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ABSTRACT

The interannual variation of the vertical distribution of ozone in the tropical strutosphere and its
guasi-biennial oscilliion (QBO) is analyzed using HALOE dati, The results are compared with the wind
QBO. A numerical experiment is carried out 1o study the effects of wind QBO on the dustribulion, and varia
tion of osone in the stratosphere by using the NCAR imteractive chemical, dynamical, and raduative
two—dimensionul model (SOCRATES). Data analysis shows that the location of the maximum oone mix
ing ratio in the stralosphere changes in the meridional and vertical directions, and assumes 4 quasi—bienniul
period, The meridional and vertical motion of the maximum mixing ratie leads to « QBO of column ozone
and its hemispheric asymmetry, The QBO of the Jocation of the maximum is closely connected with the zon-
al wind QBO. The data analysis also shows that in the tropical region, the phase of the QBO for oxone den-
sity chunges many times with height, Mumerical simulation shows thal the meridional circulution induced by
the wind QBQ includes three pairs of cells in the stratosphere, which have hemispheric symmetry. The
transport of ozone by the induced meridional circultion in various latitudes and heights 1 the main dynram-
i cause [or the ozone QBO, Cells of the induced circulation in the middle stratosphere (25-35 km) play an
important role in producing the oxone QRO.

Key words: ozone quasi—biennial oscillation (QBO), HALOE data, NCAR model, numerical simulation,
SOCRATES

1. Introduction

Many studies have been done on the interannual variation of ozone amount and the
quasi—biennial oscillation of ozone (QBQ). For example, Funk and Garnham (i962) and
Ramanathan (1963) first discovered the QBQ of ozone and its relation to the QBO of upper
winds al low latitude by analyzing the total ozone amount over the tropics. Further studies
show that the ozone QBO also exists over the extratropics but with a phase reversal compared
with that in the tropics, and the phases reverse near 12° latitude with hemispheric asymmetry
(Hasebe 1983; Yang and Tung 1995); the phase of ozone QBQ in the lower stratosphere is al-
ways opposite to that in the upper stratosphere (Hasebe 1994). The results from observational
data have been confirmed by numerical simulations carried oul by Gray and Ruth (1993) and
Hess and O’Sullivan (1995). Jones et al. (1998) simulated the transport of stratospheric irace
gases by zonal wind QBO, and pointed out thal the wind QBO would induce a meridional cir-
culation that transports long—lived traces from the tropics to the extratropics and would pro-
duce a QBO in the extratropics. In recent yeirs, the related research has been taken up in
China. Analyzing the TOMS data from 1980 through 1987, Li et al. (1997) found that the
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strength of ozone QBO signals in the Northern Hemisphere is generally larger than in the
Southern Hemisphere and that the intensity distribution appears to have hemispheric
asymmetry, Chen and Huang (1996) used the 34—level coupled planetary wave—zonal flow
spectrum model to study the effects of planetary wave transport on ozone in the mesosphere,
At the same time, the influences on ozone transport by zonal wind QBO over the tropics were
studied, and they found that the difference between ozone transport over the tropics and
extratropics is due to the difference of the secondary meridional circulation forced by the
easterly and westerly shear over the tropics, while the difference in the middle and high lati-
tudes is due to the different ozone transport by planetary waves at different phases of tropical
zonal wind QBQ, Zhang et al. (2000) used the NCAR interactive chemical, radiative, and
dynamical two—dimensional model to study the influences of the zonal wind QBO on the dis-
tribution of stratospheric tracers, and they discussed the induced meridional circulation by
wind QBO and its influences on ozone QBO. Gradually, more and more was learned about
ozone QBO in these studies, However, for lack of observational data at the time, moslt of the
results were oblained by analyzing the total ozone amount, so the vertical structure of the
ozone QBO is unclear. The modeled secondary meridional circulations induced by zonal wind
QBO are symmetric aboul the equator over the tropics and the extratropics, but the ozone
QBO produced by the induced circulation is asymmetric. The reasons for this phenomenon
are expected to come from further study. In the last decade, more and more satellite data in-
cluded not only the total amouni of ozone but also the three—dimensional distribution of
ozone, which provides a good data foundation for studying ozone QBO, Using the HALOE
data from 1992 to 2000, we analyze the vertical distribution of the ozone mixing ratio and
study the interannual variation of the ozone distribution and the structures of the ozone QBO
in the stratosphere. We then compare the ozone QBO with the zonal wind QBO over low lati-
tudes and investigate the relationship between them. At last, we explore the mechanism of
ozone QBO generation through simulation using the NCAR interactive chemical, radiative,
and dynamical two—dimensional model (SOCRATES),

2. Observational] data

The Halogen Occultation Experiment (HALOE) is an instrument on the Upper Air Re-
search Satellite (UARS), which uses the solar occultation approach to observe solar radiation
absorbed by tracers and aerosols along the earth limb for one sunrise and one sunset event on
every satellite orbit, It retrieves the vertical distribution of the tracers and aerosol extinction
efficiency, The vertical distributions of O,, HCI, HF, CH,, H,0, NO, and NQ,, the extinction
coefficients of the aerosols and the temperature can be obtained at the same time. The latitude
coverage is from 80°S to 80°N with slight seasonal change, and the vertical range is from 5
km to 60—130 km with a vertical resolution of about 500 m in the stratosphere. The instru-
ment has worked since 11 September 1991 and its observational data are in excellent agree-
ment with ATMOS data of 1992,

The HALOE data used in this paper were downloaded from the Internet and consist of
sunrise ozone data from January 1992—February 2001 and sunset ozone data from June —
August 1997 (due (o an absence of sunrise data). UARS is a polar—orbiting satellite so that in
various observations, the HALOE provides data for different times and positions, depending
on the orbit. For a more convenient comparison, objective analyses are made on the HALOE
data and 5° % 5° gridded data are obtained (covering 70°S—70°N, 180°W—180°E),

Zonal wind data comes from NCEP / NCAR data.
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3. Results from observational data

The ozone QBO in recent years hus been unalyzed and discussed by Dunkerton and
Timothy (2001) with the HALOE data in the 1992—1999 period. The analysis will not be re-
peuated here. Here we will discuss the seasonal and interannual variation of the vertical distri-
bution of ozone in the stratosphere,

3.1 Sewasonal and imterannual variation of vertical distribution of ozone mixing ratio in the sirat-
osphere

Figure 1 shows the latitude—pressure cross—sections of the zonal mean ozone mixing ra-
tio averuged from 1992 (o 2000 by season, It can be seen that the area with high ozone mixing
ratio is located between 20 hPa and 4 hPa with the peak value larger than 9 ppmv, which is
near 10 hPa in low latitudes and decreasing toward the poles. The location of the high ozone
mixing ratio changed with the seasonal variation of solar radiative intensity in various lati-
tudes. It was located north of the equator from Junc—August {JJA) as shown in Fig, 1b,
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Fig. 1. Latitude—pressure cross section of zonal mean oxone mixing ratio averaged from 1992 (o
2000, {a) For MAM, (b) for JJA, (¢} for SON, and (d) for DJF. {Blanks in the fipure represent an
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moving south of the equator from December — Februaty (DJF) as shown in Fig. 1d. From
March — May {MAM) and September — November (SON) it is approximately over the cqua-
tor as shown in Figs. la and lc.

Aside from the seasonal variation in the vertical-meridionul distribution of the ozone
mixing ratio, the interannual variation of the disributien is also noticeable. First, consider the
distribution in JJA, Figure 2 shows the latilude—pressure cross section of the zonal mean
ozone mixing ratio in JJA for each year, We can see from the figure that the values of ozone
density in the center continued to decrease year by year from 1992 10 1995, The values
changed little in 1996 and 1998, and increased somewhat in 1999 and 2000, Figure 2 also
shows hat the locations of high ozone mixing ratio changed from year to year. The maximum
region in 1992 is located to the north with the center near 12°N, and in 1993, the maximum
region moved southward, and its center moved (o 3°N. The maximum moved northward to
15°N in 1994 and went back to 1°N in 1995, In the same way, the maximum moved north-
ward in 1996, 1998, and 2000, and moved near the equator in 1997 and 1999, These motions
of the high mixing ratio in the north/ south direction occurred in JJA, clearly showing the
QBO signal.

According 1o the NCEP data, the averaged zonal winds at 80—10 hPa over the equator
are easterly in 1992, 1994, and 1996 and westerly in 1995 and 1997, In 1993 the wind changed
from westerly to easterly. Comparing with the motion of the maximum ozone mxing ratio, we
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Fig. 2. Latitude—pressure cross section of zonal mean ozone mixing ratio in JJA for (a} 1992..(b)
1993, (c) 1994, (d) 1995, () 1996, (1} 1997, (g} 1998, (h) 1999, and (i) 2000. Unit: ppmv
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can see the relutionship between zonal wind QBO and the QBQO of the maximum ozone mix-
ing ratio. [n JJA_ the westerly at 80—10 hPa over the equator corresponds with the center lo-
cation moving towards the equator, while the easterly corresponds to the center moving
northward.

In DJF, the QBO signals follow the sume patiern except that the maxima are located
mainly in the Southern Hemisphere. Furthermore, when it moved in the north / south direc-
tion, the maximum region also moved vertically accompanied by a change in thickness, When
it expanded upward (downward), ils thickness increased (decreased). The increment
(decrement) can be 1—2 hPa which is about 10%—-20% of the average thickness of the area of
maximum ozone mixing ratio.

Table 1, The meridional wnd vertical limits and center location of the region of high ozone mixing ratio (> ¢ ppm),

and the zonal wind direction in MAM

Vear Meridional Vertical Center Zonul wind
limits limits thPa) locition (hPa)

1993 20°8—29"N 156 9 W
1994 24"S-32°N 17-9 13 E
1995 25"S=2(0°N 15-5 9 w
1996 23°S30°MN 16,58 11 E
1997 25'S~14°N 15,55 9 w
1998 21°§-25°N 16—5 10 E
1999 20"S-23°N 16—6 9

2000 23"8-34°N 167 11

In MAM. the region of high ozone mixing ratio in all years was nearly over the equator;
the changes in the region were mainly motion in the vertical direction and the variation of its
thickness. When the high region moved downward and became thinner, it spread southward
and northward. Table | gives the meridional and vertical limits of the region of ozone mixing
ratio higher than 9 ppm, the location of its center, and the zonal wind direction in MAM for
every year, The table shows the quasi—biennial oscillation of the location and thickness of the
high region of ozone mixing ratio and its relation to the wind QBO, When the zonal winds
over the equator formed a westerly, the high region spread upward and thickened. In this
case, the column ozone amount increased over the equator and decreased over the
extratropics, While in the case of an easterly, the location of the high region was lower and it
was thinner, the column ozone amount decreased over the equator and increased over the
exiratropics. The situation in SON is similar to that in MAM.

3.2 The vertical structure of ozone Q BO in strarasphere

In order to clearly see the vertical structure of ozone QBQ, we analyzed the variation ol
the vertical distribution of the zonal mean departure of ozone mixing ratio, Figure 3 shows
the height—time series of the departure over the equator, It is clear that the phase of ozone
QBO changed many times with height over the equator. The phase of ozone QBO at the
50—20 hPa level was opposite to that near 13 hPa, while alike near 5 hPa, At about the 2-3
hPu level, the phase changed again, however the features of the QBO at this level are not as
clear as those in the lower levels, The vertical structure of ozone QBO over the equator is
more complex than the results obtained by Hasebe (1994), pointed out that the phase of
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ozone QBO in the lower stratosphere is always opposile to that in the upper stratosphere. The
wind phases marked at the botlom of Fig. 3 are the zonal wind phase at 20 hPa over the equa-
tor. We can see the relationship between the phase change of wind QBO and ozone QBO,

The vertical structure of ozone QBO aver 30°N and 30°S are not the same as that over
the equator, Specifically, the phase of ozone QBO over 30°N from 50 hPu to 5 hPa does not
change very much, and is opposite 1o the phase over the equator from 50 hPua to 20 hPa, Also
the phuses above 5 hPa over 30°N are opposite to those below 5 hPua (figures omitted).

4. Model used in the numerical simulation

The NCAR two—dimensional model named SOCRATES, is used in the simulation of
chemistry, radiation, and dynamical transport ol environmentally importunt species (Huang
et al. 1997). lts dynamical equations include the equation of heat lNux, eguation of
momentum, equation of continuity, and thermal wind with eddy heat flux diffusion, planetary
wave, gravity wave, and tidal wave forcing. The forcing and diffusion are functions of zonal
wind and cun be solved based on the theory of linear waves. Though the wave forcing is
parameterized in the model, the waves can respond and interact with the mean flow,

In the radiative part of the model, the net diabatic heating rate consists of the solar
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Fig. 3. Height-time series of the zonal mean departure of ozone mixing ralio over the equator,
Units: ppmv. The zonal wind phase at 20 hPa is marked at the bottom of the figure,
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heating ruate (@) and infrared cooling rate (Q,y), calculated according to the method of
NCAR CCML

The chemical part of the model is composed of 74 kinds of chemical species and more
thun 130 chemical reactions, The chemical species are grouped into three categories:
long—lived species and chemical family, intermediate lifetime species, and short—lived species.
Since the sensitivities of various lifetime species to the chemical and dynamical process are dif-
ferent, various equations of continuily— transport are adopted. Additonally, polar
stratospheric heterogeneous chemistry and aerosol chemistry can be added to the model as
oplions.

The vertical range is from the ground surface to 120 km with a vertical resolution of 1
km, Horizontal coverage is from 85°S to 85°N. The grid length is 5°.

In this experiment, since it is not explicil to resolve the zonal component equation of
momentum in the two—dimension model, wind QBO forcing is added into the equation of
momentum using the parameterized method, and then temperature QBO and relevant circula-
tion are simulated. The formula for wind QBQ forcing is

2
A= — 7 Sy T, 7 T
Ugno umxexp[ (‘Pw ) ilcos(2 o ):os( romo 4

— I— Z
. cos( 2u: Lo e ) .

QRO Zhiwd

where ., =25 ms"', is the maximum amplitude of the wind QBO, the QBO disturbance is
taken as a Gaussian function of latitude, ¢, =15 is the Gaussian width, the disturbance fol-
lows a sine—shaped change with height, the maximum disturbance appears at z_,, =28 km,
the hall width z,;,, =27 km, sy, is the vertical limits of the wind QBO which is taken as 24
km. ¢ is the day of integration, and ¢y, is the period of wind QBQ, taken as 821 days (about
27 months).

The model can calculate not only the transport of ozone and trace gases by the wind
QBO, but also the radiation and chemistry due to changes of ozone and tracer density in the
stratosphere, The description of this model and the simulated distribution of the trace gases
(include ozone) can be found on the NCAR web site. Their simulations agree well with obser-
vation, Zhang et al. (2000) used this model to study the effects of wind QBO on tracer distri-
bution in the stratosphere. The results show that in the case where acrosol heterogeneous
chemistry and wind QBO are not added to the model, the simulated wind and temperature
demonstrate normal seasonal variation, and the simulated distribution of trace gases (such as
0;, HCl, CH,, N,O and so on) in stratosphere are consistent with that from HALOE data.
When wind QBO is added, the quasi—biennial oscillation of the trace gases is also well simu-
lated. Here we build on this previous work to pursue further resuits regarding ozone,

5. The simulated results and comparison with the observation

5.1 The vertical—meridional distribution of ozone mixing ratio in various phases of wind QBO

Figure 4 gives the simulated latitude—altilude cross—section of ozone mixing ratie for
DJF, MAM, and JJA. It can be seen from Figs. 2—4 that the simulated vertical-meridional
distributions of ozone mixing ratio in the stratosphere are consistent with HALOE data.
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Fig. 4. Simulated Iztitude—altitude cross section of ozone mixing ratio {in ppmv} using the NCAR

two—dimensional model, (a) For DJF in westerly phase, (b) for DIF in casterly phase, (¢} for
MAM in weslerly phase, (d) for MAM in easterly phase, (e} for JJA in westerly phase, and (f) for
1JA in easterly phase,




No. 5 Chen Y ucjuan, Zheng Bin and Zhung Hong 785

We cun also see the QBO signals of the position of maximum ozone mixing ratio from
the simulation, The simulated maximum moves in the north—south direction apparently in
DJF and JJA (as shown in Figs. 4a, b and Figs. 4e, [). The maximum is located near the equa-
tor in the westerly phase of DJF and JJA, while in the easterly phase, it moved near 16°S in
DJF and near 16°N in JJA, The simulated position of maximum czone mixing ratio in MAM
wus Jocated near the equator, which moved vertically as it changed thickness (as in Figs. 4¢c,
d). When the maximum expanded upward in the westerly phase, its thickness increased and
when it went down in the easterly phase, its thickness decreased. The difference in the height
of the § ppm contour over equator can be more than ! km. The agreement of the simulation
with the HALOE data analysis proved that the QBO of the high region of ozone mixing ratio
in the stratosphere is connected closely with wind QBO,

5.2 The vertical structure of ozone Q BO in various phases of wind Q BO

Figures 5 and 6 show the latitude—height cross section of the differenice of ozong mixing
ratio simulated for the DJF and MAM, and JJA and SON, respectively. Shown is the differ-
ence between the simulation with wind QBO and the simulation without wind QBO. From
these figures we can see the vertical-meridional structure of ozone QBO in various phases of
wind QBO. It is clear that the wind QBO forcing leads to the changing of the phase of ozone
QBO many times with height, and il is more clear over equator, The sign of the difference in
the easterly phase is opposite to the sign in the westerly phase. The changes of ozone mixing
ratio in the extratropics are reverse of those in the tropics, except that the phase reversals oc-
cur at lower heights, In addition, we can see changes in the hemispheric asymmetry of the
ozone mixing ratio,

It is shown in Figs, 5 and 6 that with an increase in simulation time, the height where the
sign reverses descends gradually, and the difference below 20 hPa is less and replaced by the
opposite sign of the difference from above gradually, While the simulated value of the differ-
ence over 10 hPa increased with it continuously as it moved down. Soon afterwards, a new re-
gion with opposite sign appeared at the top. Almost one year passed when the zonal wind
changed 10 another phase, and the phase of ozone QBO changed its reversal with height,
Comparing these simulated results with the results from data analysis, we can see that the
simulated structures of ozone QBO are in accord with observation. [t should be noticed that
the difference shown in Figs. 5 and 6 is not due to seasonal variation but the process of the
phase change of wind QBQ, which will be discussed below.

5.3 The induced circulation in various phases of wind Q BO and its effect on ozone Q BO

[n order to give a reasonable explanation for the generation of QBO of the center of high
ozone mixing ratio and the vertical structure of ozone QBO, the simulated variations of the
meridional circulation induced by wind QBQ were analyzed, Figure 7 shows the difference be-
tween the meridional circulation simulaled with wind QBQ forcing and without wind QBO
forcing in the westerly phase (we called it residual circulation induced by wind QBO). Figure 8
shows the same thing for the easterly phase. It is analogous to the meridional circulation in-
duced by zonal wind QBQ referred o by Jones et al, (1998) and the secondary circulation in
the westerly or easterly shear zones over the tropics referred to by Chen and Huang (1996).
We can see from Figs. 7 and 8 that the residual circulation consists pf three pairs of cells
aligned vertically from 120 to 1.5 hPa (about 15—45 km). The three pairs of cells are
hemispherically symmetric below 5 hPa.
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30N 60N

Fig. 5. Simulated latitude—-height cross section of the difference of ozone mixing ratio (in ppmv)
{values with wind QBO minus (he values without wind QBO), (a) For DJF in westerly phase, (b}
for DJF in easterly phase, (c) for MAM in westerly phase, and (d) for MAM in easierly phase,

In the October of the first model year (Fig, 7a) when the westerly phase began and start-
ed to increase in intensity, the three pairs of cells were located at the levels below 50 hPa,
50—10 hPa, and above 10 hPa, respectively, The cells in the middle were stronger, in which the
flow went downward over equator and separated to the south and north at the level near 50
hPa, turning upward in the extratropics and going back to the equator at about 10 hPa, The
cells below 50 hPa and above 10 hPa went to the opposite direction, compared with the cells
at 50—10 hPa. With an increase in simulation time, the three pairs of cell moved down gradu-
ally, In the January of next model year, they moved to the levels below 70 hPa, 70—12 hPa
and above 12hPa, respectively, During the movement, the middle cells were weakened and the
upper cells strengthened, When the simulation reached July of the second model year, when
the westerly phase started to weaken, the middle cells moved to the level below 35 hPa and re-
placed the lower cells gradually, At the same time, the cells which were originally above
moved to 35—5 hPa and new cells appeared above 5 hPa, In October of the second model year
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Fig, 6, As in Fig, 5 excepl (a) for JJA in westerly phase, (b} for JJA in easterly phase, (¢) for SON

in westerly phase, and {d) for SON in easterly phase.

(Fig. 8a), when the easterly began and increased in intensity, because the induced cells contin-
ued moving down, the cells which were originally above just replaced the middle cells and
these, in turn, just replaced the cells below, At that time, the locations of the three pairs of
cells were almost the same as in October of the first model year, except the directions of the
cells were reversed, With the changes in the wind phase, the locations of the induced circula-
tion changed continuously in cycles, It should be noted that the locations of the cells were not
dependent on the seasons but depended on the stage of the westerly and easterly. When the
simulations came to January of the fourth model year and May of the sixth model year, the
location and direction of the three pairs of cells were almost the same as those in Qclober of
the first model year, which was the stage of westerly strength, Similarly, when the simulation
reached February of the fifth model year, in the stage of easlerly strength, the location and di-
rection of the three pairs of cells were almost the same as those in Oclober of the second mod-
el year (figures omitted),
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Fig, 7. Simulated residual circulalion induced by wind QBO in Lhe westerly phase. (@) For Oclober,

second model year: and (d) for

first model year: (b) for January, second model year: (c) for April

July, second mode yeur,

In order to discuss how the wind QBO leads to displacement of the high region of ozone

mixing ratio in the stratosphere and the change of vertical distribution of ozone density, the
ozone partial pressure simulated without wind QBO has been superimposed on the induced

meridional circulation in Fig, 9. The solid lines in the figure represent the distribution of
ozone partial pressure without wind QBQ forcing. We can see from Figs. 9a and 9b that in the

case without wind QBQ, the center of high czone density is located to the north of the equator

in July, This is because solar radiation is stronger in the Northern Hemisphere and the maxi-
mum ratio of photochemical ozone generalion occurs between the equator and the Tropics of

Cancer in this season,
of high ozone density,

With this kind of disposition of the residual circulation and the center

in the westerly phase in July (as in Fig. 9a) the air with high—density

.

ozone at 18 hPa and nearby over 15°—20°N was transported low

ozone density over the region near the equator increased

ard the equator, so that

the air with low—density

Moreover,
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, (a) For Oclober,

Simulated residual circulation induced by wind QBO in easterly phase,
third model year. and (d) far

8.
second model year, (b) for Junuary, third model year, (c) for April,

Fig,

third model year,

July,

atosphere over the extratropics was transported downward, which led

ozone in the middle str

to the decrease of ozone density near 18 hiPa over the exiratropics, The consequence was the
equator—ward movement of the center of high ozone density in July duting the westerly
phase. In the easterly phase, because of the reversed direction of residual circulation, ozone

was transported in the opposite direction leading to the displayment of the center of high
ozone density toward the extratropics (as shown in Fig, 9b). The transportation of ozone by
the induced circulation in April are shown in Figs. 9c and 9d. In this month, the simulated

center of higher ozone density without wind QBO was located mainly over the equator. In the

westerly phase with the effect of the induced cells shown in Fig. 9¢, the ascending flow over

the equator near the center of high ozone density transported the air with rich ozone upward,
which led to the increase of ozone density on the Lop of the high center, Therefore the region

of high ozone density extended upward, It was opposite in the easterly phase. The air with

low—density czone above the high center moved down, which made the ozone density
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Fig. 9. Simulated wind QBO-induced residual circulation (veclors) and ozone partial pressure
without wind QBO forcing (conlours, unitszin 107 hPa), (a) Westerly phase, July, (b} casterly
phuse, July, (c) westerly phase, April, and (d) easterly phase, April.

decrease on 10p of the center of high ozone densily over the tropics, Therefore the high center
became thinner and spread 1o the extratropics. The siluation in January and October can be
explained in the same way, Therefore, it can be proved that the QBO of the center of high
ozone density is largely due 10 zonal wind QBO—induced residual cells in the middle aimos-
phere, As mentioned above, the oscillation of the center of high ozone density in north—south
direction and the change of its thickness are important reasons for the QBO of column ozone
over the tropics and extratropics. Althouvgh the residual circulation induced by the zonal wind
QBO is symmetric about the equator, the location of the high center of ozone densily changes
with seasons and is not hemispherically symmetric. It swings in the north—south direction by
the effect of wind QBO, so that the {ransportation of ozone by the induced circulation in va-
rious latitudes is not the same, which makes the ozone QBO hemispherically asymmetric. This
shows that the wind QBO—-induced residual circulation in the middle siratosphere (near 25—
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5 hPa) plays an important role in the generation of ozone QBO over the tropics and
extratropics as well as in the hemispheric asymmetry of ozone QBO,

From the disposition of the simulated residual circulation and the center of higher ozone
density we can also find the reason the QBO phase of ozone density changes many times
vertically. As mentioned above, the induced circulation in the stratosphere includes three
pairs of cells vertically, We can see from Fig. 9a and 9b thai the vertical velocities in 25—5 hPa
are opposite from those above 4 hPa and below 25 hPa, In the westerly phase and over the
equator, the induced upward flow in 14—5 hPa transports the air with rich ozone upward and
leads to an increase in ozone density in the 12—3 hPa layer while the induced upward flow in
22—18 hPa transports the air with lower ozone density upward and reduces the ozone density
near the 20 hPa level, Below 25 hPa over the equator, the induced downward motion trans-
ports the air with higher ozone density 1o a lower level, so that the ozone density increases be-
low 25 hPa, Al the same time, the induced downward flow above 3 hPa transports the air with
lower ozone densily downward. So there is a region with ozone density decrease above 3 hPa.
As a result, the signal of ozone density departure changes many times vertically. The trans-
ports in various levels in the easterly phase are reversed, which will not be given explicitly
here, The situation in other seasons can be discussed in the same way, except that the location
of the signal reversals and the strength of the variation of ozone density are somewhat differ-
ent. This is because the downward motion of the induced residual cells make the disposition
of the three pairs of induced cells and the center of high ozone densily somewhat different in
various seasons. Thus we can explain the structure of ozone QBO shown in Figs. 5 and ¢
which also agrees well with the result from HALQOE data analysis.

The three pairs of induced residual cells are mentioned on many occasions in this paper,
and the cells in the middle stratosphere (in 25—5 hPa) are emphasized. This is because in pre-
vious studies, only the induced circulation in the lower stratosphere was taken into account to
explain the generation of ozone QBO (Ling and London 1986; Andrews et al, 1987; Gray and
Pyle 1989). It was suggested that in the easterly shear zone the induced upward motion in the
tropics transported ozone~poor air into the lower stratosphere and it reduced the column
ozone there, In the westerly shear zone, it is in the opposite way that the induced downward
motion results in a positive total ozone perturbation. However, we can see from our
simulation that although the changes of vertical motion in the lower stratosphere play a cer-
tain role for the generation of ozone QBO, the effects of the induced residual circulation in the
middle stratosphere are also important. This is because on one hand, the induced residual cir-
culation in the middle stratosphere has quite a strong vertical and meridional flow at the alti-
tude where there is maximum ozone density, so it is advantageous for ozone transport. On the
other hand, interannual variation of meridional ozone transport to the extra{ropics is an im-
pertant reason not only for the generation of ozone QBO in the tropics and extratropics but
also for their phase reversal. From Fig. 6 we can see that the changes of ozone density in the
middle stratosphere over the extratropics are more clear than those in the lower stratosphere.
Thus it is not enough to explain the generation of ozone QBO using only wind QBO—induced
variation of vertical motion in the lower stratosphere.

6. Conclusions
Based on the analysis of HALOE observational data from 1992—2000 and a numerical

experiment using the NCAR interactive chemical, dynamical, and radiative two—dimensional
model, we draw the following conclusicns,
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1) The vertical distribution of ozone mixing ratio in the stratosphere clearly shows a sea-
sonal variation. In MAM and SON, the high center of 0zone mixing ratio wus nearly over the
equator, and in JA it moved to the Northern Hemisphere, and in DJF it moved to the
Southern Hemisphere, which corresponds to the seasonal variation of the intensity of solar
radiation in various latitudes,

2) The interannual variation of stratospheric ozone mixing ratio shows in two aspects.
First, the zones of high ozone density around the 10 hPa level over low latitudes diminished
year by year during 1992—1995, changed little in 1996 and 1998, and were enhanced some-
what tn 1999 and 2000. Second, the center of high ozone density in the stratosphere moved
meridionally and vertically with a quasi—biennial period, and the oscillation of the high center
of ozone densily in various seasons is different, which largely correlates with zonal wind
QBO. The simulations agree well with the observations.

3) In the tropicul regions, the phase of QBO for ozone density changed many limes wilth
height. The phase of ozone QBO at the 50—20 hPa level is opposite to that near 13 hPa, while
alike to that near 5 hPa, At aboul the 2—3 hPa level, the phase changed again. This is shown
by numerical experiment,

4) The model results show that the induced meridional circulation by wind QBO
(residual circulation) consists of three pairs of cells vertically aligned in the stratosphere. They
are symmetric about the equalor. The ozone transport in different altitudes and latitudes by
the induced residual circulation is one of the important causes of the ozone QBO. In particuy-
lar, the cells of residual circulation in the middle stratosphere (25—5 hPa) plays an important
role in producing the ozone QBO,

5) Since the intensity of solar radiation reaching different latitudes varies seasonally, the
region of the maximum photochemical production rate for ozone also changes with the sea-
sons, Therefore the location of the high center of ozone density changes with the seasons and
it is not hemispherically symmetric. In particular, it swings in a north—south direction accord-
ing to the effect of the wind QBO. So, although the induced meridional circulation is
symmelric about the equator, the transportation of the ozone by the induced circulation in
various latitudes is not the same, which makes the ozone QBO hemispherically asymmetric,
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