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Abstract.

This paper presents time-dependent simulations of the response of the

stratosphere to the injection into the atmosphere of massive amounts of sulfur during
the eruption of Mt. Pinatubo (The Philippines) in June 1991. The study is based on a
coupled two-dimensional chemical-dynamical-radiative model to which a microphysical
model for sulfate aerosol formation and fate has been added. The study suggests that,
during the first year (July 1991 to June 1992) following the volcanic eruption, the
observed changes in the ozone amount integrated between 65°S and 65°N were caused
primarily by changes in the meridional circulation (associated with heating by the
volcanic cloud in the tropics) and in the photolysis rate of molecules such as ozone
(associated with backscattering of light by the cloud). During the second year after the
eruption, as the aerosol was dispersed at all latitudes and, in particular, reached the
polar region, the largest contribution to ozone reduction resulted from the
heterogeneous chemical conversion of N,Os and CIONO, on the surface of the aerosol
particles. The conversion of the latter compound, and hence the magnitude of the
calculated ozone depletion, is highly dependent on the temperature in the lower
stratosphere. Despite the fact that the surface area provided by aerosol particles
decreased during the second year following the eruption, the calculated ozone
depletion remained significant because the conversion of N§O5 is insensitive to the

aerosol surface area density for values larger than 1-10 um

/cm3 (depending on

latitude). The predicted reduction in ozone at 20 km in March during the third year
(July 1993 to June 1994) of the model integration is smaller by a factor of 2 than it was

during the second year.

1. Introduction

The suggestion by Hofmann and Solomon [1989] that the
presence of sulfate particles in the lower stratosphere fol-
lowing the eruption of El Chichén (Mexico) in 1982 could
have produced substantial ozone depletion led to much
discussion about the importance of heterogeneous reactions
above the tropopause at midlatitudes. Brasseur et al. [1990]
suggested, for example, that with the high abundances of
anthropogenic chlorine currently present in the stratosphere,
future volcanic eruptions could substantially affect the ozone
layer on the global scale. The eruption of Mt. Pinatubo (The
Philippines) in June 1991 injected as much as 12-25 MT of
sulfur into the stratosphere, according to Strong and Stowe
[1993], this was 1.6 times as much as from the eruption of El
Chichén in 1982. Model calculations [Prather, 1992; Bras-
seur and Granier, 1992; D. A. D’Altorio et al., Ozone
depletion following the eruption of Pinatubo: Preliminary
measurements and model results, personal communication,
1993] predicted that stratospheric ozone should have been
significantly depleted in response to the eruption of Mt.
Pinatubo. The mechanism invoked is the heterogeneous
conversion of nitrogen oxides into nitric acid on the surface
of sulfate aerosol particles,

N,0s + H,0 — 2 HNO, 4
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The corresponding reduction in the abundance of nitrogen
oxides leads to an enhancement in the concentration of
reactive chlorine (Cl + CIO + HOCI + 2Cl, + 2Cl,0,), as
the rate of conversion of ClO into the CIONO, reservoir is
reduced [Hofmann and Solomon, 1989; Prather, 1992; Bras-
seur and Granier, 1992]. An increase in the concentration of
OH radical is also predicted as a result of heterogeneous
reaction (1) [Brasseur and Granier, 1992]. The reaction
probability (number of reactions per collision) of reaction (1)
is estimated to be independent of temperature and close to
10% [Hanson and Ravishankara, 1991]. The heterogeneous
conversion of CIONO,,

CIONO, + H,0 — HNO; + HOCI )

leads to additional conversion of nitrogen oxides into nitric
acid and to the formation of reactive chlorine in the sunlight,
where HOCI is rapidly photolyzed. The reaction probability
varies strongly with the composition of the aerosol and
hence with the ambient temperature and water abundance
[Tolbert et al., 1988; Hanson et al., 1994]. According to
laboratory data, conversion mechanism (2) plays a role only
in cold environments, so that it can be ignored at low and
midlatitudes but could play a significant role in the polar
regions, primarily in winter.

It has also been suggested that the volcanic cloud pro-
duced by the eruption of Pinatubo could have affected the
rate of scattering of solar radiation in the atmosphere and
hence the photodissociation rates and concentrations of
several stratospheric compounds [Fiocco et al., 1978; Mich-
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elangeli et al., 1989; Pitari and Rizi, 1993]. In addition, the
absorption of terrestrial radiation and, to a lesser extent, of
solar light has led to local warming, mostly in the tropical
lower stratosphere [Labitzke and McCormick, 1992; Kinne
et al., 1992], with probable impact on the atmospheric circula-
tion [Brasseur and Granier, 1992; Schoeberl et al., 1993].

Observations made after the eruption of Mt. Pinatubo
have revealed perturbations in the chemical composition of
the lower stratosphere. Coffey and Mankin [1993] reported
reductions in the stratospheric NO, concentration of as
much as 70% in the months following the appearance of the
volcanic aerosols. Reductions in the NO, column abundance
of more than 40% were measured at Lauder, New Zealand,
by Johnston et al. [1992] in October 1991 and were attributed
to the presence of volcanic aerosol. During 1992, Koike et al.
[1993] observed at Moshiri, Japan, a reduction in the NO,
column abundance of more than 20% compared with the
“‘reference’” value (observed column at 45°S in 1990). Mills
et al. [1993] observed that when aerosol loadings were low,
there was a strong anticorrelation between the NO, column
abundance at Fritz Peak observatory (Colorado) and the
amount of stratospheric aerosol near 25-30 km. Little further
reduction in NO was observed for higher aerosol loading
(saturation effect). Concentrations of HNO; measured by
the ATMOS (atmospheric trace molecule spectroscopy) instru-
ment during the Atlas I campaign between March 24 and April
2, 1992, were generally higher (a factor of 2 at the equator and
30-km altitude) than those observed by the limb infrared
monitor of the stratosphere (LIMS) during the same season in
1979, when the aerosol loading was near background levels
[Rinsland et al., 1994]. Koike et al. [1994] also reported
significant increases in the HNO; column amount (10% to 30%)
between September 1991 and May 1993 at Lauder, New
Zealand. Fahey et al. [1993] observed considerable reductions
in the NO,/NO,, ratio and an increase in the CIO/CL, ratio with
increases in the measured aerosol area density. Solomon et al.
[1993] found that in 1992, unlike in 1991, chlorine dioxide
(OCIO) levels over Antarctica had increased dramatically in
April, when polar stratospheric clouds (in which nitrogen
oxides and chlorine reservoirs are also converted heteroge-
neously) were very unlikely to be present.

The global response of ozone to the eruption of Mt.
Pinatubo has not yet been well quantified. The annual mean
total ozone column abundance measured by the total ozone
mapping spectrometer (TOMS) and averaged over 0 to 65°N
latitude, which was in the range from 300-306 Dobson
between 1983 and 1991, was reduced to 294.5 in 1992 (K.
Labitzke, personal communication, 1993). For the period
from 3-6 months after the eruption, Grant et al. [1992] found
a reduction in tropical ozone density of up to 20% between
the altitudes of 16 and 29 km. Hofmann et al. [1993, 1994]
reported an unprecedented ozone decrease in the lower
stratosphere (25%) over the United States (Hilo, Hawaii;
Boulder, Colorado; and Wallops Island, Virginia) in 1992-
1993, although the observed temperatures were within the
normal climatological range. The region of low ozone at
Boulder, Colorado (12-22 km of altitude), corresponded
closely to regions of enhanced sulfate aerosol load. Higher
than normal ozone concentrations were observed above 24
km. Kerr et al. [1993] note that during the first 4 months of
1993, total ozone over Canada was 11% to 17% below
normal and that record low averages were measured during
this period at three of the four Canadian midlatitude stations,

where measurements have been made since the 1960s.
Bajkov [1993] also reported record low ozone column abun-
dance during the northern winters of 1991-1992 and 1992-1993.
Hofmann et al. [1993] suggested that the unusual ozone deple-
tion observed at the south pole between 14 and 18 km during
October 1992 could have been related to the presence of
volcanic sulfuric acid droplets trapped inside the polar vortex.
Chandra and Stolarski [1991} indicated, however, that the
apparent decrease of 5%—6% in total ozone reported by TOMS
(averaged from 60°N to 60°S) after the eruption of El Chichén
was largely associated with the quasi-biennial oscillation of the
atmosphere and that at most 2% to 4% of the ozone anomaly
observed in the mid-1980s could be attributed to the eruption of
the volcano. From an analysis of ozone data measured by the
Nimbus 7 TOMS instrument, Chandra [1993] reported similar
ozone reduction after the eruption of Mt. Pinatubo and stressed
that the observed decrease was lower by a factor of 2 to 3 than
predicted by the model of Brasseur and Granier {1992]. This
study, however, is based on less than 1 year of data following
the eruption and does not consider observations poleward of
60°N. Gleason et al. [1993] and Herman and Larko [1994]
indicated that the global average total ozone measured by
TOMS in 1992 was 2% to 3% lower than in any previous year
since 1979 and at least 1.5% lower than would have been
predicted by a statistical model that accounts for quasi-biennial
oscillation, solar cycle variation, and long-term linear trend.
They indicated, however, that the size and timing of the
observed ozone decrease in 1992 and 1993 were inconsistent
with model predictions [see, €.8., Brasseur and Granier, 1992;
Pitari and Rizi, 1993] and questioned the validity of these
models.

The purpose of this paper is to address these discrepancies
by analyzing systematically the potential contribution of
different factors which could affect the ozone abundance
after a large volcanic eruption: change in the atmospheric
circulation associated with local heating inside the cloud,
change in the photolysis rate associated with scattering of
solar light by the sulfate cloud, and chemical effects associ-
ated with heterogeneous conversion mechanisms. Our anal-
ysis will be based on two-dimensional model simulations. As
opposed to previous studies [Brasseur and Granier, 1992]
performed for steady-state conditions and for specified aero-
sol loading, the present study is based on a model in which
the evolution of aerosol formation and fate and their impact
on the dynamics, radiation, and chemistry of the strato-
sphere are simulated for 2 years following the eruption of
Mt. Pinatubo (June 1991 to July 1993).

The model used for the present study will be described
briefly in section 2. The calculated distribution and evolution
of the aerosol layer will be presented and compared with
available observations in section 3. The effect of this volca-
nic perturbation on the ozone abundance through simulated
changes in the dynamics of the atmosphere, the intensity of
solar radiation, and the rate of heterogeneous chemical
reactions will be discussed in sections 4, 5, and 6, respec-
tively. The major findings will be summarized in section 7.

2. Model Description

The model used in the present study is based on the
two-dimensional chemical and dynamical model developed
by Brasseur et al. [1990] with additions described by Granier
and Brasseur [1992]. It extends from the Earth’s surface to
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the mesopause with a vertical resolution of 1 km and from
pole to pole with a latitudinal resolution of 5 degrees. Approx-
imately 50 species and 110 chemical and photochemical reac-
tions are taken into account to describe the behavior of the
oxygen, hydrogen, nitrogen, chlorine, bromine, fluorine, and
sulfur families. Heterogeneous reactions on sulfate aerosol
particles are considered in the chemical scheme, but in order to
isolate these effects, heterogeneous reactions on polar strato-
spheric cloud particles are ignored in the present study.

In order to simulate the time evolution and global distri-
bution of stratospheric sulfate aerosols following a volcanic
eruption, a representation of the key microphysical pro-
cesses (heterogeneous nucleation, condensation, coagula-
tion, sedimentation, and washout) affecting stratospheric
sulfate aerosol is added to the model. A detailed description
of the formulation of these processes is given by Tie et al.
[1994]. The model is used to simulate the aerosol distribution
between July 1991 and June 1994 after the eruption of Mt.
Pinatubo, which took place in June 1991. In the calculation,
we assume that a total of 13 Tg of sulfur is injected by the
Pinatubo eruption into the equatorial lower stratosphere
(latitudes of 5°S to 15°N and altitudes of 19 to 26 km)
[McCormick and Veiga, 1992; Stowe et al., 1992]. 1t is also
assumed that 90% of the sulfur was injected as gas phase
SO, and the remaining 10% as sulfate particles. These latter
particles are introduced to account for microphysical pro-
cesses not explicitly treated by the model. For example,
homogeneous nucleation (not represented in the model) is
believed to have produced a high number of small particles
at the early stage following the eruption of Mt. Pinatubo
[Deshler et al., 1993; Sheridan et al., 1992; Bekki and Pyle,
1994]. The aerosol area density (square micrometers per
cubic centimeter) of sulfate acrosol, mass mixing ratio (parts
per million), and size distribution (dn/dr) are calculated and
used to estimate the effects of aerosols on solar and long-
wave radiation and to determine the rate of heterogeneous
chemical reactions.

In order to estimate the radiative effects of the volcanic
cloud, the aerosol is assumed to be a pure absorber of both
solar and longwave (thermal) radiation. The important solar
stratospheric radiative effect is due to near-infrared absorp-
tion of the incident beam [Kiehl and Briegleb, 1993]. Scat-
tering of longwave radiation is negligible, as the correspond-
ing single particle scattering albedo never exceeds 0.10. To
account for the spectral dependence of the absorption, the 18
spectral intervals used by Briegleb [1992a] were employed
for the solar spectrum, while the 100 cm ™! spectral resolu-
tion of the longwave band model of Briegleb [1992b] was
adopted for the terrestrial radiation.

The optical properties are determined from Mie scattering
calculations, using the size distributions of aerosols derived
from the microphysical model. The indices of refraction data
were taken from Palmer and Williams [1975] and are appro-
priate for an aerosol composition of 75% H,SO, and 25%
H,O by weight. Their dependence on the mass fraction of
H,S0, is not strong and so was neglected. The aerosol
absorption coefficient (square meters per gram) is given by:

v = Z‘P(J’ Q,mr*(dnldr) dr/j wr3(dn/dr) dr)

where p is the sulfate particle mass density, dn/dr is the
calculated aerosol size distribution, and Q,, is the absorption
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efficiency [see Bohren and Huffman, 1983]. The absorption
efficiency was interpolated to the actual effective radius (r,)
of the aerosols, as computed in the model.

The perturbation in the longwave aerosol heating rate is
strongly dependent on tropospheric cloudiness, since it is
the absorption of upwelling radiation by the aerosol that
gives rise to the longwave heating rate perturbation. Ideally,
the model should include the zonal and vertical distribution
of cloud properties (fraction coverage and longwave emis-
sivity) appropriate for July 1991. In practice, however,
detailed and accurate observations are not available. We
have therefore assumed the presence of three levels of
clouds (fractional coverage of 0.37 at 818 mbar, 0.25 at 520
mbar, and 0.35 at 226 mbar), randomly overlapped with a
total fraction coverage of 0.69. The two lowest layers of
clouds are assumed to be black in the infrared, while the
emissivity of the upper layer is 0.75. With this cloud frac-
tional coverage, the outgoing flux is equal to 247 W/m? in the
tropics, a quite acceptable value for outgoing longwave
radiation compared with satellite measurements [Barkstrom,
1984; Barkstrom and Smith, 1986; Earth Radiation Budget
Experiment Science Team, 1986].

Sulfate particles also have significant effects on the pho-
tolysis rates of chemical compounds in the lower strato-
sphere [Michelangeli et al., 1989; Pitari and Rizi, 1993]. The
actinic flux used in the calculation of these photolysis rates is
provided by a delta-Eddington solution of the radiative
transfer equation [Joseph and Wiscombe, 1976]. In the
calculation, the direct solar flux is attenuated by aerosol
scattering. The volume backscattering coefficient B [Pitari
and Rizi, 1993)], accounting for the backscattering by the
aerosol layer, is given by

A _31rgV
B( s Ly (P)- 2 (Za ¢)

where V is aerosol volume density, expressed by
V(z, ¢) = J n(r, z, <p);-wr3 dr
r

where n(r, z, ¢) is the calculated aerosol number density at
radius r (r being the radius of aerosol particles), which varies
with altitude z and latitude ¢; A is the wavelength of solar
radiation; and g is the Mie scattering efficiency factor, which
is approximately equal to 0.8 [Pinnick et al., 1980].

In the model, the reaction probability, y;, for reaction (1)
is independent of temperature and is equal to 0.1 [Hanson
and Ravishankara, 1991]. The reaction probability, vy,, for
reaction (2) is, however, very sensitive to the weight per-
centage of sulfuric acid in the aerosol particles [Tolbert et
al., 1988; Hanson and Ravishankara, 1991] and hence varies
substantially with temperature and humidity [Steele and
Hamill, 1981]. The variation of y, with temperature and
water vapor abundance formulated by Hanson et al. [1994] is
adopted in the model.

3. Simulation of Pinatubo Aerosol

Figure 1 shows the calculated distributions of the total
surface area density of the sulfate aerosol for three periods
following the eruption of Mt. Pinatubo. Shortly after the
eruption (Figure 1a) (July 1991), the surface aerosol area
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Figure 1. Simulated global distribution of sulfate aerosol
surface area density after the eruption of Mt. Pinatubo in (a)
July 1991, (b) July 1992, and (c) July 1993.

density has reached a maximum value of 75 um?%/cm? in the
tropical lower stratosphere and is about 2 orders of magni-
tude above the values representative of background condi-
tions [World Meteorological Organization, 1992]. The rapid
increase in the aerosol load indicates that a large fraction of
the gas phase SO, injected during the eruption has con-
densed on the surface of aerosol particles. The highest
surface area is found in the tropical region, in agreement
with observations [McCormick and Veiga, 1992; Grant et
al., 1992, 1994].

One year after the eruption (Figure 1b) (July 1992), the
volcanic aerosols have been dispersed by transport pro-
cesses, suggesting, as shown earlier by three-dimensional
model calculations, that the time constant required for the
transport of aerosols from the tropics to the polar regions is
approximately 6-12 months [Boville et al., 1991]. At this
time, the total surface area in the lower stratosphere is of the
order of 10 um?/cm? at all latitudes.

Two years after the eruption (Figure 1c) (July 1993), the
total surface area of aerosol is reduced to 5.0, 5.0-10.0, and
10.0 um?/cm? in the tropics, at midlatitudes, and in the polar
regions, respectively. This decrease in the aerosol load is
more tapid in the tropics than at higher latitudes because of
rapid meridional mixing of the volcanic particles. Another
potential reason for this difference with latitude is that strong
upward motion in the tropics transports aerosol particles
towards higher levels (above 40 km), where the warmer
temperature causes substantial evaporation of sulfate aero-
sols. In the polar regions, however, the maximum aerosol
load is located in the lower stratosphere (approximately 5 km
lower than in the tropics), where the air is denser and
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vertical displacements of parcels of air are smaller than in
the tropics. In these regions, gravitational sedimentation
therefore plays a major role in transporting aerosol particles
down to lower levels and into the troposphere. For aerosol
particles with radii of the order of 1 um, the time constant for
sedimentation is more than 1 year [Kasren, 1968]. Thus the
residence time of aerosols in the polar regions is consider-
ably longer than it is in the tropics.

Figure 2 shows a comparison between the calculated
aerosol surface area density and the observed aerosol ex-
tinction by satellite (ISAMS) reported by Lambert et al.
[1993]. Although the two quantities are different, they are
related [Jager and Hofmann, 1991]. They suggest that the
model is realistic in different respects: (1) in October 1991 (4
months after the eruption), the largest amount of aerosol is
located in the tropics and midlatitudes between 20 and 30 km
of altitude; (2) in January 1992 (7 months after the eruption),
the aerosol maximum located in the tropical lower strato-
sphere has decreased by approximately 50% from its value in
October 1991 and at the same time the aerosols are trans-
ported towards higher latitudes; and (3) in July 1992 (13
months after the eruption), the aerosols in the tropics
represent only 20% of their value in October 1991. The
comparison also shows disagreements between the observa-
tions and the calculations; the most striking of them is that
the latitudinal gradient associated with the model calcula-
tions is significantly smaller than suggested by the observa-
tions (see also the aerosol cross sections reported by Trepre
and Hitchman [1992]). A likely explanation for this discrep-
ancy is that the model overestimates the meridional trans-
port associated with mixing processes in the lower strato-
sphere. A similar feature has also been reported for the
calculation of the C distribution (see Jackman et al.
[1989]).Because the two-dimensional model does not repro-
duce correctly the ‘‘dynamical barrier’’ near the subtropical
jet and in the vicinity of the polar vortex, the aerosol spread
too rapidly towards high latitudes, while observations sug-
gest that aerosols reach the polar regions only after the final
warming, when the polar vortex breaks down. Note also that
the model does not simulate the quasi-biennial oscillation
(QBO) of the atmosphere, which is known to have had an
impact on the meridional transport of aerosol after the
eruption of Mt. Pinatubo [Hitchman et al., 1994]. The
observation includes high-altitude clouds, while the model
ignores polar stratospheric clouds. The presence of polar
stratospheric clouds (PSCs) in Antarctica is, for example,
visible in July 1992.

Yue et al. [1992] reported that in January 1992 (7 months
after the eruption) the maximum aerosol surface area density
was approximately 30 um?%/cm? in the tropical lower strato-
sphere, in agreement with the calculated value. A slight
decrease in the surface area (from 27 pm?/cm? in January
1992 to 15 wm?2/cm? in July 1992) was reported by Deshler et
al. [1993] at Laramie, Wyoming (41°N), in fair agreement
(see Figure 3) with the model prediction (peak surface area
of 30 pm?/cm? in January 1992 and of 15-20 um?/cm3 in July
1992 at 45°N). This translates into a modeled e-folding time
for the surface area of 1.4 years, which is consistent with the
value observed after the eruption of El Chichén [Hofmann
and Solomon, 1989]. Note, however, that after July 1992, the
decay in the surface area at Laramie was interrupted for
several months, which is inconsistent with model predic-
tions. Bekki and Pyle [1994] have suggested that the differ-
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Figure 2. Measured aerosol extinction coefficient [Lambert et al., 1993] and simulated aerosol surface
area density after the eruption of Mt. Pinatubo between July 1991 and July 1992.

ence in the evolution of the clouds after the eruptions of El
Chich6n and Mt. Pinatubo could be due to much higher
levels of nucleation in the initial Pinatubo cloud and hence to
differences in the rate of condensation, coagulation, and
sedimentation. Both calculations and observations show that
the aerosol abundance decreases rapidly with increasing
altitude. For example, the total surface area of the order of
1 to 2 pm?/cm® observed between 30 and 35 km is well
reproduced by the model.

Figure 3 shows the time evolution of the aerosol surface
area density calculated as a function of height from July 1991
to June 1994 at 65°N, 45°N, the equator, 45°S, and 65°S. At
65°N (Figure 3a), the surface area reaches a maximum of 20
pm?/cm? and decays after 2 years, with a time constant of
agproximately 20 months. At 45°N (Figure 3b), the surface
area starts to increase substantially 2 months after the
eruption. It reaches a value of 20 to 25 um?/cm? in the
altitude range of 15 to 20 km, which remains fairly constant
between 11 months and 21 months after the eruption. During
this period of time, transport, microphysical growth, and
microphysical loss seem to have reached a balance at this
location. This steady behavior has also been observed by
Deshler et al. [1993] at Laramie, Wyoming (41°N). Two
years after the eruption, the aerosol surface area starts to

decrease, with an average decay time (e ~!) of approximately
15 months.

At the equator (Figure 3c), the aerosol surface area
density increases rapidly and reaches 50 um?/cm? at 23 km.
Later, the aerosol surface area density decreases. The
average decay time is, in this case, of the order of 10 months,
which is slightly longer than the observed value of 8 months
reported by Grant et al. [1994]. The faster decay of aerosol
in the tropics is due mainly to the vigorous Hadley cell and
the dispersion of aerosol toward higher latitudes.

At 45°S (Figure 3d), the maximum surface area of 20
pm?/cm? is reached 12 months after the eruption. At 65°S
(Figure 3e), the evolution of the aerosol cloud is similar to
that at 65°N except that the maximum aerosol area (20
pm?/cm’) appears 15 months after the eruption, i.e., ap-
proximately 7-8 months later than at 65°N. One of the
reasons for the late maximum is that planetary wave activity
is weaker in the southern hemisphere than in the northern
hemisphere and hence meridional transport is slower. A key
issue is also the timing of the eruption relative to the.
seasonal cycle, because the horizontal mixing is larger in
winter than in summer. We also note that at a 20-km altitude,
the aerosol does not start to increase significantly until 6
months after the eruption, so that, in the model, the effect of
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Figure 3. Simulated evolution of sulfate aerosol surface
area density after the eruption of Mt. Pinatubo as function of
height at 65°N, 45°N, equator (EQ), 45°S, and 65°S.

volcanic aerosol on Antarctic ozone occurs approximately 6
months later than in the Arctic.

Figure 4 shows a comparison between the observed and
calculated evolution of the aerosol surface area at midlati-
tude in the northern hemisphere. The observations (Figure
4a) reported by D. A. D’Altorio et al. (personal communi-
cation, 1993) were made in Italy at 41°N between August
1991 and January 1992. Both observations and calculations
show that the aerosol surface area reaches a maximum near
20 km, 5-6 months after the eruption. However, the calcu-
lated maximum (25 umZ/cm?) is slightly higher than the
observed one (20 umz/cm3). In addition, the secondary
maximum (10 um?/cm?) seen in the data 3-4 months after

the eruption is not produced in the calculation. This may be
because zonally averaged models do not treat explicitly the
perturbations associated with the presence of large scale
waves.

In summary, the calculated evolution and distribution of
the aerosol surface areas are in reasonable agreement with
the observations and therefore applicable for studying vol-
canic aerosol perturbations on the atmosphere after the
eruption of Mt. Pinatubo.

4. Effects of Volcanic Aerosols
on Stratospheric Ozone

The presence of enhanced aerosol load in the stratosphere
is expected to perturb the radiative, dynamical, and chemi-
cal fields in the atmosphere, including the abundance of
ozone. Several competing mechanisms have to be consid-
ered, including (1) the local heating of air masses inside the
volcanic cloud and the associated changes in the meridional
circulation, (2) the absorption and backscattering of photo-
lytic (solar) radiation, and (3) enhanced heterogeneous
chemical reactions on the surface of the sulfate aerosols. The
radiative contribution of these three effects to changes in the
ozone concentration is discussed in the following sections.
An additional effect, which is ignored in the present study
but could have affected the radiative balance and ozone
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Figure 4. Comparison of measured (D. A. D’Altorio et al.,
personal communication, 1993) and calculated time evolu-
tion of sulfate aerosol surface area density after the eruption
of Mt. Pinatubo in midlatitude of the northern hemisphere.
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budget during the first month following the eruption of Mt.
Pinatubo, is the absorption of solar radiation by the SO,
cloud and the production of ozone in the tropics by gas phase
processes involving the photolysis of SO, followed by the
reaction between SO and O, [Crutzen and Schmailzl, 1983;
Bekki et al., 1993]. These effects are believed to become
negligible a few weeks after the eruption because SO, is
rapidly converted into sulfates.

4.1, Heating Effect

The absorption of terrestrial (longwave) and solar (short-
wave) radiation by the volcanic cloud produces a local
heating which is expected to perturb the circulation of the
atmosphere. Approximately 2 months after the eruption, the
volcanic cloud located in the tropics was relatively dense,
and according to the model, the peak concentration of
sulfate mass (130 parts per billion by mass) was located near
the pressure surface of 30 mb (approximately 25 km). The
different components of the heating rate by the cloud are
represented as a function of pressure in Figure 5. Clearly,
the largest contribution (up to 0.22 K/d) is provided by the
absorption of terrestrial radiation. The absorption of solar
radiation leads to a heating rate which never exceeds 0.08
K/d. This value is reduced to 0.06 K/d when the effect of
scattering by the particles is taken into account. Backscat-
tering of shortwave radiation produces a slight heating (less
than 0.025 K/d) above the volcanic cloud. The contribution
of scattering to the total heating rate is relatively small (less
than 10% of the peak value) and has therefore been ignored
in the assessment of ozone changes due to heating effects.

The time evolution of the perturbation temperature at 20
km is shown in Figure 6 (top) as a function of latitude during
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Figure 5. Perturbations in the radiative heating rate due to
aerosol, about 1 month after eruption, for a total aerosol
mass loading of 0.0438 g/m? and a peak concentration of 130
parts per billion by mass around 30 mb. Solid line, longwave
perturbation; solid circles, solar perturbation with pure
absorption for the incident beam; dashed line, combined
effect with scattering and absorption. Typical tropical pro-
files for temperature and specific humidity, with three levels
of clouds in the troposphere and a solar zenith angle of 60°.
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Figure 6. Calculated perturbation temperature (degrees
Kelvin) and vertical velocity at 20 km of altitude, and ozone
column abundance (DU (Dobson units)) as a function of time
due to aerosol heating after the eruption of Pinatubo.

a period of 1 year following the eruption. The largest
perturbation is found in the tropics, with a maximum (4.5 K)
occurring between 5 and 6 months after the injection of SO,
into the stratosphere. The change in the vertical velocity,
shown in Figure 6 (center), is largest during the first 5
months, with ascending motions between 10°S and 20°N and
descending motions at midlatitudes of both hemispheres
relative to the background circulation. The perturbed verti-
cal velocity of the order of 0.01 mm/s (with a maximum of
0.03 mm/s at the equator) is small compared with back-
ground velocities of approximately 0.25 mm/s. The changes
in the ozone column abundance predicted (Figure 6, bottom)
during the few months following the eruption and resulting
from these dynamical perturbations are characterized by a
reduction of approximately 5 Dobson units (DU) (approxi-
mately 2%) near the equator and an increase of 2-3 DU at
midlatitudes in both hemispheres. During the first 4 months
following the eruption, the temperature at the equator in-
creases by approximately 1 K/month, in agreement with
observations. The temperature perturbation, however,
seems to fade out faster in the observation than in the
calculation (see Figure 7a). This overestimation is believed
to be associated with aerosol uncertainties in the calculation
of the radiation effects of aerosols. These include the ap-
proximation of a purely absorbing aerosol, the error in the
particle size distribution, and assumption made for the
tropospheric cloudiness. The total uncertainty in the net
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Figure 7. Comparison of measured [Labitzke and McCormick, 1992] and calculated changes (a) in the
tropical temperature and (b) in total ozone concentration at the equator (DU) after the eruption of

Mt. Pinatubo.

heating rate calculation is approximately 20%. Note that
although the calculation overestimates the increase in tem-
perature, the simulated perturbation in the ozone column
due to the radiative effect of acrosol is smaller by a factor of
2 than that reported by Schoeberl et al. [1993] (see Figure
7b). A possible explanation for this discrepancy is that the
perturbed circulation calculated by the model is unrealisti-
cally weak. This is consistent with the fact that, in the
model, the aerosol cloud spreads too rapidly: Since the
circulation is forced by the meridional gradient in the net
heating rate (rather than the heating rate itself), the dynam-
ical response should be too weak and consequently the
temperature response should be too high. Perhaps other
factors, such as a photolysis effect, play an important role in
the tropical ozone perturbation.

4.2. Photolysis Effect

The presence of a relatively dense aerosol cloud after the
eruption of Mt. Pinatubo leads to absorption and backscat-
tering of solar radiation, especially in the tropics. As a result,
the photolysis rate of all atmospheric molecules was reduced
below the cloud, and for molecules such as ozone which are
photolyzed at sufficiently long wavelengths (e.g., >300 nm),
the photolysis rate was enhanced above it. Figures 8a and 8b
show the percentage change in the photodissociation fre-
quency of molecular oxygen and ozone, respectively. The
radiative impact of the volcanic cloud on the production of
05 (by O, photolysis) is insignificant since its absolute value
below 20 km is extremely small. The increase in the photol-

ysis of O, which converts more ozone molecules into
oxygen atoms near 25-30 km of altitude, is responsible for a
reduction in the ozone column abundance, which is of the
same order as the reduction caused by dynamical perturba-
tions (see Figure 8¢c). When these two effects are added, the
calculated reduction in the ozone column at the equator
reaches 10 DU 3-4 months after the eruption and is relatively
close to the TOMS observed depletion reported by Schoe-
berl et al. [1993]. It is, however, smaller than the ozone
decreases determined between August and November 1991
from electrochemical concentration cell (ECC) sonde data
and Stratospheric Aerosol and Gas Experiment (SAGE II)
climatology [Grant et al., 1994].

4.3. Effects of Heterogeneous Chemistry

As already found by Brasseur and Granier [1992], the
effect of heterogeneous chemistry on the ozone abundance is
relatively small during the first months following the erup-
tion of Mt. Pinatubo. As time evolves, however, the volcanic
cloud is dispersed and (see Figure 9a) the surface area
density at mid- and high latitudes increases progressively,
while it begins to decrease in the tropics 34 months after the
eruption. A major consequence of the presence of sulfate
aerosols in the lower stratosphere is that nitrogen oxides are
converted into nitric acid (reaction 1), but as the photolysis
frequency decreases significantly with increasing latitude,
the net efficiency of NO, to HNO; conversion is largest at
high latitudes and during the winter season, when solar
zenith angles are high [Hofmann and Solomon, 1989; So-

85U89| SUOWILOD 31D a|qedt|dde auy Aq pausenob ale sadile O ‘s Jo 3| 10) AelqiauluQ A3|IAA UO (SUONIPLOD-pUe-SULLIBYWOD B | I Afeiq 1o Juo//:Sdny) SUonIpUOD pue s | 8Y1 39S * [7202/c0/6T ] uo AriqiauliuQ Aa|im ‘ABojoioel N 8¥E Id N Ad 88YTOArY6/620T OT/10pAWod" A 1m Ariqpuljuo'sqndnBe//sdny wouy papeojumoq ‘0TA V66T ‘P202Z9STZ



TIE ET AL.: EFFECT OF PINATUBO AEROSOL ON STRATOSPHERIC OZONE

CHANGES IN Jg, (%)

CHANGES IN Jo, (%)
I

P
[

HEIGHT (km)
a383R88s

—_
o

(=T ]

Tropics

:t : Heating
N < Photolysis
\\e o  em-- Heating + Photolysis

-5

\Observations

TTTITTTTTTTTTTTTTT

| 1 1 1 1 1 1 | |
6 7 8 9

MONTH AFTER ERUPTION

-
o

TOTAL OZONE DEPARTURES (DU)
o
[
w
»
o

Figure 8. Relative changes (percent) as a function of lati-
tude and height [October 1992] in the photolysis frequency of
(a) ozone and (b) molecular oxygen, and (c) changes in total
ozone (Dobson units) in the tropics due to the radiative
effects of sulfate aerosol during 6 months after the eruption
of Mt. Pinatubo.

lomon et al., 1993]. The largest enhancements in ClO con-
centrations and depletion in ozone are therefore expected to
be found in winter near the terminator. This conclusion is
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reinforced by the fact that the conversion of CIONOQ, into
active chlorine by reaction 2 is most rapid in cold air masses
[Tolbert et al., 1988; Hanson and Ravishankara, 1991; Toon
et al., 1993] and therefore is maximized in the same regions
and at the same time of the year. The accommodation
coeflicient of reaction 2 remains, however, uncertain, so that
two cases have been considered. In the first of them (case
A), only reaction 1 is taken into consideration, while in the
second case (case B), both reactions are taken into account.

Figures 9a-9d show for the northern hemisphere (0°-90°N)
at 20 km of altitude the evolution of the surface area density
provided by volcanic sulfate aerosols, the reduction in the
NO, concentration in response to the volcanic perturbation,
the corresponding increase in the ClO concentration, and the
percentage change in the ozone density, respectively, during
the first year following the eruption. In this simulation (not
including the radiative perturbation) the only heterogeneous
reaction involved is the conversion of N,0O5 on aerosol
surface (case A). NO, is depleted at midlatitudes by as much
as a factor of 2 (300 parts per trillion by volume [pptv]) in late
summer. A 50% reduction (150 pptv) is predicted in the
tropics. At the same time CIO is enhanced by as much as 16
pptv at high latitude (near the terminator) in winter. In
relative terms (not shown), the increase in ClO concentra-
tion is of the order of 50% from the equator to 75°N in
December and from the equator to 45°N in April and is less
further north. It is of the order of 20% near the terminator.
For case A, the model predicts a 4% reduction in the 20-km
altitude ozone density at 60°N-75°N in late winter to early
spring. In summer, 10 months after the eruption, an en-
hancement in the ozone concentration is found at latitudes
higher than 45°N.

The evolution of the same quantities for the second year
following the eruption of Mt. Pinatubo (case A) is shown in
Figure 10. During this period, the surface area density at 20
km is decreasing with time at all latitudes except north of
60°N, where a slight increase is still visible until January
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Figure 9. Calculated changes in (a) the aerosol surface area density, (b) the NO, concentration, (c) the
CIO concentration, and (d) the O, concentration at 20 km of altitude in the northern hemisphere due to the
effects of the chemical heterogeneous reaction during the first year following the eruption of Mt. Pinatubo

(July 1991 to June 1992).
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Figure 10. Same as Figure 9 but for the second year after the eruption of Mt. Pinatubo (July 1992 to June
1993).

1993. The magnitude of the calculated reduction in NO, and changes in NO,, ClO, and ozone concentrations at 20 km in
in the calculated increase in ClO during this second year is the northern hemisphere when the effects of both reactions
quantitatively similar to that during the first year, in spite of (1) and (2) are taken into account (case B). As indicated
the reduction in the surface area density of the volcanic earlier, the rate at which CIONO, is converted into active
aerosols. This is attributed to a *‘saturation effect,” which is  chlorine is highly dependent on the chemical composition of
discussed in section 4.6 (see also Prather [1992] and Fahey et  the aerosol and hence on the temperature and water abun-
al. [1993]). Note that the maximum reduction in the ozone dance in the lower stratosphere. Because, especially at high
concentration at 20 km (in March 1993) is now of the order of latitudes, the temperature calculated by the model in the
3%, while at the same time the aerosol surface area at this range from 10 to 20 km is several degrees K lower than the
height is of the order of 10 p.m2/cm3. observed (climatological) temperatures, and consequently

Figures 11, 12, and 13 show the time evolution for three the accommodation coefficient for reaction (2) used in the
consecutive years of the surface area density and the model could be as much as a factor of 20 higher than in
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Figure 11. Calculated changes in (a) the acrosol surface area density, (b) the NO, concentration, (c) the
ClO concentration, and (d) the O; concentration at 20 km in the northern hemisphere due to the effects of
chemical heterogeneous reactions (1) and (2) during the first year following the eruption of Mt. Pinatubo
(July 1991 to June 1992). Reaction coefficient 2 is calculated by using the observed (climatological)
temperature [Randel, 1992].
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Figure 12.
June 1993).

reality, we have chosen to estimate the value of vy, (T, H,0O)
from climatological values of the temperature [Randel,
1992]. As will be shown later, the use of this assumption
significantly affects the calculated changes in the abundances
of chemical compounds, including stratospheric ozone. Un-
der the adopted conditions, the reduction in NO, is very
similar to the results obtained in case A, but the enhance-
ment in the ClO mixing ratio, which, in case A, reached a
maximum of 16 pptv in January 1992 near the terminator,
reaches in case B a maximum of more than 50 pptv in March
1992. The maximum reduction in the 20-km ozone concen-
tration (also in March) is 18% and is predicted to occur near
the terminator (solar zenith angle effects on the photolysis of
nitric acid). This value is larger by a factor of 4 than in case
A. A comparable reduction (maximum of 12% at 65°N in
March 1993) is predicted for the second year of the model
simulation (see Figure 12). When the model simulation is

Same as Figure 11 but for the second year after the eruption of Mt. Pinatubo (July 1992 to

extended over a third year (Figure 13), the predicted reduc-
tion in the ozone density reaches a maximum of 6% in
February 1994 in spite of the fact that the aerosol surface
area has decreased to approximately 5 pm2?/cm?. Thus in
carly 1994, the reduction in the ozone density at 20 km
associated with the eruption of Mt. Pinatubo in 1991 should
remain significant and only a factor of 3 smaller than in early
1992. Note that as in case A, an increase in the 20-km ozone
is predicted at high latitudes each year during the summer
season.

In order to assess the altitude dependence of the changes
in the key chemical variables discussed above, Figure 14a
depicts the evolution versus height of the aerosol surface
area density at 60°N during the first year following the
eruption. Although the volcanic perturbation between July
and November 1991 remains localized primarily between 10
and 26 km, it extends to higher altitudes as time evolves and
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Figure 13. Same as Figure 11 but for the third year after the eruption of Mt. Pinatubo (July 1993 to June

1994).
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Figure 14. Calculated changes in (a) the aerosol surface area density, (b) the NO, concentration, (c) the
HNOj; concentration, (d) the OH concentration, (¢) the ClO concentration, and (f) the O3 concentration
at 60°N between 0 and 40 km of altitude due to the effects of chemical heterogeneous reactions (1) and (2)
during the first year following the eruption of Mt. Pinatubo (July 1991 to June 1992). Reaction coefficient
2 is calculated by using climatological temperature [Randel, 1992].

reaches 37 km in January 1992. Afterwards, as aerosols
coagulate and sediment, a slow descent of the stratospheric
aerosol layer occurs, and above approximately 20 km of
altitude, the surface area density decreases with time. Re-
ductions in the NO, concentration at 60°N (Figure 14b)
follow the patterns associated with the evolution of the
aerosol layer, with the largest values occurring at 30 = 5 km
of altitude. A significant increase in the nitric acid mixing
ratio is predicted between 20 and 35 km, reaching values as
high as 5 parts per billion by volume (ppbv) in January and
February (Figure 14c). The major role played by liquid
aerosols above 30 km in determining the abundance of
HNO; in the polar winter at high latitudes was recently
pointed out by Garcia and Solomon [1994] and is confirmed
by the present study for volcanic conditions. Significant
change is also predicted for the OH concentration above 25
km (Figure 14d). The largest absolute increase in ClO (see
Figure 14e) at 60°N latitude (case B) occurs in January 1992,
with values reaching 80 pptv at 25-30 km. A time-altitude
cross section at 70°N would show a maximum ClO increase
of 120 pptv in February. The change in the ozone density at
60°N (Figure 14f) is characterized by an increase at altitudes
higher than approximately 25 km (due to a reduction in the
efficiency of the NO, catalytic destruction of O3) and by a
decrease at altitudes below this level (where the increase in
the concentration of OH and ClO enhances the overall
destruction rate of O3). The ozone change is consistent with
the observation reported by Hofmann et al. [1993]. The
relative local changes in the ozone density at 60°N slightly
exceed 20% (case B) when climatological temperatures are
used for the calculation of the accommodation coefficient for

reaction (2). Similar features are simulated during the second
year following the eruption (Figures 15a-15f).

Laboratory studies [Hanson and Ravishankara, 1991]
have shown that HCI could dissolve in aerosol droplets and
that the reactions

CIONO, + HCI — Cl, + HNO, 3)
HOCI + HCl - Cl, + H,0 (4)

should be considered potential mechanisms for the conver-
sion of chlorine reservoirs (e.g., HCl and CIONO,) into
active chlorine. Uptake of OH and HO, onto sulfuric acid
particles seems to be an important process [Gershenzon et
al., 1987; Mozurkewich et al., 1987; Hanson et al., 1992], but
the impact of these reactions for Mt. Pinatubo aerosols
seems to be insignificant [Hanson et al., 1994]. To account
for the possibility of accelerated conversion of chlorine
reactions when HCI is dissolved in sulfate-water aerosol
particles, we have added reaction (3) to our chemical scheme
with an accommodation coefficient derived from Table 4 in
Hanson et al. [1994]. This accommodation coefficient in-
creases dramatically with decreasing H,SO, weight percent-
age in the aerosol and hence with decreasing temperature.
According to Hanson et al. [1994], it could reach 5 X 1073,
3 x 1072, and 9 x 1072 for H,SO, weight percentages of
55%, 50%, and 45%, respectively. Where included in the
model, reaction (3) does not produce any dramatic changes
in the response in the northern hemisphere to the eruption of
Mt. Pinatubo (when the climatological temperature is used in
the quantification of heterogeneous processes). However, in
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Figure 15. Same as Figure 14 but for the second year after the eruption of Mt. Pinatubo (July 1992 to

June 1993).

the southern hemisphere, when the polar winter temperature
is approximately 10 K lower than in the opposite hemi-
sphere, chlorine activation is increased dramatically south of
60°S in September and October and high levels of ClO
(above 500 pptv; see Figure 16) are produced at the edge of
the polar night region. It is therefore likely that significant
amounts of chlorine could be activated on sulfate aerosol
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Figure 16. Enhancement in the concentration of ClO (parts
per trillion by volume) in the southern hemisphere in re-
sponse to the presence of Pinatubo aerosols in the strato-
sphere. The dilution of HCl inside sulfate aerosol droplets is
taken into account. Reaction (3) plays a significant role in
cold polar regions and produces the large ClO concentration
in September and October near the terminator.

particles just prior to the formation of polar stratospheric
clouds. The dramatic chlorine activation under cold condi-
tions was already noted by Hanson et al. [1994]. This effect
should be most pronounced during postvolcanic periods but
should also occur for background conditions. Heteroge-
neous processes at temperatures near 200 K, corresponding
to the transition between liquid aerosol particles and nitric
acid trihydrate (NAT), are not well understood and need to
be elucidated in order to understand the causes of ozone
depletion at high latitudes. It is likely that at temperatures
near the threshold for NAT formation or if supersaturation
prevails, aerosols could be as efficient in converting CIONO,
as polar stratospheric clouds, especially under volcanic
conditions.

4.4. Overall Effects on Ozone

In order to quantify the relative importance of the radia-
tive, dynamical, and chemical effects leading to ozone
changes on a nearly global scale, we have integrated be-
tween 65°S and 65°N the amount of ozone calculated by the
model and have derived for 3 years following the eruption of
Mt. Pinatubo its relative departure from the values in a
model simulation in which the aerosol level is representative
of background conditions (see Figure 17). When only the
radiative effects are taken into account (scattering of solar
light and absorption of terrestrial radiation by volcanic
aerosols as well as the resulting changes in the atmospheric
circulation), the global reduction in total ozone reaches 1.3%
during the first year following the eruption and gradually
decreases during the second year. When only the chemical
effects associated with heterogeneous concentration mecha-
nisms are considered, a slight increase (approximately 0.5%)
is predicted during the first year (July 1991 to May 1992) and
a significant decrease is calculated during the second year,
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Figure 17. Comparison between observed [Gleason et al.,
1993] and calculated changes in global ozone amount (latitu-
dinal weighted integration between 65°S and 65°N) after the
eruption of Mt. Pinatubo. Reaction coefficient 2 is calculated
by using climatological temperature [Randel, 1992]. The
contribution of chemical and radiative effects is shown.

with a maximum of 2% in October 1992. Finally, when all
processes are considered simultaneously, an intermediate
ozone response is found, in good agreement with the ozone
depletion reported by Gleason et al. [1993]. During the first
year, the reduction in the integrated ozone column abun-
dance is thus related primarily to radiative effects, while
during the second year the calculated depletion is associated
with heterogeneous chemistry. This conclusion is consistent
with the finding [Gleason et al., 1993] that ozone reduction in
the northern hemisphere was larger during the 1992-1993
winter than 1 year earlier, even though the global aerosol
load had become smaller.

Finally, Figure 18 shows the calculated change in the
ozone column abundance in the tropics and in the northern
hemisphere during 3 years following the eruption of Mt.
Pinatubo. Values in the southern hemisphere are not shown
since they are severely affected by heterogeneous processes
inside polar stratospheric clouds, an effect that is not con-
sidered explicitly in the present study. The predicted
changes are compared with values deduced from TOMS
observations after removal of QBO effects (W. J. Randel and
F. Wu, manuscript in preparation, 1994). The model repro-
duces remarkably well the general features deduced from
satellite observations. It predicts, for example, the reduction
in total ozone observed near the equator and simulates
within 25% the ozone changes observed at high latitudes
during the two springs following the volcanic eruption. Some
discrepancies are also noticeable (e.g., the overestimation
by the model of the ozone reduction between 10°N and 40°N
from July to September 1991), but such differences are to be
expected because of the model formulation and simplifica-
tions in the transport and chemical schemes.

Our calculations show that the key parameter is not the
globally integrated aerosol load nor the value of the surface
area density (since saturation occurs for relatively small
surface area density; see section 4.6), but the latitude at
which the aerosols are present. It took several months
before large amounts of aerosol were transported into polar
regions, where their chemical effects become substantial.
The major cause for this latitudinal effect is the slow photol-
ysis rate of nitric acid in a region where the solar zenith angle
is generally high [Hofmann and Solomon, 1989; Solomon et
al., 1993] and hence the high level of ‘‘denoxification’’ (low

NO,/NO, concentration ratio) in this region of the atmo-
sphere, maintaining high concentrations of ClO. Another
important factor affecting the calculated ozone depletion is
the temperature at which reaction (2) occurs. As indicated
earlier, in the model calculations reported above, the accom-
modation coefficient (reaction probability) for the CIONO,
conversion on aerosols was derived by using climatological
temperatures. The calculation was redone (case C) by using
the temperature derived by the model itself. The difference
between the calculated and climatological temperature in
March is shown in Figure 19 as a function of latitude and
height. In spite of the fact that the temperature differences
do not exceed 10 K except in the polar regions, the ozone
reductions calculated in the two cases are substantially
different, as shown by Figure 20. This figure depicts the
departure of the total ozone burden (integrated from 65°S to
65°N) from its value derived in the absence of volcanic
eruption. The results refer to the second year following the
eruption. When the accommodation coefficient vy, is derived
from calculated temperatures, the ozone reduction is at least
a factor 2 or 3 larger than if the climatological temperatures
are adopted. The agreement between calculated and ob-
served ozone changes during the second year of the model
integration is best for case B. The changes in the ClO and O,
concentrations at 20 km of altitude in response to the
Pinatubo aerosols are shown in Figure 21 for a case in which
the calculated temperature is used to estimate the accommo-
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Figure 18. Comparison between observed (TOMS re-
ported by W. J. Randel and F. Wu (manuscript in prepara-
tion, 1994)) and calculated changes in total ozone in northern
hemisphere and tropics after the eruption of Mt. Pinatubo.
The QBO effect is removed from observation. The calcula-
tion includes both radiative and chemical effects.
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Figure 19. Difference (degrees Kelvin) between calculated
and climatological temperatures [Randel, 1992] for March
conditions. The dashed and solid lines represent calculated
temperatures below and above observed temperatures, re-
spectively.

dation coefficient of reaction (2). The perturbations are
significantly larger than those shown in Figure 12.

4.5. Saturation Effects

The chemical response of the atmosphere to large volcanic
eruptions remains similar for 2 to 3 years despite a substan-
tial decrease with time in the aerosol load, because the
rate-limiting step in the conversion of nitrogen oxides into
nitric acid is not provided by reaction (1) but by reaction (3)
in the following sequence: NO, + O3 — NO3 + O, (reaction
3)), NO; + NO, + M — N,05 + M (reaction (4)), and
N,Os + H,0 (aerosol) - 2 HNO; (reaction (1)). Figure 22,
which shows the changes in the concentrations of NO,,
HNO;, and CIO with aerosol surface area density at 25 km
during February, suggests that in the tropics (Figure 22a),
saturation is achieved for surface areas of 10 pm2/cm?,
while at high latitudes (Figure 22¢), the same situation is
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Figure 20. Observed [Gleason et al., 1993] and calculated
changes in global ozone (latitudinal weighted integration
between 65°S and 65°N) between May 1992 and April 1993.
The dashed line represents the calculated ozone depletion in
which calculated temperatures are used to calculate the
accommodation coefficient of reaction (2). The solid line
represents the calculated ozone depletion when the observed
(climatological) temperature [Randel, 1992] is used to calcu-
late the accommodation coefficient.
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Figure 21. Calculated changes in (a) ClO concentrations
and (b) O; concentrations at 20 km in the northern hemi-
sphere due to the effects of chemical heterogeneous reac-
tions (1) and (2) during the second year following the
eruption of Mt. Pinatubo (July 1992 to June 1993). In this
case, the accommodation coefficient for reaction (2) is cal-
culated by using the temperature calculated by the model.

reached for much smaller areas (1 pm?/cm3) if the only
heterogeneous conversion mechanism taken into account is
reaction (1). If, however, both heterogeneous reactions (1)
and (2) are included in the model calculation, the situation
remains approximately the same at low and midlatitudes but
is substantially modified at high latitudes. Figure 22¢ shows
that in the case of ClO, the concentration continues to
increase with surface area density for values higher than 10
pm?/cm3. This result provides another example of the
importance of the temperature-dependent conversion of
CIONO, at high latitudes. Note that the saturation effect of
NO, species manifests itself in the NO,/NO, concentration
ratio. This ratio, calculated as a function of the aerosol
surface area density at 20 km of altitude, 45°N and equinox
conditions (Figure 23), compares well with the values pro-
vided by Fahey et al. [1993] from their measurements in
different air masses.

5. Summary and Conclusions

We have used a two-dimensional chemical-dynamical-
radiation model of the middle atmosphere, coupled to a
microphysical model of aerosol formation and fate, to sim-
ulate as a function of time the evolution of chemical com-
pounds, including ozone, in the lower stratosphere. The
advantage of such model is that it provides a quantitative
estimate of the various dynamical, radiative, and chemical
processes responsible for perturbations in the ozone layer in
response to a volcanic perturbation. The microphysical
model [Tie et al., 1994] produces a distribution of the aerosol
surface area density which is in relatively good agreement
with available data. The heterogeneous conversion of N,O;5

85U SUOWILLIOD dAI1Ra1D) 3|gedl(dde ay) Aq pautonob afe sajaiie YO ‘3sN Jo sajnt Jo) Azeiq1auluQ A8\ UO (SUOTIPUOD-PUR-SWLLB)/W0D A3 (1M ARelq 1)Ul UO//:SATY) SUO I IPUOD pUe SWd | 8y} 38S *[7202/c0/6T] Uo Arlqiauliuo A11M ‘ABojoioee N 8YE Id N AQ 887 TOArY6/620T OT/I0p/Wwod A8 1M Aelq tjputiuo'sqndnfe//sdny wouy papeolumoq ‘0TA ‘¥66T ‘P20229STZ



when the accommodation coefficient for reaction (2) is
derived with the calculated temperature rather than the
climatological (observed) one. Thus the magnitude of the
ozone response to volcanic perturbations is highly depen-
dent on the atmospheric temperature, so that the difference
in the ozone decrease at high latitudes between two consec-
utive years may be due to a result of interannual variations in
the temperature.

The model also suggests that, during the first year follow-
ing the eruption, the observed ozone depletion is due pri-
marily to dynamical and radiative effects which are predom-
inant when the volcanic cloud is dense. As the aerosols
reach polar regions several months after the eruption, the
chemical effects tend to become dominant. The chemical
effects are most efficient at high latitudes, where the photol-
ysis of nitric acid (producing NO,) is slow and the temper-
ature is low, allowing heterogeneous conversion of CIONO,
into active chlorine (ClO). The magnitude of the ozone
depletion does not increase indefinitely with the aerosol
burden (aerosol surface area density); it is saturated rapidly
when the surface becomes larger than a few square microme-
ters per cubic centimeter. For large volcanic eruptions, the
depletion of ozone is more sensitive to the level of chlorine
in the atmosphere (amount of chlorofluorocarbons released)
than to the amount of volcanic material injected into the
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Figure 22, Calculated changes in HNO;, CIO, and NO,
concentrations with increasing aerosol surface area density
with (a and b) only heterogeneous chemical reaction 1 taken
into account and (c) heterogeneous reactions (1) and (2)
included in the model. The results are shown for 25 km at the
equator (a) and at 30°N (b) and 70°N (c) (conditions repre-
sentative of February 1990).

into HNO; on the surface of these sulfate aerosols appears
to play an important role at midlatitudes, while the conver-
sion of CIONO,, with a temperature-dependent rate, plays a
key role at high latitudes in winter. In our standard simula-
tions, the maximum reduction in the ozone concentration at
20 km is four times larger when the two heterogeneous
reactions are taken into account than when only the N,O;
conversion is included in the model. The predicted reduction
in the ozone concentration at 20 km is significantly higher
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Figure 23. Observed [Fahey et al., 1993] and calculated
NO,/NO, concentration ratio shown as a function of in-
creasing sulfate aerosol area (equinox).

stratosphere. The time period over which the atmosphere is
perturbed increases, however, with the burden of SO,
having reached the stratosphere.

It should be realized that, because of the limitations
associated with two-dimensional models, especially with
regard to their ability to simulate meridional transport, the
results presented and discussed here should be regarded
largely as qualitative rather than fully quantitative. The
purpose was to explain some of the recent observations and
provide some insight concerning the respective role of
dynamics versus chemistry leading to the ozone reduction
observed after the eruption of Mt. Pinatubo in June 1991.
The model clearly suggests, like other similar studies [Pitari
and Rizi, 1993; Bekki and Pyle, 1994], that the observed
ozone decrease between 1991 and late 1993 was related to
the eruption of Mt. Pinatubo.

Acknowledgments. The authors are grateful to Rolando Garcia,
William Grant, and Anne Smith for useful comments on the manu-
script. They thank David Hofmann for useful discussions. Thanks to
Irena Petropovlovskykh for her help in the calculation of photolysis
coefficients. This work was supported in part by NASA under
contract L.72802C. Claire Granier is supported by the Gas Research
Institute (contract 5090-254-1993). Guy Brasseur is supported in part
at the University of Brussels by the Global Change program of the
Belgian government. This research was supported in part by the
Commission of European Communities (STEP Program). The Na-
tional Center for Atmospheric Research is sponsored by the Na-
tional Science Foundation.

References

Barkstrom, B. R., The Earth radiation budget experiment (ERBE),
Bull. Am. Meteorol. Soc., 67, 11701185, 1984,

Barkstrom, B. R., and G. L. Smith, The Earth radiation budget
experiment: Science and implementation, Rev. Geophys., 24,
379-390, 1986.

Bekki, S., and J. A. Pyle, A two-dimensional modeling study of the
volcanic eruption of Mount Pinatubo, J. Geophys. Res., 99,
18,861-18,869, 1994,

Bekki, S., R. Toumi, and J. A. Pyle, Role of sulphur photochemistry

85U0|7 SUOWWIOD dAIER.D) 3|deat|dde au Aq pausencb afe sajolle YO ‘8sN Jo s 10} Akeiqi]8UIIUQ /8|1 UO (SUONIPUOD-PUE-SLLB)L0D A8 |IMALe.q 1 pUI|UO//SANY) SUONIPUOD PUe sWe | au) 89S *[Z0zZ/c0/6T] Uo Aridiauliuo A1 ‘ABojoios N 87 IdIN Ad 88FTOArY6/620T OT/I0pAwod A 1M ARelq 1 jpuljuo'sqndnfie//:sdiy Wwouy pepeoumod ‘0TaA ‘v66T ‘PZ0ZZ9STe



TIE ET AL.: EFFECT OF PINATUBO AEROSOL ON STRATOSPHERIC OZONE 20,561

in tropical ozone changes after the eruption of Mount Pinatubo,
Nature, 362, 331-333, 1993.

Bohren, C., and D. R. Huffman, Absorption and Scattering of Light
by Small Particles, 530 pp., John Wiley, New York, 1983.

Bojkov, R. D., Record low ozone during northern winters of 1992
and 1993, Geophys. Res. Lett., 20, 1351-1354, 1993.

Boville, B. A., J. R. Holton, and P. W. Mote, Simulation of the
Pinatubo aerosol cloud in general circulation model, Geophys.
Res. Lent., 18, 2281-2284, 1991.

Brasseur, G., and C. Granier, Mount Pinatubo aerosols, chloroflu-
orocarbons, and ozone depletion, Science, 257, 1239-1242, 1992.

Brasseur, G., M. H. Hitchman, S. Walters, M. Dymek, E. Falise,
and M. Pirre, An interactive chemical dynamical radiative two-
dimensional model of the middle atmosphere, J. Geophys. Res.,
95, 5639-5655, 1990.

Brasseur, G., C. Granier, and S. Walters, Future changes in
stratospheric ozone and the role of heterogeneous chemistry,
Nature, 348, 626628, 1990.

Briegleb, B. P., Delta-Eddington approximation for solar radiation
in the NCAR Community Climate Model, J. Geophys. Res., 97,
7603-7612, 1992a.

Briegleb, B. P., Longwave band model for thermal radiation in
climate studies, J. Geophys. Res., 97, 11475-11485, 1992b.

Chandra, S., Changes in stratospheric ozone and temperature,
Geophys. Res. Lett., 20, 33-36, 1993,

Chandra, S., and R. S. Stolarski, Recent trends in stratospheric total
ozone: Implications of dynamical and El Chichdn perturbations,
Geophys. Res. Lett., 18, 2277-2280, 1991.

Coffey, M. T., and W. G. Mankin, Observations of the loss of
stratospheric NO, following volcanic eruptions, Geophys. Res.
Lert., 20, 2873-2876, 1993.

Crutzen, P. J., and V. Schmailzl, Chemical budgets of the strato-
sphere, Planet. Space Sci., 31, 1009-1032, 1983.

Deshler, T., B. J. Johnson, and W. R. Rozier, Balloon-borne
measurements of Pinatubo aerosol during 1991 and 1992 at 4IN:
Vertical profiles, size distribution, and volatility, Geophys. Res.
Lett., 20, 1435-1438, 1993.

Earth Radiation Budget Experiment Science Team, First data from
the Earth Radiation Budget Experiment (ERBE), Bull. Am.
Meteorol. Soc., 67, 818-824, 1986.

Fahey, D. W., et al., In situ measurements constraining the role of
sulfate aerosols in mid-latitude ozone depletion, Nature, 363,
509-514, 1993.

Fiocco, G., A. Mugnai, and W. Forlizzi, Effects of radiation
scattered by aerosols on the photodissociation of ozone, J.
Atmos. Terr. Phys., 40, 949-961, 1978.

Garcia, R. R., and S. Solomon, A new numerical model of the
middle atmosphere, 2, Ozone and related species, J. Geophys.
Res., 99, 12937-12951, 1994.

Gershenzon, Y. M., A. V. Ivanoz, S. 1. Kucheryavyi, and V. B.
Rozenshtein, Annihilation of OH radicals on the surfaces of
substances chemically similar to atmospheric particles (in Rus-
sian), Kinet. Katal., 27, 923, 1987.

Gleason, J. F., et al., Record low global ozone in 1992, Science, 260,
523-526, 1993.

Granier, C., and G. Brasseur, Impact of heterogeneous chemistry
on model predictions of ozone changes, J. Geophys. Res., 97,
18015-18033, 1992.

Grant, W. B., et al., Observations of reduced ozone concentrations
in the tropical stratosphere after the eruption of Mt. Pinatubo,
Geophys. Res. Lett., 19, 1109-1112, 1992,

Grant, W. B., et al., Aerosol-associated changes in tropical strato-
spheric ozone following the eruption of Mount Pinatubo, J.
Geophys. Res., 99, 81978211, 1994.

Hanson, D. H., and A. R. Ravishankara, The reaction probability of
CIONO, and N,0s on 40 to 75% sulfuric acid solutions, J.
Geophys. Res., 96, 17307-17314, 1991.

Hanson, D. H., J. B. Burkholder, A. R. Ravishankara, and C. J.
Howard, The accommodation coefficients of OH and HO, on
aqueous surfaces, J. Phys. Chem., 96, 4979, 1992.

Hanson, D. H., A. R. Ravishankara, and S. Solomon, Heteroge-
neous reactions in sulfuric acid aerosols: A framework for model
calculations, J. Geophys. Res., 99, 3615-3630, 1994.

Herman, J. R., and D. Larko, Low ozone amounts during 1992-1993
from Nimbus 7 and Meteor 3 total ozone mapping spectrometers,
J. Geophys. Res., 99, 3483-3496, 1994.

Hitchman, M. H., M. McKay, and C. R. Trepte, A climatology of
stratospheric aerosol, J. Geophys. Res., in press, 1994.

Hofmann, D. J., and S. Solomon, Ozone destruction through
heterogeneous chemistry following the eruption of El Chichén, J.
Geophys. Res., 94, 5029-5041, 1989.

Hofmann, D. J., S. J. Oltmans, J. M. Harries, W. D. Komhyr, J. A.
Lathrop, T. DeFoor, and D. Kumiyuki, Ozonesonde measure-
ments at Hilo, Hawaii, following the eruption of Pinatubo, Geo-
phys. Res. Lett., 20, 1555-1558, 1993.

Hofmann, D. J., S. J. Oltmans, W. D. Komhyr, J. M. Harries, J. A.
Lathrop, A. O. Langford, T. Deshler, B. J. Johnson, A. Torres,
and W. A. Matthews, Ozone loss in the lower stratosphere over
the United States in 1992-1993: Evidence for heterogeneous
chemistry on Pinatubo aerosol, Geophys. Res. Lett., 21, 65-68,
1994.

Jackman, C. H., R. K. Seals, and M. J. Prather, Two-dimensional
intercomparison of stratospheric models, NASA Conf. Publ.
3042,, 1989.

Jager, H., and D. Hofmann, Midlatitude lidar backscatter to mass,
area, and extinction conversion model based on in site aerosol
measurements from 1980 to 1987, Appl. Optics, 30, 127-138, 1991.

Johnston, P. V., R. L. McKenzie, J. G. Keys, and W. A. Matthews,
Observations of depleted stratospheric NO, following the
Pinatubo volcanic eruption, Geophys. Res. Lett., 19, 211-213,
1992.

Joseph, J. H., and W. J. Wiscombe, The Delta-Eddington approx-
imation for radiative flux transfer, J. Atmos. Sci., 33, 2452-2459,
1976.

Kasten, F., Falling speed of aerosol particles, J. Appl. Meteorol., 7,
944-947, 1968.

Kerr, J. B., D. 1. Wardle, and D. W. Tarasick, Record low ozone
values over Canada in early 1993, Geophys. Res. Lett., 20,
1979-1982, 1993.

Kiehl, J. T., and B. P. Briegleb, The relative roles of sulfate aerosols
and greenhouse gases in climate forcing, Science, 260, 311-314,
1993,

Kinne, S., O. B. Toon, and M. J. Prather, Buffering of stratospheric
circulation by changing amounts of tropical ozone: A Pinatubo
case study, Geophys. Res. Lett., 19, 1927-1930, 1992,

Koike, M., Y. Kondo, W. A. Matthews, P. V. Johnston, and K.
Yamazaki, Decrease of stratospheric NO, at 44°N caused by
Pinatubo volcanic aerosols, Geophys. Res. Leit., 20, 1975-1978,
1993.

Koike, M., Y. N. B. Jones, W. A. Matthews, P. V. Johnston, R. L.
McKenzie, D. Kinnison, and J. Rodriguez, Impact of Pinatubo
aerosols on the partitioning between NO, and HNO3, Geophys.
Res. Lett., 21, 597-600, 1994.

Labitzke, K., and M. P. McCormick, Stratospheric temperature
increases due to Pinatubo aerosols, Geophys. Res. Lett., 19,
207-210, 1992.

Lambert, A., R. G. Grainger, J. J. Remedios, C. D. Rodgers, M.
Corney, and F. W. Taylor, Measurements of the evolution of the
Mt. Pinatubo aerosol cloud by ISAMS, Geophys. Res. Lett., 20,
1287-1290, 1993.

McCormick, M. P., and R. E. Veiga, SAGE II measurements of
early Pinatubo aerosols, Geophys. Res. Lett., 19, 155-158, 1992.

Michelangeli, D. V., M. Allen, and Y. Yung, El Chichén volcanic
aerosols: Impact of radiative, thermal, and chemical perturba-
tions, J. Geophys. Res., 94, 18429-18443, 1989.

Mills, M. J., A. O. Langford, T. J. O’Leary, K. Arpag, H. L. Miller,
M. H. Proffitt, R. W. Sanders, and S. Solomon, On the relation-
ship between stratospheric aerosols and nitrogen dioxide, Geo-
phys. Res. Lett., 20, 1187-1190, 1993.

Mozurkewich, M., P. H. McMurry, A. Gupta, and J. G. Calvert,
Mass accommodation coefficient for HO;, radicals on aqueous
particles, J. Geophys. Res., 92, 41634170, 1987.

Palmer, K. F., and D. Williams, Optical constants for sulfuric acid:
Application to the clouds of Venus? Appl. Optics, 14, 208-219,
1975.

Pinnick, R. G., S. G. Jennings, and P. Chylek, Relationships
between extinction, absorption, backscattering, and mass content
of sulfuric acid aerosols, J. Geophys. Res., 85, 40594066, 1980.

Pitari, G., and V. Rizi, An estimate of the chemical and radiative
perturbation of stratospheric ozone following the eruption of Mt.
Pinatubo, J. Atmos. Sci., 50, 3260-3276, 1993.

3SUS017 SUOWIWOD) SISO (gedl|dde auy Aq pauLenob sk sajiie O B8N Jo Sa|ni 0 Akeud1auUIIUO AS]I/ UO (SUOIPUOD-PLIR-SLLIBY /W0 AB | 1M Ake.q 1 [ou1{UO//ST1Y) SUOIPUOD Pue S L 3Y) 335 *[7202/€0/6T] Uo ARiqiauliuo 48|11 ‘ABojo1oe N 8VE IdIN Ad 88¥TOACY6/620T 0T/10p/wod A8 | imAfe.q i jput|uo'sgndnBe/sdny wouy papeojumod ‘0TA ‘¥66T ‘Pe0ceISTe



20,562 TIE ET AL.: EFFECT OF PINATUBO AEROSOL ON STRATOSPHERIC OZONE

Prather, M., Catastrophic loss of stratospheric ozone in dense
volcanic clouds, J. Geophys. Res., 97, 10187-10191, 1992.

Randel, W. J., Global atmospheric circulation statistics, 1000-1 mb,
NCAR Tech. Note NCAR/TN-366-STR, Natl. Cent. for Atmos.
Res., Boulder, Colo., 1992.

Rinsland, C. P., M. R. Gunson, M. C. Abrams, L. L. Lowes, R.
Zander, E. Mahieu, A. Goldman, M. K. W. Ko, J. M. Rodriguez,
and N. D. Sze, Heterogeneous conversion of N,Os to HNO; in
the post-Mt, Pinatubo eruption stratosphere, J. Geophys. Res.,
99, 8213-8219, 1994,

Schoeber], M. R., P. K. Bhartia, E. Hilsenrath, and O. Torres,
Tropical ozone loss following the eruption of Mt. Pinatubo,
Geophys. Res. Lett., 20, 29-32, 1993.

Sheridan, P. J., R. C. Schnell, D. J. Hofmann, and T. Deshler,
Electron microscope studies of Mt. Pinatubo aerosol layers over
Laramie, Wyoming, during summer 1991, Geophys. Res. Lett.,
19, 203-206, 1992.

Solomon, S., R. W. Sanders, R. R. Garcia, and J. G. Keys,
Increased chlorine dioxide over Antarctica caused by volcanic
aerosols from Mount Pinatubo, Nature, 363, 245-248, 1993.

Steele, H. M., and P. Hamill, Effects of temperature and humidity
on the growth and optical properties of sulfuric acid-water drop-
lets in the stratosphere, J. Aerosol Sci., 12, 517-528, 1981.

Stowe, L. L., R. M. Carey, and P. P. Pellegrino, Monitoring the Mt.
Pinatubo aerosol layer with NOAA/11 AVHRR data, Geophys.
Res. Lett., 19, 159-162, 1992.

Strong, A. E., and L. L. Stowe, Comparing stratospheric aerosols
from El Chichén and Mount Pinatubo using AVHRR data, Geo-
phys. Res. Lett., 20, 1183-1186, 1993.

Tie, X., X. Lin, and G. Brasseur, Two-dimensional coupled dynam-
ical/chemical/microphysical simulation of global distribution of El
Chichén volcanic aerosols, J. Geophys. Res., 99, 16,779-16,792,
1994,

Tolbert, M. A., M. J. Rossi, and D. M. Golden, Heterogeneous
interactions of chlorine nitrate, hydrogen chloride, and nitric acid
with sulfuric acid surface at stratospheric temperatures, Geophys.
Res. Lett., 15, 847-850, 1988.

Toon, O., et al., Heterogeneous reaction probabilities, solubilities,
and the physical state of cold volcanic aerosols, Science, 261,
1136-1140, 1993.

Trepte, C. R., and M. H. Hitchman, Tropical stratospheric circula-
tion deduced from satellite aerosol data, Nature, 355, 626-628,
1992.

World Meteorological Organization, Scientific Assessment of Ozone
Depletion: 1991, WMO Rep. 25, Geneva, 1992.

Yue, G., L. R. Poole, and L. W. Thomason, Modeling and obser-
vation of stratospheric aerosol properties after the eruption of
Mount Pinatubo, in 2nd High-Speed Research Program Meeting,
NASA Ref. Publ. 1293, 1992.

G. P. Brasseur, B. Briegleb, C. Granier, and X. Tie, National
Center for Atmospheric Research, Atmospheric Chemistry Divi-
sion, P.O. Box 3000, Boulder, CO 80307.

(Received January 14, 1994; revised May 7, 1994;
accepted June 8, 1994.)

3SUS017 SUOWIWOD SAIES.ID d(ed!|dde auy Aq pauLenob afe ajoiie YO BSN JO Sajnu o} Akeud13UIIUO AS|1/W UO (SUO1IPUOD-PLIE-SLLLIBI WO AB | 1M Afe.q 1 [oU1|UO//SANY) SUORIPUOD Pue S L 34} 835 *[720¢/c0/6T] Uo ARiqiauliuo 45|11 ‘ABojo1os N 8VE IdIN Ad 88¥TOACY6/620T OT/10p/wod Aa|imAfe.q i jput|uo'sgndnBe//sdny wo.y papeojumod ‘0TA ‘¥66T ‘Pe0ceISTe



