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Abstract. The quasi-biennial oscillation (QBO) of zonal winter. Polar temperatures differ accordingly. Differences in
wind is a prominent mode of variability in the tropical strato- the strength of the Brewer-Dobson circulation and in further
sphere. It affects not only the meridional circulation and tem-trace gas concentrations are analysed. Our findings underline
perature over a wide latitude range but also the transport anthe importance of a representation of the QBO in CCMs.
chemistry of trace gases such as ozone. Compared to a QBO
less circulation, the long-term climatological means of these
quantities are also different. These climatological net effects;
of the QBO can be studied in general circulation models that

extend into the middle atmosphere and have a chemistry angte representation of the stratosphere in present-day general
transport component, so-called Chemistry Climate Modelsgirculation models (GCMs) such as those used for the IPCC
(CCMes). In this work we show that the CCM MAECHAMA4-  AR4, is usually simple. Specific processes driving strato-
CHEM can reproduce the observed QBO variations in tem-spheric dynamics, i.e. the dynamics of waves and the trans-
perature and ozone mole fractions when nudged towards obyort and chemistry of trace gases can not be included in these
served winds. In particular, it is shown that the QBO signal models for their high computational cost. But the interest in
in transport of nitrogen oxides N(plays an important role  projections for stratospheric ozone concentrations and strato-
in reproducing the observed ozone QBO, which features &pheric climate impacts has led to the development of the
phase reversal slightly below the level of maximum of the 5o called chemistry-climate models (CCMs) that cover these
ozone mole fraction in the trOpiCS. We then compare two 20'processes to different degreesl ReceEang et a|(2006

year eXperimentS with the MAECHAM4-CHEM model that presented an intercomparison of such models.
differ by including or notincluding the QBO. The meanwind  The effects of the quasi-biennial oscillation (QBO) of
fields differ between the two model runs, especially duringequatorial zonal winds (see the review Béldwin et al,
summer and fall seasons in both hemispheres. The differo0o3) are a prominent example for the complex interaction of
ences in the wind field lead to differences in the meridional dynamiCS, trace gas transport and trace gas Chemistry in the
circulation, by the same mechanism that causes the QBO'stratosphere. QBO variations were found in satellite obser-
secondary meridional circulation, and thereby affect meanyations for many trace gases including ozone, methane and
temperatures and the mean transport of tracers. In the tropyater vapor Randel and Wu1998 O’Sullivan and Dunker-

ics, the net effect on ozone is mostly due to net differences ingn, 1997 Randel et al.1998 Dunkerton 2001, Patra et al.
upwelling and, higher up, the associated temperature change@oo3 Randel et al.2004. More recently,Schoeberl et al.

We show that a net surplus of up to 15% in Ji@ the trop- (2008 presented a comprehensive study of QBO signals in
ics above 10hPa in the experiment that includes the QBGyytiple trace gases from HALOE and Aura MLS obser-
does not lead to significantly different volume mixing ratios vations. There is growing interest in studying the QBO in
of ozone. We also note a slight increase in the southern vorghemistry climate models. Firstly, CCMs provide a unique
tex strength as well as earlier vortex formation in northernyay to study these effects in a consistent manner. Secondly,
the representation of the QBO and its effects is an interesting
test case for CCMs. Sitill, like most GCMs, many CCMs fail

Correspondence td. J. Punge to represent the QBO entirely, which may lead to significant
BY (heinzjuergen.punge@zmaw.de) deficiencies in the results from these models, especially in
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the representation of the stratospheric circulation and com- The results of this study are particularly interesting in
position, which can have effects on the troposphere via dythe light of the recent development of general circulation
namic or radiative links. models that produce a QBO. Currently, the Japanese mod-
Several studies validated or showed QBO signals inels at CCSR/NIESTakahashi1996 and MRI (Shibata and
CCMs, e.g. see the work @&teinbrecht et al(200§ who Deushj 2005, the SKYHI model of GFDL Hamilton and
compared ozone concentrations and temperatures in CCMdsieh 2002, the models UMETRAC and UMSLIMCAT of
to satellite observations and reanalys{Shipperfield et al. the UK Met Office @ustin, 2002 and ULeeds Tian and
(1999, Bruhwiler and Hamiltor{1999 andTian et al.(2006 Chipperfield 2005 and the models MAECHAM5Giorgetta
discussed the QBO signal in ozone and nitrogen oxides anét al, 2006 and HAMMONIA (Schmidt et al.2006, when
their chemical connection. Previous analyses have mostlyised with a high vertical resolution grid, have a representa-
focused on the actual variation of the circulation, trace gagion of the QBO. Our approach can show the improvement
concentrations and chemical processes. of the general circulation and tracer representation to be ex-
In contrast, the goal of this work is to analyze the aver- pected in such models compared to conventional non-QBO
age net effect of introducing a realistic QBO into the circu- models. Some of the aforementioned models may also of-
lation on the long term. This is done using the chemistry cli- fer the possibility to remove the QBO by modifications to
mate model MAECHAMA4-CHEM. The nudging technique the model, e.g. by reducing the vertical resolution. In that
of Giorgetta and Bengtssdi999 offers the opportunity to  case, however, these modifications may themselves have an
include a realistic QBO, based on observations at Singaporampact on the circulation that is entangled with the QBO’s
in the MAECHAM4-CHEM model, which otherwise does effect. The main advantage of using a nudged model is that
not have a QBO, unlike the ECHAMS5 simulations &i6r- the nudging presents a very minor modification to the model
getta et al.2006 and (elieveld et al, 2007, where the QBO  simulation and thus the net impact of the QBO can be ad-
is simulated due to model improvements and a higher verticallressed directly and consistently.
resolution. The variations induced by the QBO, e.g. in trop- Section 2 describes the CCM runs used for this study and
ical ozone, can be compared directly to observations, due téhe methods of analysis used. The QBO in the model is eval-
the assimilation of observed QBO winds. The comparisonuated by comparing the anomalies to the ERA-40 reanaly-
of two otherwise largely identical experiments that are de-sis and results from satellite observations. Section 3 deals
scribed in Sect. 2, of which one is nudged to the observedspecifically with the models representation of the QBO in
QBO for 20 years and the other one is not, reveals the net efezone. Section 4 shows the net effect of the QBO in wind
fect of the QBO. Here, we are not primarily interested in the and temperature in comparison to the amplitude of the QBO
difference between selected states of the QBO and the nowhile Sect. 5 discusses the net effect on ozone. Implications
QBO state, but in the climatological difference on a decadalare discussed in Sect. 6. The Appendix presents a synopsis
time scale. The length of the experiments was chosen acef annual and seasonal net effects of the QBO in the mass
cordingly to average over a reasonable number of QBO cystream function, methane, humidity and nitrogen oxides.
cles and many different phase combinations of annual and
QBO cycles to give a realistic view of the long term effect.
For many considerations on longer time scales, the net ef2 Model and comparison to observations
fects of the QBO may be far more important than the QBO
variations themselves. Specifically, such effects are not lim-The MAECHAM4-CHEM CCM consists of the middle at-
ited to the QBO region for a given quantity, and may exceedmosphere version of the ECHAM4 climate modelanzini
the actual QBO range in other places, as will be discusseend McFarlangl998 Roeckner et a]1996 and the interac-
below. tively coupled chemistry model CHEMS(eil et al, 1998
The QBO’s net effect will be shown for a number of vari- 2003 Manzini et al, 2003. The circulation is computed
ables that are directly affected by the QBO and its secondarypy the spectral transform method at T30 truncation, associ-
meridional circulation. For the dynamic aspect, we choseated to a Gaussian longitude-latitude grid with a spacing of
zonal wind and temperature. They show pronounced QB(3.75 degrees, and has 39 vertical layers between the surface
imprints that are well understoodPlumb and Bell 1982 and 0.01 hPa. Transport and physical and chemical processes
Huesmann and Hitchma&001, Baldwin et al, 2001). Re-  are computed in grid point space. The chemistry scheme
garding trace gases, we restrict ourselves to the discussioincludes the most important species and reactions of tropo-
of ozone. Net effects on selected other trace species, i.esphere and stratosphere. Radiative feedbacks of the com-
methane, NQand water vapor, as well as the net differencesputed @, H,O and CH are processed in the climate model.
in the stream function, are included in an appendix. The two experiments described here run from 1980-2000.
Sea surface temperatures are from HadISSdy(er et al.
2003 and greenhouse gases and halogens are as used for the
WMO/UNEP assessment 2008/MO, 2003. The first ex-
periment (noQBO) is free-running and does not reproduce
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the quasi-biennial oscillation. The second experiment (QBO) a) ME4-C QBO: Zonal wind [m/s]
is in contrast forced to have a QBO equivalent to obser- AT I W ‘
vations using the nudging technique: tropical stratospheric’=
winds are relaxed linearly to the observed winds from the i 29
Singapore radiosondes, which is close to the equatorial max- 59 E
imum of the QBO. The applied forcing is zonally uniform
with a Gaussian profile with the full width of half maximum
around the Equator ranging from 20 degrees at 70 hPa to 305 &
degrees at 10hPa. Observations from seven altitude levels- |9 )
between 70 and 10 hPa are used until 1986, when measure- 5o
ments on 14 levels between 90 and 10 hPa became available. '’
Above 10hPa, the QBO jets are extended vertically, assum- WA ‘\J iy
ing a steady downward propagation of 2 km/month between— ? ‘A | @L@ \/{:&lu pot
10 and 3hPa. £ ) AR Y \,‘ \
The time constant used for the nudging is 7 days. This = s \ Q ‘ ﬂ>
time _scale is @ compromise between a time scf'ile as long as (o8 1084 1986 1988 1990 1992 1994 1996 Toos
possible to avoid impacts on fast wind fluctuations that are
not part of the QBO time evolution and a time scale short
enough to obtain a realistic QBO structure. Tests showed
that a timescale of about 7 to 10 days is reasonable. Fig. 1. Zonal mean zonal wind [m/s] in the equatorial stratosphere,
Clearly, using zonal wind nudging towards observationsmean between®S and 5 N, (a) MAECHAM4-CHEM (ME4-C)
from only one equatorial site, Singapore in our case, is ahudged QBO experimentp) MAECHAM4-CHEM free running
potential source of artifacts as hemispheric and zonal asymexperiment;(c) ERA-40 reanalysis. Black contours are drawn at
metries are neglected. Hemispheric asymmetries can be ex:>M/s.
pected e.g. due to the asymmetry in the wave forcing of the

QBO, but there is few observational evidence that these are ] ) o
important. There exist stationary zonal asymmetries in thdMent described here has previously been evaluated within

lowermost equatorial stratosphere at the Equator. Howevef® SPARC CCMVal activityyring et al, 200 on the val-
above 70 hPa, where the nudging sets in, these are small, afdtion of chemistry-climate models.
it is reasonable for the purpose of this study to assume a zonal Figure 1 displays the time series of zonal mean zonal wind
symmetry of the QBO jets, which is also supported by earlierat the Equator for the period of the experiments. Figure la
studies (e.g/Naujokat 1986. shows the zonal mean zonal wind for the nudged QBO ex-
Furthermore, in the nudged experiment, solar activity isPeriment, Fig. 1b for the non-QBO experiment, and Fig. 1c
parameterized using radiation flux datalsan et al(1997  for the ERA-40 reanalysid/ppala et al.2004. Notice the
and the aerosol forcing caused by volcanic eruptions isclose agreement of the nudged experiment and the reanalysis
included by prescribing precalculated net heating rates ofn the structure of the QBO jets below 10 hPa where direct
Kirchner et al(1999 and the surface area densitieslatk- ~ Wind observations exist. The easterlies are slightly stronger
man et al(1996 for the chemistry module. These two obser- in the reanalysis than in the model. This may be because the
vational forcings were not included in the simulation without additional data sources assimilated in ERA-40 differ from
QBO nudging. They introduce additional sources of inter- the Singapore winds. Besides the QBO, the model also re-
annual variability to the QBO run, mainly the 11-year so- produces the semi-annual oscillation (SAO) of zonal wind in
lar cycle and the eruptions of EI Chichon in April 1982 and the upper stratosphere. Itis however slightly weaker than in
Pinatubo in June 1991. However, for the quantities of inter-the reanalysis.
est here, their impact should be either small or well under- In the non-QBO experiment, the winds are almost con-
stood, as e.g. the stratospheric temperature and water vapétant easterly by 5-10 m/s throughout the lower and middle
response to tropical volcanic eruptions. 2-year time sectionstratosphere. The SAO is more pronounced than in the QBO
following the eruptions of El Chichon and Mt. Pinatubo are experiment.
excluded from the comparison for this reas®ourpali et al. Compared to the QBO experiment, the SAO also extends
(2003 report an ozone variation of 2—-3% in the upper strato-further down in the experiment without QBO. In particular,
sphere due to the solar cycle, but on average over the entirthe SAO westerlies are suppressed in the QBO experiment
period of the experiment these variations will nearly cancel,when there are QBO westerlies in the middle stratosphere
and the net effect related to the 11-year solar cycle will beand the westerly wave forcing from the troposphere is mostly
far lower than this number. Thus, comparing the two ex-absorbed at the QBO jets and does not reach the SAO re-
periments is still very effective for the identification of the gion. The SAO easterlies during the solstitial seasons are
QBO'’s net impact on the stratosphere. The nudged expermostly due to the mean flow from the summer towards the
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phase shifted with respect to zonal wind by about 1/4 cycle

o T DTS (e.g.Baldwin et al, 2001). The representation of the temper-
m i 1) 3 ‘ ature QBO is realistic in the nudged model run. In compar-
VA L ison to ERA-40, some differences are noticed in the upper

W B '* A\ stratosphere. One reason is in the differences in the repre-

~ fia sk : sentation of the SAO mentioned above. But some of these

_b) ME4—C nonQBO: Temperature [K] differences may again be due to deficiencies in the ERA-40

\ VN (Punge and Giorgett2007). For an analysis of the temper-

ature QBO in the nudged version of MAECHAM4-CHEM

in comparison to observations we referSteinbrecht et al.

hbod (2009. They evaluated a model experiment that is almost
¢) ERA—40: Temperature [K] _ - identical to the QBO experiment in this study, except for its

a) ME4—C QBO: Temperature [K]

p [hPa]

p [hPa]

)] duration of 40 years.
g Sk The non-QBO experiment shows little interannual vari-
o 20 ability. As in the QBO experiment and in the reanalysis,
190 A% . VPRV e YW A 0 Whs T8 there is a long term cooling trend in the upper stratosphere
1982 1954 1986 1985 1990 1992 1994 1996 1998 due to the combined effects of reduced ozone due to CFC

I T tads T T —— emissions, which leads to a reduced amount of short wave
radiative heating, and the increase in greenhouse gases, es-
pecially of CQ, which leads to increased long wave cooling

in the middle atmosphere (e.gpAkmaey, 2006§. There are

cold anomalies in the lower stratosphere in 1983 and 1998
following the EI Nino events in these years. Their presence
in the noQBO simulation, but neither in the QBO simulation

winter hemisphere in the mesosphere during these seasofé)r in the ERA-40 data, suggests that the QBO is important

and therefore not affected as severely by this effect. Also se orhstudles on the impact of El Nino in the tropical strato-
the discussion on this issue @iorgetta et al(2006, who Sphere.

compared two experiments that have a QBO or no QBO dueS . T:;? \(’:V(;irrrrgsagg dC(t)(I)d ahn;srzzhgf Ozgiirte;;geg:g;e e?BO_
to different vertical resolutions. They noted similar differ- '9 P P w ger up

ences in the SAO due to the presence of the QBO using g\{[.elllng ]:nt;heltr?tplgfs,, rlesp:ect!;{ely. J}qgefther Wlttr:‘ therg,rl-
model that generates the QBO spontaneously. ation of the latitudinal velocities, this forms the QBO's

secondary meridional circulation (SMC) that modulates the
In ERA-40, the annual asymmetry between the two cyclesg aer.pobson circulation (BDC), which leads to the QBO
of the SAO is more pronounced than in the model experi-jyarint on the mass stream functioRlgmb and Bell1982).
ments, and is generally more variable. This IS a CONS€qUENC js ¢leqr that the secondary meridional circulation impacts
of the too low resolved wave driving in the CCM, one reason 5,y race gases and substances with vertical or horizontal
Wh.y it does not produce a QBO spontaneously. The Weak'gradients and sufficiently long life time in the tropical strato-
ening of the SAO phases above equal QBO phases can al%‘%here Trepte and Hitchmarl992 Chipperfield and Gray

be recognized. Note, however, that there is some uncertaintx992 Randel and Wi1998 Randel et a].1998 Patra et al.
to the ERA-40 data above 10 hPa, because there is rather fe%oa Tian et al, 2006 Schoeberl et 12008.

data available at these leveldfpala et al.2004 Punge and Ozone is the most prominent example for a tracer that

Giorgetta 2007. varies with the QBO. The modulation of the ozone column
We conclude from this figure that the representation of thejn our model was investigated ISteinbrecht et a(20086. In

zonal wind in the QBO model experiment is quite realistic thjs article, the vertical distribution of ozone is of particular
and the non-QBO experiment is typical for a climate modeljnterest.

without QBO. The underestimation of the SAO in both sim- Figure 3 shows the 6-year C|imat0|ogica| mean vertical
ulations, mostly in the equinox seasons, may affect the residprofile for the period 1992-1998 of ozone in the two model
ual meridional circulation in the Stratopause region. How- experimentsy in Comparison to HALOE satellite observa-
ever, we do not expect this issue to bias our analysis of thgions. The modelled profile is close to that of HALOE at and
net effect heavily. Thus, the pair of experiments, for which ghove the maximum at 10hPa in both simulations. In the
the zonal mean zonal wind is shown in Figis still suitable  |ower stratosphere, the model overestimates mixing ratios by
for our comparison in this respect. up to 1 ppmv. The model run with QBO is slightly closer to
Figure 2 shows the temperature anomalies for the twothe HALOE data than the noQBO run at most levels. This
model experiments and the ERA-40 reanalysis. Thermahet difference will be discussed in detail in Sect. 5. However
wind balance explains the temperature QBO signal which isalso note in this context that recent radiosonde observations

Fig. 2. As Fig. 1, but for the zonal mean temperature anomalies
[K] (monthly climatology subtracted). Black contours are drawn at
+1K.
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;ugggst that HALOE results underestimate ozone concentra Equotoriol mean 03 [ppmv]
tions in the lower stratospher@/tte et al, 2008. - :

A number of different effects of the QBO impact the 14
vertical profile of ozone via both transport and chemistry,
making modelling a difficult task. In Fig4, the equato-
rial (2°S to 2 N) ozone anomalies over the period 1991—
1999 are given for available HALOE measurements and the 3
two MAECHAM4-CHEM model runs. The QBO signal in
HALOE O3 data given here was obtained by interpolation to 5 -
a monthly time series. A similar evaluation was applied by
Cordero et al(1997. To illustrate the phase delay with re- &
spect to the zonal wind, contours of modelled and observedl.nc_" 10 1
wind are overplotted. Observed wind is taken from the same o
Singapore radiosonde data set as used for nudging the mode

We find good agreement between the nudged model anc
the HALOE data. The downward propagation of the anoma- 30 -
lies, following the QBO jets, is well represented, includ-
ing the phase shift at 15hPa. The magnitude of the mod- 50 - el
elled anomaly is somewhat lower than in the HALOE record, &, 0 HALOE
at about 0.5 ppmv both at 8 and 30 hPa compared to abou 74 O MAECHAM4-n0QBO
0.8 ppmv. In the QBO model run, we also find an imprint 1001 § * MARCHAMA-QEO
of the eruption of Mt. Pinatubo during the two years after
June 1991 that is weaker in the satellite observations. Dur-
ing this period, volume mixing ratios are decreased below
20 hPa, and increased above, which may relate to the watelg_ _ - . .

ig. 3. Profile of zonal mean ozone mixing ratios [ppmv] in the

vapor anomalies due to the eruption. X ;
.. . ... equatorial stratosphere, averaged over six years of HALOE observa-
In the non-nudged model there is |nt_erannual variability jong (black) and the respective time interval in the MAECHAM4-
probably related to the lower stratospheric temperature modcHeM model with (red) and without (violet) nudged QBO.
ulation by ENSO in this run. Anomalies are in opposite

phase in the lower and upper stratosphere, with a phase re-

versal at 15hPa as in the QBO run, but vertical propagation h h dulati ; q
is instantaneous. There is a negative trend in the upper strat(&'k{:)per Ztr?to_sp efre, t Tl'mobu itlogl\ﬁct_emperaturss ule to
sphere that is related to increase in chlorine species. the modulation of upwelling by the Is assumed to alter

A detailed discussion of the QBO impact on the chemistrythe equilibrium state of ozone chemistry and cause variations
and transport of ozone in the model is instructive for the later” phase with t_he upwelling. _ _
evaluation of the net effect and follows in the next section. ~ The respective roles of ozone transport and chemistry in

Figures1 to 4 show the nudging technique is appropriate the formation of the QBO signal have however been de_bated.
to introduce a realistic QBO into a model and that the repre-Haseb&1994) presented anomalies of the ozone QBO in the

sentation of the QBO effects on temperature and ozone is iffopical mean volume mixing ratio in SAGE data with an
good agreement with observations. amplitude of about 0.5 and 1ppmv, or about 10%, in the

lower and upper branch of the signal, respectiveRan-

del et al.(1998 updated and extended the analysis of the
3 Chemistry and transport impact on ozone by the SAGE record, and another update was givehagan et al.

QBO (2003. Logan et al.(2003 also presented the ozone QBO

signal derived from sonde measurements at Nairobi and San
A vertically resolved record of ozone anomalies due to theChristobal. They report a signal of 15-20% in the lower
QBO in SAGE satellite observations was first shownZay branch near the Equator. This is somewhat stronger than
wodny and McCormicK1991). They argued that the equa- in the SAGE data, which suggest an amplitude of 10-15%
torial QBO signal was due to the advection of ozone by theif only measurements close to the Equatot $22 N) are
SMC in the lower stratosphere and by modulation of thetaken into account. The QBO signal in HALOE ozone data
ozone chemistry above, with anomalies of nitrogen oxidesgiven in Fig.4 was also analyzed bordero et al(1997),
mainly NO and NQ, playing a major role in the latter. It who reportan amplitude of 0.8 ppmv in both branches for the
is clear that the chemical lifetime ofQdecreases signifi- latitude range 4S to £ N, similar to the equatorial SAGE
cantly with altitude (e.gBrasseur et al1999, thereby lim-  evaluations.Dunkerton(2001) and Schoeberl et al(2008
iting the direct impact of advection at higher levels. In the also evaluate HALOE data and found an amplitude of about

1012 3 456 7 8 9101112
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a) ME4—C QBO: Ozone [ppmv] a) 03 chem. budget, QBO exp.
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Fig. 4. Shading gives the anomalies of the zonal mean ozone ©) 93 b“fjget Oomoz‘y’ SGP%

volume mixing ratio [ppmv] in the tropical stratosphere in 11
(a) the MAECHAM4-CHEM nudged QBO experimentp) the

MAECHAM4-CHEM free running experimentc) HALOE obser- 21
vations. Black contours are drawn #0.2 ppmv. Grey contours 3]
show zonal mean zonal wind in the model experiméa}sand(b)

and as observed at Singapdm. Solid and dashed contours are
drawn at+10 m/s to mark westerly and easterly QBO phases, re-

p [hPa]

spectively. 101
201
0.4 ppmv in the tropics. Recentlitte et al.(2008 found 307
good agreement between HALOE records and sonde obser- 50
vations from the SHADOZ network in the lower branch of (N . - S R
the QBO anomaly within 10of the Equator, with an ampli- 703 202 S0 (oot s 02 03

tude of about 1 ppmv.

In all records that have coverage in this altitude range, the
signal is split at about 15 hPa in the tropics, where time se- gth5 ﬁggﬁf"\;’zscmz&zone dcf:emlcal ptrr:)duczon dandBlgss
ries show a phase shift of nearly £80This phase reversal in 6 c model run with nudged Q
occurs below the maximum volume mixing ratio at 10 hPa, [10% molec/cni/s]. (a) 20-year mean contributions to chemical

'production and loss. Net chemical production and net advective
where it would be expected if advection alone were respons gain are also shown(b) Deviation from the 20-year climatologi-

sible for the signal. A contribution of NOQto the QBO sig-  cal monthly mean in September 1995, when winds are easterly at
nal at these altitudes, as suggested by the studi€hif-  10hPa (easterly shear at 20 hP&}) Deviation from the 20-year
perfield and Gray1992) could in principle explain the shift  climatological monthly mean in September 1996, when winds are
in altitude of the phase reversal. RecenBytchart et al.  westerly at 10 hPa (westerly shear at 20 hPa).
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(2003 reproduced a near realistic QBO signal in ozone using a) 03 budget, QBO exp.
a chemistry-climate model that generated a QBO internally 1 ; ; [ A
but did not include variations in NO However, the phase ‘ ‘
reversal occurs near 10 hPa, close to the maximumsahO 24
their model. 3
Bruhwiler and Hamilton(1999 showed in their model,
which had a nudged QBO of fixed period and did not include
chlorine chemistry, that the QBO anomaly of net chemical
production, mainly by N@ anomalies, largely compensates
the anomaly by transport above 30 hPa, and can be dominant
above 15hPa. Their model produces an ozone phase shift
near 13 hPa, and the magnitude 0.3 ppmv in both upper and 3 PN LNt Tronsp
lower branch, which appears to be a low estimate. sof o\ {o—oNet Chem
Tian et al.(2006 used their CCM with internally gener- - } oo
ated QBO to produce a realistic QBO signal in ozone. The -015 -01 -005 0 005 01 0.5
magnitude of the upper branch QBO signal of about 6% b) 03 budget anomaly, Sep95
agrees well with their analysis of the SAGE data, while the 14 : : R ‘
lower branch of the signal appears slightly underestimated. ‘ ‘ ‘
The advantage of the MAECHAM4-CHEM model in the 2
version with QBO nudging presented here over previous
model studies is that the modelled QBO exactly follows the
observed QBO, and hence the modelled QBO in ozone can be 51
compared directly to the observed profile. The good match
of the modelled and observed patterns of the signal suggests
that, despite the too low amplitude, the relevant processes are
represented well in the model. 201
To distinguish the relative importance of transport and 30
chemical processes for the modelled ozone QBO, it is in-
structive to separate the ozone gain and loss terms associated
with these. The long term averages of these over the course 008 0ot ooz 0 o
of the QBO experiment are given in Fifa. While chem- ' O ~Gitge fopm)
ical production and loss terms were taken directly from the ©) 03 budget onomaly, Sep98
model, the total transport contribution was obtained by sum- Ly ! ‘
ming up advection and eddy transport terms from a trans-
formed Eulerian mean (TEM) analysis of the 6-hourly model 29
output. 34
Production is mainly due to photolysis of oxygen (orange
line), with a minor contribution from the reactions of HO
and CHO2 with NO (magenta). The above mentioned cat-
alytic loss of ozone by nitrogen oxides (violet), for which
NO»+03P—NOs+0; is the rate limiting reaction, dominates
on the loss side between 20 and 3hPa. Other significant
contributions come from the reactions with chlorine (IO
aqua) and hydrogen oxides (KRQight blue) and the recom- 504
bination Q+03P—20,(light green). L L
It is clear from Fig.5a that chemical production and loss -0.06 -0.04 '8'&%%% ?ppmvo/s)f 0.04 0.06
terms cancel to a large degree, especially at higher altitudes.
Deviations from the climatological monthly mean are given
for two opposite phases of the QBO in Figp.and c. The ver-  Fig. 6. Contributions of transport and chemistry to the total ozone
tical zonal wind shear is easterly at 20 hPa in September 199budget and trend in the nudged MAECHAM4-CHEM model run
and westerly one year later, which corresponds to increasefppmv/d]. (a) 20-year mean(b) Deviation from the 20-year clima-
and reduced upwelling in these years due to the SMC. Irfological monthly mean in September 1995, when winds are east-
the region between 7 and 25hPa we find an anomaly in th&'ly at 5hPa (easterly shear at 20 hRa). Deviation from the 20-
NOy loss rates, which amounts to about 10% at 13hPa. 1¥/€ar climatological monthly mean in September 1996, when winds
can be explained by the model's N@nomalies, which are a€ Westerly at 5hPa (westerly shear at 20 hPa).
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Fig. 7. (a) Shades give the net effect of the QBO on zonal mean 304 /
zonal wind [m/s], obtained by subtracting the climatological annual 504 gy ‘
and zonal mean in the noQBO experiment from the one in the QBO 701 —
experiment. The solid grey contours show the annual climatological 1001 ' ' D : i
mean zonal wind in the noQBO experiment. Dotted green contours 90S 605 308 EQ 30N BON 90N
surrc_nund the areas where the net effect is S|gn|f|cgnt on the_ 95% 0 P MAECHAMA—GHEN: QB0 net effect in u [(;jjﬂ’ SON
confidence level.(b) QBO amplitude in the zonal wind [m/s] in T
the QBO experiment, zonal mean. Solid grey contours show the ; v
climatological annual mean zonal wind in the QBO experiment. 21 i
3.
. . . 54 'S
in opposite phase to the upwelling of the QBO and amount - b |
to about 1 ppbv or 10% at 10 hPa, in agreement Widémdel £
and Wu(1998. ol |
In the region of maximum easterly (westerly) shear, at 304 iy
17 hPa, there is also a decrease (increase) in the loss rates s0{ |\ J
via the HQ, and O+Q reactions, which can be related to the 701
lower (higher) local 0zone concentrations in September 1995 1] . . /AR
. . . 90S 60S 308 EQ 30N 60N 90N
(1996). Interestingly, the higher losses in the westerly shear eam——— T ss—
are cancelled to some extent by increased photolytic produc-
tion between 5 and 15 hPa, but this adjustment is smaller in
the easterly shear. Fig. 8. As Fig. 7a, but for seasonga) DJF;(b) MAM; (c) JJA;(d)

SON.
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Fig. 9. (a) Shades give the net effect of the QBO on temperature 5. U ~
[K], obtained by subtracting the climatological annual and zonal 704 - 6
mean in the noQBO experiment from the one in the QBO experi- 100 S " :
ment. The solid grey contours show the climatological annual mean 905 605 305 £Q 30N I
temperature in the noQBO experiment. Dotted green contours de- =3 US4 TSUE e 08 53 88 s 21 27
limit the areas where the net effect is significant on the 95% con- d) MAECHAMA4—CHEM: QBO net effect in T [K], SON
fidence level.(b) QBO amplitude in temperature [K] in the QBO " A =
experiment, zonal mean. Solid grey contours show the climatologi- L ‘ -
cal annual and zonal mean temperature in this experiment. 0 U ‘ '
5 - '
Fig. 6a shows the respective contributions of chemistry & 1090 -
and transport to the ozone budget at the Equator, now in 201
ppmv/d, which is the more instructive unit to study trans- 30 \ g i : :
port. In the long term mean, transport, due to the tropical up- 5.,.~ ' D ) 4
welling, causes loss in the lower stratosphere that is mostly 018 o .\ BS.
balanced by chemical production. Above the ozone maxi- 1] , T T
. . . . . 90S 60S 308 EQ 30N 60N 90N
mum, this relation is reversed, as the ozone vertical gradient —— T —

is. There is also a significant contribution from eddy trans-

port at higher levels, as suggestedBryhwiler and Hamil-

ton(1999. The chemical and transport terms do however notFig. 10. As Fig. 9a, but for seasonga) DJF; (b) MAM; (c) JJA;
cancel entirely. Apparently diffusion, which is not included (d) SON.
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a) 03 chem. budget ano., QBO—noQBO a) MAECHAM4—CHEM: QBO net effect in 03 [ppmv]
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} ::: Z:’e": Fig. 12. (a)Shades give the net effect of the QBO on ozone, ob-
501 . tained by subtracting the climatological annual and zonal mean vol-
: . : . ume mixing ratio [ppmv] in the noQBO experiment from the one
-0.02 -0-01Ch0nge PppmV/dJO'm 0.02 in the QBO experiment. Solid grey contours show the climatolog-

ical annual mean mixing ratio in the noQBO experiment, and solid
black contours the relative difference between the two experiments
in percent. Dotted green contours delimit the areas where the net
effect is significant on the 95% confidence levéd) QBO ampli-

tude in the mole fraction of ozone [ppmv] for the QBO experiment,
zonal mean. Solid grey contours show the climatological annual
dnean of the mole fraction in this experiment.

Fig. 11. (a)Net difference in the 20-year mean contributions to
ozone chemical production and loss between the MAECHAM4-
CHEM model runs with and without nudged QBO at the Equator,
zonal mean [1@molec/cn$/s]. (b) Net difference in the contribu-
tions of transport and chemistry to the total ozone budget and in th
ozone trend for the QBO and noQBO experiments, equatorial zonal
mean.

duction (loss) at 10 hPa in the easterly (westerly) phase in
September 1995 (1996), while the advective anomaly is zero,
in the advective terms given in Fig, plays a role as well, for there is no ozone gradient at this level. Still, diffusion will
and acts to transport ozone away from the level of maximumact to lower this anomaly and distribute it to the neighboring
mixing ratio. The numerical diffusion in the model has not levels. For this reason, the total anomaly zeroes below the
been diagnosed separately, but it appears reasonable to a2 hPa level, at about 15 hPa.
sume that it balances the net chemical and advective transport consequently, the ozone trend anomaly, that is, the dif-
contributions in Fig. 6a. ference between the following October and the September,
The sum of the chemical QBO anomalies (F8b.and c)  minus the climatological mean of that difference, which pro-
is lower than the advective one below the 13 hPa level. Asduces the QBO anomalies in the mixing ratios, is reversed at
noted above, there is considerable positive chemical net proi5hPa. At the levels above 10 hPa, transport and chemistry
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a) MAECHAM4—CHEM: QBO net effect in 03 [ppmv]
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Fig. 14. As Fig.12a, but for a second pair of experiments running
from 2000-2019.

contributions should be in phase. But in the chosen example,
the wind shear is reduced at these levels and the QBO is in
the easterly (westerly) state at 5 hPa. As can be seen id,Fig.
W eis  d0s  EQ 30N GON_ sON the ozone anomaly is zero there.
This section shows that both chemistry and transport
‘, anomalies are important for the formation of the QBO
22 anomalies in ozone at the Equator. Both are primarily due
S to the anomalies of upwelling that are part of the QBO’s sec-
ondary circulation. The direct effect by advection of ozone is
combined with an indirect one caused by the advection of ni-
trogen oxides to form the characteristic pattern of anomalies.
Both are approximately in phase above 15hPa. However,
both observations and model results suggest that the phase
shift at 15hPa is by slightly more than 1°800ne should
keep in mind that ozone chemistry takes about 1 month at
this altitude range to reach its steady state. That will cause

c) MAECHAM4—CHEM: QBO net effect in 03 [ppmv], JJA

90 60S 308 £Q 30N 60N 90N

T the chemical contribution to the signal to be lagged, as it is

d)  MAECHAM4—CHEM: QBO net effect in 03 [ppmv], SON observed in both model and satellite record.

We also like to stress that while the ozone production
anomaly is small compared to the single production and loss
terms, it is still much larger than the observed rate of change
in ozone in the middle stratosphere, as is the advective con-
tribution. Hence the ozone anomaly is the residual of large
contributions and quite sensitive to the circulation.

In the model, diffusion is making a considerable contri-
bution to create the anomaly. As noted before, it is likely
overestimated in the model. It will act to dampen the anoma-
_‘ : ; lies and explain the too low amplitude of the ozone QBO
S 60 in the model. Also, an increased vertical resolution should
benefit the simulation of the signal, as the advective and the
chemical contributions change greatly with altitude.

p [hPa]

Fig. 13. As Fig. 12a, but for seasonga) DJF; (b) MAM; (c) JJA;
(d) SON.
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4 Net effect of the QBO on the circulation Circulation differences resulting from the QBO can be il-
lustrated effectively by discussing differences in the stream
In this section net effects of the QBO are analyzed in zonakunction. However, a detailed discussion of the effects is not
wind, temperature and mass stream function. Climatologiesssential for understanding of the processes involved. Hence
are computed for the three quantities based on the long terfye present the net effects of the QBO on the annual and
simulations, which average over the effects of several QBOseasonal means of stream function in Appendix 1, shown in
east and west phases. As explained above, two year periogsgs. Ala and A2a—d, and just summarize briefly the derived

after the eruptions of El Chichon and Mt. Pinatubo are sparedjifferences from the inclusion of the QBO on transport:
from the analysis to avoid false detection due to the volcano

impacts. Furthermore, the year 1999 is spared from the anal- — Reduced upward transport in the tropical stratosphere
ysis to obtain an integer number of QBO cycles, six in this ~ below 60 hPa and between 10 and 3hPa
case. For comparison, the magnitude of the respective QBO
variations in the model will be shown, computed using the
method ofBaldwin and Gray2005.

First, we analyse the QBO’s net effect in zonal wind. Itis

shown in Fig.7a. On average, winds are more westerly inthe  _ |ncreased poleward transport from the tropics around

QBO experiment than in the non-QBO experiment both in 10 hPa, especially in winter and, with reduced reach, fall
the lower stratosphere around 50 hPa and in the upper strato-  on each hemisphere

sphere around 5hPa. This is mostly because the nhon-QBO
simulation produces easterly winds in the tropics. But in the — Reduced poleward transport around 60 hPa, especially
QBO simulation the asymmetry in the strength and the du-  in winter
ration of easterly and westerly phases as in the Singapore
radiosonde record is reproduced, and thus the 20-year cli-
matological annual mean zonal wind in the tropical strato-The effects of these differences in circulation on temperature
sphere of this experiment is different from zero. The easterlyand ozone shall be discussed in the following.
QBO jet s strong in the middle stratosphere between 10 and The temperature QBO signal (Figb) is a direct con-
40 hPa so that in the Iong term mean, winds are more eaSter'yequence of the modulation of the Brewer-Dobson circula-
than in the non-QBO experiment at the Equator. Winds arejon. Due to the positive gradient of potential temperature
also more easterly in the uppermost stratosphere at aroungith height, increased upwelling leads to cooling and de-
1hPa. This is due to the interaction of the QBO and thecreased upwelling or subsidence produces warm anomalies.
SAO, which is also reflected in a secondary maximum of theThis direct connection between vertical motion and temper-
QBO amplitude in Fig7b and the different strengths of the ature also holds in the long term annual mean difference be-
SAQ in Fig.1a and b. Different absorption of tropical waves tween the two experiments, as Fg illustrates. The pattern
in the different wind conditions of the two model experi- of warm-cold-warm-cold regions from 100 hPa to 1 hPa in
ments is the main explanation for this effect. In summary, the equatorial stratosphere corresponds well to the four-layer
we have a four layer structure for the QBO’s net effect onstructure in the stream function. In the subtropics, the sig-
zonal wind which extends from 2 to 20 N in the tropical  nal is reversed, as the vertical motion anomaly of the SMC is
stratosphere. There is no significant net effect on the annuah the stream function (see Fig. Ala), but it is much weaker
mean zonal wind in the extratropics. than in the tropics. The strongest changes occur in the trop-
Figure8 shows the net effect of the QBO on zonal mean jcal lower stratosphere, which is warmer by about 2K in the
zonal wind during boreal winter, spring, summer and fall. It QBO experiment, and the tropical upper stratosphere, which
is found that in the QBO experiment, especially during theijs colder by 1.5 K. We also note a weak cooling of the south-
solstitial seasons, but also during the following equinoctials,ern polar lower stratosphere, although the QBO variation of
the winds are more westerly in the low latitudes of the sum-temperature is very small in this region. On the other hand,
mer hemisphere, in a wide range between 70 and 2 hPa. Thie QBO signal in the northern polar stratosphere does not
illustrates that mainly the weakening of the summer hemi-produce a net effect in the annual mean.
sphere easterlies causes the net Westerly effect in the an- A more detailed picture of the QBO's net effect on temper-
nual mean. The net easterly effect at 1 hPa occurs only intures is obtained from the seasonal analysis in Fig—d.
the equinoctial seasons, in the westerly phase of the SAOThe equatorial signal is similar for all seasons, except for
which is more pronounced in the noQBO experiment. Slightthe upper stratospheric cooling, which mostly occurs during
changes of the winter time westerly jets is noted, but the dif-the equinoctial seasons, a consequence of the more easterly
ferences are not significant at the 95% level in Students t-tesjind shear resulting from the modified SAO due to thermal
because of the high year-to-year variability. In northern fall, wind balance. Theses cold anomalies are accompanied by
winds are a bit more westerly on both hemispheres. warm anomalies in the autumn hemisphere, which appear to
propagate downward until winter, when they contribute to the

— Increased upward transport in the tropical middle strato-
sphere between 60 and 10 hPa and in the upper strato-
sphere above 3hPa

— Reduced poleward transport at around 4 hPa
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relatively strong subtropical warming between 15 and 70 hPa Consequently, the advective contribution to the ozone bud-
on the winter hemisphere. Generally, the subtropical signalget outweighs the total chemical loss above 3 hPa, as can be
are stronger on the winter hemisphere, as the QBO variatioseen in Figl1b, despite the relatively short lifetime of ozone
itself is (see, e.gHamilton, 1989 Bruhwiler and Hamilton  at these levels. Only between 3 and 15 hPa do we find the
1999 Gray, 2000. net effect on the total chemical budget to be larger than that

Interestingly, temperatures are colder by about 2 K duringon total transport. Below 15 hPa, the stronger upwelling in
fall at northern polar latitudes in the QBO model. At southernthe QBO model leads to a transport loss that is partially bal-
polar latitudes, the relative cooling is limited to spring (100— anced by increased total chemical production, in agreement
10 hPa) and summer (below 60 hPa), the pattern is apparenthyith the findings on the total budget in Figg.
emerging from the polar vortex and propagating downwards. As for the mean profile, diffusion will act to balance the
These polar anomalies can not be understood directly frommemaining anomalies. Nonetheless, positive (negative) net
our analysis of the mass stream function. The cold temperanomalies in the total change rates of ozone coincide with
ature in northern fall is consistent with the slightly stronger net increased (reduced) mixing ratio in Fitga at 12 and
westerlies there. This supports an earlier formation of the50 hPa (5 and 30 hPa).
northern vortex, which may be aided by the weaker summer Figure12b shows the QBO amplitude in ozone, which has
easterlies. Quite likely, the difference also relates to changea minimum at the Equator at the location of the phase reversal
in the propagation of Rossby wavdsddton and Tan198Q seen in Fig4. The QBO signal at midlatitudes caused by the
O’Sullivan and Salby199Q Baldwin and Gray2005 Calvo SMC (e.g.Randel et a].1998 is also reproduced, as well as
et al, 2007. E.g.,Holton and Tan(1980 found that QBO  an impact on Arctic 0zone mixing ratios (e@'Sullivan and
westerly conditions in the lower stratosphere is associatedalby, 1990.
with weaker wave one activity in early winter and a stronger However, in the annual mean, there is no net effect of the
vortex. On the other hand, the net effects in temperature ca®BO on lower- and mid-stratospheric ozone at mid-latitudes.
also be caused by net effects in radiatively active trace gasednstead, there is a net decrease of about 3% in the experiment
which themselves originate from the change in circulation.with the QBO at around 5hPa at mid-latitudes and a slight
These are the the subject of the next section. net decrease in the southern vortex area.

Figure 13 shows the seasonal variation in the QBO’s net
effect on ozone. In the tropical upper stratosphere, above
3hPa, an increase is only noted during the equinoctial sea-
sons, when the temperature is significantly colder in the QBO
model. At mid-latitudes, higher ozone volume mixing ratios

5 Net effects of the QBO on ozone

In this section we apply the same analysis of QBO net ef-
fects to the ozone volume mixing ratios. Analogous effects . : S

L -~ are found during winter and spring in the lower stratosphere
on methane, NQand water vapor are given in the Appendix.

In short, the QBO model run has increased methane an(?nd the lower mixing ratios in the upper stratosphere are par-

N2O concentrations above about 10 hPa resulting from the|cularly pronounced during summer and fall. These patterns
. . : ) . . resemble those found for the net effect on temperature, and
differences in the circulation. NQOconcentrations are in-

creased by 10-15% in the upper stratosphere, and water Vg_ence suggest that the net effects on ozone are linked to the

N - : ff n the vertical transport.
por is increased in the lower stratosphere due to mcreas;eaete ects on the vertical transport

. To confirm the net effect on mid-latitude ozone, a second
tropopause temperature, but not so much higher up where _. . )
instead methane is increased pair of experiments that run from 2000-2019 and only dif-

One might expect that the strong increase indii@the up- fer in the representation of the QBO was evaluated. Both

per stratosphere, especially at the Equator, seriously impact(?sXperlments follow the specifications of the REF2 exper-

the modelled ozone concentrations, as the loss via thg Nolments of the CCMVaI. aCt.'V't.y Eyring .et al, 2008, ex-
. L . —cept for the QBO, which is included in one of the sim-
cycle makes a major contribution to the ozone budget given

in Fig. 5a. But there is no evidence for this in the QBO’s net _ulatlons only. Trace gas concentrations for_ these exper-
. iments are based on the IPCC A1B scenario, SSTs pre-
effect on ozone in our model.

Figure 11a compares the relative contributions to the scribed from a simulation of the UK Met Office HadGEM1

ozone budget in the model runs with and without QBO. Thereatmosphere—ocean .GCM also assuming the A1B scenario.
_ . . o Halogen concentrations are based on the B2 scenario in the
is indeed a considerable net effect in the,Nsontribution to

ozone loss, it amounts to about 10% and is thus of a magniEJNEP/WMO assessment of ozone depletidio, 2003.

tude comparable to that of the QBO variation. It occurs atTﬁzsgioréZ;?Nﬁ?; tc?gsgslrgti;hni g?st:]’ecggsien';iiuc; Sh;]tutgf
a higher altitude though, and is partly balanced by reduce 9 9 9 y

. 000. A detailed description of this procedure is given
losses by CIQ and Q+O.’ and the net totql loss is almost on the CCMVal websitehttp://www.pa.op.dlr.de/CCMVal/
completely balanced by increased production.

Forcings/gbodataccmval/uprofile 195301-200412.htrl
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The net effects on zonal wind, temperature and trace gases The net effects on tropical temperatures and ozone mixing
for these experiments (not shown) agree qualitatively withratios generally correspond to the net effects in upwelling. In
the findings for the experiments 1980-1999, but those forthe case of ozone, the net chemical production also differs
ozone do not. Figurgé4 shows the difference in stratospheric for the two cases and partially cancels the transport effect in
ozone volume mixing ratios found in the experiments for the lower stratosphere. In the upper tropical stratosphere, the
2000-2019. No significant net loss is found at mid-latitudes.QBO modulates the strength of the SAO, which, in combina-
This result is at first surprising. It suggests that the net ef-tion with the stronger upwelling, leads to net colder temper-
fect of the QBO on ozone depends on the different forc-atures and higher NQespecially in the equinoctial seasons.
ings in the future and past experiments. Specifically, the in-The higher losses via the NO/N@ycle are however largely
crease in CFCs during 1980-1999, which causes an incread®glanced by increased photolysis rates and reduced losses to
of ClOy levels in the stratosphere and thereby affects theother loss processes. The transport contribution prevails over
modelled ozone concentrations in both QBO- and noQBOthe chemical change rate below 15 and between 1 and 3 hPa.
experiments, levels off during 2000-2019. In contrast, the At mid-latitudes, we find lower ozone volume mixing ra-
greenhouse gas emission trend is similar in both time peritios for the period 1980-1999 between 10 and 3 hPa when
ods, and any climatic differences due to the increased greerthe QBO is included in the model. A time series analysis (not
house gas levels or the different SST boundary conditions irshown) reveals a faster decrease of volume mixing ratios in
the past and future experiments could cause differences ithe QBO simulation compared to the free running one. This
the net QBO effect on ozone primarily via a difference in the indicates that the adjustment to the changes in the forcing,
net effect on the circulation, which is not found in the simu- specifically the increasing CFC concentrations during 1980—
lations. 1999, differs between the two simulations. However, it has to

Hence it seems that while the net effect on mid-latitude be kept in mind, that some of the perturbations caused by the
upper stratospheric ozone is absent at constant chlorine corruptions of El Chichon and Mt. Pinatubo are only presentin
centrations, there is a net effect due to the positive chloringhe model run with QBO, like the increased water vapor (see
trend in 1980-1999. The model with a QBO appears to ad-Appendix), and may have consequences relevant to ozone
just faster to the increasing CFCs, which causes the lowebeyond the two year period following the eruptions that is
ozone concentrations in the 20 year mean of 1980—1999. Beamitted in this work. Similarly, the 11-year solar variabil-
sides differences in the transport and chemistry of the CFCsity present in the QBO experiment affects ozone concentra-
the effects of the volcanic eruptions of ElI Chichon and Mt. tions in this region and complicates the identification of the
Pinatubo may play a role in causing this different adjustmentQBO’s net effect. For a future study, it would be desirable to
in the two simulations, so the effect can not be attributed toevaluate a pair of experiments with equal, constant boundary
the QBO alone based on our results. conditions except for the QBO and another pair with a linear
trend in CFCs to clarify this point.

There are also significant net effects at polar latitudes in
our experiments. The slight increase noted in the strength of

In summary, we have forced a QBO in zonal winds based onthe southern vortex when the QBO is incorporated may be

) ; . ; . : due to dynamic effects related to the propagation of waves
observations in a CCM. The resulting circulation yields re- (Holton and Tan1982 Kinnersley and Tung1999. Plan-
alistic temperature and ozone fields in the model. The QBO " y S )

in ozone results from the QBO’s secondary circulation in thegtary waves are barred from the tropical stratosphere dur-

meridional plane, with contributions from variations in (a) ing the easterly phase (e.ghuckburgh et al.2001), lead-

ozone transport with the mean flow and (b) transport of ni- "9 toa sllghtly weaker BDCI-Qayne§ et aj'lgg.j) and a
. : . stronger, more isolated vortex. The differences in ozone and
trogen oxides that cause ozone depletion. The combination .
e .. _Qther trace gas concentrations between the two model runs
of these two effects causes the characteristic phase shift L 1 however also influence vortex dvnamics. The northern
the ozone QBO at 13 hPa. Compared to HALOE satellite ob- Y i

servations, the signal is slightly underestimated in the modeIVortex is slightly stronger in fall, likely for similar reasons,

S i . : but not in winter and spring. Again, one could think of a
which is certainly related to the relatively low vertical reso- . : . . :

. . ) : . further pair of experiments with no coupling of chemistry to
lution of the model in the given configuration.

S assess the respective roles of direct and indirect effects of the
Furthermore, on the long term, we found significant an-

. . . _changed dynamics at polar latitudes.
nual and seasonal net effects of introducing the QBO into In this work, we focused on the period 19801999, for

the model on the circulation and trace gases by CorT”O&mn%vhich extensive observations were available to determine to

a pair of otherwise identical CCMs. Most of the differences -
at mid- and low-latitudes are related to the QBO's secondaryWhat extent the nudged QBO model produces realistic results

meridional circulation. E.g., reduced upwelling in the lower and to elaborate the net effect of the QBO for this period.

. : We wish to state clearly that details of the presented net ef-
tropical stratosphere leads to increased temperatures at and o
. ects may be specific to the model system used here, because
above the tropical tropopause.

of its specific limitations as discussedHyring et al.(2006.

6 Conclusions
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Nonetheless, the overall net effects determined in thisments. Figure Ald shows the amplitude of the QBO varia-
study demonstrate that the QBO affects the stratospheric cittions in methane in the nudged model experiment. The dark
culation in multiple ways and in regions beyond those wherecontours show that the amplitude is of the order of 5-10% of
QBO variations can be detected. There are considerable imthe mean volume mixing ratio in a large part of the extratrop-
pacts on the trace gas concentrations which will feed back oncal stratosphere.
the circulation via radiative heating. Accurate modelling of Figure A2e—h confirm that the increased methane volume
the stratosphere therefore requires an accurate representationixing ratios occur mainly in winter and spring on both
of the QBO. hemispheres, as can be expected from the analysis of the
mass stream function. There is a slight reduction of the
methane mole fraction between°2@nd 30 N at around
30 hPa during summer and spring, especially on the Southern
Hemisphere.

The stratospheric concentrations of water vapor are ele-
vated up to 6 years after the big volcanic eruptions in the
model run with QBO, while they are not in the noQBO run.
The method to calculate the net effect of the QBO as de-Tg eliminate the resulting net difference in the 20-year means
scribed in the text was applled to additional quantities bESide%etween the two experiments, six years after the eruptions of
zonal wind, temperature and ozone. As for the latter, theg| Chichon and Mt. Pinatubo were excluded for the analy-
QBO amplitude and the seasonal net differences were alsges of the water vapor field, in contrast to the other quanti-
computed. The results are given in Figs. Al and A2. ties. Unfortunately, this leaves only 8 years or about three

The mass stream function was chosen because it best iIHBO cycles and hence reduces the reliability of the results.
lustrates the net effect of the QBO on the meridional circu-Fig. Ale shows that nonetheless a QBO signal in tropical
lation. In Fig. Ala, the contours give the stream function for water vapor is retained. It occurs at 10 hPa, thus at a lower
the QBO experiments. In the stratosphere there are two larggititude than in satellite observationRgndel et al. 1998
circulation cells of opposite sign on the two hemispheres2004 Schoeberl et 312008, as mentioned in Sect. 2. In the
that describe the Brewer-Dobson circulation. Contour linesmodel, the signal is about half as strong as analysed in the
give the direction of the flow, which is clockwise for posi- HALOE record bySchoeberl et a(2008.
tive stream function and anti-clockwise for negative stream The net effect of the QBO, given in Fig. Ale, is clearly
function, and the density of isolines gives the strength of thedominated by the tropopause temperature effect. There is
flow. a surplus of up to 10% above the tropical tropopause and

The net effect of the QBO as shown in the shades ofaround 5% in most of the lower stratosphere in the model
Fig. Ala is largely antisymmetric with respect to the Equa- simulation with nudged QBO compared to the free running
tor. In the lower stratosphere, upwelling is weaker in the sim-model.
ulation with a QBO which affects the time scale of the tape The seasonal analysis in the Panels i—I of Figure A2 con-
recorder signal in water vapoB(orgetta et al.2009. Higher  firms that most of the net effect in the lower stratosphere seen
up, at around 30 hPa, the effect is reversed and the circulatiom Fig. Ale is due to the QBO’s net effect on tropopause tem-
is stronger by up to 5% in the QBO experiment. There areperatures. A comparison to Fig. A2e-h reveals that in the
two further alternating pairs of cells in the upper stratospheremiddle and upper stratosphere, regions with higher water va-
located at 7 and 2hPa. The panels a—d of Fig. A2 show theyor in the QBO run coincide with the regions where methane
large seasonal variations of the stream function. mole fraction is not elevated with respect to the noQBO run,

In addition to ozone, we give the QBO effects and hence the net effect on total hydrogen is about constant in the
amplitudes for three further prominent trace gases in theentire stratosphere.
stratosphere. Methane, water vapor and nitrogen oxides At the Equator, volume mixing ratios of NCare maxi-
(NOx=NO+NO,+NO3+0.5NOs5) were selected for their mum at around 5hPa. Fig. Alh shows that there is a QBO
roles in the radiation budget and the chemistry of ozone.  signal in NQ, in two regions above and below the maximum.

The net effect of the QBO on methane, shown in Fig. Alc, It thus seems that the QBO in N@ caused by the QBO in
is a substantial increase in the mole fraction over a wideupwelling and the tracer gradient. As discussed in the text,
range of the stratosphere above 40hPa. The absolute nétis signal makes an important contribution to the QBO in
effect is largest in the tropics between 10 and 5hPa, whicltozone.
can be attributed to the increased upwelling in the middle The net effect in NQ is shown in Fig. Alg. In the QBO
stratosphere. At mid-latitudes, the net difference betweersimulation, there is slightly less NOn the tropics between
the methane concentrations in the QBO and noQBO experi15 and 30 hPathan in the QBO less reference simulation. The
ments is strongest at around 10 hPa. It can be explained bget downwelling between 5 and 10 hPa and net upwelling
the higher poleward transport at these levels indicated by thabove are consistent with elevated N@elow and above
differences between the stream functions in the two experithe maximum. However, we assume that most of the net

Appendix A

Net effect in stream function and further trace gases
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a) MAECHAM4—CHEM: QBO net effect in chi [kg/s] b) ME4—C_QBO: QBO amplitude in chi [1e6 kg/s]
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Fig. Al. As Fig. 7, but for mass stream function [ﬁﬁg/s] (a—b), and the volume mixing ratios of methane [ppnfe}-d), water vapor
[ppmv] (e—f) and nitrogen oxides [ppbyp—h).
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a) MAECHAM4—CHEM: QBO net effect in chi [kg/s], DJF b) MAECHAM4—CHEM: QBO net effect in chi [kg/s], MAM
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D) MAECHAM4—CHEM: QBO net effect in q [ppmv], MAM
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effect comes from increased production of Nfbom N2O, Bruhwiler, L. P. and Hamilton, K.: A numerical simulation of

for which the pattern of the net effect (not shown) is very the stratospheric ozone quasi-biennial oscillation using a com-

similar to that in methane. prehensive general circulation model, J. Geophys. Res., 104,
The panels m—p of Fig. A2 show the net effect in \ior 30525-30557, 1999. _ _
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