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A model study of the influence of the quasi-biennial oscillation
on trace gas distributions in the middle and upper stratosphere

Lesley J. Gray
Rutherford Appleton Laboratory, Chilton, Didcot, England

Abstract. The dominant tracer transport processes in the equatorial and subtropical latitudes
of the middle and upper stratosphere are investigated. Distributions of water vapor in North-
ern Hemisphere winter from the Microwave Limb Sounder onboard the Upper Atmosphere
Research Satellite are employed, together with a three-dimensional Stratosphere Mesosphere
Model that incorporates a representation of the quasi-biennial oscillation (QBO). The model
reproduces the observed tracer distributions, in particular a “staircase” feature that is present
in northern winter of 1992 (easterly QBO phase) but not in 1993 (westerly QBO phase). This
feature is highly asymmetric about the equator. The model circulation is diagnosed to show
that while the induced QBO circulation in the lower stratosphere of the model is relatively _
symmetric about the equator, in the middle and upper stratosphere it is highly asymmetric and
in the correct sense to give rise to the staircase feature. Model experiments are compared in
which trajectories are advected by (1) the full three-dimensional circulation and (2) the resid-
ual mean circulation only, thereby removing the local effects of isentropic mixing by plane-
tary waves on the trajectory distributions. These confirm the importance of advection by the
QBO circulation at equatorial and subtropical latitudes. However, sharpening of the tracer
gradients at the subtropical edge of the surf zone by the action of planetary waves is shown to
be important in the formation of a subtropical “cliff” between 10 and 20 mbar at 20°-30°N.
The model results also suggest that the prominence of the summer subtropical peak in east-
erly phase years compared with westerly phase years is not entirely due to increased summer
upwelling of the large-scale global circulation caused by the stronger planetary wave driving.
The depression of the winter half of the equatorial peak by the local asymmetric QBO circu-

lation is also shown to be important.

1. Introduction

The Upper Atmosphere Research Satellite (UARS) has
provided a number of excellent data sets of long-lived trace
gases, notably nitrous oxide (N20), methane (CH4), water
vapor (H20), and hydrogen fluoride (HF). Global observa-
tions of these gases over a number of years provide essential
validation data against which to test both the accuracy of our
global circulation models of the atmosphere and theoretical
ideas of large-scale transport processes.

The UARS mission, with its_reasonable spatial resolution
and relatively long lifetime, has provided evidence of signifi-
cant interannual variability, which may be associated with the
quasi-biennial oscillation (QBO). In this paper, we examine
the interannual variability of tracer distributions in the North-
ern Hemisphere subtropics. We use a computer model that in-
cludes a representation of the QBO to simulate features in the
tracer distributions observed by UARS in the Northern Hemi-
sphere winter and investigate the transport processes that give
rise to those features. In particular, we address whether the
equatorial and subtropical distributions and their interannual
variability are primarily due to advection by the QBO circula-
‘tion or the result of isentropic mixing by midlatitude planetary
waves.
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1.1. Observations

In the tropics and subtropics the distribution of long-lived
trace gases is dramatically affected by circulations associated
with the semi-annual oscillation (SAO) and the quasi-biennial
oscillation (QBO) [Gray and Pyle, 1986, 1989; Trepte and
Hitchman 1992; Hitchman et al., 1994]. The mean meridional
circulations associated with these oscillations have relative
upwelling (downwelling) associated with easterly (westerly)
shear zones at the equator. These induced circulations affect
the tracer distributions, so for example, a “double peak” tracer
distribution is associated with a westerly equatorial shear

zone.
The UARS measurements of H,O from the Microwave

Limb Sounder (MLS) [Barath et al., 1993], N,O from the
Cryogenic Limb Array Etalon Spectrometer (CLAES) [Roche
et al., 1993] and H,0O, CH,4, and HF from the Halogen Occul-
tation Experiment (HALOE) [Russell et al., 1993] have indi-
cated an unexpected distribution in Northern Hemisphere
winter/early spring [Dunkerton and O’Sullivan, 1996;
O’Sullivan and Dunkerton 1997; Gray and Russell, 1999] ,
which is present only in the so-called easterly phase of the
QBO, i.e., when the equatorial zonal winds at 30-50 mbar are
easterly. The feature is a “staircase” structure, as illustrated in
Plate 1a, which shows the version 4 water vapor (H,O) distri-
bution in February 1992 from MLS. Note that although only
data of a single day are shown, the feature is evident through-
out the winter. See, for example, O Sullivan and Dunkerton
[1997] who show a February/March average. We show data
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of a single day in order that diagnosis is not confused by av-
eraging over a feature that is slowly descending with time.

The “staircase” feature consists of:

(1) an asymmetrical off-equatorial peak in the tracer
isolines (water vapor minimum) in the summer hemisphere
above approximately 8 mbar with steep isolines over the
equator forming a vertical “equatorial cliff”; (2) a region of
almost horizontal isolines forming a “subtropical ledge” be-
tween 8-15 mbar and 0°-20°N, which is also asymmetric, be-
ing present only in the Northern Hemisphere; (3) a region of
almost vertical isolines forming a “subtropical cliff” in the
Northern Hemisphere between approximately 20°-30°N and
8-20 mbar; (4) a region of horizontal contours in the surf zone
between 30°-60°N and 8-20 mbar forming a “midlatitude
ledge”; (5) steep isolines poleward of 60°N between 10 and
70 mbar at the edge of the polar vortex forming an “edge-of-
vortex cliff”.

For comparison purposes, we show in Plate 1b the MLS
H,O distribution from the same period in the following year
1993 and in Plate lc the difference between the 1992 and
1993 distributions. There is no sign of the staircase feature,
neither in Plate 1b nor at any other time during the winter of
- 1993. The “staircase” feature appears to be a consistent fea-
ture of the Northern Hemisphere when the QBO is in its east-
erly phase. Dunkerton and O’Sullivan [1996] have shown that
the feature is also present in CLAES N,O data in 1992. Gray
and Russell [1999] have shown that the feature is present in
HALOE H,0, CH,, and HF data in January 1992, 1994, and
1996 (all “easterly” QBO phase years) but not in 1993, 1995
or 1997 (“westerly” QBO phase years).  Although we con-
centrate on the Northern Hemisphere data in this paper, the
same feature is also present in the Southern Hemisphere win-
ter period.

1.2. Asymmetry

The “staircase” feature in Plate la is remarkably asymmet-
ric about the equator. This appears at first to be inconsistent
with tracer advection by the meridional circulations induced
by the SAO or QBO, which theory predicts to be symmetric
about the equator. Indeed, O Sullivan and Dunkerton [1997]
noted that the observations were in marked contrast to the
symmetric SAO- and QBO-induced circulations described by
Gray and Pyle [1986, 1989] and Trepte and Hitchman
[1992]. They concluded from this and other evidence that the
distribution of tracers in the subtropics below about 10 mbar
must be dominated by the QBO-modulated planetary wave is-
entropic mixing, with the easterly QBO winds preventing
planetary wave radiation into the tropics, so a strong tracer
gradient is generated in the winter subtropics at the edge of
the surf zone.

However, the asymmetric nature of the tracer observations
is not, in fact, inconsistent with tracer advection by the in-
duced SAO and QBO meridional circulations. Although the
SAO and QBO signals dominate the equatorial zonal wind
distributions it does not automatically follow that this is true
in the meridional plane. The SAO and QBO meridional cir-
culations are, in fact, relatively weak circulations superim-
posed on an annual meridional circulation that is strongly
asymmetric. It is therefore possible that this background
asymmetric circulation will modulate the QBO and SAO
transport circulation in some way to produce net QBO and
SAOQ signals in tracer distributions that are asymmetric.
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Indeed, observations of the QBO signal in column ozone
are highly asymmetric about the equator [Hasebe, 1983; Lait
et al., 1989; Bowman, 1989; Tung and Yang, 1994a; Randel
and Cobb, 1994]. The data display an off-equatorial column
ozone QBO anomaly which develops in both Northern and
Southern Hemispheres during the local winter / spring season.
A number of attempts were made in the past to explain the
asymmetric nature of these anomalies [Gray and Pyle, 1989;
Holton, 1989; Hamilton, 1989; Gray and Dunkerton, 1990;
Tung and Yang, 1994b], some of which invoked advection by
the mean circulation, while others suggested that the influ-
ence of the QBO on planetary wave propagation and hence on
isentropic mixing was responsible. More recent analyses of
the height distribution of the QBO in Stratospheric Aeorsol
and Gas Experiment (SAGE) ozone [Randel and Wu 1996]
and other trace gases [Randel et al. 1998] have added to the
evidence that the QBO signal in trace gases is highly asym-
metric.

1.3. Recent Studies

In an analysis of the QBO signal in the meridional circula-
tion of the UK Meteorological Office (UKMO) model-
assimilated observations, Randel et al.,[1999] derived QBO
anomalies in zonal wind, temperature, and residual circulation
from the UKMO analyses [Swinbank and O’Neill, 1994, Fig-
ure 18]. Their derived temperature and residual circulation
anomalies in each year are highly asymmetric about the
equator, exhibiting a single circulation between 2 and 20
mbar rather than the expected two-cell symmetric QBO cir-
culation.

In a series of two-dimensional modeling experiments,
Jones et al. [1998] and Kinnersley [1999] have demonstrated
a mechanism in which the induced symmetric QBO circula-
tions are advected by the annual meridional circulation pref-
erentially into the winter hemisphere. Through the Coriolis
parameter dependence in the thermal wind equation, this has
the effect of preferentially strengthening the local QBO cir-
culation in the winter hemisphere. This nonlinear advection
is therefore a source of asymmetry in the resultant QBO and
SAO meridional circulations that could account for the
asymmetry in the circulation derived by Randel et al. [1999]
and could also be responsible for the asymmetry of the ob-
served tracer distributions in plate la.

In view of these recent developments in our understanding
of the QBO mean circulations and their asymmetry, it seems
appropriate to reexamine the UARS tracer distributions. We
pay particular attention to the formation of the asymmetric
“staircase” feature described above and whether the compo-
nents of the staircase feature are produced primarily by ad-
vection by the mean circulation or by processes associated
with isentropic mixing due to midlatitude planetary waves.

In this paper, we concentrate on the upper staircase fea-
tures 1-3, i.e. the off-equatorial summer peak and “equatorial
cliff,” (feature 1) the “subtropical ledge” between 0°-20°N
and 8-15 mbar (feature 2) and the “subtropical cliff” of steep
isolines at 20°-30°N and 8-20 mbar (feature 3). In fact, the
isolines in the latter region have steep slopes right down to 50
mbar. However, we will concentrate here on the upper part of
feature 3 between 8 and 20 mbar only. The lower region 20-
50 mbar has already been studied in detail by Gray and Rus-
sell [1999], who showed that the steeper isolines in the north-
ern subtropics in 1992 below about 20 mbar are due primarily
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to advection by the QBO circulations. However, their analysis
showed that isentropic mixing becomes increasingly impor-
tant above 20 mbar. It was not clear from their study, which
used only observational data, whether advection or mixing
was the dominant process above 20 mbar. In this paper, we
therefore extend their study by using both observational data
and computer model simulations to examine the region above
20 mbar. We employ a three-dimensional model of the strato-
sphere and mesosphere to simulate the observed tracer distri-
butions and then use it to diagnose the dominant mechanisms
that produce the staircase feature in the model.

~ The layout of the paper is as follows: The model formula-
tion is described in section 2. In section 3, trajectory distribu-
tions from the main model run are described, including the
simulation of the staircase feature. The transport mechanisms
giving rise to the feature are examined in section 4, including
a detailed examination of the residual mean circulation anom-
aly associated with the QBO. In section 5, the conclusions
from the model study are applied to the interpretation of the
main differences in the MLS H,O distributions in 1992 and
1993. Finally, in section 6, the study and its major conclu-
sions are summarized.

2. Model

The model employed in this study is the UKMO Strato-
sphere Mesosphere Model (SMM). It is a global three-
dimensional primitive equation model of the middle atmos-
phere [Fisher, 1987; Butchart et al., 1982; Marks, 1988,
O’Neill and Pope, 1988; Fairlie et al., 1990; Farrara et al.,
1992; Fisher et al., 1993; Rosier and Lawrence, 1999; Scaife
and James, 1999]. It has horizontal resolution of 5° latitude,
3.75° longitude and 32 vertical levels equally spaced in log
pressure between 100 mbar and 0.01 mbar giving approxi-
mately 2 km vertical resolution. It is a mechanistic model with
temperature and horizontal winds as prognostic variables and
a lower boundary located near the tropopause at which 100
mbar (16 km) geopotential height fields are specified as the
bottom boundary condition. These are obtained from daily
stratospheric analyses from the UKMO assimilated data set
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[Swinbank and O’Neill, 1994] which are then linearly inter-
polated to provide a continuously varying lower boundary
forcing. Radiative heating and cooling rates are computed
using the MIDRAD scheme [Shine, 1987, Shine and Rickaby,
1989] with prescribed climatological, zonally symmetric CO,
and ozone. A leapfrog integration scheme is used with fourth-
order accuracy in the horizontal and second order accuracy in
the vertical. A time step of 240 s was employed.

A simple Rayleigh friction scheme is used with a relaxa-
tion timescale varying from about 100 days in the lower
stratosphere to 2 days in the mesosphere in order to simulate
the effect of gravity wave breaking. In addition to this, a QBO
was included in the model using a technique introduced by
Gray and Ruth [1993]: the modeled zonal winds at the equa-
tor below 10 mbar were slowly relaxed towards monthly av-
eraged observed winds from Singapore radiosonde measure-
ments. The relaxation time employed was 10 days close to
the equator and smoothly and rapidly increased poleward of
this in order to produce a realistic QBO zonal wind distribu-
tion in the region approximately 20° either side of the equator
which smoothly merged with the models own winds at mid-
latitudes. Similarly, above 10 mbar the relaxation times were
increased in order to achieve a smooth transition from the
forced zonal winds below 10 mbar to the modeled winds
above 10mbar.

In the experiments described in this paper, the model was
run for the period November 1991 to June 1993, using the
corresponding daily geopotential heights derived from the
UKMO-assimilated data set for the lower boundary forcing
and the corresponding monthly averaged Singapore winds to
ensure the correct phase of the equatorial QBO. The model
was initialized with horizontal wind and temperature data for
November 1991, also taken from the UKMO-assimilated data
set [Swinbank and O’Neill, 1994]. In the region of the upper
mesosphere for which assimilated data were not available,
data from the COSPAR International Reference Atmosphere
(CIRA) data set [Barnett and Corney 1985a, b] were merged
with the assimilated data.

Figure 1 shows the height time series of equatorial winds
in the model. In January 1992 the easterly QBO phase has
reached its maximum amplitude at around 25 ms™ at 20 mbar

Sep-92

Time {months)

Figure 1. Height-time series of modeled zonally averaged zonal wind at the equator. Contour interval 5 ms™.
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Figure 2. Height-latitude cross-section of monthly averaged, zonally averaged zonal winds in (a) January

1992 and (b) January 1993. Contour interval 10 ms™.

and the next incoming westerly phase is evident above 10
mbar. In January 1993, on the other hand, the westerly QBO
phase dominates the lower stratosphere with westerlies pres-
ent in the range 8-80 mbar, reaching a maximum amplitude of
15 ms™'. These differences are more clearly seen in Figure 2
which shows the zonal wind cross sections for the two Janu-
aries. The incoming westerly phase above 10 mbar in January
1992 is manifested by alternating layers of easterlies and
westerlies at the equator. Note that in Figure 2 the initial wind
distribution between 1 and 10 mbar was westerly, due to the
presence of the semiannual oscillation (SAO) westerlies, but
in the subsequent integration, the SAO westerlies do not ex-
tend sufficiently deep into the stratosphere because the model

does not include a parameterization of the appropriate wave
forcing nor is its resolution sufficiently high to generate this
internally. Nevertheless, the model does exhibit a SAO with
weak easterlies during equinox and stronger easterlies during
solstice. Since the study concentrates on the evolution during
the solstice period, we do not consider the lack of penetration
of the westerlies to be a problem.

In Figure 3 we show the latitude time series of the zonal
winds at 10 mbar. This compares well with the corresponding
evolution of the UKMO-assimilated model fields [e.g.,
O Sullivan and Dunkerton, 1997, Figure 1] apart for the tim-
ing of the onset of QBO westerlies in 1991/1992. O Sullivan

- and Dunkerton [1997] noted the discrepancy between obser-
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Feb-93

Figure 3. Latitude time series of monthly averaged, zonally averaged zonal winds at 10 mbar. Contour inter-

val 10 ms™.

vations in this period. The Singapore winds reverse to west-
erlies at 10 mbar in November 1991, the UARS High-
Resolution Doppler Imager (HRDI) winds reverse in April
1992 [Ortland et al., 1996] and the UKMO-assimilated winds
reverse in September 1992 [Swinbank and O’Neill, 1994].
Since the modeled equatorial winds are tied to the Singapore
data, the equatorial winds are already westerly at 10 mbar at
the beginning of the integration in November 1991.

3. Model Trajectory Distributions

To study global scale tracer transport, Lagrangian trajecto-
ries were included in the model runs. These consisted of ap-
proximately 2000 parcels initialized on an equal area grid on
each of 17 pressure surfaces uniformly spaced in log pressure
between 0.05 mbar and 60 mbar, giving good global cover-
age. The trajectories were initialized in November 1991, and
an analysis of the resulting trajectory transport in winter
1991/1992 during the following 3-4 months was carried out.
The trajectories were then reinitialized to identical positions
in the following November (1992), and the trajectory trans-
port in the winter of 1992/93 was analyzed in the subsequent
3-4 months in an identical fashion, so exact comparisons
could be made between the parcel distributions in the two
winters.

Plate 2a shows a zonal cross section of the initial trajectory
positions in November 1991 and 1992 color-coded according
to their initial pressure surface. The distributions on February
24 1992 and 1993, 3-4 months after their initialization, are
shown in Plates 2b and 2c respectively. These may be com-
pared with Plates la and 1b.

The overall morphology of the modeled trajectory distri-
butions in Plate 2 and the differences between the two years
are realistic when compared with the observational data in
Plate 1, especially at low latitudes. The 1992 distribution has
a marked staircase feature that is strongly asymmetric. For ex-
ample, the yellow and pale orange trajectories, which corre-
spond to trajectories that were initialized at 15 mbar and 24
mbar, have ascended on average to 5-6 mbar and 12 mbar in
the southern subtropics over the course of the 3-4 months
leading up to February 1992. This corresponds well to the
subtropical maximum in the summer hemisphere in the MLS

data. In the northern subtropics, between approximately 0°
and 20°N, however, the average level of these trajectories
plunges to 12 mbar and 18 mbar, thus forming an “equatorial
cliff” similar to feature 1 in the data. The distribution between
0°and 20°N is relatively flat, corresponding well to the “sub-
tropical ledge” feature 2. At 20°-30°N the pressure level of
these trajectories once again plunges to around 30-50 mbar,
forming a “subtropical cliff” corresponding to feature 3. Thus
a distinctive staircase feature is evident in February 1992
which is very similar to the MLS data in Plate 1a. In 1993 the
modeled trajectories do not exhibit a staircase feature, in good
agreement with the MLS data in Plate 1b.

The trajectory plots in Plate 2 are built up simply by plot-
ting every trajectory at its appropriate latitude and pressure
coordinate, starting at the higher pressure values first and pro-
ceeding layer by layer to the lower-pressure level trajectories.
In this way, although giving a good visual presentation of the
distribution, there is scope for the “later” trajectories to ob-
scure the earlier ones to some extent. Although this problem
can be minimized by using small plotting symbols, it cannot
be avoided altogether. In order to show more clearly the pres-
ence of the staircase feature in the 1992 model run and the
lack of it in 1993, Figure 4 shows the February 1992 and
1993 distributions of only those trajectories that were initial-
ized on the 15 mbar pressure surface. They are therefore
identical to the yellow trajectories in Plate 2. The distribu-
tions of the trajectories in the two years are quite different.
There is a marked staircase feature in 1992 with a distinctive
“ledge” between 0° and 20°N at around 12 mbar and “cliffs”
over the equator and at 20°-30°N. None of these features is
present in 1993, which shows a distribution that gently slopes
from around 8 mbar at the equator to 40 mbar at middle and
high latitudes.

4. Residual Mean Circulation

In Figure 5 we show the vector representation of the Janu-
ary 1992 residual circulation minus the January 1993 residual
circulation. The circulations were derived using the standard
transformed Eulerian mean (TEM) formulation. We choose to
show the monthly mean differences for January since it is the
circulation in the previous months that will have determined
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Figure 4. Height-latitude distributions on February 24 (a) 1992 and (b) 1993 of those parcels initialized on

the 15 mbar level.

the tracer and trajectory distributions in February shown in
Plates 1 and 2. There is a pattern of stronger descent at high
northern latitudes below 1 mbar in 1992 than in 1993 and
stronger meridional flow from the equator to these higher
latitudes in the region of the stratopause at around 1 mbar.
The 1992 summer-to-winter meridional circulation in the
stratosphere, during which the QBO was in its easterly phase
in the lower stratosphere, is therefore stronger than the fol-
lowing westerly phase year. This is in good agreement with
previous modeling and theoretical studies [e.g., Hess and
O’Sullivan, 1995; Tung and Yang, 1994b] which have shown
that the forcing of the largescale mean meridional circulation
by the action of midlatitude planetary waves is stronger dur-
ing easterly phase years due to latitudinal confinement of the
surf zone.

To determine whether the 1992 staircase feature in the
model is due in any way to the action of isentropic mixing at
midlatitudes tightening the tracer gradients at the subtropical
edge of the surf zone or whether it is due to advective trans-
port by the QBO circulation, a further trajectory calculation
was performed. In parallel with the set of trajectories shown
in Plate 2 which were advected by the full three-dimensional
winds, a second set of trajectories was established. They were
initialized in an identical fashion to the original trajectories
but were subsequently advected by the modeled residual-
mean circulation instead of the full three-dimensional winds.
The TEM circulation was calculated at each model time step
specifically for this purpose. In this way, we have eliminated
any local influence on the trajectory distributions of isentropic
mixing due to the presence of planetary waves.
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Figure 5. Latitude-height cross section of the modeled monthly averaged residual-mean circulation for Janu-
ary 1993 subtracted from the equivalent January 1992 field. The residual circulation components are repre-

semted by vector arrows of arbitrary scaling.

The distributions in February of the trajectories that had
been initialized on the 15 mbar pressure surface are shown in
Figure 6. Those advected by the residual mean circulation
only are shown as crosses and the full 3-D wind trajectories
(i.e., those shown in Figure 4) have been superimposed as
dots for easy comparison. The residual-mean trajectory distri-
butions have captured very well the distributions at equatorial
and subtropical latitudes between 5 and 15 mbar in both
years. Examination of the corresponding plots for those tra-
jectories initialized on the other pressure surfaces (not shown)
confirms that the residual circulation alone is able to repro-
duce the equatorial cliff (feature 1) and the subtropical ledge
(feature 2). This is good evidence that these features are not
caused by mixing processes associated with midlatitude
planetary waves. On the other hand, the residual circulation
trajectories do not reproduce the subtropical cliff (feature 3)
at 20°-30°N, and this is discussed further below.

In Figure 7 the 15 mbar residual circulation trajectories
from each year (i.e., those marked as crosses in Figures 6a
and 6b) are plotted in the same axes in order to more easily
compare them. There is virtually no difference between the
two distributions in the Southern Hemisphere. The model re-
sults therefore suggest that the increased upwelling in the
summer subtropics driven by stronger planetary wave driving
in the easterly QBO phase may not be particularly great. Ex-
amination of Figure 5 also supports this since there is very
little difference in the magnitude of the residual circulation
anomaly in the southern subtropics. The major difference
between the two years lies in the northern subtropics between
0° and 30°N. This suggests that the depression of the trajecto-
ries (or mixing ratio isopleths) in the winter subtropics by the
QBO circulation and hence the suppression of the winter side
of the equatorial bulge may be a significant factor in the shift
of the equatorial peak into the summer hemisphere.

Figure 7 suggests that a strongly asymmetric anomalous
circulation in the northern subtropics in 1992 compared to
1993 is required in order to explain the equatorial cliff and

subtropical ledge. Relative descent just north of the equator is
required at around 10-20 mbar together with equatorial out-
flow at 0° and 20°N around 20 mbar and a return arm with
relative ascent at 10-20 mbar and 20°-30°N and equatorial in-
flow at the upper levels between 0° and 20°N above 15 mbar.

Figure 8 shows an expanded section of figure 7 in which
only the vectors below 5 mbar are plotted. The magnitudes of
the vectors have been increased, so their directions are
clearer. At the lower levels of 40-60 mbar the direction of the
equatorial circulation anomaly is as predicted by theory, with
upward arrows indicating stronger equatorial ascent in 1992
(easterly QBO phase) than in 1993 (westerly QBO phase).
However, at the higher levels in Figure 8 between 10 and 30
mbar there is relative equatorial descent in 1992 compared to
1993, signifying the presence of the next incoming westerly
QBO phase in 1992. In the subtropics of the Northern Hemi-
sphere there is a well-formed “return arm” of the QBO circu-
lation with anomalously strong ascent in the northern sub-
tropics. However, in the Southern Hemisphere subtropics, this
return circulation in the subtropics is not present at all in De-
cember (not shown), and although present in January, it is
much weaker than the corresponding Northern Hemisphere
circulation. Hence at these levels there is substantial asym-
metry in the induced QBO circulation. The sense of the
anomalous circulation in Figure 8 is precisely that required to
explain the 1992/1993 differences in trajectory distributions
shown in Figure 7 and hence also to explain the presence of
the equatorial cliff (feature 1) and subtropical ledge (feature
2) in the 1992 MLS H,0 distributions shown in Plate 1a. This
asymmetry is in the same sense as in the two-dimensional
models of Jones et al., [1998] and Kinnersley (1999) caused
by the nonlinear advection of zonal momentum. It also agrees
well with the asymmetric circulations derived from UKMO-
assimilated data by Randel et al. [1998, Figure 18].

The local equatorial QBO circulation at 10-30 mbar shown
in Figure 8, which is responsible for the subtropical ledge
(feature 2) at 8-20 mbar, extends only as far as 30°N. Pole-
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Figure 6. Modeled parcel positions on February 24 (a) 1992 and (b) 1993 for those trajectories initialized on
the 15 mbar level and subsequently advected by the full three-dimensional circulation (dots) and the residual

mean circulation (crosses).

ward of this, there is a general descent in midlatitudes which
both Figures 5 and 8, show is stronger in 1992 than in 1993.
Hence it is possible that the subtropical cliff (feature 3) could
simply reflect the northward extremity -of the QBO circula-
tion, i.e., the northward edge of the subtropical ledge. On the
other hand, the cliff could be due to erosion by the action of
planetary waves, whereby strong tracer gradients develop at
the subtropical edge of the surf zone. Gray and Russell
[1999] found an increasingly important role for isentropic
mixing associated with planetary waves in determining the
subtropical tracer distributions above 20 mbar. The more ef-
fective mixing in the easterly QBO phase serves to flatten the
isolines at midlatitudes but sharpen the isentropic tracer gra-
dients at the poleward and equatorward edge of the surf zone

[Mcintyre, 1982; Norton, 1994]. This, in turn, will steepen
the isoline slopes in the zonally averaged distribution if the
mixing occurs throughout an extended height region of the
atmosphere.

The trajectories that were advected by the full three-
dimensional winds capture reasonably well the “subtropical
cliff” (feature 3 at 20°-30°N and 8-20 mbar in 1992. Although
the cliff is not easily seen in the multiple pressure level tra-
jectory plot of Plate 2b because of the problem of overplot-
ting of later trajectories, it is clearly evident in the 15 mbar
trajectories (Figure 4a). The fact that the residual circulation
trajectories (crosses in Figure 6a) do not capture the subtropi-
cal cliff at all well suggests that differential vertical advection
at the northward extremity of the local QBO circulation is not
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Figure 7. Height-latitude distributions on February 24 1992 (dots) and 1993 (crosses) of those parcels ini-
tialized on the 15 mbar level and subsequently advected by the residual circulation. This plot is therefore
identical to the distributions marked by crosses in each of figures 6a and 6b.

sufficient to account for this subtropical cliff. The model di-
agnostics therefore suggest that isentropic mixing at the sub-
tropical edge of the surf zone is also important in producing
the steep isolines in the subtropics in the region 10-20 mbar.

5. 1992/1993 Difference Plots

O’Sullivan and Dunkerton [1997] have calculated H,O and
N,O “difference” plots by subtracting the 1993 Febru-
ary/March fields from the corresponding fields for the same
period in 1992. Plate 1c shows a similar plot for MLS H,0O
on February 24. The main features of plate 1c are identical to
those shown by O Sullivan and Dunkerton [1997] and consist
of a large negative H,O anomaly centered at approximately
20°N and 10-20 mbar plus two positive anomalies, one over
the equator at 30-60 mbar and one poleward of 40°N centered
around 6-8 mbar.

The positive anomaly at the high northern latitudes is most
likely the result of increased descent at high latitudes in the
1992 easterly QBO phase compared with 1993, as suggested
by O’Sullivan and Dunkerton. The sign of the anomaly agrees
well with the difference plots of the modeled large-scale re-
sidual circulation shown in Figure 5. The anomalously strong
high-latitude descent in 1992 compared with 1993 will advect
air with higher mixing ratios from above.

The large positive anomaly over the equator at 30-60 mbar
is associated with a region of relatively wet air in 1992 cen-
tered at 50 mbar (see Plate 1a) compared with 1993 (Plate
1b). The pattern of alternating wet and dry layers in the
equatorial lower stratosphere is associated with the annual cy-
cle in tropopause temperatures [e.g. Mote et al., 1995, 1996].
The relatively moist layer in 1992 at 30-60 mbar is at the level -
of increased equatorial ascent associated with the easterly
shear zone (see Figure 8). The increased equatorial ascent will
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Figure 8. As for Figure 5 but showing only the circulation below 5 mbar in order to highlight the equatorial

and subtropical circulations in the stratosphere.



serve to propagate the pattern of alternating moist and dry air
upward more rapidly in 1992 than in 1993. In addition, there
may be a QBO signal in the tropical tropopause temperatures
contributing to this signal. A more extensive examination of
the nature and amplitude of this anomaly is outside the scope
of this paper.

The negative anomaly centered at 20°N and 10-20 mbar is
around twice the amplitude of the positive anomalies.
O’Sullivan and Dunkerton [1997] attributed this to the effect
of the QBO winds on the subtropical extent of wave breaking
and hence to isentropic mixing. We suggest that a comparison
of the MLS data in Plates la and 1b clearly indicates that this
difference anomaly is due to the presence of the subtropical
ledge in 1992 in the region 8-15 mbar, 0°-20°N, which is not
present in 1993. We have shown that the origin of this sub-
tropical ledge is advection by the local QBO circulation. We
therefore propose that the large negative anomaly at 20°N, 10-
20 mbar is in fact due to the presence of the subtropical ledge
in 1992 caused by the advection of low water vapor from the
equator by the QBO circulation in the easterly QBO phase.
We suggest that this large anomaly at 20°N has a separate ori-
gin from the tail of a much smaller amplitude negative anom-
aly that extends downward and poleward from 20°N to middle
and high latitudes in Plate 1c. This latter “tail” of weakly
negative anomaly is probably the result of enhanced meridi-
onal mixing by planetary waves in 1992 compared to 1993, as
suggested by O’Sullivan and Dunkerton.

6. Summary

The main features and year-to-year variations in the zonally
averaged H,O distributions at equatorial and subtropical lati-
tudes observed by MLS have been described and modeled. A
notable feature in the Northern Hemisphere winter is a “stair-
case” feature described in detail in section 1, which is present
in 1992 (Plate 1a) during the easterly QBO phase but not in
1993 (Plate 1b) during the westerly QBO phase. The equato-
rial and subtropical components of this feature are (feature 1)
an asymmetric off-equatorial peak in the tracer isolines in the
summer hemisphere above 8 mbar with steep isolines over the
equator forming a vertical “equatorial cliff”, (feature 2) a re-
gion of almost horizontal isolines forming a “subtropical
ledge” between 8-15mbar and 0°-20°N which is also asym-
metric, being present only in the Northern Hemisphere, and
(feature 3) a region of almost vertical isolines forming a
“subtropical cliff” in the Northern Hemisphere between 20°-
30°N and 8-20 mbar. The presence of this staircase feature in
QBO easterly phase years but not in westerly phase years is
fairly well established throughout the UARS period [Gray
and Russell, 1999].

In a model experiment for the period 1991-1993 in which
the correct phase of the equatorial zonal wind QBO was pre-
scribed, the staircase feature in 1992 and its absence in 1993
was reproduced (Plate 2 and Figure 4). Diagnosis of the re-
sidual circulation in the model showed-that there were three
main QBO-induced circulations: (1) the global scale circula-
tion with stronger descent in the winter hemisphere during the
easterly QBO phase due to increased planetary wave forcing,
(2) below 30 mbar, a low-latitude QBO circulation which is
fairly symmetric about the equator, and (iii) above 30 mbar, a
low latitude circulation which is highly asymmetric about the
equator and is strongest in the winter hemisphere, consistent
with the recent work of Jones et al. [1998], Randel et al.
[1999] and Kinnersley [1999].

A model experiment was performed in which parcel tra-
jectories were advected (1) by the full three-dimensional cir-

culation and (2) by the modeled residual circulation alone, so
in the latter experiment, the local influence of planetary waves
on the trajectories, i.e., isentropic mixing processes and the
resulting tightening of gradients at the subtropical edge of the
surf zone, was eliminated. Analysis of these model runs has
indicated the following conclusions:

1. The “equatorial cliff” above 8 mbar (feature 1) and the
Northern Hemisphere “subtropical ledge” at 8-15 mbar, 0°-
20°N (feature 2) are both reproduced when only the residual
circulation is used to advect the trajectories, showing the
dominance of advection by the local QBO circulation in de-
termining these features.

2. Advection of trajectories by the residual circulation
alone does not reproduce the “subtropical cliff” at 8-20 mbar,
20°-30°N (feature 3). Its simulation required the inclusion of
planetary waves, which increase the isentropic gradients of
the tracers at the subtropical edge of the surf zone. This indi-
cates the importance of planetary wave processes in the re-
gion 8-20 mbar.

3. The summer hemisphere subtropical peak in long-lived
tracer distributions, which is prominent in easterly QBO
phase years but not in westerly phase years, may not be en-
tirely a result of increased subtropical upwelling caused by
the increased planetary wave driving of the large-scale circu-
lation, as is often assumed. The model diagnosis suggests that
the appearance of the off-equatorial summer peak is also due
to the depression of the winterside of the equatorial bulge.
This depression is due to the smaller-scale local QBO circu-
lation, which is highly asymmetric about the equator.

4. The largest difference in the H,O distributions between
the two years is a negative anomaly centered at 20°N, 10-20
mbar, as highlighted by the difference plots in Plate 1c. We
propose that this is caused by advective transport of dry air
from the equator by the local QBO circulation in 1992 and is
not a result of isentropic mixing processes, as suggested by
O 'Sullivan and Dunkerton [1997].
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