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Abstract. The eruption of Mount Pinatubo produced the 1 Introduction
largest loading of stratospheric sulphate aerosol in the twen-
tieth century. This heated the tropical lower stratosphere, afThe eruption of Mount Pinatubo injected 20 Tg of Sidto
fecting stratospheric circulation, and provided enhanced surthe stratosphere which was, on the time-scales of weeks, con-
face area for heterogeneous Chemistry_ These factors cony.erted into sulphate aerosol. At the time of maximum aerosol
bined to produce record low values of “global” total ozone loading there was 30 Tg of sulphate aerosol in the strato-
column. Though well studied, there remains some uncersphere Bluth et al, 1992, the highest loading in the twen-
tainty about the attribution of this low ozone, with contri- tieth century Robock 2000. Following the eruption low
butions from both chemical and dynamical effects. We takevalues of ozone were observed in the lower stratosphere, par-
a complementary approach to previous studies, nudging thécularly in winter and spring&leason et a]1993 Hofmann
potential temperature and horizontal winds in the new UKCA €t al, 1994 McGee et al.1994 Randel et al.1999. Angell
chemistry climate model to reproduce the atmospheric re{1997) calculated reductions in the total ozone column rang-
sponse and assess the impact on global total ozone. We théfd from 2% in the tropics to 7% in mid-latitudes. Ozone
combine model runs and observations to distinguish betweeflepletion in the aerosol cloud was higher, locally reaching
chemical and dynamical effects. To estimate the effects of in-around 20% Grant 1992 1996.
creased heterogeneous chemistry on ozone we compare runs TWo processes involving the aerosol are implicated in the
with volcanically enhanced and background surface aerosoPzone reduction. The direct chemical effect was a result of
density. The modelled depletion of global ozone peaks athe aerosol surface acting as sites for heterogeneous chem-
about 7 DU in early 1993, in good agreement with values ob-ical reactions olomon 1999. This locked NQ into in-
tained from observations. We subtract the modelled aerosdictive HNG, liberating chlorine from reservoirs to active
induced ozone loss from the observed ozone record and agPecies, enabling the catalytic destruction of ozdrehgy
tribute the remaining variability to ‘dynamical’ effects. The €t al, 1993 Solomon 1999 Robock 200Q. There was
remaining variability is dominated by the QBO. We also ex- @lso an indirect effect as a result of the aerosol altering the
amine tropical and mid-latitude ozone, diagnosing contribu-temperature and dynamics of the stratosphere by absorbing
tions from El Niio in the tropics and |dent|fy|ng dynamica"y radiation, heating the lower Stratosphere. The temperature
driven low ozone in northern mid-latitudes, which we inter- increases in the lower and middle stratosphere were signif-
pret as possible evidence of changes in the QBO. We conicant, with peak increases at 30 hPa of around 3.5#b¢
clude that, on a global scale, the record lows of extra-polartzke and McCormick1992. This positive anomaly gradu-
ozone are produced by the increased heterogeneous cherlly decreased over the course of 1992 as the tropical aerosol
istry, although there is evidence for dynamics produced lowwas dispersedcCormick et al, 1999. The heating of the
ozone in certain regions, including northern mid-latitudes. ~stratosphere also caused increased tropical up-welling, rais-
ing air from regions with low ozone, reducing the ozone col-
umn McCormick et al, 1995. The associated subsidence
at high latitudes brought ozone down, potentially masking
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The ozone column in the Pinatubo period was also influ- The impacts of the eruption have also been considered
enced by the phase of the Quasi-Biennial Oscillation (QBO)in modelling studies of recent variability of ozone, with
and the phase of the El Rb Southern Oscillation (ENSO). other factors studied including the QBO, Cl loading and so-
The QBO is a downward propagating variation of tropical lar variability (Dameris et al.2005 Stolarski et al. 2006
zonal winds with a varying periodicity of around 28 months. Fleming et al. 2007 Shibata and Deush?009. Stolarski
It modulates the tropical up-welling and extra-tropical wave et al. (200§ used a statistical model to determine the im-
propagation, both affecting ozone concentratidBalgdwin portance of these different terms in modelled and observed
et al, 200). The heating of the lower stratosphere by the ozone. They showed that the eruption led to a peak reduc-
aerosols produced by Pinatubo affected the QBO, “lock-tion in global ozoné of 6.7+1.1 DU, with the largest effect
ing” the phase of the QBO for several montiEh¢mas  observed in the northern mid-latitudes. Their modelled re-
et al, 2009h). The years 1991 and 1992 had pronouncedsponse is smaller (441.1 DU) and predominantly in south-

El Nifio conditions as indicated by the multivariate ENSO ern mid-latitudesFleming et al(2007) note similar features,
index Wolter and Timlin 1993. EI Nifio affects tropi- observing little effect in southern mid-latitudes in the data in
cal ozone, by changing circulation patterns and cooling thecontrast to significant modelled effects theBameris et al.
stratosphere. Much of the variation relates to changes in lon{2005 looked at the impact of the eruption as part of a long
gitudinal patterns in ozone column and is removed by considterm CCM study. They modelled a 20% increase in the ver-
ering zonal means, but there is a residual variation in the troptical ascent rate leading to a 5% decrease in column ozone in
ical UTLS (Shiotani and Haseh&994 Logan et al. 2003 the tropics.

Zeng and Pylg2005 Pyle et al, 2009. In the extra-tropics Studies of the effects of Mt. Pinatubo have acquired new
Randel and Cobfi1994) note some variation but confined to relevance afte€rutzen(2006 andWigley (2006 suggested

the Pacific andhibata and Deusl{200§ model variability — that stratospheric sulphate aerosols could be used to mitigate
through the vertical profiles, though much seems to canceglobal warming.Trenberth and Daj2007) noted the disrup-
when ozone columns are considered. One further factor conton of the global hydrological cycle caused by the eruption.
tributing to changes in mid-latitude ozone is the variation in Tilmes et al.(2008 used a simple empirical method to look
the export ozone depleted air from the polar vortelarfis  at the effect on polar ozone whilRbbock(2008 considered

et al, 2008. other widespread impacts on regional climate, the biosphere

The large perturbation to the Earth’s climate produced byand ozone depletion and, in a more detailed stuRiybpck
the eruption has been the subject of many model studies, ekt al, 2009, predicted benefits to preserving arctic ice, but
ther focussing on the period itselBékki and Pyle 1994 warned of possible disruptions to the African and Asian mon-
Rosenfield et al.1997 Al-Saadi et al.2001;, Thomas eta).  soons. Understanding the causes of ozone variability after
2009ab) or as part of simulations of recent ozone variationsthe Pinatubo eruption could help inform judgements about
(Chipperfield 1999 Dameris et al.2005 Stolarski et al.  the impacts of this form of geo-engineering.

2006 Fleming et al. 2007 Mader et al. 2007 Wohltmann Whilst the observation of low total ozone and the fact that
et al, 2007 Shibata and Deush2008. Detailed studies of  the increased surface aerosol density caused ozone deple-
the ozone chemistry around the time of PinatuSolémon  tion are well established, the exact link of the observed low
etal, 1996 Rosenfield et 8] 1997 Chipperfield 1999 indi-  ozone to the increased surface aerosol density and other fac-
cated that the main impact arose from the increase in aerosebrs, such as dynamical variability, is still uncertain. Differ-
surface area density. These studies modelled zonal meghg conclusions regarding the relative importance of chem-
depletion of 2-3% in mid latitudes, with larger depletion, istry and transport have been reached. It is important to re-
up to 10%, at higher latitudes in springSolomon et al.  solve these uncertainties. For instance, as the concentrations
(1999 attributed this to changes in the NIOy abundance  of stratospheric halogens decrease, the impact on ozone of
in the lower stratosphere enhancing the ClQ/@kio. They  increased surface aerosol density, from volcanoes or geo-
also noted that this depletion underestimated that observedngineering schemes is expected to decrease. However dy-
by 50%. Rosenfield et al(1997) examined the impact of namical factors such as changes in stratospheric circulation,
changes in aerosol heating rates on ozone columns. Themay still produce low ozone even with reduced halogen con-
diagnosed depletion in the tropics, around 2%, immediatelycentrations.

after the eruption with a small increase later in mid-latitudes. e use a new, complementary, approach to investigate the
They also noted that changes in photolysis rates arising frome|ative importance of different impacts of the eruption. This
increased optical depths had very little impact. In contrast thegpproach uses a nudged chemistry climate model (CCM)
importance of dynamical effects was raisecHBdjinicolaou  combining many of the best aspects of the existing CTM

et al. (1997 who used a CTM forced by UKMO analyses and CCMs. We use the information of the meteorological
throughout the 1990s. They ignored the chemical effects of

the eruption, but their model still produced low ozone after 155 defined as the average ove? 8to 6(° S, as used bghip-

the eruption. Their study considered only the northern mid-perfield et al.(2006 with high latitudes excluded due to unavail-
latitudes. ability of continuous ozone measurements during winter.
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analyses, as do CTMs, but in a framework with consistent2.2 Data

model physics, including vertical wind as a prognostic vari-

able in the CCM. The ability to reproduce the observed me-The TOM$/SBUV dataset provides the total ozone data

teorology allows us to combine observations and model runsfrom which we obtain information on variability during the

with and without the increased surface aerosol density, tol990s Bodeker et al.2005. We attribute the causes of this

probe the different impacts of the eruption. variability by comparing to known drivers of variability, such
as the QBO and ENSO. We use the zonal wind at 50 hPa
over Singapore as a proxy index for the QBRa(jokat

2 Setup 1986. Information about the phase of the ENSO is taken
21 Model from the Multivariate Ensemble Index (MEI) &ffolter and
: ode Timlin (1993.

We use a nudged version of the UKCA modg&diford et al,
2008. Itis based upon the Met Office’s Unified Model (Me-

tl.JM)’ ;NSlg]Ae chemistry provideldzgg theT:;t_rathospheric Ve Due to the limited coverage of the TOMS/SBUV data-set
sion o Morgenstern et 3 9. This has a com- we exclude all data from latitudes polewards of 6QAv-

prehe_nswe strgtospherlc chemistry, including chlonne anderaging the remaining data produces a quasi-global 60
bromine chemistry, and heterogeneous processing on pol

tratospheric clouds (PSC d liquid sulfat | I% 60 S) total column ozone average, which we denote as
stratospheric clouds ( s) and liquid sulfate aerosols. r‘1global ozone”. In addition we average the total ozone col-

addition it has a simplified tropospheric chemistsjorgen- umn between 10N to 1C° S to obtain “tropical ozone” and

stern et al(2009 provide a detailed comparison of the CCM between 30to 60° S and N to obtain southern and northern

ggﬁdd:;;h's study against a range of stratospheric COMPOStyyig-latitude ozone”, respectively. We process these aver-

' . ages in a three stage process. First a linear trend is removed,

The configuration used here has then we account for the annual cycle by removing a sinu-
— a horizontal resolution of 3.752.5° in longitude and ~ Soidal best fit, before smoothing with a 6 month running av-

latitude. erage.

We performed three model runs (Taldle Run A utilised

— 60 hybrid height levels in the vertical, from the surface all aspects of the model, nudging to ERA-40 and prescrib-

up to a height of 84 km. ing the SAD, to simulate the effects of the eruption. To iso-
late the impact of heterogeneous chemistry from the eruption
Run B was made with the SAD fixed to 1990 values, which is

The sea surface temperatures and sea ice coverage ai@ken to represent background levels. This run is intended to
prescribed from the HadISST datasBagner et aj.2003. represent the situation without the Pinatubo aerosol, although
The technique of nudging is used to reproduce the atmoit does include the associated dynamical changes from nudg-
spheric conditions over the period studied. This constraindng- Itis initialised from Run A at the start of January 1991.
model horizontal winds and potential temperatures to ERA-Run C was made without nudging, but with the increased,
40 re-analysis dataJppala et al. 2009. The nudging is time varying, SAD, to investigate how well the free running
applied from 3 to 45km with a relaxation parameter of model performs.

%hr—l (Telford et al, 2008. First, we compare the global total ozone data between

The solar flux is kept constant throughout the period. TheRuns A, B and C to assess whether the runs provide a rea-
chlorine and bromine loadings are kept constant at 3.4 ppbwonable representation of the observed variability. We define
and 17.5 pptv respectively. All species are initialised from the chemical effect of the eruption on ozone to be that caused
a previous 10 year run of the model. The surface aerosoPy the changes in SAD after the eruption. This is evaluated
density (SAD) used to calculate heterogeneous chemical reffom the differences in the ozone column between Runs A
actions is prescribed from a time dependent data-set crekO%) and B (G). Runs A and B are nudged to the same me-
ated by D. Considine principally from the SAGE Il instru- teorological fields so that the difference in ozone between the
ment (Thomason et 311997, augmented by a small amount two runs can be attributed to the change in SAD. This mod-
of data from the SAM Il instrumentMcCormick et al,  elled chemical effect40§"™™=04-05) is then subtracted
1979. The optical depth is prescribed from the data-setfrom the observed ozone record(()gbs). The remaining
of Sato et al(1993. ozone residual £402"=A0S A0 should then cor-

respond to the “dynamical” effect, including that from the
eruption, if we have successfully removed the chemical ef-
fect. Of course the whole system is highly coupled and

2.3 Methodology

— a dynamical time-step of 30 min.

20btained fromhttp://jwocky.gsfc.nasa.gov
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Table 1. Summary of runs made in the model.

Run name Dynamics Surface Aerosol

Best Guess (A)  nudged (1988-1998) “pinatubo” (1988-1998)
Background (B) nudged (1991-1998) background (1990)

Free (C) free (1988-1998) “pinatubo” (1988-1998)
—— Best Guess (A) —— Free Running (C)
— Background (B) — Observations

N
o

TO3 Anom. [DU]
S o o

-20 t
1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
Time [years]

Column [DU]
Column [DU]
60 [ T
60

40
40

20 20

-20

—60 \ | w150 -60 i : ‘ @ @l ‘
1990 1991 1992 1993 1994 1995 1990 1991 1992 1993 1994 1995
Time Time

Latitude [Degrees]
X o
Latitude [Degrees]

Fig. 1. Comparison of ozone column between model runs and TOMS/SBUV data. Top: Average global ozone column anomaly as a function
of time in the data and in the three model runs. Bottom: zonal mean ozone column as a function of time in TOMS/SBUV data (left) and
Run A, the best guess run (right). The model has been scaled to allow the spatial distributions to be compared.

dynamical and chemical processes interact through radiativeeing excluded. As the global average ozone column in all
transfer; our “dynamical” signal will include several factors. model runs shows a slight high bias of around 10%, we com-
We repeat the procedure for tropical and northern and southpare deviations from the mean rather than average values.
ern mid-latitude ozone. The combination of meteorology nudged towards re-
analysis data and a simple prescription of increased surface
aerosol density used in Run A produces a good representa-
3 Results tion of global ozone variability. Given that TOMS/SBUV

First we compare the global average ozone column peoZone data are used in the ERA-40 assimilation over this

tween the model runs and the unprocessed data to asseeg”og Dethoftacr;d HOIEZOO:I) this go?)d tcotrr:es?orldence h
the model’s ability to reproduce the observed variability. We may be expected even though we neglect other factors, suc

proceed to apply the methods described in S28to distin- as changes in chlorine loading and solar UV flux. j’his
guish chemical and dynamical effects for global (S8c), may reflc_ect that these factor_s do not vary much over this pe-
tropical (Sect3.3) and mid-latitude ozone (Se@&.4). riod (Eyrmg. etal, 200.6 Fleming et aL2_OO7), or simply that
the factors included in our model suffice.
3.1 Validation of UKCA global ozone column Run B, with background SAD values, is able to repro-
duce much of the observed variability. However, as ex-
Figurel shows the global average ozone column in the datgpected, it overestimates ozone in the years immediately
and the model runs. For consistency the model ozone isfter the eruption. The free running model, Run C, is
treated identically to the data, with latitudes polewards 6f 60 also able to capture many of the features of the ozone

Atmos. Chem. Phys., 9, 425426Q 2009 www.atmos-chem-phys.net/9/4251/2009/
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Fig. 2. Contribution to global ozone variability from chemicai(oghem, blue line) and from dynamical eﬁectﬁogyn, black line). The
chemical effects are evaluated from the differences between the best guess run (Run A) and that with background SAD (Run B). The

dynamical effects are evaluated by subtracting this difference from the observations. A regremgﬁf 46 the QBO proxy, with a lag of
7 months, is superimposed for comparison (red line).

variability, with some decrease after the eruption and largethe recovery at a rate of 1®.1 DU/year. The magnitude
ozone loss in 1994/1995. However there are periods, suclnd timing of the effect is in good agreement with that ob-
as 1993 and 1997, where significant differences can be seetained by statistical methods, wiBtolarski et al(2006 de-
One explanation for these discrepancies is that the phase andrmining the effect to peak in 1993 at 7.1 DU.

periodicity of the modelled QBO in the free running model  To consider our sensitivity to the prescribed SAD we have

do not match those observeddgrgenstern et al2009. used an alternative data-set from the CCMVal project based
In addition Fig.1 shows latitude-time plots for the data on that compiled by SPARCThomason and Pete?006.

and Run A. The spatial variation is well reproduced by the This data-set has finer vertical and latitudinal resolution, and

model, though the small bias necessitates using a slightly difif the model is sensitive to the exact distribution of SAD

ferent scale to show this clearly. The reduction in the North-could produce different values of total ozone. The magnitude

ern Hemisphere spring maximum in 1993 and 1995 can bef the ozone loss using this data-set is only 0.2 DU smaller,

clearly seen in both the data and Run A. indicating that with such large increases in SAD, its exact
treatment is relatively unimportant, which may well explain
3.2 Attribution of variability in global ozone why our coarsely gridded SAD data are able to reproduce the

diagnosed ozone depletion. The timing is slightly different,

We apply the method described in Sez3 to evaluate the with the rate of ozone recovery being slightly slower. The

chemical eﬁeCtAochen) of the volcanic SAD and the resid- initial increase caused by heterogeneous chemistry shown
ual, dynamical efl‘ect[@ody” in Fig. 2 is also less pronounced, which is attributed to the

). These are plotted in Fi@. . ) :
In addition we regress the residual ozone variability to OursmaIIerverncaI extent of the aerosol having a smaller impact
n NGO, chemistry.

QBO proxy. ]
We subtract the chemical effech O hem from the ob-

The chemical effect of the eruption is clear, with ozone i h
depletion increasing as the sulphate cloud spreads. This |os§erved variability as descn%?gl in Seet3 to obtain the

peaks at 7.2 DU around the start of 1993, then decreases #¢sidual, dynamical effectO;™"). This residual exhibits a
magnitude as the sulphate is removed from the stratospherguasi biennial variation. A regression afO, Yo our QBO

By fitting this variation using linear trends we note that the proxy, the 50 hPa zonal wind at Slngapore with a lag of
initial ozone depletion was at a rate of £03.2 DU/year with 7 months to account for time to propagate to the extra-tropics,

www.atmos-chem-phys.net/9/4251/2009/ Atmos. Chem. Phys., 9, 42602009



4256 P. Telford et al.: Pinatubo ozone variability

1 2 | T T T T T | T | T | T | T |
of Averaged over 10S- TON
6 - —
~— 3 [ ]
5 i ]
2 i ]
o O ]
8 i ]
_3 — —]
o —— AO3_Chem -
B —— AO3_Dyn 7
9 | o —— QBO based ozone proxy (5 months)| |
e P by

1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
Time [years]

Fig. 3. Contribution to tropical (18S—10 N) variability from chemical Aoghem, blue line) and from dynamical effectsﬁogyn, black

line). The chemical effects are evaluated from the differences between the best guess run (Run A) and that with background SAD (Run B).
The dynamical effects are evaluated by subtracting this difference from the observations. A regremmgﬁndb the QBO proxy, with a

lag of 5 months, is superimposed for comparison (red line). The timing of the Pinatubo eruption is marked by “PE”.

is superimposed for comparison. The dynamical effect and The contribution from the chemical effect is smaller, peak-
our QBO proxy correlate well, with a correlation coefficient ing at around-3 DU, than in the global case, but the rates of
greater than 0.8. A similar correlation is obtained if a lag change are similar, decreasing at5012 DU/year before re-
of 8 months rather than 7 is used. Evidently the remainingcovering at 1.90.1 DU/year.
variability is attributable predominantly (more than 65%) to  agin the global case the residual, “dynamical”, effect cor-
the QBO. The presence of this correlation also increases oYk|ates well with our QBO proxy index, with a correlation
confidence in the reliability of the subtraction of the mod- .yefficient greater than 0.8. The lag used is different, and
elled chemical effect, as any residual chemical signal wouldie proxy is inverted, which reflects the different influence
be unlikely to correlate with the QBO. By using time lagged e QBO has on tropical and global ozone. The period be-
correlations we also conclude that there is no evidence thafyeen 1991 and 1992 is the one period where the correlation
the ENSO has any large impac_t on the remaining variability. is poorer, which corresponds to the warm phase of ENSO.
In agr;at;:nenéwnh Octihler Stuld:)esl we conclfl:de;hattths Malfrg quantify this relationship we remove the variability of

cause of the observed low global ozone after Pinatubo wa: . dyn
the increased surface aerosol density. However dynamic§ne QBO by Subtractmg .the QI?:O _paseq proxy fra,

and correlate the remaining variability with the ENSO proxy,

determine the timing of the Iowe;t values. In add!t|on they roducing a correlation coefficient of 0.45, significant at the
may have a greater effect on regional scales. To mvestlgatgs% level. The ability to produce this correlation without

whether_ this is the case we examine thre'e regions separatelg. lag suggests a more immediate impact of ENSO on tropi-
the tropics and northern and southern mid-latitudes. cal ozone column. The lowest values occur in late 1991 and
1992, just after the eruption of Mt. Pinatubo, suggesting that
dynamical changes from the eruption could contribute to the
The QBO is a tropical phenomenon. In light of the strong '0W 0zone as well. The magnitude of any changes caused by
relationship between the global ozone and our QBO proxythe eruption are too small to quantify with our technique.

it is interesting to see its role in the modelled tropical ozone In the tropics the chemical depletion is smaller than the
column. So we repeat the procedure used to study the globalynamical effect, which is still attributable to the QBO, al-
ozone for the tropics. The resulting contributions from chem-though with a significant contribution from ENSO. We now
ical and dynamical factors are shown in Fgg. investigate the mid-latitudes where both the chemical effects

3.3 Tropical ozone column

Atmos. Chem. Phys., 9, 425426Q 2009 www.atmos-chem-phys.net/9/4251/2009/
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Fig. 4. Contribution to northern (left) and southern (right) mid-latitudes’81°) ozone variability from chemicak(oghem, blue line) and

from dynamical effectszgogyn, black line). The chemical effects are evaluated from the differences between the best guess run (Run A) and
that with background SAD (Run B). The dynamical effects are evaluated by subtracting this difference from the observations. A regression

of Aogynto the QBO proxy, with a lag of 5 months, is superimposed for comparison (red line).

are larger and where previous studies sucHadjinicolaou  years. However in 1993 and 1995 we diagnose low ozone,
et al.(1997 have argued for an important dynamical contri- which appears to correlate well with our QBO proxy.

bution to ozone variability. This additional dynamically driven low ozone in the north-
ern mid-latitudes can explain the discrepancy observed be-
3.4 Mid-latitude ozone columns tween the chemical impact and observations Sptomon

et al. (1996 and others. Some of the variability can also be

The mid-latitudes are the regions where large chemical ozonexplained by changes in ozone loss due to high latitude PSCs
depletion Chipperfield 1999 and dynamically induced low subsequently exported to mid-latitudes, although this effect
ozone Hadjinicolaou et al. 1997 have been modelled af- peaks later in the year than our “dynamical” effeliafris
ter the eruption. To investigate whether we see such effectet al, 2008. In northern mid-latitudes the dynamically in-
we repeat the procedure used to study the global and tropiduced low ozone is also considerable larger than the chemi-
cal ozone for the northern and southern mid-latitudes. Thecal depletion, in agreement with the resultdHafdjinicolaou
resulting contributions from chemical and dynamical factorset al. (1997. Interestingly during the years after the erup-
are shown in Fig4. tion better correlation is obtained using a lag of 5 months, as

Ozone depletion due to increased aerosol surface is largaspposed to 7 months in the other years, suggesting a qual-
than that at lower latitudes, peaking around 10 DU in bothitative difference in the relationship between the QBO and
the Northern and Southern Hemispheres (Blg.The vari-  mid-latitude ozone after the eruption of Mt. Pinatubo. This
ation of the depletion over time is less smooth, showing amay be due to impacts of the eruption on the QBO, such as
large annual cycle, with the heterogeneous depletion peakphase-locking, as seen Byiomas et al(2009h and others.
ing in spring. The magnitude of the depletion is similar in
both hemispheres, in agreement with the studiefle- ,
ing et al. (2007 and Stolarski et al.(200§. When we 4 Conclusions

subtract the chemical effect from the observations to PrOpe use the new UKCA CCM to study the ozone variabil-

duce the “dynamical” effect we see differences between the . ) )
) . C ty around the time of the eruption of Mount Pinatubo. We
northern and southern mid-latitudes. This is in agreemen N .
; L nudge” the model to reproduce the observed dynamical ef-
with the observed ozone variability, as seen Bydeker : . X :
) . fect and investigate the impacts of increased heterogeneous
et al. (2001, Stolarski et al.(2006§ and Fleming et al. . . . . )
. ., chemistry by comparing results of runs with and without in-
(2007, where lower ozone values were seen in northern mid- .
; creased surface aerosol density. We subtract the modelled
latitudes.
ozone changes from the observed total ozone column record

In the Southern Hemisphere the amplitude of ozone N34 obtain the impacts of the “dynamical” effect. The record

annual variability is constant throughout the period. We notey global 0zone in 1993 is mainly a result of the increased
<"h'eterogeneous chemistry, but augmented by some regional

tion with our QBO proxy, with none in the years immediately dynamical effects, most notably in northern mid-latitudes.

after the eruption. In the Northern Hemisphere the variabil-
ity looks similar to that in the Southern in the early and later

www.atmos-chem-phys.net/9/4251/2009/ Atmos. Chem. Phys., 9, 42602009
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The increased heterogeneous chemistry causes glob&odeker, G., Connor, B., Liley, J., and Matthews, W.: The global

ozone depletion, peaking at around 7 DU in early 1993, in

mass of ozone: 1978-1998, Geophys. Res. Lett., 28, 2819-2822,

good agreement with values obtained from observations. The 2001. _ _ _

tion and, by comparing with a QBO proxy, can be attributed

to being predominantly caused by the QBO. On global scale%

we see no evidence of contributions from ENSO or direct dy-
namical impacts of the eruption. In the tropics the chemical

ozone depletion, Atmos. Chem. Phys., 5, 2603-2615, 2005,
http://www.atmos-chem-phys.net/5/2603/2005/

hipperfield, M.: Multiannual simulations with a three-dimensional

chemical transport model, J. Geophys. Res., 104, 1781-1805,
1999.

depletion is smaller than the dynamical effect, which is still Chipperfield, M., Fioletov, V., Bregman, B., Burrows, J., Connor,

attributable to the QBO, although with a significant contribu-
tion from ENSO.

In both northern and southern mid-latitudes the hetero-

B., Haigh, J., Harris, N., Hauchecorne, A., Hood, L., Kawa, S.,
Krzyscin, J., Logan, J., Muthama, N., Polvani, L., Randel, W.,
Sasaki, T., $thelin, J., Stolarski, R., Thomason, L., and Za-

geneous Chem|stry causes ozone deple“on, peak|ng around WOdny, J.: Global Ozone: Past and Present, Chapter 3, World

10DU in late 1992 and early 1993. In addition there is dy-
namical variability which correlates with the QBO, thoug
this variation differs between the Northern and Southern

Hemispheres. Ipthe north the Qynamlcaldr|ven variability is Dameris, M., Grewe, V., Ponater, M., Deckert, R., Eyring, V.
greater, producing reductions in ozone columns even larger \jaqer. F., Matthes, S., Schnadt, C., Stenke, A., Steil, BihBr

than the chemical depletion, in agreement withdjinico-

laou et al.(1997). We speculate that this low ozone arises
from qualitative differences in the QBO after the eruption,
which will be interesting to study with a free running model

Meteorological Organisation, 3.1-3.58, 2006.

h Crutzen, P.: Albedo enhancement by stratospheric sulfur injections:

A contribution to resolve a policy dilemma?, Clim. Change, 77,
211-220, 2006.

C., and Giorgetta, M. A.: Long-term changes and variability in a
transient simulation with a chemistry-climate model employing
realistic forcing, Atmos. Chem. Phys., 5, 2121-2145, 2005,
http://www.atmos-chem-phys.net/5/2121/2005/

using an ensemble approach. This study serves as a physidaﬁthpf, A. _and Holm, E.: Ozone assimilation in the ERA-40 reanal-
attribution test case for estimating ozone loss after major vol-_ YSis project, Q. J. Roy. Meteorol. Soc., 130, 28512872, 2004.

canic eruptions and at the same time validates the underlyin
CCM and its ability to capture ozone inter-annual variability.
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