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Abstract.

Vertical velocity variations associated with the quasi-biennial oscillation (QBO)

in the equatorial lower stratosphere are investigated with the Halogen Occultation
Experiment (HALOE) data from 1993 to 1998. The vertical velocity is inferred from
ascent rates of an annual cycle in total water ([H,O] + 2[CH,]) profiles around the 20-60
hPa layer over the equator. The zonally averaged ascent rates of total water anomalies
exhibit QBO-related variations with anomalies of 0.10-0.15 mm s~ ' between 20 and 40
hPa at the equator, whereas there scarcely exists an annual cycle in the ascent rates. The
QBO variation of the ascent rates shows that its positive anomalies precede negative
anomalies of temperature and ozone variations by about 2-3 months at the equator and
30-60 hPa. This phase relationship is in conflict with former results from several two-
dimensional model studies, which have reported that vertical velocity variations are almost
out of phase with temperature anomalies preceding ozone anomalies by a few months. It
is supposed that these differences could be caused by the observed large tendency of
temperature anomalies, which is related to the observed rapid acceleration of the QBO
westerly. An estimate of vertical advection of zonal momentum expected from the ascent
rates suggests that the asymmetric acceleration of the zonal wind QBO can be explained
by the QBO-induced vertical velocity being asymmetric between the easterly and the

westerly shear zones.

1. Introduction

The meridional circulation induced by the quasi-biennial
oscillation (QBO) was first indicated by Reed [1964] right after
the discovery of the QBO signals in zonal wind, temperature
[Reed et al., 1961; Veryard and Ebdon, 1961], and ozone [Funk
and Garnham, 1962; Ramanathan, 1963]. Reed inferred the
vertical velocity variation with an amplitude of about 1 x 107
m s~' over the equator and the phase reversal around 15°
latitude. The idea of a two-cell structure being symmetric
about the equator is supported by two-dimensional models
[Plumb and Bell, 1982; Dunkerton, 1985]. Recent studies have
emphasized that during the solstitial seasons the winter cell is
strengthened, whereas the summer cell almost disappears
[Jones et al., 1998; Kinnersley, 1999; Randel et al., 1999], in
accordance with the observed ozone anomalies that are ampli-
fied at midlatitudes during winter-spring in each hemisphere
[e.g., Angell and Korshover, 1978; Hasebe, 1983; Randel and Wu,
1996].

The vertical velocity oscillation has mainly three important
roles in the whole QBO system. (1) The QBO-induced vertical
velocity maintains the thermal wind balance in the face of
radiative damping, so ascent anomalies are seen in the area of
cold temperature anomalies, and vice versa [Plumb and Bell,
1982]. (2) The QBO-driven circulation transports ozone and
other trace gases to produce their QBO signals mainly through
the vertical transport [Reed, 1964; Hasebe, 1984]. Observa-
tional studies have reported the QBO variation in ozone [Olt-
mans and London, 1982; Randel and Wu, 1996] and in other
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constituents [Zawodny and McCormick, 1991; Randel et al.,
1998]. (3) The induced vertical velocity contributes to acceler-
ation of the zonal wind QBO due to vertical advection of
angular momentum. In westerly shear (warm) regions, descent
anomalies lead to westerly acceleration, while in easterly shear
(cold) regions, ascent anomalies induce easterly acceleration
[Plumb and Bell, 1982; Dunkerton, 1991]. This could lead to the
observed asymmetry in descent rates of the QBO shear regions
[Naujokat, 1986)].

In addition to these known roles of the QBO-induced me-
ridional circulation, the variation can be the key to resolve the
following two subjects recently under debate. One is the ob-
served phase relationship between QBO signals in tempera-
ture and ozone in the tropics. Observational studies showed
that the two variations are in phase in the lower stratosphere
[Randel and Cobb, 1994). Hasebe [1994] proposed that this
in-phase relationship between the two oscillations is deter-
mined by the ozone-induced solar heating, which shifts the
phase of the ozone QBO up to a quarter cycle earlier. The
importance of the diabatic effects of the ozone QBO on the
temperature QBO is emphasized by Li ez al. [1995]. However,
Huang [1996] pointed out that the ozone-induced solar heating
variations are negligible in her two-dimensional model, includ-
ing a radiative calculation. On the other hand, Jones et al.
[1999] suggested that the QBO-induced horizontal velocity can
generate rather large meridional advection of ozone to pro-
duce the observed phase relationship between ozone and tem-
perature. In spite of these efforts, the phase relationship be-
tween the QBO signals of vertical velocity, temperature, and
ozone is still ambiguous in each study [e.g., Ling and London,
1986; Jones et al., 1999; Randel et al., 1999].

The other problem is the momentum source required to
produce the observed zonal wind QBO, which shows more
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rapid acceleration of westerlies than easterlies [Dunkerton and
Delisi, 1985; Naujokat, 1986]. The zonal wind oscillation has
been explained by momentum deposit of vertically propagating
waves from the tropical troposphere, as proposed by Lindzen
and Holton [1968] and Holton and Lindzen [1972]. In addition,
the QBO acceleration can also be affected by the QBO-driven
and the time mean vertical velocity [Plumb and Bell, 1982; Gray
and Pyle, 1989; Dunkerton, 1991; Dunkerton, 1997]. The ob-
served phase asymmetry of zonal wind acceleration can be
generated by the asymmetry of wave momentum flux [Holton
and Lindzen, 1972; Takahashi et al., 1997], as well as by that of
vertical advection [Plumb and Bell, 1982; Kinnersley and Paw-
son, 1996]. The former effect is inferred from observational
studies of equatorial Kelvin and gravity waves with periods
longer than 1 day in rawinsonde data [Maruyama, 1994; Sato et
al., 1994; Sato and Dunkerton, 1997] and satellite data [Wu and
Waters, 1996; Canziani and Holton, 1998]. However, the behav-
ior of the equatorial waves with periods shorter than 1 day and
Rossby waves from middle latitudes should be examined quan-
titatively.

To solve the two problems mentioned above, observations of
the QBO-induced vertical velocity are indispensable. However,
direct measurements of the mean meridional circulation in the
stratosphere are not yet available, since the magnitude of the
circulation is very small. The meridional circulation has been
estimated mainly with the two ways; one is based on the dia-
batic heating rates [Murgatroyd and Singleton, 1961; Dunkerton,
1978; Rosenlof, 1995] and the other is from the momentum and
heat flux divergence [Haynes et al., 1991; Holton, 1990; Rosenlof
and Holton, 1993]. Recently, ascent signals of water vapor
anomalies have been observed from the Upper Atmosphere
Research Satellite (UARS) [Mote et al., 1995, 1996; Jackson et
al., 1998; Randel et al., 1998]. Mote et al. [1998] (hereinafter
referred to as M98) investigated mean ascent rates of annually
varying signals of total water (water vapor plus twice methane)
in the tropical lower stratosphere by using trace gas data from
the Halogen Occultation Experiment (HALOE) aboard
UARS and derived the Lagrangian mean vertical velocity from
the ascent rates.

The purpose of this paper is to clarify observational fea-
tures of the QBO-related variations in the ascent rate of
total water anomalies in the tropical lower stratosphere by
using the HALOE trace gas data. It is noted that our anal-
ysis of the ascent rate is extended to its time variations,
while the analysis by Mote ef al. [1998] was limited to time
mean field averaged within 15° of the equator. Furthermore,
we also calculate four kinds of ascent rates and discuss
differences between the four. We emphasize that Randel et
al. [1998] examined the QBO signals seen in water vapor
profiles but that we investigate the QBO variations in the
ascent rates.

The data used for our analysis and the calculation of ascent
rates of water vapor anomalies are presented in section 2. The
QBO components of the derived ascent rate are shown in
section 3. The QBO-induced variations are described espe-
cially in terms of the amplitude and phase at the equator, with
the help of Singapore temperature and zonal winds, and
HALOE ozone data. Furthermore, we examine the vertical
advection effect of zonal momentum, using the derived ascent
rates of total water anomalies. Finally, a summary is given in
section 4.

NIWANO AND SHIOTANI: QBO IN VERTICAL VELOCITY

2. Data
2.1. HALOE Trace Gas Data

In this study we will use water vapor, methane, and ozone
profiles from the HALOE version 18 data for the period of
January 1993 to April 1998. The HALOE instrument is de-
scribed by Russell et al. [1993]. The instantaneous vertical field
of view is 1.6 km at the Earth limb. The HALOE data (level 2)
are available on pressure levels of 1000 X 10~ ¢/39 hPa (i =
0,1, ...), corresponding to a vertical spacing of about 0.5 km.
HALOE is a solar occultation instrument which performs 15
observations at both sunrise and sunset everyday. The obser-
vation points for each sunrise and sunset are located on about
one latitudinal circle at about 25° longitude intervals, though
shifting latitudinally with time. In the tropics, measurements
are made about 10 times per year [Russell et al., 1993, Figure 8].

For our analysis, a zonal mean profile is constructed by
averaging 15 sequential observations, the center of which is
closest to each latitudinal grid with a 2.5° interval. The ob-
tained values correspond to the average of profiles over about
5° around the equatorial latitudes. We only use the zonal mean
data because the QBO variation generally shows zonally uni-
form phase change in the tropical lower stratosphere [Shiotani,
1992; Shiotani and Hasebe, 1994].

To derive an ascent rate of annually varying signals of water
vapor, we use total water (H = [H,0] + 2 [CH,]). Total water
is approximately conserved in the middle atmosphere, because
the chemical dissociation of a methane molecule provides two
water molecules [Jones et al., 1986; Dessler et al., 1994; Rems-
berg et al., 1996]. The HALOE water vapor and methane pro-
files (version 18) show differences between sunrise and sunset
in the lower stratosphere with sunset data being larger than
sunrise data. This problem of accuracy suggests that we had
better calculate the ascent rate of the A anomaly rather than A
directly. The zonal mean data of water vapor and methane are
spline-interpolated in time, when the missing period is within 4
months; otherwise no interpolation is carried out with respect
to time. After the time average is removed, the temporal vari-
ations of water vapor and twice methane are added up. We
note again that these data keep information on the original
observation time.

The ascent rate w,, of total water anomalies (which is called
a tape recorder signal by Mote et al. [1996]) is derived from
time-pressure profiles at each latitude, by following a phase
line of A anomalies. Here we consider four phases, x = 0,
x. =0, x, =0, and x,, = 0, where x is the annually varying
component of A volume mixing ratio, and the subscripts ¢ and
z indicate differentiation with respect to time and log-pressure
height, respectively. By following the four phases we can get
four kinds of w,, (Wl —o, Werly,—0» Werlx,—0» and w,, |, for
x=0,x =0, x, =0, and x,, = 0, respectively). In a case
of x, = 0, we first find out a vertical grid point z|, _, nearest
to x, = 0 at all time steps (Figure 1). Then, we differentiate
two values at adjacent points z(¢,) and z(¢,) on each x, = 0
line at adjacent time steps ¢, and ¢, in order to obtain w,, | =0}
thatis, w,, |, _o = [2(t;) — z(t)],,—o/(t; — ;). In a similar
way, we can obtain w,, for the other phase lines. Note that the
results shown in M98 are based on only w,,|,_, and w,,|, _o.
The derived w,, is assumed to be located in the middle of the
original two points with respect to time and altitude. It is
emphasized that A data keep their observed time. We per-
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Figure 1. Time-height section of &/ anomalies at the equator
from HALOE sunset data. A anomalics are defined as depar-
tures from the time mean of A after 1992. Contour interval is
0.25 ppmv, with negative values stippled. Vertical maxima and
minima are indicated by pluses and asterisks, respectively.

formed these calculations for sunrise and sunset data sepa-
rately, since sunrise data of water vapor have a small bias in the
lower stratosphere.

Here we briefly examine features of the ascent motion of
total water anomalies in the meridional plain with respect to
the amplitude and phase of annual components of A (Figure
2). Figure 2a presents the equivalent harmonic amplitude, cal-
culated as a RMS value times V2 [Randel et al., 1999]. It shows
that the annual amplitude of A anomalies decreases with
height. The decay rate is small between about 20 and 50 hPa

(a) fi annual amplitude, HALOE sunset
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Figure 2. Latitude-height cross sections of the equivalent
harmonic amplitude (a) and the phase (b) of annual compo-
nents of H from HALOE sunset data. The annual components
of H are reconstructed by annual and semiannual components
of climatological monthly data based on A data from 1993 to
1998. Contour intervals are 0.05 ppmv (a) and months with
maximum annual anomalies (b).
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within 15° of the equator. We note that at low latitudes below
60 hPa, amplitudes are larger in the Northern Hemisphere
than in the Southern Hemisphere [Rosenlof, 1997]. The phase
of the annual component of A is presented in Figure 2b. It is
clear to see a phase rising with time between 15°N and 15°S,
which is latitudinally constant in the 15-60 hPa layer. These
figures suggest that the ascent of the annual component of A is
mainly determined by vertical advection, consistent with results
in M98.

In this paper the QBO components of ascent rate and ozone
are defined as deviations from the climatological seasonal cy-
cle. The climatological monthly mean data are constructed
with use of data during the period of January 1993 to April
1998, since water vapor data are not available in the equatorial
lower stratosphere in 1991 and 1992 under the condition of
elevated aerosol due to the Mount Pinatubo eruption. Using
Fourier annual and semiannual components plus time mean,
we reconstruct the climatological annual cycle. After the re-
constructed annual cycle is subtracted from the original time
series of zonal mean ascent rate and ozone, we smooth the
deseasonalized data by removing components with periods
shorter than 3 months. Finally, the sunrise and sunset data are
mixed in time order. Note that these data are not binned into
monthly samples but keep the original observation time infor-
mation.

2.2. Singapore Rawinsonde Data

To study a relation to the QBO-induced variations in vertical
velocity, we use temperature and zonal wind data at Singapore
(1.4° N, 104.0° E) from January 1991 to December 1997. Sin-
gapore data are generally used as a reference of a zonal mean
value, since in the equatorial regions there exist rawinsonde
observations for a long time period only at Singapore. The use
of Singapore temperature data in place of zonal mean values at
the equator is supported by near agreement between the tem-
perature QBO at Singapore and the zonal mean temperature
QBO in the U.K. Meteorological Office (UKMO) data with
respect to the phase [Randel et al., 1999]. Observations of the
ozone QBO also show zonally uniform phase changes [Shio-
tani, 1992; Shiotani and Hasebe, 1994).

The twice daily data at standard and significant levels are
interpolated to the same pressure levels as HALOE data with
use of the Hermite polynomials. Then, the daily data are pro-
duced by averaging two profiles a day. The calculation of QBO
components in temperature and zonal wind follows the same
way as in the HALOE ozone but for a climatological annual
cycle based on the daily data.

3. Comparisons Among Four Kinds of w,,

In this section we will show the four kinds of derived w,, in
terms of the temporal variation and time mean component and
investigate differences between the four.

3.1.

Temporal variations of the four kinds of w,, at 40 hPa are
shown in Figure 3. The most remarkable feature is that QBO-
related variations are prominent in almost all kinds of w,,
without excluding the annual cycles. We note that the three
estimates w,,|, _o, w,|, ¢, and w,| _, show clear QBO
variations at this level. On the other hand, w,,| x,—o generally
shows unclear QBO signals relative to the other three w,, at
most of the altitudes. This may be because the HALOE data

Time Variations
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Figure 3. Time sequences of four kinds of w,, at the equator
at 40 hPa. (a) w,,|, _, (crosses) and w,,|, _, (squares), and (b)
W, —o (diamonds) and w,,|, _, (triangles). The data within
=600 m of the altitude are also plotted.

retrieval has a better vertical resolution than a time resolution,
resulting in poor accuracy of x,. Furthermore, data sampling of
W, =0 is extremely coarse above 30 hPa because x = 0 con-
tours get closed there in late 1993 and early 1995 and 1997
(Figure 1). For the analysis of the QBO variation, therefore,
we had better use w,, | x.—0 and w,, |, _, rather than the other
two used in M98. It is also emphasized that the annual cycle
cannot be clearly seen in Figure 3, conflicting with brief esti-
mates of Mote et al. [1996].

3.2, One-Dimensional Model of Trace Constituents by M98

To discuss the difference between the four kinds of w,, and
the Lagrangian vertical velocity in terms of time mean and
QBO variations, we follow a one-dimensional model of trace
constituents used in M98. The zonal mean of trace constituent
distribution is supposed to be simply expressed by advection,
diffusion, dilution, and sink/source terms as

1
Xs + wx, = g (pOKXz)z - (X(X - XML) + S’ (1)

where x represents a trace constituent volume mixing ratio, w
is the Lagrangian vertical velocity, p, is a basic density given by
po = pe " with the scale height H = 7 km and the
log-pressure height z = —H In (p/p,), where the subscript s
means a constant reference value, xy; = Xm(2) means a
tracer mixing ratio around the midlatitudes, K denotes a ver-
tical diffusion coefficient, o indicates a relaxation rate to a
midlatitude value y,, and S is the chemical sink and source
term. Equation (1) can be rewritten as

X + sz = KXzz - a(X - XML) + sa (2)

where
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w=w+K/H-K, 3)

Here we may suppose x to be A anomalies. Since H is
approximately preserved with a nearly constant value of 6.8
ppmv in the middle atmosphere [Randel et al., 1998], it is
supposed that the midlatitude value of A is spatially and tem-
porally constant at the mean value of A in the tropics. Then,
we have § = 0 and . = 0, and we can rewrite (2) as

Xt sz = KXzz - ax. (4)

When ascent rates of x = 0 (denoted by w,,|,_ hereinafter)
are considered, x still remains zero at the reference frame
moving with y = 0 lines at w Therefore we have an
expression as

tr|x=0'

Xt + Wrr|x=0Xz = O (5)
By using (4) and (5), we obtain the relationship between w and
wrrlx= 0
K Xz
Wfr|)(=0=W+ﬁ_Kz B _Kz' (6)
x=0

In the same way as in M98 we can examine the relationship
between w and ascent rates of x, = 0, x, = 0, and x,, = 0
(not shown). For time mean and QBO components these re-
lationships are shown in the following subsections.

3.3. Time Mean Components

The time mean of four kinds of w,, is given in Figure 4. This
shows that all four range between 0.2 and 0.35 mm/s and are
larger in the 20—-40 hPa layer than in the 40-70 hPa layer. In
spite of the similarities, we notice thatw,,|, o andw,,|, _, are
clearly distinguished from w,,|, _, and W, x =0+ There is a
clear vertical minimum of 0.22-0.24 mm/s near 50 hPa only in
Wely=0 and w,|, _o, which are examined in M98. On the
contrary, w,,|, —o andw,,|, _o show nearly constant values of
0.25-0.275 mm/s over 35-60 hPa.

We try to understand these differences using the one-
dimensional formulation for the time mean field as below:

Wylyco=w + 15-1 -K );(—Z: - -K, N

Wolywo =W + = K 2Z K (8)

Wl oo = W + 151 — 2K, — (K ’;”z _— i) ¥ (9
Wal oo = w + g - 2K, - (K ’)‘(: —q, %) .

(10)

It is notable that w,,|, _, is almost the same form as w,, | X =05
but x, is included instead of x,,. In a similar way, wt,|XZ:0 and
W, x,=0 are almost the same except that the former includes
x in place of y,.

M98 has shown that time mean w,, (from w, |, _, and
w,,|xl=0) is quite close to the Lagrangian vertical velocity w,
and the difference between w and w,, is less than 0.03 mm/s
between 30 and 70 hPa. The observed difference between w,,
of x=0and x, = 0, and w,, of y, = 0 and x,, = 0 (Figure
4a), can be explained by —K, and a-related term, which are
the differences between (7) and (8), and (9) and (10). For time
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Figure 4. Mean vertical profiles of four kinds of w,, (a) and
that multiplied by density (b) w,,|, _, (dashed-dotted line),
Wy ly,=o (dashed line), w,, |, _, (solid line), and w,,|, _, (dot-
ted line), which are averaged within =15° latitude of the equa-
tor. The calculation of mean values is based on data from 1993
to 1998.
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mean we use the mixture ofw,,|, _, andw,,|, _ as a proxy for
the Lagrangian mean vertical velocity in this study.

Here we also focus on a brief estimate of horizontal flow
which leaks out of tropical upward mass flow. Figure 4b shows
mean vertical velocity weighted by a density factor. We notice
that a decrease of w,,|,_, and Wl y,—o With increasing height
slows down in the 35-50 hPa layer. Because of near conserva-
tion of vertical mass flu, it is expected that the air is mostly
advected upward with little latitudinal attenuation in this alti-
tude range where there exist strong mixing barriers at the
subtropics, corresponding to Figure 2. Since the poleward flow
in the equatorial regions may be driven by damping of Rossby
waves at low latitudes [Plumb and Eluszkiewicz, 1999], near
conservation of vertical mass flux implies that there exists little
tropical intrusion of Rossby waves from midlatitudes in this
layer. Above 35 hPa the vertical mass flow decreases more
rapidly. The mass flux becomes half from 35 to 15 hPa (~5
km), with a constant decreasing rate in this layer. Below 60 hPa
a decrease rate of vertical mass flow is about the largest in
Figure 4b and reaches 1.5 X 10> kg/m?%s per 3 km (55-75
hPa).

3.4. QBO Variations

We briefly discuss the difference between w and the four
kinds of w,, with respect to the QBO components. Neglecting
the annual component (Figure 3), we obtain the relationship
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between w, and w,,|,—, and w,,|, _, for the QBO compo-
nents (denoted by a subscript B) as follows:

(11

werI)(=O = Wp,

X
Wyply,-0 = Wp + ap, Yo

Z ! =0

(12)

X=

under the assumption K(z, z) ~ K(z).

It is expected from (11) that w,, 5|, is a first approxima-
tion to the actual Lagrangian mean vertical velocity w. Our
results show that w,,B|X1=0 is nearly close to wp,,|, _, around
40 hPa but that it is 0.03 mm/s smaller than w g, |, _ ¢ at 30 hPa.
The difference between w and w,, 5| x,—0 can be quantified by
the second term ag, X/X..|,,—o on the right-hand side of (12).
In the following section, the QBO component of w,,|, _q will
be shown instead of wy, as mentioned in section 3.1. To in-
crease the number of data, we also use w,,| x,=0> Showing
almost the same QBO variations as w,, |, _, (Figure 3b). It
should be kept in mind that the real w may exhibit larger
anomalies than the mixture of w,,|, _oandw,|, _, around 30
hPa.

4. Results

4.1.

Here we clarify the observed feature of the QBO variation of
w,, based on w,|, _, and w,,|, _, at the equator. Figure 5
clearly shows the QBO variations in w,,. The equatorial up-
welling ranges between 0.1 and 0.5 mmy/s around the time mean
of 0.25-0.30 mm/s in the 20—40 hPa layer. The anomalies of
the QBO signal reaches 0.10-0.15 mm/s between 20 and 40
hPa and is less than 0.1 mmy/s at the 50-hPa level. It is also clear
that the variation is roughly out of phase with temperature
anomalies at all altitudes, as expected from a balance between
the Newtonian cooling and the adiabatic vertical motions.

We also note almost no difference between the deseasonal-
ized component and the raw data in Figure 3. This indicates
that there exists only a little annual cycle of mean upwelling in
this layer. The observed annual cycle in this study has an
amplitude of around 0.03-0.04 mm/s in the 30-50 hPa layer
and more than 0.05 mm/s at 20 and 50-70 hPa. The observed
annual cycles in ascent rates are about half of QBO variations
between 30 and 40 hPa and are comparable with those at 20
and 50-70 hPa. In the lowermost stratosphere a strong annual
cycle of residual vertical velocity has been reported by several
studies [cf. Rosenlof, 1995], computing residual circulation
from radiative calculation. However, our results emphasize
that in the 30—40 hPa layer the QBO variations could be
dominant in vertical velocity.

The derived QBO variation of ascent rates of total water
anomalies appears to be larger than results deduced from
heating calculations. Furthermore, it is possible that the actual
vertical velocity could have larger QBO components than w,,
(of x, = 0 and y,, = 0), as mentioned in section 3.4. Randel
et al. [1999] presented the residual mean vertical velocity w* by
computing heating rates calculated from a radiation code of
Olaguer et al. [1992] and HALOE trace gas data and UKMO
temperature anomalies increased by a factor 1.4 as input. The
maximum QBO anomaly is 0.24 km/month (~0.10 mm/s) at 32
hPa [Randel et al., 1999], which is about two thirds of our
results (~0.15 mmy/s). This disagreement may be related to a

Observational Results
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Figure 5. Same as in Figure 3 but for deseasonallzed com-
ponents of w,, (based on w, |, _, and w,|, _,) plus time
mean (from w,,|, _, and w,,|, _ o) at 30 hPa (a) 40 hPa (b),
and 54 hPa (c) The QBO components in Singapore tempera-
ture (dotted lines) are also plotted for reference.

problem in the radiation scheme [Olaguer et al., 1992], which is
used to calculate the residual mean circulation.

Next, we examine the vertical distribution of the amplitude
and phase of the QBO components at the equator. The am-
plitude and phase are derived by fitting the QBO variation in
w,, using a linear regression of the form

WtrB(t) = aTB(t + b)7 (13)

where T is Singapore temperature, the subscript B indicates
the QBO component, a(z) is a regression coefficient and b(z)
is the phase of w,,; compared to T5. The amplitude is defined
as the equivalent harmonic amplitude of the temperature QBO
multiplied by the regression coefficient a. The phase is re-
garded as a lag such that a lag correlation between w,,z and Ty
takes a maximum coefficient. The lag correlation is calculated
by shifting w,,; relative to T by every 10 days. The amplitude
and phase are plotted only if a maximum correlation coeffi-
cient is statistically significant at the level of 99.5%. The equiv-
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Figure 6. Vertical profiles of (a) the QBO amplitude of w,,
and (b) the QBO phases of subsidence anomalies in w,, (thick
solid line with horizontal lines), ozone (dotted line), zonal wind
shear (dashed line with diamonds), and temperature (dashed
line) relative to zonal wind oscillation (thin solid line) at the
equator. Negative phases mean that the QBO signal in each
quantity precedes zonal wind oscillation.

alent harmonic amplitude of the QBO signals in w,, is shown
in Figure 6a. There exists a large magnitude of the amplitude
in the 20-40 hPa, roughly corresponding to the large magni-
tude of the temperature variation in this layer.

Figure 6b shows the phase of the QBO signals in w,,, tem-
perature, ozone, zonal wind, and its vertical shear. The phases
of five quantities are derived from a calculation of lag corre-
lations among temperature and other quantities and then
shifted by setting the phase of the zonal wind QBO to zero. It
is notable that temperature and ozone are just in phase below
20 hPa, and there is a lag of 2-3 months between —w,, and
temperature and ozone in the 30-60 hPa layer. The phase lag
between w,, and temperature can also be seen in Figure 5.

Observational studies reported the in-phase relationship be-
tween temperature and ozone, using column ozone data [Ran-
del and Cobb, 1994). This result also coincides with that in the
work of Hasebe [1994], who reproduced the ozone variation
with use of Singapore zonal wind data. However, the observed
phase relationship among vertical velocity, temperature, and
ozone is in conflict with results from the conventional models
considering only dynamics [Reed, 1964] and several two-
dimensional models [e.g., Jones et al., 1999]. In their models,
negative anomalies of vertical velocity and temperature anom-
alies are almost in phase and the two precede ozone anomalies
by several months (about a quarter cycle) in the lower strato-
sphere. Similarly, Randel et al. [1999] have also reported a high
negative correlation when the lag is zero between the QBO
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thermodynamic eqn. 39.8 hPa
6 T T 1 T

oL 0 o by — s ]

I — —(65+h85—Sxs)/N? = wy ]
-6 . , , ,
1993 1994 1995 1996 1997 1998
Year

Figure 7. Time series of vertical wind velocity component
estimated from equation (14); components from tendency
term (dashed line), those from the Newtonian cooling term
(dashed-dotted line), those from diabatic heating term owing
to solar absorption by the ozone QBO (thin solid line) and
those from the adiabatic heating term (thick solid line) calcu-
lated from the three terms above; w,, (diamonds) is also plot-
ted for reference.

signals of residual vertical velocity and vertical shear of the
UKMO zonal winds in the lower stratosphere.

To examine the observed phase of the QBO signal inw,,, we
calculate vertical velocity indirectly from the thermodynamic
equation, using the observed temperature and ozone data and
compare them with the observed variation of w,, in terms of
the phase. We use a one-dimensional model of Ling and Lon-
don [1986], which includes parameterized radiative effects, and
a vertical advection term.

The thermodynamic equation is given as

013[ + WBI\/2 = —hGB + SXB, (14)

following the notation of Hasebe [1994], where § = RT/H is a
buoyancy acceleration with the gas constant R for dry air,
temperature 7, and the scale height H, w is the Lagrangian
mean vertical velocity, N is the buoyancy frequency, 4 is the
Newtonian cooling coefficient, § represents the diabatic heat-
ing rate from solar absorption by ozone anomalies, x denotes
volume mixing ratio of ozone, the suffix B denotes the QBO
component, and the subscripts ¢ indicate a partial derivative
with respect to time.

Figure 7 shows the calculated vertical velocity inferred from
(14) and also the observed zonal mean ascent rates for refer-
ence. The inferred vertical velocity is divided into three parts:
a component from the tendency term (—68,,/N?), that from
the Newtonian cooling term (—#0,/N?), and that of ozone
solar heating (Sx/N?). The inferred vertical velocity varia-
tion is determined by the dominant contribution from the
Newtonian cooling term during the warm and cold periods
(Figure 5). However, the variation is weakened by the contri-
bution from the ozone QBO-induced solar heating [Hasebe,
1994; Li et al., 1995], which is out of phase with the contribu-
tion from the Newtonian cooling. It should be emphasized that
the component due to the ozone heating cannot affect the
phase of vertical velocity, because the two terms on the right-
hand side of (14) are out of phase (Figure 6).
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On the other hand, a contribution from the temperature
tendency precedes that from the Newtonian cooling by a quar-
ter cycle. The negative anomalies are as large as about a third
of the contribution from the Newtonian cooling term during
the northern winter in 1994/1995 and 1996/1997. This large
anomaly of the temperature tendency puts forward the phase
of vertical velocity wy relative to the component from the
Newtonian cooling term by a few months. As a result, vertical
velocity anomalies are precedent to negative anomalies of tem-
perature and ozone by about 2 months. The inferred vertical
velocity is nearly consistent with observations (w,,) in terms of
phase. Hence the temperature tendency can be important in
determining the phases of vertical velocity and temperature.
Some studies with models show the out-of-phase relationship
between the two with little lag [Huang, 1996; Jones et al., 1999].
Our results suggest that the models may underestimate the
temperature tendency relative to the observations. To examine
the phase relationship between QBO signals by using models,
therefore, it may be necessary that models should represent
the large temperature tendency associated with the rapid ac-
celeration of the QBO wind.

4.2, Vertical Advection of Zonal Momentum Estimated
From w,,

Next, we examine the role of vertical advection of zonal
momentum due to time mean and QBO-induced vertical ve-
locity, by calculating each term in the zonal momentum equa-
tion at the equator from observed zonal winds and ascent rates
of total water anomalies. We furthermore deduce wave mo-
mentum flux required to drive the observed zonal wind QBO.

We consider a simple zonal momentum equation expressed
as

Ug, = —(wg + wyug, + G (15)
near the equator, where the subscript M denotes a time aver-
age component, and G includes the divergence of wave mo-
mentum flux, horizontal advection, and unresolved processes.
In the following, we removed the annual component of w,, to
focus on the mean and QBO signals of w,,. The time mean of
w,, is slightly larger than that of w by less than 0.05 mm/s, but
the two are almost the same at 40 hPa (M98, Figure 9). How-
ever, the temperature QBO in Singapore may be exaggerated
compared to zonal mean values, and then the following results
may overestimate the magnitude of variations.

Figure 8a shows that zonal wind acceleration due to the
vertical advection is about —1 X 10~° m s™2 at this level for the
westerly acceleration phase of the zonal wind QBO but that it
reaches +2 X 107 m s~2 during the easterly acceleration
phase. In Figure 8b the zonal wind tendency by vertical velocity
anomalies (—w,,glUg,) calculated from the QBO component
of w,, always has positive anomalies of ~1 X 107% m s™2; the
QBO-induced vertical velocity helps the descent of the west-
erly shear, whereas delaying that of the easterly shear. This
effect contributes to the observed asymmetry of zonal wind
acceleration [Plumb and Bell, 1982].

Variations of G inferred from observed zonal wind and
ascent rates of total water anomalies are also shown in Figure
8a. The most surprising feature is that deviations of G have
almost the same maximum magnitudes of 5 X 107®m s~ 2 both
during the easterly and the westerly acceleration phases of the
zonal wind QBO at this altitude. We also see this feature of the
G variation below 35 hPa. It is anticipated that the well-known
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Figure 8. Time series of each term in the zonal momentum
equation. (a) Tendency (dotted line) of the zonal wind QBO,
vertical momentum advection (dashed line) inferred from as-
cent rates of A anomalies and G (solid line) which is derived
from the two terms above at the equator. (b) Vertical momen-
tum advection due to the entire vertical velocity same as in top
panel (dashed line), its mean component (dotted line), and its
anomaly (solid line).

asymmetry of the zonal wind acceleration in Figure 8a can be
generated by the QBO-induced vertical advection [Plumb and
Bell, 1982], without considering any asymmetry in wave mo-
mentum flux divergence between the easterly and westerly
acceleration [e.g., Takahashi et al., 1997]. Furthermore, the
easterly acceleration of G is quite larger than that in recent
GCM experiments [e.g., Takahashi et al., 1997], which implies
more easterly momentum flux by small-scale waves and/or
zonal wind tendency due to meridional wind anomalies across
the equator [Jones et al., 1998; Kinnersley, 1999]. Another can-
didate may be lateral propagation of planetary waves.

We further see that G is seasonally synchronized with anom-
alies reduced by 2-3 X 107® m s~2 during the Northern Hemi-
sphere winter. This is consistent with a result that both the
westerly and the easterly acceleration generally decrease dur-
ing the Northern Hemisphere winter [Dunkerton, 1990; Wal-
lace et al., 1993]. Our result suggests that the seasonally syn-
chronized oscillation of zonal wind acceleration can be caused
by the seasonal variation of G, such as wave momentum flux
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[Maruyama, 1991] and/or meridional advection [Jones et al.,
1998; Kinnersley, 1999]. The former possibility may not be well
known [e.g., Alexander, 1998], while global distribution of grav-
ity wave is getting clear [Eckermann et al., 1995; Wu and Wa-
ters, 1996; Tsuda et al., 2000]. The latter effect near the easterly
shear zone can be supported by the latitudinal asymmetry of
easterly acceleration over the equator [Dunkerton and Delisi,
1985]. This implies large meridional shear of zonal wind, which
may lead to large zonal wind tendency by meridional advec-
tion. On the other hand, little annual cycle of w,, (Figure 3)
may have small effects on the seasonal dependency of G in
conflict with Kinnersley and Pawson [1996].

To discuss a series of possibilities, we need to examine mo-
mentum flux divergence of waves with periods shorter than a
few days and meridional advection of zonal momentum in the
equatorial region. At the same time, it is necessary to develop
two- and three-dimensional models in which the two effects are
appropriately represented.

5. Conclusions

The QBO-induced variations in vertical velocity in the lower
stratosphere have been investigated with Halogen Occultation
Experiment (HALOE) data from 1993 to 1998. The vertical
velocity was inferred from ascent rates of an annually varying
component in total water ([H,O] + 2[CH,]) at the equator.

The derived ascent rate of total water anomalies exhibits
QBO variations with anomalies of 0.10-0.15 mm s~ ! in the
20-40 hPa layer and about 0.1 mm s~ * near 50 hPa at the
equator. In the 20-40 hPa layer the amplitude of the QBO
variation may be larger than that derived from radiative cal-
culation [Rosenlof, 1995; Randel et al., 1999]. The QBO signal
in the ascent rates showed that its negative anomalies precede
positive anomalies in temperature and ozone by about 2-3
months over the equator between 30 and 60 hPa. This phase
relationship is in conflict with results from two-dimensional
model studies [e.g., Jones et al., 1999]. The phase lag between
the QBO signals in ascent rate and temperature may be ex-
plained by the observed large tendency of temperature anom-
alies, which is related to the rapid acceleration of the QBO
westerly. It is supposed that this disagreement may be due to
the observed tendency of temperature anomalies, which seems
larger than that from model studies. In addition, there exists
only a little annual cycle of the ascent rates around this level.

Next, the effect of momentum transport by vertical velocity
in the equatorial lower stratosphere has been examined. The
zonal wind acceleration by the total vertical advection calcu-
lated from the ascent rate of total water anomalies exhibits
phase asymmetry between the easterly and the westerly accel-
eration at the equator, while the forces required to drive the
observed QBO wind, which are indirectly estimated, show sym-
metric variations below 35 hPa. These results suggest that the
well-known asymmetry of descent rates of the QBO shear
regions [Naujokat, 1986] can be understood by the QBO-
induced vertical advection and also imply a need of large east-
erly momentum flux as much as its westerly equivalent.
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