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Abstract. This article describes the volcanic effect of the
Mt Pinatubo eruption in June 1991 on the ozone (O3) and
methane (CHy) distribution in the stratosphere, as simulated
with the chemistry—climate model EMAC (ECHAM/MESSy
Atmospheric Chemistry: ECHAMS, version 5.3.02; MESSy,
version 2.51). In this study, the effects of volcanic heat-
ing and heterogeneous chemistry on the chemical composi-
tion, caused by the volcanic aerosol, are separated. Global
model simulations over the relevant period of the eruption
from 1989 to 1997 with EMAC in T42L90MA resolution
with specified dynamics and interactive chemistry were per-
formed. The first simulation (VOL) contains the volcanic
perturbation as an additional aerosol load and thus simu-
lates the interaction of the aerosol with the chemistry and
the radiation. The second simulation (NOVOL) neglects the
eruption and represents the undisturbed atmosphere. In the
third simulation (CVOL) the volcanic aerosol only interacts
with the heterogeneous chemistry, such that volcanic heating
is omitted. The differences between the simulation results
VOL—-NOVOL describe the total effect of the Mt Pinatubo
eruption on the chemical composition, VOL—CVOL the
stratospheric heating effect, and CVOL—NOVOL the chemi-
cal effect of the aerosol on the heterogeneous chemistry. The
post-volcanic stratosphere shows a decrease in the O3 col-
umn in the tropics and an increase in the midlatitudes and po-
lar regions, lasting roughly 1 year. This change in the ozone
column is solely a result of the heating effect. The subse-
quent decrease in the ozone column is related to the chemi-
cal effect. The contribution of the catalytic loss cycles (NOy,
HO,, CIOy, and BrO,) on the depletion of O3 is analysed in
detail. In the tropics, CHy increases in the upper stratosphere
because of stronger vertical transport.

1 Introduction

Major volcanic eruptions in the tropics are able to inject ma-
terial into the stratosphere and perturb the physical and the
chemical states of the climate system for several years and
longer (Robock, 2000; Thomas et al., 2009; Muthers et al.,
2015). The emissions are mainly ash and sulfur in the form of
SO,, which oxidizes to sulfate in the stratosphere, and sulfate
aerosols are formed within weeks. The Mt Pinatubo eruption
in June 1991 decreased the tropical ozone column signifi-
cantly, by 13-20 DU (Grant et al., 1992). Stratospheric ozone
is a well-studied greenhouse gas with a great public interest
because it absorbs UV radiation and protects human health
from harmful radiation. The abundance of ozone is mainly
controlled by the production via photolysis and depletion
by catalysts such as NO,, ClO,, BrO,, and HO, (Solomon,
1999). The yearlong ozone production in the tropics and the
transport via the Brewer—Dobson circulation (BDC) towards
the polar regions together with the ozone depletion due to
the temperature-dependent PSCs (polar stratospheric clouds)
and the resulting activation of chlorine explain the global dis-
tribution of O3.

The eruption of Mt Pinatubo on 12 June 1991 was one of
the strongest volcanic eruptions in the 20th century (Thomas
et al., 2009). It affected the chemical composition of the
atmosphere considerably (Textor et al., 2004; von Glasow
et al., 2009; Poberaj et al., 2011; Aquila et al., 2013). The
sulfate aerosols formed were rapidly zonally dispersed and
transported into both hemispheres by the BDC. They ab-
sorb the solar and the terrestrial infrared radiation, which
results in a heating of the stratosphere and a cooling of
the troposphere beneath (Labitzke and McCormick, 1992).
Stenchikov et al. (1998) established that the near-infrared so-
lar forcing mainly drives the stratospheric heating due to an
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increase in the atmospheric extinction by volcanic aerosol.
Briihl et al. (2015) performed European Centre for Medium-
Range Weather Forecasts Hamburg — Modular Earth Sub-
model System (ECHAM/MESSy) Atmospheric Chemistry
model (EMAC) simulations for the Pinatubo eruption to
show the importance of radiative feedback on the dynamics.
They stated that radiative heating by volcanic aerosols en-
hances tropical upwelling and accelerates the tape recorder.
After the Mt Pinatubo eruption, the temperature in the lower
and middle stratosphere increased by up to 3.5K at 30hPa
and decreased by 0.5 K in the troposphere (Labitzke and Mc-
Cormick, 1992; Self et al., 1996; Robock, 2000; von Glasow
et al., 2009). The volcanic heating by the Mt Pinatubo erup-
tion led to an increase in the vertical ascent by 20 % and the
subsequent poleward transport of air from regions with low
ozone and thus reduced the ozone column in the tropics (Mc-
Cormick et al., 1995; Dameris et al., 2005). Moreover, vol-
canic heating modifies the ozone budget via an acceleration
of the temperature-dependent reaction rates. Ozone measure-
ments in the post-volcanic atmosphere of the Mt Pinatubo
eruption showed a total ozone column decrease by 6 %—8 %
in the tropics within a month after the eruption (Grant et al.,
1992; Schoeberl et al., 1993; McCormick et al., 1995). Mc-
Cormick et al. (1995) figured out that the bulk of the ozone
loss after the Mt Pinatubo eruption appeared between 24
and 25km with up to 20 %. The larger liquid aerosol sur-
face accelerates the heterogeneous reactions and affects the
O3 chemistry, e.g. converting NO, into HNO3, provides and
activates chlorine from reservoirs, and alters catalytic ozone
destruction (Solomon et al., 1996; Solomon, 1999; Robock,
2000; Poberaj et al., 2011; Aquila et al., 2013).

Modelling studies on the eruption of Mt Pinatubo aim to
understand which processes are responsible for the ozone
changes and how these changes affect the dynamics. These
studies differ with respect to the methodology. Rozanov et al.
(2002) simulated the volcanically induced ozone depletion
using a global circulation model (GCM) including inter-
active chemistry and stratosphere—troposphere interactions.
Two ensembles of free-running model simulations were per-
formed. One ensemble simulates the volcanic aerosol, hence
including both the chemical and dynamical effects, and the
second set uses no volcanic forcing. Likewise, a set of free-
running model simulations but with a coupled atmosphere—
ocean—chemistry model has been used by Muthers et al.
(2015). They were also interested in the role of different
climate settings (specific atmospheric composition of green-
house gases) and performed corresponding sensitivity stud-
ies.

Aquila et al. (2013) used ensembles of 10 free-running
model simulations representing either the case of full in-
teraction of volcanic aerosol with chemistry and radiation,
with chemistry only, and with radiation only and one sim-
ulation without the eruption effect. They could attribute the
change in ozone to dynamical and chemical effects in the
post-Pinatubo period. Telford et al. (2009) combined two
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nudged simulations and one free-running simulation in or-
der to distinguish between chemical and dynamical effects
on ozone of the Mt Pinatubo eruption. Their first simula-
tion nudged towards ERA-40 uses all aspects of the model
with prescribed volcanic aerosol. The second nudged simu-
lation is performed without Pinatubo but with an unperturbed
background aerosol. The difference between both lead to the
so-called chemical effect on ozone. Admittedly, the chemical
effect of Telford et al. (2009) is not purely chemical because
it still consists of both a volcanic heating with subsequent
influence on the stratospheric dynamics and a perturbation
of the heterogeneous chemistry. In our study, we separate
the so-called chemical effect as described in Telford et al.
(2009) into the heating effect, via absorption by the volcanic
aerosol, and the pure chemical effect, through a change in the
heterogeneous chemistry due to the aerosol surface. In our
study the Telford et al. (2009) chemical effect is called the
combined effect. The separation of both allows a better un-
derstanding and quantification of the detailed chemical pro-
cesses concerning ozone. The new findings can be used to op-
timize the representation of volcanic eruptions in chemistry—
climate models. Muthers et al. (2015) also simulated the
temperature-driven effects decoupled from the chemical ef-
fect with a coupled atmosphere—ocean—chemistry—climate
model but did not separate the chemical effect of the het-
erogeneous chemistry from the heating effect of the volcanic
heating.

Here, we performed global simulations of the eruption
from 1989 to 1997 with specified dynamics and full chem-
istry with the chemistry—climate model EMAC. One sim-
ulation contains the volcanic perturbation as an additional
aerosol load (VOL) and thus the full interaction of the aerosol
with the chemistry and the radiation. In the second simula-
tion, only the chemistry on the volcanic aerosols is accounted
for (NOVOL), and the third simulation neglects the eruption
entirely and represents the undisturbed atmosphere (CVOL).
The differences in the simulation results (VOL—NOVOL)
describe the combined effect of the Mt Pinatubo eruption.
VOL—-CVOL displays the stratospheric heating effect and
subsequent changes in transport. CVOL—NOVOL shows the
pure chemical effect due to heterogeneous reactions on the
volcanic aerosol and the modification of the relevant chemi-
cal cycles. Section 2 describes the chemistry—climate model
EMAC, the set-up of the simulations, and the methodology
of the analysis. Section 3 evaluates the simulation results
with the Stratospheric Water and OzOne Satellite Homog-
enized (SWOOSH) and Total Ozone Mapping Spectrometer
(TOMS) satellite data sets. In Sect. 4 the simulation results
are presented. Section 5 discusses the findings and provides
an outlook on further studies. Section 6 summarizes the most
important results. This is a follow-up study of Loffler et al.
(2016), who analysed the perturbation of the stratospheric
water vapour by the Mt Pinatubo eruption.
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Figure 1. Colours show the monthly averaged liquid aerosol surface
area density (1078 cm? crn73) of the volcanic sulfate aerosols in
simulations VOL and CVOL in the stratosphere as tropical averaged
vertical time series between 20° S and 20° N (a) and as latitudinal
time series at 20 hPa (b). The intervals of the colour scale are not
equidistant.

2 Model simulations
2.1 Model description

The European Centre for Medium-Range Weather Fore-
casts Hamburg — Modular Earth Submodel System
(ECHAM/MESSy) Atmospheric Chemistry model (EMAC)
is a numerical chemistry and climate simulation system that
includes sub-models describing tropospheric and middle-
atmosphere processes and their interaction with oceans, land,
and human influences (Jockel et al., 2010, 2016). It uses the
second version of MESSy to link multi-institutional com-
puter codes. The core atmospheric model is the fifth gener-
ation European Centre Hamburg general circulation model
ECHAM (Roeckner et al., 2006). For the present study we
applied EMAC (ECHAMS version 5.3.02, MESSy version
2.51) in the T42L90MA resolution, i.e. with a spherical trun-
cation of T42 (corresponding to a quadratic Gaussian grid
of ca. 2.8° x 2.8° in latitude and longitude) with 90 vertical
hybrid pressure levels up to 0.01 hPa.

The forcing of the volcano in the model is represented
by the prescribed surface area density in time and space
(Figs. 1 and 2). Hence, volcanic aerosols in the simulations
VOL and CVOL are not treated by an interactive aerosol
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module, but the volcanic aerosols are based on measure-
ments from satellites. This means that the aerosol interacts
with clouds and radiation but does not consider the im-
pact of the atmospheric dynamics on the aerosol distribu-
tion. The aerosol data originate from the Chemistry-Climate
Model Initiative (CCMI) data set, which is based on differ-
ent satellite measurements (Diallo et al., 2017; Revell et al.,
2017): Stratospheric Aerosol Measurement (SAM), Strato-
spheric Aerosol and Gas Experiment (SAGE I and II), Cloud
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO), and Optical Spectrograph and InfraRed Imag-
ing System (OSIRIS). It describes a single-mode log-normal
aerosol size distribution derived by means of the SAGE-41
algorithm, which is compiled from four wavelengths (385,
452, 525, and 1024nm) of SAGE II data when available
(Revell et al., 2017).

2.2 ESCiMo consortial simulations

The volcanic simulations of this study were performed
like multiple simulations with different boundary conditions
within the Earth System Chemistry integrated Modelling
(ESCiMo) project (Jockel et al., 2016). These model simula-
tions were defined to improve the understanding of processes
in the atmosphere and also to help answer questions related
to climate change, ozone depletion, and air quality, which is
an important contribution to the WMO/UNEP (World Me-
teorological Organization/United Nations Environment Pro-
gramme) ozone and IPCC (Intergovernmental Panel on Cli-
mate Change) climate assessments (WMO, 2019).

Here we employ these simulations and assess the impacts
of the Mt Pinatubo eruption on the atmospheric chemistry.
In our study we focus on three simulations with specified
dynamics. They are branched off from a specified-dynamics
hindcast simulation and are “nudged” with a Newtonian re-
laxation technique towards 6-hourly ERA-Interim reanaly-
sis data from the ECMWF (European Centre for Medium-
Range Weather Forecasts), which has been available since
1979. The Newtonian relaxation (nudging) is applied to the
prognostic variables divergence, vorticity, temperature, and
the (logarithm of the) surface pressure in spectral space with
relaxation times t, of 48, 6, 24, and 24 h, respectively. The
global-mean temperature (T) is not affected by the nudg-
ing technique because we exclude nudging of the “wave-
0” in spectral space. Moreover, the nudging is not applied
uniformly in the vertical: the boundary layer and the strato-
sphere above 10 hPa are not nudged. The simulations VOL,
CVOL, and NOVOL span the years 1989 to 1997.

The set-up (Table 1) is comparable to those of the EMAC
simulations from Loffler et al. (2016), who simulated the
effect of volcanic heating on SWV (stratospheric water
vapour). In our study, VOL considers the volcanic aerosols
and its interaction with both the radiation and the chem-
istry and shows the combined effect of the volcanic erup-
tion. NOVOL omits the volcanic eruption by using an annual
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Table 1. Overview of the three simulations with their differences in
model set-up.

Simulation  Volcanic aerosol  Aerosol interaction
VOL X Radiation, chemistry
CVOL X Chemistry

NOVOL - -

background aerosol from the year 2011 that is almost un-
perturbed. Years without any volcanic eruptions are rare, but
the background aerosol we used is only marginally affected
by the mid-size volcanic eruption of Nabro in 2011. De-
spite this, sulfate aerosols of the eruption of Nabro, measured
by the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS), reached altitudes of up to 18 km (Griess-
bach et al., 2016). CVOL considers the volcanic aerosols like
VOL, but only the heterogeneous reactions on the aerosol
surface are affected, whereas the radiative transmission re-
mains unaffected by the volcanic aerosols.

2.3 Methodology

The results are presented as differences of monthly mean
values between the simulations, with exceptions being de-
noted clearly. The goal is to separate the heating effect of
volcanic aerosols from the chemical effect caused by the
altered heterogeneous chemistry on the ozone distribution.
The difference VOL—NOVOL shows the combined effect
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of the stratospheric temperature increase due to absorption
by volcanic aerosols and the intensification of the hetero-
geneous reactions, due to an increase in the aerosol sur-
face density. VOL—CVOL yields the stratospheric heating
effect, which includes the absorption of solar radiation by
the volcanic aerosol and changes in transport as well as the
secondary change in the temperature-dependent heteroge-
neous reaction rates. The pure chemical effect induced by
the larger aerosol surface can be separated by the difference
of CVOL—NOVOL. Due to the applied nudging, the tem-
poral evolution of the synoptic conditions is similar in all
three simulations. Using nudged simulations has several ad-
vantages over free-running simulations to study the impact
on the chemistry: first, the temperature response is closer to
observations, which is important, as ozone chemistry is tem-
perature dependent, and second the results appear less noisy.
Our (nudged) simulation pair (VOL and NOVOL) is similar
with respect to the synoptic situation, so the effect of aerosol
heating on subgrid-scale chemistry and the transport of ozone
can be revealed more clearly. This would be more difficult if
one allowed the synoptic situation to evolve freely. Moreover,
for such a concept a large set of ensemble simulations is nec-
essary (Aquila et al., 2013). In order to show how strongly the
stratospheric temperatures in VOL and CVOL are perturbed
by nudging, Loffler et al. (2016) (their Supplement, Fig. S2)
performed two quasi free-running simulations (named QF),
one with volcanic aerosol heating and one without. In the QF
simulation pair only the (logarithm) of the surface pressure is
nudged (and SST (sea surface temperature) and SIC (sea ice

https://doi.org/10.5194/acp-20-11697-2020
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concentration) are prescribed) to study the effect of omitting
the nudging of temperature, divergence, and vorticity on the
results. The temperature difference of the QF simulation pair
is larger compared to that of the nudged pair (about 50 %;
Figs. S1 and S2 of Loffler et al., 2016) and, moreover, ap-
pears noisy. As already stated by Loffler et al. (2016), nudg-
ing (of temperature, divergence, and vorticity) reduces the
cold-point temperature during the eruption. However, the de-
velopment of temperature is similar to the nudged simulation
pairs. The one-by-one comparison shows the volcanic pertur-
bations and only a sub-synoptic noise because the effects of
nudging cancel out. The production and loss rates of ozone
are calculated off-line with the diagnostic tool STratO3Bud
as described by Meul et al. (2014) and Grewe et al. (2017).

3 Comparison with observations

The EMAC model has been evaluated intensively by Jockel
et al. (2006, 2010, 2016) and, with a focus on the Arctic
polar stratosphere, by Khosrawi et al. (2017, 2018). In or-
der to show the reliability of the simulated ozone distribu-
tion here, the volcanic simulation VOL is compared with
the SWOOSH data set provided by NOAA (National Cen-
ters for Environmental Information; Davis et al., 2016), and
the TOMS data set processed by the Goddard Space Flight
Center’s Ozone Processing Team arising from satellite ob-
servations (TOMS-Science-Team, 2004; Wellemeyer et al.,
2004). The SWOOSH data set was constructed to investi-
gate the variability and change in water vapour and ozone in
the stratosphere. SWOOSH is a database of global long-term
satellite O3 and SWV measurements presented on a vertical
grid as monthly averages on pressure levels. The measure-
ments from different satellite instruments, namely SAGE 11,
SAGE I1I, the Halogen Occultation Experiment (HALOE) on
the Upper Atmosphere Research Satellite (UARS), and the
Microwave Limb Sounder (MLS) on Aura as well as from
other merged data products have been combined. The TOMS
data set was constructed to investigate the distribution of the
total ozone column under extreme conditions like during a
strong aerosol load (Wellemeyer et al., 2004). The spatial
and temporal distribution of ozone in VOL corresponds to
the SWOOSH data (Fig. 3). The ozone layer between 5 and
20 hPa with mixing ratios of 10-12 ppmv, as well as the sea-
sonal cycle, are well represented. With the Mt Pinatubo erup-
tion in June 1991, the atmosphere was too opaque for reliable
satellite measurements, and consequently, those months are
marked with white stripes showing the data gap. Figure 4
shows the comparison of the total ozone column between
simulations VOL and the TOMS data. The annual maxima
of the total ozone column in VOL in the northern and south-
ern midlatitudes (Fig. 4a, b) is systematically overestimated
by more than 20DU in comparison to the TOMS observa-
tions. This is consistent with the evaluation of the total ozone
column of the nudged ESCiMo simulations with the BSTCO
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(Bodeker Scientific combined total column ozone database)
observations by Jockel et al. (2016), who also found an over-
estimation of total ozone in the northern and southern mid-
latitudes of up to 10-20DU (Jockel et al., 2016, Fig. 27h).
During the period of transition to the ozone minimum in
the southern spring the difference decreases down to 5DU.
At the Antarctic polar cap the total ozone column simulated
in VOL compares well with the TOMS data (Fig. 4d). The
ozone maxima at the North Pole during spring are overesti-
mated more strongly (up to 40 DU) by the VOL simulation
than at the South Pole (10-15 DU, Fig. 4b, d). The seasonal
ozone cycle in VOL corresponds well to the TOMS data in
both hemispheres.

4 Results

In the Results section, we show the effect of the volcanic per-
turbation on temperature, on the vertical ozone column, on
the vertical distribution of ozone, the chemical cycles, and
the PSCs. First, we investigate the temperature perturbation
because sulfate aerosols in the stratosphere increase the at-
mospheric extinction, resulting in a higher absorption of ter-
restrial (longwave) and solar (shortwave) radiation warming
the stratosphere. Heterogeneous ozone chemistry is affected
by the sulfate aerosols, which alter the ozone depletion cy-
cles. Temperature changes at the tropopause perturb the cold
point and alter the transport of SWV. An increase in the ver-
tical transport also modifies methane. Since the ozone chem-
istry in the polar regions is strongly affected by the forma-
tion of PSCs, their behaviour in a post-volcanic stratosphere
is analysed.

4.1 Temperature

The strongest heating due to absorption of solar and terres-
trial infrared radiation by volcanic aerosols and by the in-
crease in ozone due to transport occurs in the middle strato-
sphere of the tropics (Fig. 5b). Figure 5c shows the indi-
rect volcanic heating by the perturbed heterogeneous chem-
istry, which changes the chemical composition of ozone and
causes additional absorption. The combined effect (Fig. 5a),
which is defined as the sum of the transport and the chemical
effect, shows the strongest heating in the lower and middle
stratosphere in December 1991. The vertical extent is con-
gruent with the volcanic aerosol plume. The largest temper-
ature increase occurs between 40 and 60 hPa in the tropical
stratosphere. In Fig. 5b (VOL—CVOL) the strongest heating
occurs at the same height, but it is stronger with a maximum
between 40° N and 40° S. Figure 5c displays a heating of up
to 0.4 K in the upper stratosphere between 5 and 20 hPa and
a cooling of up to 0.2 K between 30 and 70 hPa. More strato-
spheric ozone increases temperature due to more absorp-
tion of solar radiation, and less ozone cools the stratosphere.
Thus, the main temperature change in this volcanic erup-
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tion arises mostly from radiative absorption by the volcanic
aerosol superimposed by a cooling due to reduced ozone.

4.2 Total ozone column

Our simulations show that the total ozone column decreases
in the first 12 months after the eruption of Mt Pinatubo
by up to 18 DU (6 %) in the tropics (Fig. 6a). In contrast,
the midlatitudes and the polar regions experience an in-
crease in the total ozone column by 8—12 DU (2 %), smaller
in the southern than in the northern midlatitudes. In May
1992, an ozone reduction propagates towards the North Pole,
and in August 1992 a similar anomaly propagates towards
the South Pole. The combined effect (Fig. 6a) is the sum
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Figure 6. Colours show the differences in the zonal mean total
ozone column (DU) as combined effect (VOL—NOVOL) (a),
heating effect (VOL—CVOL) (b), and chemical effect
(CVOL—-NOVOL) (c) as a function of the latitude in degrees
(°). Contours indicate the corresponding relative changes (%).
Contour intervals are 2 %.

(VOL—-CVOL) 4 (CVOL—NOVOL) = VOL-NOVOL of the
heating (Fig. 6b) and chemical effect (Fig. 6¢) ; thus the
change in the total ozone column is caused by a superpo-
sition of both effects (Fig. 6b, c). The decrease in ozone in
the tropics and the increase in the midlatitudes and higher
latitudes in the first 2 years after the Mt Pinatubo eruption
are caused solely by the volcanic heating (Fig. 6b), i.e. the
increase in the BDC through the volcanic aerosol-induced
heating of the stratosphere and a subsequent increase in the
transport of ozone. This result is in contradiction to Poberaj
et al. (2011), who attributed the absence of ozone depletion
in the Southern Hemisphere to interannual dynamic variabil-
ity.

The ozone decrease by up to 4 % in the North Pole region
and by up to 6 % in the South Pole region, starting in the re-
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Figure 7. Zonally averaged differences in ozone mixing ra-
tios (ppmv) between two simulation results, where (a) shows
the combined effect (VOL—NOVOL), (b) the heating effect
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Black contours indicate the corresponding relative changes (%).
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spective spring seasons of 1992, is due to the chemical effect
alone (Fig. 6¢).

Thus, the heating and chemical effect alter the ozone dis-
tribution in the midlatitudes and in the polar regions in op-
posite directions. Overall, the volcanic perturbation of the
total ozone column lasts until the end of 1995. Some small
artefacts at the poles in 1996 and 1997 arise from the back-
ground aerosol distribution used in the NOVOL simulation
(see Sect. 2.2).
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4.3 Vertical ozone distribution

The combined effect on ozone in the tropics is characterized
by an increase of 5% around 10hPa and by a decrease of
15 % between 20 and 50 hPa (Fig. 7a). This dipole structure
appears in both the heating (VOL—CVOL) and the chemi-
cal effect (CVOL—NOVOL), and they sum up to the com-
bined effect (VOL—NOVOL,; Kilian, 2018). The largest im-
pact in the middle stratosphere is mostly attributed to the
volcanic heating (Fig. 7b). The perturbation of ozone lasts
for about 2 years. Volcanic heating by the aerosol modifies
ozone via an increase in the vertical ascent by 20 % and
subsequent transport to higher latitudes, which reduces the
tropical ozone column (McCormick et al., 1995; Dameris
et al., 2005). The ozone increase at 10 hPa arises partly from
the chemical effect (Fig. 7c). As will be more precisely ex-
plained in Sect. 4.4, a larger liquid aerosol surface modi-
fies the heterogeneous reactions and NO, is converted into
HNOs3. Thus, less NO, is available and the catalytic ozone
depletion via NOy slows down. In accordance with Telford
et al. (2009), the chemical ozone decrease in the tropics is
smaller than the dynamical effect, due to increased vertical
transport (or heating effect).

In the extratropics, the combined O3 perturbation also ex-
hibits a dipole structure with an increase in O3 between 10
and 30hPa by up to 5 % and a small decrease in ozone be-
low, which lasts for more than 1 year (Fig. 8a). This increase
mostly arises from the chemical effect. Again, the NO, cycle
slows down so that less O3 is depleted (see Sect. 4.4). Inter-
estingly, the heating effect and the chemical effect have coun-
teracting influences on the ozone mixing ratio in the lower
stratosphere, with an increase due to the volcanic heating,
and a decrease in the same order of magnitude by the chem-
ical effect (Fig. 8b, c). A similar dipole pattern is also ob-
served in the polar regions, where the perturbation of ozone
is even larger than in the extratropics (Fig. 9). Similarly,
the heating and chemical changes are counteracting each
other with up to £10 % at the North (Fig. 9b, c) and up to
420 % at the South Pole (Fig. 9e, f), mostly between 100
and 300 hPa. In the polar regions the seasonal cycle of the
ozone perturbation is large and enhanced by the formation of
PSCs (Sect. 4.4.1), so that the strongest effect appears during
the respective spring season. The ozone decrease due to the
chemical effect between 100 and 300 hPa lasts for 4 years,
whereas the ozone increase by the heating effect in the lower
and middle stratosphere already disappears after 1 year. The
next section describes whether the chemical effect on ozone
arises from a perturbation of the ozone production or the
ozone loss and how the net ozone production is affected.

4.4 Ozone budget of the chemical effect
In the following, we analyse the chemical -effect

(CVOL—-NOVOL) on the O3z budget for the tropics,
the midlatitudes, and the polar regions (Figs. 10-12). All
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results presented show the differences between CVOL
and NOVOL of the O3 production and loss rates given in
molecules per second. The vertical levels shown are selected
according to the largest perturbation of the O3 mixing ratio
(Fig. 7). The O3 loss rates are determined by different
contributions of the catalytic cycles of NO,, ClO,, HO,,
O,, and BrO,.

The increase in the O3 mixing ratio in the tropics at 12 hPa
(Sect. 4.3) is explained by a strong decrease in the O3 loss
rate (Fig. 10a). The O3 gain is accompanied by a reduced
O3 production. The decrease in the O3 production at 12 hPa
is caused by an increase in O3, which dims the solar radia-
tion from above and thus slows down the photolysis of oxy-
gen (Kilian, 2018). The strong reduction in the O3 loss rate
(Fig. 10a) arises from the NO, cycle (Fig. 10b) because NO,
is transformed into the reservoir gas HNO3 due to the en-
hanced liquid aerosol surface. On the other hand, the HO,,
ClOy, and Oy cycles accelerate and thus partly counteract the
NO, cycle slowdown towards a new chemical equilibrium.

https://doi.org/10.5194/acp-20-11697-2020

This leads to the increase in the O3 mixing ratios at 12 hPa.
The duration of the disturbed ozone loss rates (Fig. 10b) re-
flects the presence of the upper part of the volcanic aerosol
cloud. At 30hPa O3 decreases slightly because the HO,,
ClOy, and Oy cycle accelerate more than the NO, cycle de-
celerates (Fig. 10c).

In the midlatitudes of the Northern Hemisphere the
strongest O3 increase appears at 20 hPa. Again, this is caused
by a loss and production due to the volcanic aerosol, al-
though its order of magnitude is smaller than in the trop-
ics (Fig. 11a). However, the perturbation lasts longer. The
differences in the production and loss rates in the southern
midlatitudes (Fig. 11b) are half as large as in the tropics, but
their duration is similar. The maxima in ozone loss rates cor-
respond to the upper height limit of the volcanic cloud. The
volcanic perturbation of the ozone budget lasts until spring
1993 in the Northern Hemisphere and until summer 1992 in
the Southern Hemisphere (Fig. 11e, f). In each case, the de-
crease in the ozone loss rate can be attributed to a less active

Atmos. Chem. Phys., 20, 11697-11715, 2020
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NO, cycle (Fig. 11e, f) due to the conversion of reactive NOy
on the aerosol surface into HNO3. Note that at this height the
NO, cycle dominates the ozone-depleting process.

In the midlatitudes at 70 hPa the negative differences in
the net ozone production (Fig. 11g, h) arise solely from an
increase in ozone loss rates and lead to the observed O3 de-
crease in the lower stratosphere. Moreover, a strong seasonal
cycle with maximum loss rates in the respective winter is ap-
parent. The seasonal increase in ozone loss rates is related
to the predominance of the ClO, and BrO, cycle during the
respective winter seasons. The presence of volcanic aerosols
lead to a conversion of NO, into the reservoir HNO3. More-
over, during the respective winter months with only minor
sunlight, NO, remains in the reservoir gas HNOs3. The re-
duction of NO, accelerates the ClO, and BrO, cycle in the
late winter of 1992 and 1993, where the CI1O, and BrO, cy-
cles reach their maxima in depleting O3 (Fig. 11g, h). The in-
crease in the ozone loss rate due to the halogens is not coun-
terbalanced by any other cycle, which explains the strongest

Atmos. Chem. Phys., 20, 11697-11715, 2020

decrease in ozone at 70 hPa in the late winter of 1992 and
1993 (Fig. 8b). Volcanic aerosols plus more water vapour
(more OH) in summer increase the importance of the HO,
cycle, which dominates the O3 removal below 20 km (50 hPa,
Kilian, 2018, Fig. 4.10). Together with more NO, removal
through the volcanic cloud, the relative importance of the
HO, cycle increases.

In the polar regions the ozone loss rates at 20 hPa also
show a seasonal cycle with a strong decrease in the first re-
spective spring season after the eruption but followed by an
abrupt increase in the following summer season (Fig. 12a, b).
The rapid decrease in the ozone loss rate, which is related to
the first occurrence of the volcanic aerosol cloud in the north
polar region in spring 1992 is 10 times smaller than in the
midlatitudes (Fig. 12a, b and e, f). This abrupt change in sign
is related to the beginning of solar insolation after the polar
night. The strong reduction in O3 loss rates is related to the
decrease in the NO, cycle in summer, which is not compen-
sated for by the HO, cycle as in the midlatitudes (Fig. 12e, f).

https://doi.org/10.5194/acp-20-11697-2020
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At 20 hPa, and only in the first spring season after the erup-
tion and only in the south polar region, the Oy cycle becomes
stronger in ozone depletion. The HO, cycle shows a local
minimum during the summer months (June and December).

The polar ozone decrease at 70 hPa is caused by an in-
crease in the Oz loss rate (Fig. 12c, d). Catalytic cycles
have a similar seasonal variability as in the midlatitudes
(Fig. 12g,h). Again, the efficiency of the NO, cycle de-
creases, which is halfway compensated for by the HO, cycle.

This can be explained by the gas-phase reaction HO, +
NO — OH+NO,, which affects the interconversion between

https://doi.org/10.5194/acp-20-11697-2020
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HO; and OH (Seinfeld and Pandis, 1998). Their ratio is con-
trolled by the temperature-dependent reaction rate and by the
concentrations of O3 and NO. In the lower stratosphere the
reaction HO, 4 O is negligible, and HO; 4 O3 is predomi-
nant. Since NO, decreases in the lower stratosphere starting
in spring 1992, more HO; is available to react with O3 in-
stead of with NO. This leads to an increase in the relevance
of the HO, cycle for the lower stratosphere.

The acceleration of the ClO, and BrO, cycles in spring-
time starts in 1992 especially at the North Pole. Note that
except for the first year after the eruption at the South Pole
the BrO, cycle is out of phase with the C1O, cycle at 70 hPa.
Probably, the deactivation of chlorine (Cl) and bromine (Br)
atoms by a stronger polar vortex during the polar night is en-
hanced by the volcanic aerosol and accelerates both cycles in

spring.
Impact of the polar stratospheric clouds

Next, the effects of the volcanic aerosol on the formation
of PSCs are investigated. PSCs accelerate the heterogeneous
chemistry because fast chemical reactions take place on the
PSC particles. During the polar night the strong isolated polar
vortex prevents bonded chlorine atoms from depleting ozone.
PSCs appear during the polar night at heights of 25-80 hPa,
which is exactly where the largest increase in the aerosol sur-
face occurred. As soon as the first sunrays appear, Cl; is pho-
tolysed and Cl atoms destruct ozone. PSCs amplify the ozone
destruction because more particle surfaces are available for
heterogeneous reactions. More ozone destructive reactions
occur at the surface of the PSC particles to form Cl, and
Bry. The volcanic heating increases the stratospheric tem-
perature between 30 and 70 hPa by 3 K in the polar regions,
implying that less PSCs form. Therefore, the heating effect
(VOL—CVOL) shows less PSCs in both polar hemispheres.
However, the chemical effect shows a temperature reduction
in the lower stratosphere due to less ozone (Fig. 9c, f), result-
ing in an enhanced formation of PSCs at the North and the
South Pole (Fig. 13, CVOL—NOVOL). At the North Pole,
the PSC-covered area increases between November 1991 and
March 1992 (Fig. 13a, CVOL—NOVOL). At the South Pole
the increase in the PSC area appears in the springtime, as well
as in the autumn, when the first PSCs are formed (Fig. 13b,
CVOL—-NOVOL). Although we cannot quantitatively differ-
entiate between the direct effect from PSC formation and the
ozone destruction, it is likely that the latter contributes to the
ozone depletion in the respective spring season by enhancing
the ClO; cycle at 70 hPa.

4.5 Stratospheric water vapour
Similarly to Loffler et al. (2016), we find that additional wa-
ter vapour is transported into the tropical stratosphere due

to the heating of the tropopause by the volcanic cloud. The
separation of the heating and the chemical effect shows that

Atmos. Chem. Phys., 20, 11697-11715, 2020
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only the heating effect contributes to the increase in SWV
(Fig. 14a).

In the case of the chemical effect, which has not been
considered by Loffler et al. (2016), the lower stratosphere
is cooled by 0.4K (due to less ozone), and hence less
water vapour enters the stratosphere (Fig. 14b). Moreover,
in September 1991 a negative SWV perturbation (outside
the tape recorder) appears, following the volcanic plume

Atmos. Chem. Phys., 20, 11697-11715, 2020

(Fig. 14b) in the first year after the eruption. This pattern
is caused by sublimation of SWYV into liquid and ice on the
volcanic condensation nuclei.

4.6 Methane

Stratospheric methane (CHy) is affected by the aerosols
mainly due to the heating effect. Already 3 months after the

https://doi.org/10.5194/acp-20-11697-2020
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catalytic ozone loss cycle (e=h) for the polar region at 20 hPa (e) and 70 hPa (g). (f, h) are similar to (e, g) but for 70-90° S.

eruption an increase in methane between 40 hPa and beyond
10hPa can be noticed with changes in more than 80 ppbv,
corresponding to a change of 10 % with respect to the abso-
lute CHy4 in the unperturbed simulation NOVOL (Fig. 15a).
The upward-propagating elevated values of CH4 are the re-
sult of the enhanced tropical vertical ascent, which leads to
a transport from relative methane rich air in the lower strato-
sphere into upper levels. The surplus of CHy4 is not depleted,

https://doi.org/10.5194/acp-20-11697-2020

which is an indicator that the stratospheric lifetime of CHy
has increased. In the lower stratosphere we find less CH4 due
to the volcanic eruption. The dipole pattern of the CHy per-
turbation spreads with time into the midlatitudes (Fig. 16a, b)
and into the polar regions (Fig. 16c, d). The increase in
CHy4 in the tropical regions is partly transported by the deep
branch of the BDC within a year to higher latitudes. But there
is also a decrease in CHy partly transported by the lower

Atmos. Chem. Phys., 20, 11697-11715, 2020
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branch of the BDC reaching midlatitudes within the period
of 1.5-3.5 years after the eruption.

5 Discussion

The differences in the simulations (VOL—CVOL) separate
the heating and (CVOL—NOVOL) the chemical effect. In
particular, we investigated the long- and shortwave heating
effect of the volcanic aerosol on the temperature and trans-
port, as well as on ozone, SWV, and CHy. The ozone devel-
opment of the simulation VOL after the eruption is in agree-
ment with the satellite-based SWOOSH data (Davis et al.,
2016) and the TOMS data (TOMS-Science-Team, 2004). We
perform specified-dynamics simulations with a prescribed
aerosol distribution (CCMI data set; see Sect. 2.1). Thus, we
miss the primary feedback of the aerosol-induced heating on
the transport of the aerosol. But since we are interested more
in the chemical effects here, this choice is advantageous be-
cause the aerosol distribution is derived from observations.
The definition of a “background” aerosol distribution, rel-
evant for the NOVOL simulation refers to a period, when
volcanic activity and related aerosols are less present. Nev-
ertheless, in the year 2011, which we selected for a back-
ground aerosol distribution, the medium-size volcanic erup-
tion of Nabro occurred and thus is also included in the CCMI
data set. In comparison with other eruptions Nabro emit-
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Figure 14. Zonally averaged differences in stratospheric water
vapour (ppmv) between the simulations, where (a) shows the
combined effect (VOL—NOVOL) and (b) the chemical effect
(CVOL—NOVOL). The black contours show the relative change
(%) of water vapour in comparison to NOVOL and CVOL. Shown
are tropical averages (20° S—20° N). Contour intervals are 5 % (a)
and 2 % (b).

ted only 1 Tg SO; (Pinatubo: 20 Tg) into the atmosphere up
to heights of 18 km (Bourassa et al., 2012). The tropopause
height at 15° N is at 18 km and thus in the region of the up-
per part of the volcanic plume. The eruption occurred dur-
ing the months of June—September 2011 (and is therefore re-
peated every year in the background aerosol). An important
amount of aerosol is only present in the midlatitudes to high
latitudes (not shown). Ozone depletion due to Mt Pinatubo
might be underestimated in high latitudes (Fig. 6¢) in our
analysis. For the Arctic region, the ozone depletion declines
systematically already in June, the month where aerosols of
Nabro are present in NOVOL.

Using nudged simulations has several advantages over
free-running simulations to study the impact on the chem-
istry: the temperature response is closer to observations,
which is important, as ozone chemistry is temperature de-
pendent. The results appear less noisy. Our nudged simula-
tions (VOL, CVOL, and NOVOL) are similar with respect
to the synoptic situation; thus the effect of aerosol heating
on subgrid-scale chemistry and the transport of ozone can
be emphasized more clearly. This would be more difficult if
one allowed the synoptic situation to evolve freely. More-
over, for such an approach a large set of ensemble simula-
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Figure 15. Zonally averaged differences in the methane mixing ra-
tio (ppbv) for the combined effect (VOL—NOVOL). The black con-
tours show the relative change (%) of methane in comparison to
NOVOL. Shown are tropical averages (20° S—20° N). Contour in-
tervals are 5 %.

tions is necessary (see, for instance, Aquila et al., 2013). An-
other possibility is to perform simulations, in which nudg-
ing is applied up to 100 hPa, i.e. below the region where the
aerosol heating occurs, together with a weak quasi-biennial
oscillation (QBO) nudging, as this avoids the noisy and ex-
pensive free-running ensembles. Nudging (to ERA-interim
reanalysis data) is applied to the prognostic variables tem-
perature, divergence, and vorticity, and the logarithm of the
surface pressure. We apply this nudging in the spectral space
by omitting the nudging of wave zero of the temperature;
thus we do not correct temperature biases, implying that the
absolute temperature can evolve. Moreover, the nudging is
applied as a low-normal mode insertion, i.e. down to the syn-
optic scale only, with comparably long relaxation times. The
nudging is applied such that the large(r than synoptic)-scale
patterns correspond to those of ERA-Interim but not the ab-
solute temperature. This means that the synoptic situation
is that of ERA-Interim, whereas sub-synoptic variations can
evolve freely, as, for instance, the influence of the volcanic
cloud on the vertical velocity and the temperature profile.
SWYV, strengthening of the vertical motion, and polar strato-
spheric clouds are influenced by nudging only indirectly. Be-
cause we nudge all three simulations with ERA-Interim data
and prescribe SSTs and SICs, the SST part of the volcanic
signal is included in all simulations and cancels out in the
difference calculations. Therefore, our approach isolates the
radiative and chemical effect of the volcanic aerosol on the
ozone distribution.

The simulated volcanic heating of 3.5-4 K between 50
and 60 hPa in VOL agrees well with results from Labitzke
and McCormick (1992), who observed a stratospheric heat-
ing at 50 hPa of 3—4.5 K in the tropics. Angell (1997), who
used radiosonde data, figured out a temperature increase of
approximately 3—4 K between 30 and 50 hPa in late 1991.
More recent studies (Revell et al., 2017; Kuchafr et al., 2017)
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stated that simulations using CCMI aerosol data tend to over-
estimate the temperature response in the stratosphere. And
this in turn may affect the amount of water vapour enter-
ing the stratosphere at warmer simulated cold-point temper-
atures than observed. The results of Loffler et al. (2016)
point in a similar direction. Their nudged simulation using
CCMI aerosol data also tend to overestimate the temperature
anomaly after the Mt Pinatubo eruption. Grant et al. (1992),
Schoeberl et al. (1993), and Angell (1997) investigated to-
tal ozone column depletions of 5 %—8 % in the tropical re-
gion 6 months after the Mt Pinatubo eruption. Our findings
with up to 6 % column loss agree quite well with these re-
sults and with measurements from the Mauna Loa obser-
vatory on Hawaii, showing a 5% O3 column loss (Randel
et al., 1995). McCormick et al. (1995) indicated the same or-
der of magnitude from observation data with an ozone loss
of 6 %—8 % over the Equator in the first several months af-
ter eruption. Grant et al. (1992) reported the absolute change
in the ozone column in the tropics to be 13-20 DU, which
is in agreement with our study with decreases in 10-18 DU.
Grant et al. (1992) and McCormick et al. (1995) observed
the largest tropical loss of ozone with 20 % between 24 and
25 km (25-30hPa level), which is 5 % more than the per-
turbation in our study. Although the ozone production rates
slow down (due to the local increase in ozone abundance),
they might still be too high because the simulated photol-
ysis rates do not account for the presence of the volcanic
aerosol. The ozone change after a volcanic eruption is a com-
bination of an ozone decrease in the vertical column in the
tropics directly after the eruption and an ozone increase in
the midlatitudes and polar regions in the first year after the
eruption. Poberaj et al. (2011) reported a similar temporal
behaviour of the ozone decrease after the Mt Pinatubo erup-
tion. They quantified an ozone decrease of 3 %—4 % in the
southern midlatitudes. Telford et al. (2009) reported a total
ozone reduction of 10 DU averaged between 30 and 60° N
and 12 DU between 30 and 60° S caused by the chemical ef-
fect. In general, the chemical effect on ozone perturbation
becomes more important at higher latitudes (Telford et al.,
2009). Our results show that the ozone increase in the ex-
tratropics in the year after the eruption can be solely at-
tributed to the heating effect, i.e. the effect of increased trans-
port of ozone with the BDC. Joshi and Shine (2003) simu-
lated water vapour increases of 20 %—30 % in the tropics be-
tween 10° S and 10° N after the Mt Pinatubo eruption. Con-
sidine et al. (2001) simulated SWV and CH4 anomalies be-
tween 0 and 10° N and showed increases in the vertical as-
cent in the tropical lower stratosphere of up to 24 %. Refer-
ring to their Fig. 16b, they stated a positive SWV anomaly
of 15 %-20 % starting in October 1991 following the tape
recorder signal. Our study confirms these results quantita-
tively and in terms of spatial and quantitative distribution.
Furthermore, Considine et al. (2001) found increased val-
ues of CHs with 2% at 10hPa, which reached amplitudes
of up to 10 % at 0.1 hPa. In our simulation, the largest rel-
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ative methane anomalies caused by volcanic heating occur
between 20 hPa and up to 1 hPa. Probably, this methane in-
crease is predominantly caused by the stronger vertical as-
cent and less by secondary chemical effects. In the heating
effect, we cannot explicitly differentiate between a stronger
vertical transport and a smaller-extent temperature influence
on the chemistry. Winterstein et al. (2019) showed that the
concentration of OH, which determines the lifetime of CHy,
is dependent on SWV and O3. This leads us to the limita-
tion of our study, namely that the perturbation of the chemi-
cal composition arises from a temperature-induced enhance-
ment of the transport and of the temperature-dependent het-
erogeneous reaction rates (secondary effect). Both effects are
included in the heating effect (VOL—CVOL) but cannot be
separated in this study.

6 Summary

We presented an analysis with the focus on the changes
in ozone, methane, and water vapour, caused by the vol-
canic aerosols of the Mt Pinatubo eruption in 1991 as sim-
ulated with the chemistry—climate model EMAC. We per-
formed three specified-dynamics simulations with prescribed
volcanic aerosol, which differ with respect to the interac-
tion between volcanic aerosol, chemistry, and radiation: VOL
(volcanic aerosol: interaction with radiation and heteroge-
neous chemistry), NOVOL (no volcanic aerosol), and CVOL
(volcanic aerosol: interaction with chemistry, no interaction
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with radiation). This enables the separation of the effect of
volcanic heating on the atmospheric composition from the
chemical effect, i.e. the effect of heterogeneous reaction rates
on volcanic aerosols on the ozone distribution.

Although we use specified-dynamics simulations, the ef-
fect of volcanic heating on the BDC is visible in an increase
in vertical velocity, especially in the tropics, with subsequent
increased horizontal transport of heat and tracers with the
BDC.

Further, the use of specified-dynamics simulations allows
us to eliminate the effect of the large-scale meteorology (e.g.
QBO, ENSO) when the simulations are compared. This is
important, as, for instance, the eruption of Mt Pinatubo co-
incided with a time period of strong upwelling in the trop-
ics with related cooling. As a result, the observed tropopause
temperatures were lower than expected through the eruption.
This might also be the reason why free-running models have
a tendency to overestimate the temperature response in the
stratosphere. This is the fundamental difference to other stud-
ies on the effect of the Mt Pinatubo eruption on the ozone
distribution, such as Aquila et al. (2013) and Muthers et al.
(2015). Amongst other things, they studied the contribution
of interannual dynamical variability to the ozone distribution
after the eruption.

The major finding in our study is that the chemical effect
shows up globally as a dipole structure in the vertical ozone
distribution with an ozone increase around 10-30 hPa and
a decrease below down to the tropopause. These two verti-
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cal regions are characterized by a different importance of the
NO, cycle.

The dominant chemical increase in ozone (1 year after the
eruption around 10-30 hPa) is caused by a reduction of NO,
into HNO3 on the volcanic aerosol, i.e. a slowdown in the
ozone-depleting NO, cycle.

The ozone decrease (in the lower stratosphere in midlati-
tudes to high latitudes), however, is caused by an accelera-
tion of the ozone-depleting cycles ClO,, BrO,, and HO, as
a result of the reduced NO, cycle. Moreover, these chemical
cycles show a strong seasonal variability in midlatitudes and
high latitudes. SWV and CHy4 were increased by the heating
effect by up to 25 % and 10 % in the tropics, respectively, and
in contrast to O3, for SWV and CHy the chemical effect has
less importance.
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