fig. 8)]. An interesting fea-
ture is that there is a minimum in the amplitude of this
“‘dynamical”” QBO index in early 1988, slightly pre-
ceding the ozone QBO minimum. This short time sam-
ple suggests that the ozone QBO may be modulated
similarly to the dynamic QBO over long timescales (as
described in Wallace et al. 1993).

An important aspect of the ozone QBO is its seasonal
synchronization away from the equator, yet the prior
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FiG. 6. Heavy solid and dashed lines with shading show spatial structure of ozone SVD1 (left) and SVD2 (right). Contour values correspond
to local percent variations with arbitrary units. Light lines show background annual average zonal mean ozone.
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Fic. 7. Top panel shows vertical structure of zonal wind SVD1
and SVD2. Lower panel shows the time projection of these structures
onto the QBO zonal wind anomalies over 1979-1994. Amplitude
units in both panels are arbitrary.

SVD analyses do not allow isolation of such season-
ality. In order to include seasonal variability, we isolate
the ozone QBO patterns based on seasonally varying
regression analysis using

O(t) = aS1(2) + BS2(2). (1)

Here S1 and S2 are time projections of the zonal wind
SVD structures shown in Fig. 7b; the prior SVD anal-
ysis has determined these optimal temporal structures
(and shown that two independent time series are suf-
ficient to explain nearly all of the ozone QBO vari-
ance). Seasonality is included in Eq. (1) by defining «
= A, + A, sinwt + A; coswt (w = 2mw/365 days), and
likewise for 8. There are thus six coefficients deter-
mined by the regression fit at each latitude and altitude.

Figure 10 shows the spatial structure of the coeffi-
cient in Eq. (1) for projections during January—March
and July—September; these indicate the spatial loca-
tions of the regressed QBO anomalies during these
months. For reference, the patterns are superimposed
over the respective background zonal mean structures
(note the seasonality in these background fields).
These spatial patterns are very similar to the ozone
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SVD1 structure in Fig. 6 (as expected) but exhibit
strong seasonal dependence in midlatitudes. In partic-
ular, the extratropical (negative) patterns are large only
in the respective winter hemispheres.

Figure 11 shows examples of the QBO regression
fits for the same time series shown in Fig. 3. Note the
higher-frequency components of the fits away from the
equator and also the fact that relatively less of the over-
all variance is explained by the QBO at 44° versus 20°N
(in agreement with the variance partitioning seen in
Fig. 1). The regression analysis here allows a smooth,
continuous mapping of the QBO signal in latitude, al-
titnde, and time; this technique may be viewed as an
accurate digital filter to isolate QBO variability. Figure
4b shows the associated QBO fit of the equatorial ozone
anomalies, for comparison with the ‘‘full”’ anomalies
(in Fig. 4a). As expected, a predominance of the vari-
ability at the equator projects onto the QBO.

Figure 12 shows the interannual ozone anomalies
and the statistical QBO fit at 30°S (expressed in terms
of ozone density, as in Fig. 4). The QBO accounts for
a large fraction of interannual variance at this latitude
(as at the equator). There is a two-cell vertical structure
to the anomalies, and they are vertically in phase
[as opposed to variations in quadrature over the equator
(Fig. 4)]. Note that the anomalies at both levels occur
preferentially during SH winter. The upper-level
anomalies (over 27-32 km) contribute approximately
one-third of the column anomalies, versus approxi-
mately two-thirds from the lower-level maximum over
19-24 km.
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FiG. 8. Phase space diagram of the projection of the monthly global
ozone anomalies onto spatial structures SVD1 and SVD2 (shown in
Fig. 6). Time progression coincides with clockwise orbit transits,
with locations during several individual months noted.
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=tan"'(SVD1/SVD2) (i.e., the phase variation of the data in Fig. 8).
Circles denote April 1985 and 1989, the time samples shown in Fig.
5. Phase of the zonal wind projections is nearly identical and not
shown.

Figure 13 shows the QBO ozone density variations
versus latitude at 22.5 and 30.5 km. These are plotted
using the same contour interval, so that the relative con-
tribution of the upper- and lower-level anomalies to the
column can be assessed. Furthermore, Fig. 14 shows
the QBO column ozone variations derived by vertically
integrating the SAGE II profile density data, together
with the SBUV + SBUV/2 QBO fit over 1985-1991
[as in Fig. 1b, but not weighted by cos(latitude) here].
The QBO column ozone variations calculated from the
SAGE 1I data are in good agreement with those derived
from SBUV + SBUV/2 data, both in the Tropics (as
shown in Fig. 2) and in midlatitudes. Comparison of
the latitude—time sections in Fig. 13 and the column
data in Fig. 14 illustrate the relative importance of the
middle- and lower-stratosphere contributions to the
midlatitude column amounts. These data show that the
upper-level anomalies contribute substantially to the
column, particularly in the subtropics (10°-40°). The
lower-level patterns have a broad latitudinal structure
(15°~60°) and are the predominant contributor to the
column at high latitudes (40°~60°N—S). Note that the
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extratropical anomalies at both upper and lower levels
in Fig. 13 are seasonally synchronized, leading to the
column ozone synchronization. Time periods that ex-
hibit relatively large midlatitude column deviations
(such as in the SH in 1985, 1989, and 1990) exhibit
large in-phase contributions from both upper and lower
levels (see also Fig. 12). Overall both the middle- and
lower-stratospheric anomalies are important compo-
nents of the midlatitude ozone QBO. Because the
lower-stratospheric maxima occur precisely in the re-
gion of strong background vertical gradient (see Figs.
6 and 10), they are likely attributable to mean vertical
advection effects (discussed further below). Con-
versely, the upper-level anomalies occur near the back-
ground maximum, and thus are due to a different cause.
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FI1G. 10. Heavy solid and dashed lines with shading show seasonal
variation of the regression coefficient o [Eq. (1)] for NH (top) and
SH (bottom) winter—spring. Contours represent local percent varia-
tion, with arbitrary units. Light lines denote background zonal mean
ozone for the corresponding time periods.
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FiG. 11. Time series of interannual ozone anomalies for the same
time series shown in Fig. 3. Smooth curves denote the QBO regres-
sion fit of these data using Eq. (1).

c. Variations in NO, and ozone chemistry

Zawodny and McCormick (1991) proposed that
NO, variations may be important for the observed mid-
dle-stratospheric ozone QBO signal, and Chipperfield
et al. (1994) have modeled the associated chemical
variations. We extend our analyses by extracting the
QBO signal in SAGE II NO; data in an analogous man-
ner to that used above, in order to study details of the
global ozone ~NO, coupling.
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Figure 15 shows the two dominant SVD structures
associated with QBO variations in NO,, superimposed
on the background (annual mean) NO, structure. QBO
variations are observed in the Tropics and low—mid-
latitudes of the middle stratosphere, with structure sim-
ilar to the middle-stratosphere ozone patterns seen in
Fig. 6. The subtropical maxima in SVD1 and equato-
rially centered pattern of SVD2 suggest that these
regions are approximately in quadrature. The NO,
anomalies in Fig. 15 occur in the region of strong back-
ground vertical gradients, although because NO, itself
is not a conservative tracer, it is not clear from this
diagnostic alone how to partition transport versus
chemical effects.

Figure 16 shows the QBO NO, variations at the
equator, derived from a regression analysis in an iden-
tical manner to the ozone data above. The QBO anom-

50 F i
4 1
—
<40 | 3 €
£ £
X N
A . e
% \:::'-(- 10 3
= 30 n
(] I
T - :Lj
N (" 30
E?é
20 3 1
o
/KM)
50 "
401
~~
~~ | 3 O
£ 40 1%
X 4 ~—
— ]
'g,’ f‘\‘ ‘.'\ o :' :‘\\ 1 10 a
T \\:J;- . \\,’ \:': : e
] - A . o
20 P 1 . t

Fig. 12. Altitude—time sections of interannual ozone density
anomalies at 30°S. Top panel shows full anomalies, and bottom panel
shows the statistical QBO fit. Contours interval is 0.3 DU/km, with
zero contours omitted.
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FiG. 13. Latitude—time sections of QBO-fit ozone density anom-
alies at 30.5 (top) and 22.5 km (bottom). Contour interval in both
panels is 0.3 DU/km, with zero contours omitted.

alies in Fig. 16 show maxima over ~27-35 km, with
slight downward propagation in time. Figure 17 shows
similar plots for the latitude—time variations of NO, at
30.5 km, for both the full anomalies and the QBO-fit
component. Large NO, anomalies are observed in both
Tropics and midlatitudes, with values in Fig. 17 rep-
resenting = 30% variations with respect to the long-
term mean. Comparison between the full and QBO-fit
anomalies shows that the QBO explains a large fraction
of the interannual NO, variability in the midstrato-
sphere for this 6.5-yr record, in particular for variations
away from the equator.

Comparison of the QBO NO, anomalies in Figs. 16—
17 with the middle-stratosphere ozone anomalies in
Figs. 4 and 13 shows strong anticorrelation, with nearly
all details echoed in both datasets. Figure 18 shows a
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contour plot of the correlation between QBO fit ozone
and NO, anomalies, calculated at each latitude and al-
titude. Given approximately 5 degrees of freedom for
the 2.5 cycles of QBO data here (two independent
pieces of information per cycle), correlations above
approximately 0.75 are statistically significant at the
95% level. (The QBO regression analysis is effectively
a very narrow bandpass filter; such filtering necessi-
tates high correlation significance levels.) Figure 18
shows strong negative correlations over approximately
28—-35 km for most of the region S0°N—-40°S, with the
correlations extending to slightly higher and lower al-
titudes outside of the Tropics. Small regions of positive
correlation are seen near 25 km (discussed further be-
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derived from SAGE II data (top) and combined SBUV + SBUV/2
data (bottom). The SAGE II column anomalies are calculated by
vertically integrating the ozone density data, as shown in Figs. 12~
13. Contour interval is 3 DU, and zero contours are omitted.
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low). Positive ozone—NO, correlations are also seen
in the tropical upper stratosphere (38—45 km), and this
likely reflects that the sunset conversion of NO to NO,
in this region depends directly on the amount of ozone.

Examples of the equatorial ozone—NO, correlations
in the 26—34-km range are shown in the scatter plots
in Fig. 19 (using data over = 10° latitude). Data at
26.5 km show a positive correlation, together with
some scatter related to phase lag of the NO, with re-
spect to ozone (denoted by clockwise time progression
of the anomaly points in Fig. 19). At lower altitudes
(22-25 km, not shown here) the phase lag is near 90
(ozone leading NO,), which is why the contempora-
neous correlation is low (Fig. 18). The positive ozone-—
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FiG. 16. Altitude—time section of QBO-fit NO, mixing ratio anom-
alies over the equator. Contours are 0.2 ppbv, and zero contours are
omitted.

NO, correlations near 26.5 km (and at somewhat lower
altitudes away from the equator; see Fig. 18) may be
suggestive of a change over between nitrogen (NO,)-
related ozone losses above and hydrogen (HO,)-dom-
inated losses below (e.g., Garcia and Solomon 1994,
their Fig. 8). Note that HO, and NO, are inversely re-
lated by reactions such as :

OH + NO, = HNO;.

Thus decreased NO, will lead to increased HO,, and
enhanced ozone losses (yielding positive NO,—o0zone
correlations).

The strong negative ozone—NO, correlations for the
altitude region 28—-35 km clearly points to NO,-dom-
inated ozone loss processes. With increased altitude in
the Tropics, two features occur in the scatter plots in
Fig. 19: 1) the ozone—NO, slope increases (i.e., ozone
is more sensitive to NO,) and 2) the scatterdiagram
departs from linearity, with a phase lag introduced
above 32 km (NO,-leading ozone). The increased
ozone sensitivity between 28.5 and 34.5 km implied in
these SAGE 1I data is in good agreement with the
model calculations of Chipperfield et al. (1994 ), shown
in their Fig. 4, which they explain as due to an increase
in background NO,. The introduction of a phase lag
above 32 km is likely an indication of ozone response
to QBO temperature variations above this altitude.

4. Summary and discussion

Singular-value decomposition provides a powerful
tool to determine the space and time characteristics of
coupled variations between two fields of data. In the
application here we have chosen one field to represent
the equatorial QBO and the other the ‘‘full’’ interan-
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nual variations of SAGE II constituent data; the output
of the SVD analysis is then by construction the global
constituent QBO structure. This technique provides a
novel view of the global ozone QBO, showing clear
coupling of the equatorial and midlatitude components
(Fig. 6), and quasi-regular global amplitude and phase
propagation (Fig. 8). The amplitude of the ozone QBO
appears related to the zonal wind QBO, at least for the
short 2.5 cycle record here (Fig. 9).

Because seasonal variation is not explicitly included
in the SVD analyses, we use a seasonally varying re-
gression analysis to isolate local QBO variations. We
use two independent QBO reference time series based
on optimal linear combinations of the zonal winds over
70—-10 mb, as determined by the SVD analyses. The
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overall results of the coupled SVD regression analyses
act as an accurate digital filter to isolate QBO variations
in the Tropics and midlatitudes. Accurate statistical iso-
lation of the ozone QBO signal is not particularly im-
portant in the Tropics, where the QBO completely
dominates other signals (see Fig. 4); conversely the
QBO component in midlatitudes is similarly sized to
other interannual variations (see Fig. 1), so that accu-
rate separation is crucial for understanding both the
QBO and “‘other’’ variability.

The prior analyses of SAGE II data by Zawodny and
McCormick (1991) and Hasebe (1994) have focused
on the tropical ozone QBO, documenting the clear dou-
ble-peaked structure in altitude (shown in Fig. 4). The
analyses here show a similar double-peaked ozone
QBO structure in midlatitudes, with the two maxima in
phase (versus near quadrature over the equator) and
seasonally synchronized (with maxima in the respec-
tive winter—spring hemispheres). The lower-strato-
spheric maxima span a broad latitude range (~15°—
60°, see Figs. 10 and 13) and occur in the region of
strongest background vertical gradient (Figs. 6 and
10). This latter structure suggests that these anomalies
are related to mean vertical circulation changes.

The middle-stratospheric ozone QBO anomalies
peak in the subtropics (~10°-40°) and are coherent in
space and time (and out of phase) with QBO variations
in NO, (cf. Figs. 13a and 17b). This association points
to reactive nitrogen chemical effects as the cause of the
middle-stratospheric ozone anomalies, as confirmed by
the modeling study of Chipperfield et al. (1994). An
observed ozone—NO, phase lag above 32 km (Fig. 19)
suggests ozone temperature sensitivity may also be im-
portant above this altitude. QBO variations in NO, oc-
cur in the region of strong background vertical gradi-

Ozone — NO2 correlation

Height (km)
Pressure (mb)

Latitude

FiG. 18. Contour plot of the correlation between QBO-fit ozone
and NO, anomalies. Contour interval is 0.2, with zero contours omit-
ted. Shaded values (above (.75) are statistically significant at the 95%
level.
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ents (Fig. 15), suggesting association with vertical cir-
culation anomalies (although NO, is not a tracer and
detailed study of total reactive nitrogen would be nec-
essary for quantitative analyses). The observation that
the upper-level NO, and lower-level ozone patterns are
both seasonally synchronized (occurring only in the
winter hemisphere) is clear evidence of large-scale
winter circulation anomalies, such as those in the con-
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ceptual model of Tung and Yang (1994b) (due to QBO
modulation of planetary waves and residual mean cir-
culation).

Sophisticated attempts at modeling the extratropical
ozone QBO have been reported in several recent stud-
ies (Gray and Pyle 1989; Holton 1989; Gray and Dunk-
erton 1992; Gray and Ruth 1993; Tung and Yang
1994b; Hess and O’Sullivan 1995). The SAGE I data
show that ozone anomalies in the middle stratosphere
are an important component of the midlatitude QBO,
contributing one-third to one-half of the column anom-
alies over 10°~40°. Neglect of this important contri-

‘bution will confuse quantitative comparisons between

modeled and observed QBO column ozone in midlat-
itudes.
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