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ABSTRACT

Concentrations and distributions of stratospheric aerosol, hydrogen fluoride and ozone from the Halogen
Occultation Experiment (HALOE) on the Upper Atmosphere Research Satellite (UARS) are used to
investigate features associated with transport by the secondary meridional circulation induced by the
quasi-biennial oscillation (QBO). The points of maxima in the divergence and convergence of the QBO-
induced meridional velocity at the equator are identified from the meridional gradients of the tracers.
Such points can be identified from the tracer fields in the westerly shear zones but not in the easterly shear
zones. The temporal variation of tracer concentration at the equator is determined mainly by vertical
advection, which is significantly larger during the westerly shear phase of the QBO than during the
easterly shear phase, since the QBO-induced equatorial sinking motion amplifies the vertical gradient.
Thus, the vertical advection associated with the secondary circulation has a stronger influence on the
equatorial tracer variation during the westerly shear phase than during the easterly shear phase.

1. Introduction

The meridional circulation in the stratosphere that
determines the distributions of long-lived chemical
species is the so-called Brewer–Dobson circulation or
residual circulation (e.g., Holton, 1986). The resid-
ual circulation, which is characterized by rising in the
low-latitude region, poleward drift and sinking in the
high-latitude region, has been calculated by using
the thermodynamic energy equation (e.g., Rosenlof,
1995; Eluszkiewicz et al., 1996; Randel et al., 1999)
or the zonal momentum equation (e.g., Rosenlof and
Holton, 1993). The residual circulation estimated by
either method was obtained for nominal atmospheric
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conditions and thus should represent the sum of the
planetary-scale extratropically driven mean equator-
to-pole circulation and the secondary circulations as-
sociated with the equatorial semiannual oscillation
(SAO) and the QBO. Unfortunately, residual circu-
lations calculated by the previously mentioned au-
thors do not show evidence of the QBO secondary
circulation probably because of the poor vertical res-
olution of the data. However, the existence of this
secondary circulation can be detected in the tracer
distributions in the equatorial region. The secondary
circulation associated with the equatorial QBO and
its influence on the distributions of dynamic variables
and tracers have been extensively studied. The typ-
ical tracers studied for influence of the secondary
circulation are ozone, aerosol, CH4, H2O, N2O, and
NO2. For ozone, the works are found, for example, in
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Bowman (1989), Zawodny and McCormick (1991),
Chipperfield and Gray (1992), Gray and Ruth
(1993), Hasebe (1994), Randel and Wu (1996), Jones
et al. (1998), Nagashima et al. (1998), and Kinnersley
and Tung (1999); for aerosol, in Trepte and Hitch-
man (1992), Hasebe (1994), Hitchman et al. (1994),
and Choi et al. (1998); for CH4, in Ruth et al. (1997),
Randel et al. (1998), and Gray and Russell (1999);
for H2O, in O’Sullivan and Dunkerton (1997), Randel
et al. (1998), and Gray and Russell (1999); for N2O, in
Chipperfield and Gray (1992), Kennaugh et al. (1997),
O’Sullivan and Dunkerton (1997), and Jones et al.
(1998); for NO2, in Zawodny and McCormick (1991),
and Chipperfield and Gray (1992). The potential vor-
ticity (Hitchman and Leovy, 1986) and momentum
(Takahashi and Boville, 1992; Baldwin and Tung,
1994; Takahashi, 1996) have also been studied in as-
sociation with the QBO circulation. Recently, Niwano
and Shiotani (2001) estimated the vertical velocity at
the equator associated with the QBO from total water
([H2O] + 2[CH4]), and it shows larger QBO variations
than the residual circulation does. All of the aspects
of the QBO, including the secondary circulation, are
reviewed by Baldwin et al. (2001).

A double-peak structure of tracer distributions, with
an equatorial minimum or maximum value of tracers,
is evidence of the existence of the secondary circu-
lation. The double-peak structure observed in both
the upper and lower stratosphere is one of the dis-
tinctive features of the tracer distribution observed
in the meridional plane of the tropical stratosphere.
The double-peak structure in the upper stratosphere
is produced by the equatorial sinking motion associ-
ated with the SAO in the zonal wind (Jones and Pyle,
1984; Holton and Choi, 1988; Ruth et al., 1997). A
double-peak structure is also observed in the lower
stratosphere and is associated with the QBO of the
equatorial zonal wind. It has been observed in the dis-
tributions of long-lived chemical species such as N2O,
H2O, NO2 and aerosol (Trepte and Hitchman, 1992;
Hasebe, 1994; O’Sullivan and Dunkerton, 1997; Choi
et al., 1998). The double-peak structure is usually iden-
tified in the latitude-altitude cross-sections, but it can
also be identified in the time–latitude sections at var-
ious altitudes such as those shown in Plate 2 of Choi
et al. (1998).

The double peak comprises lower values at the equa-
tor and higher values near the edges of the tropics
for such tracers as aerosol and CH4, which have tro-
pospheric sources, while the reverse pattern is found
for such tracers as HF and HCl, which have upper-

stratospheric sources. The double-peak structure is
produced by differences in vertical velocities between
the equator and the edges of the subtropics. Formation
of the double peaks is caused by sinking at the equator,
relative to the subtropics, which is necessary for main-
taining the warm thermal anomaly at the equator as-
sociated with the QBO westerly shear. This equatorial
sinking and the resulting meridional motion consti-
tute a secondary circulation of the QBO (Reed, 1964;
Dickinson, 1968; Plumb and Bell, 1982; Gray and
Pyle, 1989; Trepte and Hitchman, 1992). Although
the secondary meridional circulation is a well-known
feature in two-dimensional model simulations (e.g.,
Plumb and Bell, 1982; Politowicz and Hitchman,
1997; Jones et al., 1998), it is difficult to observe di-
rectly. However, the influences of the QBO secondary
circulation on tracer distributions are easily observed
as double-peak structures.

In this study we use distributions of tracers such as
aerosol, HF, and ozone to investigate the character-
istic features of the secondary circulation associated
with the QBO. We have two objectives in this study.
The first objective is to identify double-peak structures
from multi-year observations of long-lived chemical
species and to associate those structures with the sec-
ondary meridional circulation. The double-peak struc-
tures appear only during the westerly shear period. The
influences of the secondary circulation on tracer dis-
tributions during the easterly shear period are more
subtle. The second objective in this study is to find the
reason for the differences in the influences of the sec-
ondary circulation between the westerly and easterly
shear phases.

In Section 2 we show how to identify the double-
peak structures from the observation of aerosols and
hydrogen fluoride (HF). In Section 3 we define the
maximum convergence and divergence points at the
equator associated with the secondary circulation. We
also discuss the asymmetry observed in the tracer fields
between westerly and easterly shear phases. In Sec-
tion 4 we discuss the differences in the vertical gra-
dient of tracer distributions during the westerly and
easterly shear phases and their influences on tracer
distributions.

2. Signs of the secondary circulation
observed in tracer distributions

The schematic diagram of the secondary meridional
circulation associated with the zonal wind is shown in
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SECONDARY MERIDIONAL CIRCULATION 397

Fig. 1. Schematic vertical profiles of (a) the zonal wind and vertical velocity and (b) the meridional divergence. Divergence
and convergence points are denoted by asterisks and dots, respectively. W-s and E-s represent westerly and easterly shear
zones, respectively.

Fig. 1, which is adapted from the model of Plumb
and Bell (1982). For simple interpretation, the zonal
wind is assumed to be sinusoidal in the vertical direc-
tion. The thermal wind relationship requires a warm
anomaly in the westerly shear zone and a cold anomaly
in the easterly shear zone. To maintain these temper-
ature anomalies there exist regions of relative sink-
ing and rising motions in the westerly and easterly
shear zones. In this ideal distribution of zonal wind,
the maximum sinking (rising) motion appears in the
maximum westerly (easterly) shear zone, which coin-
cides with the zero zonal wind level. The location of
the maximum easterly (westerly) wind coincides with
that of the maximum horizontal divergence (conver-
gence). Hereafter, we call the point of maximum hor-
izontal divergence denoted by either A or C in Fig. 1
as a divergence point and the point of maximum hor-
izontal convergence denoted by B as a convergence
point.

The total residual circulation is the sum of the QBO-
induced vertical circulation shown in Fig. 1 and the
background annually varying, extratropically driven
residual circulation. A double-peak structure in trac-
ers is expected at levels near the points A or C, where
owing to the QBO circulation, the vertical velocity of
the total residual circulation is weaker at the equa-
tor than in the subtropics. We estimate the location of

such points from the observed distribution of tracers
in data from the HALOE. Since the HALOE obser-
vations use the solar occultation technique and thus
cannot produce synoptic maps of global tracer con-
centrations, the observed values were interpolated to
the 15th of each month. We assume here that these are
representative of monthly mean values.

2.1. Aerosols

First we use distributions of aerosol extinction co-
efficients. These are especially suitable for our pur-
poses since they had large vertical gradients after the
eruption of Mount Pinatubo (Choi et al., 1998). The
double-peak structures are very obvious in the aerosol
data, and the convergence and divergence points are
easily located. By contrast, for tracers with small ver-
tical gradients, the shape of contour lines could have
large errors due to the uncertainty of the satellite
observations.

The latitude-altitude cross-section of aerosol extinc-
tion coefficients was plotted in each month to locate
divergence and convergence points. We used only the
component of the field symmetric about the equa-
tor, which made identification of those points easier.
Although the QBO-induced circulation is stronger in
the winter hemisphere (Jones et al., 1998; Kinnersley
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Fig. 2. Symmetric fields of (a) aerosol extinction coefficient (km−1) and (b) its slope (m km−1) in the meridional plane
for September 1994. Solid and dotted arrows denote the secondary vertical and horizontal motions. Plus and minus signs
represent the slopes near the convergence and divergence points.

and Tung, 1999; Randel et al., 1999), it is mainly
for the subtropics and extratropics. The features near
the equator are close to symmetric (Wallace, 1973;
Dunkerton and Delisi, 1985; see also Plate 2 of Choi
et al., 1998). In Figs. 2a and 2b an example of the sym-
metric field of aerosol extinction coefficients and the
slopes of the contour lines of the constant extinction
coefficient in the meridional plane are shown, respec-
tively. In the slope patterns, the divergence and conver-
gence points are shown as the points of slope reversal.
The divergence point denoted by an asterisk is located
between the negative-to-positive gradient reversal in
the Northern Hemisphere and the positive-to-negative
gradient reversal in the Southern Hemisphere. The
convergence point denoted by a dot, on the other hand,
is located between the positive-to-negative gradient re-
versal in the Northern Hemisphere and the negative-to-
positive gradient reversal in the Southern Hemisphere.
During September 1994, the month shown in Fig. 2,
a westerly shear zone is present in the lower strato-
sphere (see Fig. 5 for the zonal wind). The locations
of the dot and the asterisk in Fig. 2, therefore, corre-
spond to B and C in Fig. 1, respectively. The solid and
dotted arrows in Fig. 2a represent the secondary verti-
cal and horizontal motions associated with the QBO.

2.2. HF

Although the field of the aerosol extinction coeffi-
cient seems to show the effects of the QBO meridional

circulation pattern very well, aerosol extinction is not
a conserved property like the mixing ratio of a molec-
ular species. To see whether a similar pattern exists
in the distribution of a molecular species, we analyzed
the distributions of the HF mixing ratio observed by the
HALOE. HF is produced in the upper stratosphere and
is a quasi-conservative tracer in the lower stratosphere
(Russell et al., 1996). The symmetric distribution of
the HF mixing ratio and the slope of the contour lines
in the meridional plane are shown during the westerly
shear phase in September 1994 in Fig. 3. The locations
of the convergence and divergence points are identi-
fied by distribution of the slopes and are similar to
the locations of the two points in Fig. 2, although the
vertical distance between the two points in Fig. 3 is
slightly shorter. As seen in Figs. 2 and 3, we can iden-
tify the points of meridional divergence by examining
the slope of contour lines during the westerly shear
phase.

To see whether the same technique can be used to
estimate the QBO-induced meridional circulation dur-
ing the easterly shear phase of the QBO, the HF dis-
tribution and its slope are shown in Fig. 4 during the
month of the easterly shear in September 1993. As
Fig. 1 shows, there should be a pair of divergence and
convergence points (A and B) related to the easterly
shear zone. However, the secondary vertical rising su-
perposed on the background rising motion makes the
distribution in Fig. 4a appear to be similar to the distri-
bution produced by the background rising alone. The
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Fig. 3. Same as in Fig. 2 but for HF mixing ratio (ppbv).

Fig. 4. Same as in Fig. 3 but for September 1993.

slope in Fig. 4b does not show a reversal of gradient as
in Figs. 2b and 3b; therefore, it is difficult to identify
signs of the QBO secondary circulation in the easterly
shear zone. The lack of an equatorial sinking motion
in the secondary circulation in the easterly shear phase
means that no double-peak pattern appears. Further-
more, the vertical gradient of the mixing ratio at the
equator during the easterly shear phase is smaller than
that during the westerly shear phase; thus, the contri-

bution to the mixing ratio distribution from the QBO
circulation is smaller. It seems that variations associ-
ated with enhanced rising motion are hard to observe
by satellite remote sensing when the spatial gradient
of tracer concentration is relatively small. The reason
for the relatively weak signal of the QBO secondary
circulation that is observed in tracer distributions dur-
ing the easterly shear period is discussed in a later
section.
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3. Points of meridional divergence and
convergence in westerly and easterly
shear zones

The divergence and convergence points were iden-
tified for aerosol and HF each month by using
the slope in the meridional plane, as discussed in

Fig. 5. (a) Estimated equatorial vertical velocity is shown in color. Divergence and convergence points observed from
the aerosol distribution are also shown as asterisks and dots, respectively. (b) Estimated equatorial meridional divergence
multiplied by 1200 km is shown in color. Divergence and convergence points observed from HF are shown as asterisks and
dots. Contour lines denote zonal wind (m s−1) in both panels. W and E represent westerly and easterly periods at the lowest
level, respectively.

Section 2. Those points are shown in Fig. 5. To
see if those observed points are associated with the
secondary circulation, the estimated vertical veloc-
ity and the meridional divergence associated with
the QBO in Singapore zonal winds are shown in
Figs. 5a and 5b, respectively (from Choi et al.,
1998).
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In Choi et al. (1998) the residual mean vertical ve-
locity at the equator, w , was obtained by using an ap-
proximate form of the thermodynamic energy equation
in the log-pressure coordinate system

w

(
κT

H
+ ∂T

∂z

)
≈ q − αδTB (1)

where κ is R/cp , R is the gas constant, cp is the specific
heat at constant pressure, T is the temperature, H is
the scale height, q is the monthly mean heating rate,
and α is the Newtonian cooling rate. All the variables
are zonal mean values, and overbars are omitted for
simplicity. δT B is the equatorial temperature anomaly
associated with the QBO, and by using the thermal
wind relationship it can be written approximately as
(Andrews et al., 1987; Baldwin et al., 2001)

δTB ≈ L2 Hβ

R

∂u

∂z
(2)

where L is the meridional scale of the QBO, β is 2	/a,
	 is the angular velocity, a is the radius of the Earth,
and u is the zonal wind velocity. Randel et al. (1999)
suggested that this technique provides an easy method
to estimate the anomaly of the equatorial vertical ve-
locity. The magnitudes of the maxima and minima of
the vertical velocity shown in Fig. 5a are slightly larger
than those estimated by Niwano and Shiotani (2001).
The QBO amplitudes of the vertical velocity are about
0.2 and 0.3 mm s−1 at 40 and 30 hPa, respectively,
while Niwano and Shiotani (2001) showed the ampli-
tude of about 0.15 and 0.2 mm s−1 on those levels.
The QBO amplitude used here might have been over-
estimated due to uncertainties of the meridional scale
and the Newtonian cooling coefficients as well as the
monthly mean heating rates. Choi et al. (1998) used
1200 km for the meridional scale following Andrews
et al. (1987) and 50 days at 20 km and 10 days at
35 km for the Newtonian cooling time scale. Randel
et al. (1999) suggested 1000–1200 km for the merid-
ional length scale and 50 and 6 days on the lower
and upper stratosphere for the radiative cooling time
scales.

The meridional divergence is obtained from the ver-
tical velocity through the continuity equation

∂v

∂y
= w

H
− ∂w

∂z
. (3)

Equation (3) can be approximated as ∂v/∂y ≈
−∂w/∂z, since w/H is negligible. By using Eqs. (1)

and (3), the meridional divergence can be written
as

∂v

∂y
≈ − ∂

∂z

(
q

κT/H + ∂T/∂z

)

+ ∂

∂z

(
αδTB

κT/H + ∂T/∂z

)
. (4)

The first term in the right-hand side of Eq. (4) turns
out to be very small below about 28 km. Thus, us-
ing Eqs. (2) and (4) the meridional divergence can be
written as

∂v

∂y
≈ αL2 Hβ

R

∂

∂z

(
∂u/∂z

κT/H + ∂T/∂z

)
(5)

below the 28 km level. In deriving Eq. (5) the vertical
change of the Newtonian cooling rates is neglected,
since its contribution is small. The meridional diver-
gence was calculated by using Eqs. (3) and (5), and
they gave similar results below about 28 km.

The vertical velocity in Eq. (1) is dependent on the
Newtonian cooling rates and the meridional scale L as
well as monthly mean heating rates q. If the heating
rates were inaccurate, then the vertical velocity could
also be inaccurate and even have a wrong sign. There
are many uncertainties in obtaining q in the equatorial
lower stratosphere, and the resulting errors in q could
give rise to under- or overestimation of the vertical
velocity. The meridional divergence, however, is less
dependent on the monthly mean heating rates as seen
in Eq. (5). Although the magnitude of the meridional
divergence is sensitive to the choice of Newtonian
cooling rate and the meridional scale, the sign is deter-
mined only by observed wind and temperature. Thus,
the sign of the estimated meridional divergence (di-
vergence or convergence) should be more certain than
the sign of the estimated vertical velocity (rising or
sinking).

The meridional divergence was multiplied by
1200 km to approximate the poleward velocity at
1200 km from the equator. For reference in Fig. 5, the
zonal wind observed in Singapore is also shown by
contour lines. The divergence and convergence points
in Fig. 5 are located in the westerly shear zones in
1992, 1994, and 1996 for both aerosol and HF. In the
easterly shear phases, however, these points were dif-
ficult to identify for the reasons discussed previously.
The locations of the pair of divergence and conver-
gence points shown in Fig. 5a correspond to C and B in
Fig. 1. They are in good agreement with the estimated
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vertical velocity. Fig. 5b shows that the locations of the
divergence and convergence points are also in good
agreement with the estimated divergence at the west-
erly shear zones. Although the estimated divergence
at the easterly shear zone is in comparable magni-
tude with that at the westerly shear zone, no equiv-
alent points are identified during the easterly shear
phases.

The locations of the divergence points coincide ap-
proximately with the easterly wind maxima, but the
convergence points do not coincide with the westerly
wind maxima. To explain why the location of con-
vergence points does not coincide with the maximum
westerly winds, the vertical profiles of zonal wind are
shown for months of the westerly shear phase and
the easterly shear phase in Figs. 6a and 6b, respec-
tively. The shape of the vertical profile of the easterly
wind is close to sinusoidal, and the theory in Fig. 1 is
easily applied. The shape of the westerly wind, how-
ever, is not sinusoidal, and thus the convergence points
are not located at the maximum westerly wind region.
Politowicz and Hitchman (1997) gave a useful discus-
sion for non-sinusoidal zonal wind profiles. In Fig. 6
the estimated divergence is also shown. The magni-
tudes of estimated divergence are comparable between

Fig. 6. Vertical profiles of zonal wind and estimated meridional velocity at 1200 km from the equator in (a) September 1994
and (b) September 1993 with a divergence point (asterisk) and a convergence point (dot).

westerly and easterly shear zones, although the pair of
divergence and convergence points is identified only
in the westerly shear phase.

4. Differences in the vertical advection
due to the vertical gradient

The estimated divergence and convergence during
the easterly shear phases shown in Fig. 5b are as strong
as those during the westerly shear phase. However,
the sign of the secondary circulation is difficult to ob-
serve. We believe this is caused by the smaller spa-
tial gradient, especially the vertical gradient, during
the easterly shear phases. The satellite remote sensing
does not resolve small variation of tracer concentra-
tions; therefore, the shapes of contour lines have a
certain degree of uncertainty. The double-peak struc-
ture is more easily observed in aerosol (Fig. 2a) than
in HF (Fig. 3a) because the vertical gradient of the
aerosol extinction coefficient is larger than that of HF.
To examine the temporal variation of the vertical gra-
dient, we show ozone mixing ratio (contour lines)
and its vertical gradient (in color) at the equator in
Fig. 7. We show the ozone distribution instead of HF
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Fig. 7. Mixing ratio of ozone (solid contour, ppmv) and its vertical gradient (in color) at the equator. Dotted lines mark
boundaries between regions of easterly (E) and westerly (W) QBO regimes.

because it has the largest vertical gradient of mixing
ratio among trace gas species. The vertical gradient of
O3 is large in the lower stratosphere so that its change,
due to the QBO, is more pronounced than that in HF
mixing ratio (see also Cordero et al., 1997). The con-
tour lines of the ozone mixing ratio show downward
propagation of higher values in time following the
westerly shear zones in 1994 and 1996–1997. The
change of the vertical gradient at the equator along
the westerly shear is clearly seen in the figure. The
vertical gradient is distinctively larger during the west-
erly shear phase. The larger gradient yields the larger
change in mixing ratio by the effect of the vertical
advection.

To explain the relationship between the vertical gra-
dient of ozone and the secondary vertical velocity as-
sociated with the QBO, a schematic diagram is shown
in Fig. 8. In the westerly shear zone in Fig. 8a, the
sinking motion above the divergence point (or maxi-
mum easterly) makes the vertical gradient larger. The
relative downward motion, combined with the already
amplified gradient, produces a large increase in con-
centration. In the easterly shear zone in Fig. 8b, how-
ever, the enhanced upward motion above the conver-
gence point does not increase the vertical gradient, but
sometimes decreases it. Thus, the extra upward mo-
tion owing to the QBO does not change the concen-
tration much because the vertical gradient is compara-

tively small. By this reasoning, the pairs of divergence
and convergence points are easy to observe during the
westerly shear phase and difficult to observe during
the easterly shear phase, even though the strengths
of the estimated divergence and convergence are
similar.

5. Summary and discussion

The effects of secondary vertical motion at the equa-
tor and the associated meridional divergence associ-
ated with the QBO in tracer distributions were exam-
ined by using HALOE observations of aerosols, HF,
and ozone. The secondary circulation makes a pair
of convergence and divergence points at the equator,
and these propagate downward in time with the shear
zones. These pairs are easily located from concentra-
tions of aerosol and HF in the westerly shear zones
but not in the easterly shear zones. The location of the
divergence point is in good agreement with that of the
maximum easterly winds, while the convergence point
does not coincide exactly with the maximum westerly
winds. The reason for this difference is that the verti-
cal profile of the easterly wind is close to sinusoidal,
while the westerly is not.

The double-peak structures observed in the dis-
tributions of long-lived chemical species in the
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Fig. 8. Schematic diagram for interpretation of the convergence and divergence pattern for (a) westerly and (b) easterly shear
phases. The solid line is the level of zero wind and the shaded area is the region of interest. Solid and dashed arrows represent
the QBO-induced vertical and meridional velocities, respectively. The length of the arrows represents relative speed of the
circulation.

lower stratosphere have long been recognized to be
associated with the secondary circulation of the QBO.
Those structures appear only during the westerly shear
phases and are a result of the upper level conver-
gence and the lower level divergence. The conver-
gence and divergence points are produced by the sec-
ondary circulation, and the vertical gradient changes
accordingly. During the westerly shear phase, down-
ward motion enhances the vertical gradient of the
mixing ratio and thus magnifies the effect of ver-
tical advection. In the easterly shear zone, the ris-
ing motion makes the vertical gradient smaller, and
thus the resulting change of concentration is small.
Since the tracers have small vertical gradients dur-
ing the easterly shear phase, a secondary circulation
of comparable magnitude to that during the westerly
phase would produce a much smaller signature in the
tracer distributions. Thus, the vertical advection asso-
ciated with the secondary circulation has a stronger

influence on the equatorial tracer variation during the
westerly shear phase than during the easterly shear
phase.
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