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Abstract. The eruption of Mount Pinatubo introduced large amounts of sulfur-
containing particles into the stratosphere. Stratospheric ozone measured by
ozonesondes and satellites is significantly lower following the Juné 1991 eruption and
throughout 1992 and 1993. To clarify the mechanisms leading to effects on stratospheric
ozone, time-dependent stratospheric aerosol and gas experiment II (SAGE II) and
cryogenic limb array elaton spectrometer (CLAES) aerosol optical extinction data and
SAGE II surface area density are used as parameters in a two-dimensional (2-D)
zonally averaged chemical radiative transport model. The model was integrated with
time from before the eruption through December 1993. The modeled impact on global
ozone results from increased rates of heterogeneous reactions on sulfate aerosols and
from the increased radiative heating and scattering caused by these aerosols. The
model’s dynamical response to changes in forcing (from changes in radiatively active
trace gas concentrations and from aerosol-heating) is treated in one of three ways: (1)
the stratospheric temperature is perturbed, with fixed seasonal circulation, (2) the
circulation is perturbed, with fixed seasonal temperature, or (3) both circulation and
temperature are unperturbed, when investigating only the impact of Mount Pinatubo
increased aerosol surface area density (SAD) and aerosol scattering of actinic solar
radiation. When the aerosol heating is allowed to modify the temperature distribution,
the maximum change calculated in equatorial column ozone is —1.6%. The calculated
equatorial temperature change and peak local ozone change in October 1991 are +6 K
and —4%, respectively. When aerosol heating perturbs the circulation in the model, the
maximum change in equatorial column ozone is —6%. Increased heterogeneous
processing on sulfate aerosols is calculated to have changed equatorial column ozone in
late 1991 by —1.5%. Global column ozone in the model in 1992 and 1993 changed by
—2.8% and —2.4%, respectively. The relationship of ozone-controlling processes in the
lower stratosphere is altered as well; HO, becomes the most important catalytic cycle,
followed by CIO, and NO,. This is driven by significant changes in trace gas
concentrations. In October 1991, lower stratospheric, equatorial NO, decreased by
40%, ClO, increased by 60%, and HO, increased by 25%. When the effect of
heterogeneous chemical processing on sulfate aerosols is combined with aerosol
heating, modifying either circulation or temperature, dramatically different ozone
fingerprints with time and latitude are predicted. Model-derived changes in the
equatorial region in column ozone best represented the observed data when perturbed
circulation was combined with heterogeneous chemical effects. However, at high
latitudes, the increased ozone production from the strengthening of the mean
circulation tends to cancel the heterogeneous reduction of ozone. This is not in good
agreement with observed data, especially in 1992 and 1993. When the circulation is
held fixed and the temperature allowed to change, and heterogeneous chemical effects
are included, the equatorial ozone decrease predicted was too small for 1991.
However, the mid- to high-latitude decrease in 1992 and 1993 is in better agreement
with observed data.

Introduction tributions in the upper troposphere and lower stratosphere.
Massive eruptions produce large quantities of sulfur dioxide

Volcanic eruptions can significantly impact trace gas dis- (SO,), water, and particulates. They also can inject, depend-
- ing on the type of eruption, chlorine compounds. Modeling
"Now at Atmospheric Science Department, University of Illinois,  the effects of these impulsive increases in trace constituents,

Urbana. in order to compare the results with observations from
Copyright 1994 by the American Geophysical Union. ground and satellite measurements, provides a unique op-
Paper number 94JD02318. portunity to test current multidimensional chemical-
0148-0227/94/94JD-02318$05.00 radiative transport models of the global atmosphere. Since
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these models are currently used in assessment studies for
future anthropogenic emissions of trace gases [e.g., Prather
et al., 1992; World Meteorological Organization (WMO),
1992], quantitative understanding of the accuracy of the
models is essential.

In order to model volcanic impacts on stratospheric con-
stituents for purposes of comparing to observed perturba-
tions, several quantities must be defined. These include the
nature and magnitude of the initial impulse, the development
in time of the aerosol distribution and properties both
radiative and chemical, and the observed atmospheric re-
sponse of key variables such as temperature and ozone and
other trace constituents. Below we review the existing body
of information for these variables, focusing on what is
known on the time period around the eruption of Mount
Pinatubo. We also briefly review recent prior model studies
of volcanic impact.

Several processes occur following a major volcanic erup-
tion. Sulfur dioxide emitted from a large volcanic eruption is
injected into the stratosphere where it is converted, in the
presence of the hydroxyl radical, to sulfuric acid (H,SOy,).
Aerosol formation follows rapidly as a result of the low
vapor pressure of H,SO, at stratospheric temperatures.
Increases in the concentration or surface area density of
sulfate aerosols (1) provide additional sites for heteroge-
neous processes and (2) increase the optical thickness of the
atmosphere, increasing the scattering and absorption of solar
fluxes and the absorption and emission of terrestrial infrared
fluxes. If the postulated heterogeneous processes occur, the
catalytic reactions that affect the concentration of ozone, or
their relative importance, may be modified. As aerosol
optical extinction increases, changes in local heating will
occur, which can alter the mean circulation or the tempera-
ture distribution or both. Strengthening the mean circulation
can lift the ozone layer, causing a localized depletion.
Increasing the local temperature will affect the temperature-
dependent reaction rate constants, increasing the rate of reac-
tions that destroy ozone. Changes in actinic flux will directly
modify photodissociation rates, affecting ozone balance.

Laboratory studies indicate that heterogeneous processes
on sulfate aerosol surfaces at stratospheric temperatures
may significantly modify a mechanism of stratospheric pho-
tochemistry based solely on homogeneous processes [Mo-
zurkewich and Calvert, 1988; Tolbert et al., 1988; Hanson
and Ravishankara, 1991; Van Doren et al., 1991; Burley and
Johnston, 1992a, b; Hanson and Ravishankara, 1993; Mo-
lina et al., 1993; Tolbert et al., 1993; Hanson et al., 1994].
These heterogeneous reactions have the chief impact of
converting NO, (NO + NO,) species efficiently to HNOs,
thereby increasing the catalytic destruction of ozone by
chlorine and hydrogen radicals [Hofmann and Solomon,
1989; Rodriguez et al., 1991; WMO, 1992].

Hofmann and Solomon [1989] were the first to investigate
the effects that heterogeneous chemical processes occurring
on background and volcanically perturbed sulfate aerosol
surfaces have on ozone abundance in the lower stratosphere.
They modeled the El Chichon (17.33°N, 93.2°W, 1982)
eruption (prior to the eruption of Mount Pinatubo the largest
eruption in the last several decades). They added reactions
converting both CIONO, and N,0s, on the aerosols, trans-
forming short-lived reactive nitrogen species into HNOj;,
which has a longer stratospheric lifetime. With inclusion of
these processes in an ambient volcanically unperturbed
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model atmosphere, model-derived HNO; profiles were in-
creased to agree with limb infrared monitor of the strato-
sphere (LIMS) instrument data from the Nimbus 7 satellite.
Hofmann and Solomon [1989] derived maximum local ozone
decreases of greater than 16% at 20 km when the El Chichon
radiative and chemical perturbations were included. Bras-
seur et al. [1990] also investigated the impact of heteroge-
neous chemistry on ozone using a modeled eruption similar
in magnitude to El Chichon. They derived column ozone
decreases of up to 6% at high latitudes for a 1982 atmosphere
containing approximately 2.5 parts per billion by volume
(ppbv) total chlorine. When they modeled the same eruption
occurring for assumed trace gas boundary conditions for the
year 2010, the maximum column ozone change was —12% at
a total chlorine abundance of 4.5 ppbv.

To investigate the radiative effects of an El Chichon size
eruption, Michelangeli et al. [1989], used both a one-
dimensional (1-D) radiative transfer model and a 1-D chem-
ical kinetics model. Model-derived actinic fluxes at wave-
lengths longward of 350 nm increased by 10% between 16
and 30 km. The total radiation within the volcanic aerosol
layer decreased by 15%. These changes in actinic flux,
coupled with an increase in temperature in the aerosol layer,
decreased ozone by up to 7% locally.

Verdecchia et al. [1992] modeled the El Chichon aerosol
cloud using a two-dimensional (2-D) chemical-radiative
transport (CRT) model of the stratosphere. They accounted
for the radiative effects on photodissociation rates and
stratospheric temperatures in addition to heterogeneous
chemistry on sulfate aerosols. Including only the radiative
effects, they derived decreases in equatorial local ozone,
between 20 and 25 km, of up to 6% (column change of 3%).
They also concluded that the radiative effect on ozone
concentration from the increased sulfate aerosols is impor-
tant in both the tropics and midlatitudes.

Prather [1992] investigated the potential for a nonlinear,
catastrophic loss of stratospheric ozone if the aerosol den-
sity were greatly increased following a massive eruption.
With large aerosol surface area densities coupled with rapid
conversion of CIONO, to HOCI and HNO;, and with NO,
concentrations falling below a critical level, there may be
regions in the atmosphere where a threshold is crossed and
large local decreases in ozone would occur. Conclusions
from Prather [1992] and the El Chichon studies mentioned
above indicate the importance of increasing our understand-
ing of lower stratospheric chemical and radiative processes,
given the potential impact of large future volcanic eruptions
against a background of increasing anthropogenic trace gas
emissions.

On June 15, 1991, Mount Pinatubo (15.1°N, 120.4°E)
erupted, producing a stratospheric aerosol cloud that was
observed in the equatorial region at altitudes between 16 and
34 km [McCormick and Veiga, 1992]. SO, emissions from
Mount Pinatubo were measured by the total ozone mapping
spectrometer (TOMS) instrument on the Nimbus 7 satellite
to be 20,000 kt, 2-3 times the amount observed after the El
Chichon eruption [Bluth et al., 1992]. Although the latitude
distribution of Mount Pinatubo aerosol was initially equato-
rial, observations suggest that some material reached mid-
latitudes by August 1991, primarily in the lower strato-
sphere. Observations suggest these perturbations to the
ambient background aerosol burden are expected to have
produced significant chemical and radiative effects.
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Observed trace gas distributions were measured before
and during the Mount Pinatubo period. Satellite measure-
ments combined with ground-based, ozonesonde, and air-
craft data represent a comprehensive, if equivocal, assess-
ment of the potential chemical change following an eruption
of this magnitude. For example, column ozone measure-
ments derived from both the Nimbus 7 TOMS and the
National Oceanic and Atmospheric Administration (NOAA)
11 satellite solar backscattered ultraviolet 2 (SBUV/2) spec-
trometer have been reported by Chandra [1993]. Chandra
suggest that after the effect of the quasi-biennial oscillation
(QBO) has been removed, the maximum decrease in column
ozone attributed to the Mount Pinatubo eruption may not be
greater than 2—4%. Schoeberl et al. [1993] used a different
method in analyzing the Nimbus 7 TOMS data, focusing on
the minimum total ozone band between 12°S and 12°N. After
the QBO effect was accounted for, they derived a decrease
of 5-6% in column ozone. Schoeberl et al. [1993] attribute
this decrease in ozone to local heating by the aerosols
followed by vertical upwelling. Grant et al. [1992], using
electrochemical concentrations cell (ECC) sondes data be-
fore and after the Mount Pinatubo eruption, found local
decreases in tropical ozone in the lower stratosphere as great
as 20%, with column reductions of about 5-8%. In later
work, Grant et al. [1994] measured ozone concentrations
with ECC sonde and with the airborne UV differential
absorption lidar (DIAL) and compared these concentrations
to stratospheric aerosol gas experiment II (SAGE II) clima-
tology. Grant et al. [1994] also found, in September 1991, up
to 29 = 9 Dobson units (DU) (33%) tropical ozone decreases
between 16 and 28 km. Smaller but not insignificant in-
creases were found in the 28-31 km region (5.9 = 2 DU).
These peak changes in ozone in September 1991 corre-
sponded to a column ozone decrease of 9 * 4%. They
concluded that the agreement between their data and TOMS
is within experimental error.

In the spring of 1991, ozone soundings reported by
Deshler et al. [1992a] and Hofmann et al. [1992] at McMurdo
and south pole both measured 50% lower local ozone con-
centration in the 11-13 km range. The total ozone decreased
by 10% over previous years. These reductions were at
altitudes where depletions have not been previously ob-
served. They suggested this additional ozone depletion is
correlated to heterogeneous chemistry from increased aero-
sol surface area density from the Cerro Hudson (August
1991, 46°S) eruption.

In addition, Johnston et al. [1992], reported 40% reduction
in column NO, in 1991 and attributed this to the conversion
of N,Os5 to HNO;. Koike et al. [1994] and Solomon et al.
[1994] also investigated observed NO, changes following the
Mount Pinatubo eruption. Koike et al. also showed the
concurrent observed change in midlatitude column HNO;.
Solomon et al. investigated high-latitude changes in NO,
during fall and summers in 1990-1993. In both studies, model
calculations were presented, and the heterogeneous conver-
sion of N,0O5 to HNO; on volcanic sulfate aerosol was
discussed. Wilson et al. [1993] measured ClO in the northern
hemisphere during the Airborne Arctic Stratospheric Exper-
iment IT (AASE II) campaign (August 20, 1991 to March 26,
1992) and found a large correlation between the CIO/CI,
ratio and increased surface area density. ClO abundance at
middle to high latitudes between October 1991 and February
1992 was higher that in previous years [Toohey et al., 1993].
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Midday abundances throughout this period were uniformly
between 50 and 120 parts per trillion by volume (pptv) at 20
km. Toohey et al. [1993] ascribe this to NO, suppression by
heterogeneous reactions on sulfate aerosols enhanced by the
eruption of Mount Pinatubo. They note that during this
period the high-latitude ClO abundances were observed
before temperatures inside the vortex fell below the polar
stratospheric cloud (PSC) formation threshold. NO, reduc-
tions during this period were measured by Fahey et al.
[1993]. They measured in situ sulfate aerosol and total
reactive nitrogen at middle latitudes, and by comparing the
NO,/NO, ratio (where NO, is the sum of all inorganic
nitrogen species) before and after Mount Pinatubo, they
confirmed the importance of aerosol surface reactions that
convert NO, to HNO;.

Gleason et al. [1993] reported that during 1992, TOMS on
the Nimbus 7 satellite measured global average total ozone
to be 2-3% lower than in any earlier year observed (1979
1991). The largest decreases were between 10°S to 20°S and
10°N to 60°N. These results were confirmed by other instru-
ments (SBUV/2 instrument on the NOAA 11 satellite,
TOMS on the Russian Meteor 3 satellite, the World Standard
Dobson Instrument 83, and a collection of 22 ground-based
Dobson instruments). Grant et al. [1994] reported decreases
in tropical ozone as high as 33 = 7 DU between 4°S and 8°S
from May to August 1992 that peaked in July over Brazza-
ville. Other studies [Bojkov et al., 1993; Kerr et al., 1993;
and Komhyr et al., 1994] also reported unusually low values
throughout 1992 in the midlatitudes northern hemisphere.
Hofmann and Oltmans [1993] reported anomalously low
ozone in Antarctic region throughout 1992. On October 11 at
South Pole station, total ozone reached a record low of 105
DU. They also measured anomalously low ozone in autumn
1992, before the existence of PSCs. Solomon et al. [1993],
during the 1992 autumn period, measured elevated OCIO
concentration. OCIO is formed from the reaction of ClIO +
BrO. Model results of Solomon et al. [1993] suggest that this
large increase in OCIO was from direct activation of
CIONO, to ClO (from the increased stratospheric surface
area density following Mount Pinatubo). Hofmann et al.
[1994] measured ozone profiles obtained at midlatitudes in
the northern hemisphere and found in the 12-22 km region,
25% lower ozone than normal during the winter and spring of
1992-1993. They suggested that the midlatitude ozone’s
depletion in 1992 and 1993 was from air processed at higher
latitudes (although seldom =60°N), where colder tempera-
tures increased chlorine-catalyzed ozone destruction.
TOMS data [Herman and Larko, 1994] in 1993 showed
ozone decreases at high latitudes of 12.5% below the 1979-
1991 envelope of historical values. At midlatitudes, TOMS
1993 ozone was 7%, and at low latitudes 4%, below the
historical values. In addition, area-weighted averages of the
1992-1993 TOMS data suggest that the change in ozone
occurred primarily in the northern hemisphere. Herman and
Larko [1994] reported that the global 1993 ozone amount was
3% lower than the 1979-1991 average, 5% below the histor-
ical envelope in the northern hemisphere and near the lower
boundary of the historical envelope in the southern hemi-
sphere. The microwave limb sounder (MLS) on the upper
atmospheric research satellite (UARS) also observed low
northern midlatitude ozone during the period of October
1992 through July 1993 [Froidevaux et al., 1994]. MLS is in
general agreement with TOMS, except the southern midlat-
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itudes exhibit a smaller column ozone decrease in the MLS
data compared to TOMS. Froidevaux et al. [1994] also
concluded that the timing and latitudinal extent of the
northern midlatitude ozone decreases are not solely related
to enhanced ClO from Arctic polar processing on polar
stratospheric clouds (PSCs). They believe the observed
ozone reductions in 1992 and 1993 are related to both
heterogeneous processes and dynamical influences (i.e.,
QBO).

There have been numerous theoretical studies investigat-
ing the chemical, radiative, and dynamical effects on ozone
from the Mount Pinatubo eruption. Boville et al. [1991]
investigated the dispersion of the cloud using the National
Center for Atmospheric Research (NCAR) Community Cli-
mate Model (CCM2) for 180 days after the eruption. Bras-
seur and Granier [1992], Kinnison et al. [1992], Pitari and
Rizi [1993], Solomon et al. [1993, 1994], Wuebbles et al.
[1993], Koike et al. [1994], and Rodriguez et al. [1994] used
two-dimensional CRT models in investigating the Mount
Pinatubo eruption. Kinne et al. [1992] and Pitari [1993]
specifically investigated the coupled radiative-dynamical
perturbation following the eruption. Bekki et al. [1993]
investigated the role of gas phase sulfur photochemistry on
ozone following the eruption. Detailed comparison between
approaches and conclusions of previous model studies and
this work will be discussed in later sections.

In summary, there was a large number of observations
that measured changes in trace gas distributions following
the Mount Pinatubo eruption. Depending on the exact pe-
riod, altitude, and latitude after the eruption, different mech-
anisms have been proposed to explain the observed changes.
Comparison of the observed changes, coupled to detailed
theoretical calculations, will indicate where our current
understanding of stratospheric chemical, radiative, and dy-
namical processes is inadequate and where research is
needed.

In this study, using the Lawrence Livermore National
Laboratory (LLNL) 2-D zonal-averaged 2-D CRT model,
the chemical and radiative effects of the Mount Pinatubo
eruption are investigated. The realistic time-dependent cases
included in this study focused specifically on both the
radiative effects on ozone and temperature from increased
aerosol extinction and the heterogeneous effects on ozone
from increased surface area density (SAD). Comparison
with observed data was performed to bracket and highlight
the important processes that can modify temperature distri-
butions and ozone concentrations in the stratosphere. A
detailed representation of the time-dependent optical extinc-
tion was incorporated in this study, using both stratospheric
aerosol and gas experiment II (SAGE II) data aboard the
earth radiation budget satellite (ERBS) and cryogenic limb
array etalon spectrometer (CLAES) data aboard the UARS.
Lidar average profiles were used to help approximate the
optical extinction in regions where the SAGE II instrument
saturated (T. Deshler, personal communication, 1993).
Wavelength-dependent extinction data were incorporated in
this study, with extrapolation to unmeasured wavelengths
based on Mie calculations. Heterogeneous processes on
sulfate aerosols were treated in a time-dependent manner.
CIONO, and N,O;5 hydrolysis on sulfate aerosols were
included in the chemical mechanism with reaction probabil-
ities taken from laboratory measurements. The time-
dependent SAD was derived from SAGE II by L. Thoma-
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son, NASA Langley Research Center. The SAD was
corrected for saturation in the same manner as the optical
extinction data.

The LLNL 2-D CRT model was integrated forward in
time, initializing aerosol properties before the Mount
Pinatubo eruption. Seven Mount Pinatubo perturbation were
consider using the time-dependent aerosol extinction data or
SAD data or both. The forcing from changes in radiatively
active trace gas concentrations and aerosol heating from
Mount Pinatubo is allowed to modify the model in two ways:
(1) change the stratospheric temperature, with circulation
seasonally fixed, and (2) change the circulation, with tem-
perature seasonally fixed. Alternately, both circulation and
temperature can be held seasonally fixed under nonvolcanic
conditions. Each application of the volcanically induced
forcing by aerosol and heterogeneous reactions and the
model response (e.g., circulation or temperature) has a
unique ozone fingerprint. Preliminary and limited versions of
this study are given by Kinnison et al. [1992] (Quadrennial
Ozone Symposium) and Wuebbles et al. [1993] (American
Meteorological Society meeting). These studies investigated
the chemical, radiative, and dynamical effects within only
the first six months after the eruption. They also used a less
sophisticated treatment of the radiative processes included
in this study.

Two-Dimensional Model Description

The diurnal-average LLNL 2-D CRT model currently
determines the atmospheric distributions of 47 chemically
active atmospheric trace constituents in the troposphere and
stratosphere (see Patten et al. [1994] for a detailed model
description). The model domain extends from pole to pole
and from the surface to 60 km. This version of the LLNL
2-D CRT model has a horizontal resolution of 5° in latitude,
and the vertical coordinate corresponds to the logarithm of
pressure, with a resolution of 1.5 km. The photochemistry
represents the tropospheric and stratospheric interactions of
actinic solar flux and the species families O,, NO,, CIO,,
HO,, CH, and its oxidation products, and BrO,. The
chemical mechanism incorporates 43 transported species
and four species for which abundance is determined through
the assumption of instantaneous equilibrium. There are 106
thermal and 47 photolytic reactions. Source gases present in
the model include NO, , N,O, CH,4, CO,, CO, the chlorine-
containing compounds CFC-11, CFC-12, CFC-113, CFC-
114, CFC-115, HCFC-22, CCl,, CH5CCl;, CH;Cl, and the
bromine-containing compounds CH;Br, CF,CIBr, and
CF;Br. Most of the thermal reaction rate constants were
taken from the NASA Panel recommendations provided in
JPL Publication 92-20 [DeMore et al., 1992]. Absorption
cross section information was assembled from a variety of
sources, including JPL 92-20. The continuity equation for
each individual species is solved using a variable time step,
variable order, implicit technique for solving stiff numerical
systems with strict error control.

Polar heterogeneous chemistry is present in this version of
the model using climatological fields of PSCs and first-order
representations of the effects of PSC heterogeneous pro-
cesses on the gas phase species concentrations. These
reactions are
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CIONO, (g) + HCI (s) = Cl, (g) + HNO5 (s) (1)
CIONO, (g) + H,0 (s) — HOCl (g) + HNO3 (s)  (2)
HOCI (g) + HCl (s) > Cl, (&) + HO ()  (3)

NO, (g) > HNO; (s) )

HNO, (s) — sink (denitrification) )

Because a zonally averaged representation of temperature
will not capture the existence and persistence of the regions
of the stratosphere that fall below the threshold for forma-
tion of type I or type II aerosol, nitric acid trihydrate (NAT),
and water ice, respectively, and because there are no con-
tinuous observations of PSC occurrence and abundance with
coverage over the polar vortices, we use the frequency of
occurrence of PSCs reported by the stratospheric aerosol
measurement II (SAM II) instrument aboard the Nimbus 7
satellite [WMO, 1992, Figure 3-1]. This occultation instru-
ment revisits the upper latitudes in both hemispheres on a
regular basis throughout the winter (from about 64° at winter
solstices to about 80° at spring equinoxes) and reports the
presence or absence of PSC aerosol as a function of time/
season and altitude. We use this map of PSC frequencies to
scale proportionately the time constants applied to the PSC
reactions above. For denitrification (or type II PSC forma-
tion threshold), the map in Figure 1.7.1-1 from WMO [1989]
was also used. This map showed the envelope of minimum
brightness temperature taken from the multiwave sounding
unit (MSU) instrument at polar latitudes.

Among reactions (1)—(4) the time constants are assigned in
proportion to the laboratory reaction probabilities or sticking
coefficients. The assumption is that in the presence of PSCs
all the HCI present will be instantly available for heteroge-
neous processing. The first-order frequency of reaction with
any available CIONO, or HOCI, though, decreases with
decreasing residual HCI. This probably underestimates the
actual degree and rate of processing, although HCI values
rapidly become small in the model. Denitrification (reaction
(5)) in the southern polar vortex occurs at a frequency of 1/30
days scaled by the occurrence frequency of type II aerosol
as predicted by temperatures falling below the type II
formation threshold.

To represent the portion of the HNO; in the zonal average
that is actually frozen out as NAT, the loss processes of gas
phase HNOjs, photolysis and reaction with OH, are also
scaled by a factor of (1 — PSC type I frequency of occur-
rence). This first-order, linearized approach cannot capture
the actual situation of processing, recovery, and reprocess-
ing that must actually occur, but it is adequate to represent
the effect of polar processing on the global zonally averaged
stratosphere for the purposes of this study.

A representation of heterogeneous reactions that occur on
sulfate aerosols are also included. These reactions are

N,05 (g) [+H,0 in aerosol] — 2HNO; (g) (6)

CIONO, (g) [+H,0 in aerosol] = HNO; (g) + HOCl (g) (7)

A complete self-consistent treatment of these reactions
would require an aerosol microphysical model, the imple-
mentation of which currently has both theoretical and prac-
tical limitations. In this study we treated these reactions
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using the following relationship to calculate the two rate
constants for the above cases:

K = (V)(y)(surface area density),

parameterized as first-order loss processes with rate con-
stants determined by specified surface area density, collision
frequency, and reaction probability. Aerosol surface area
density (in square microns per cubic centimeter) for the
reference atmosphere is based on analysis of SAGE II data
by L. R. Poole, L. W. Thomason, and G. K. Yue [WMO,
1992]. This distribution is representative of an atmosphere
that has not been influenced by a major volcanic eruption.
The surface area density distribution varies over altitude
(12-32 km), latitude (90°N-90°S), and time. The effective
collision velocity (V) was fixed at 5200 cm s ! for this study
for both species. This is close to the collision theory value
for both molecules and does not vary significantly over the
small temperature range over which stratospheric aerosol is
found. The reaction probability per collision (y) is based on
laboratory measurements. For N,O5 on sulfate aerosols the
reaction probability (vye) is set to 0.1 and is not temperature
dependent [WMO, 1992]. The reaction probability for
CIONO, on sulfate aerosols [Hanson et al., 1994] is ex-
pressed by

y, = 10(1-86-0-0747W)

where W is the weight percent of the sulfate aerosol defined
as

W =[T(0.6246Z — 14.458) + 3565]

-[T(—0.19988) + 1.3204Z + 44.777], !

T is temperature, and Z is the natural logarithm of the H,O
partial pressure in millibars.

Results and Discussion

In this section, eight different cases are considered and
discussed (cases A-H, Table 1). Case A is the reference
atmosphere. Here both the SAD and optical extinction data
are representative of a 1990 atmosphere unperturbed by a
major volcanic eruption. Change in heating rates from in-
creased aerosol optical extinction can modify temperature,
holding circulation seasonally fixed (case B), or can modify
circulation, holding temperature seasonally fixed (case C).
Case D investigates the effect of scattering from volcanic
aerosols on photolysis rates. Here the circulation and tem-
perature are held seasonally fixed. Case E investigates the
effect of heterogeneous reactions on volcanically enhanced
sulfate aerosols. The circulation and temperature are sea-
sonally fixed. Case F also investigates the effect of volcani-
cally enhanced heterogeneous reactions but with double the
SAD. Case G is a combination of case B and case E
(temperature is varied). Case H is a combination of case E
and case C (circulation is varied). For the cases which
included changes in either aerosol SAD, aerosol optical
extinctions, or both, the model was integrated from Decem-
ber 22, 1990, through December 22, 1993. This section is
divided into three parts which discuss (1) the radiative
effects on ozone, temperature, and dynamics from a time-
dependent change in the aerosol optical extinction, (2) the
heterogeneous chemical effects on ozone, NO,, and other
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Table 1. Scenarios Used to Represent the Chemical, Radiative, and Dynamical
Coupling From the Mount Pinatubo Eruption
Ambient Pinatubo Change in Change in
Aerosol Aerosol Heating Heating
Ambient Optical Pinatubo Optical Rates Into Rates Into
Case SAD* Extinctiont SAD} Extinction$§ Temperature|| Dynamics||
AS yes yes yes
B yes s yes yes s
C yes yes cee yes
D** yes yes e
E ‘e yes yes e
Ftt yes yes oo
G cee yes yes yes
H yes yes yes

“Yes’’ means included in scenario.

*Surface area density (SAD) for an ambient atmosphere derived from the stratospheric aerosol and
gas experiment II (SAGE II) satellite (representative of low volcanic activity [WMO, 1992]).
TOptical extinction derived from the SAGE 11 satellite for an ambient atmosphere representative of

low volcanic activity.

fSurface area density derived from the SAGE 11 satellite after the eruption of Mount Pinatubo (L.

Thomason, personal communication, 1993).

§Optical extinction derived from the SAGE II satellite after the eruption of Mount Pinatubo.
||Changes in model-derived net heating rates are balanced by either a change in stratospheric

temperature or circulation.

91990 reference atmosphere integrated until trace species are at steady state. Seasonally varying
temperature is consistent with dynamics in this case.

**This case investigates the effect of scattering only from increased extinction.

+1This scenario is the same as case E, except the SAD is multiplied by 2 everywhere.

trace gases from a time-dependent change in the aerosol
surface area density, and (3) the combined effect of both
radiative and chemical feedbacks.

Radiative Effects: Increase in Aerosol Extinction

The June 1991 eruption of Mount Pinatubo presented a
rare opportunity to compare the effects predicted by atmo-
spheric models with in situ and satellite measurements. OQur
modeling of the photochemical and radiative effects of this
eruption required the generation of time-varying, zonally
averaged, altitude- and latitude-dependent sets of aerosol
optical extinctions. In the description below we focus on the
observations, physical assumptions, and numerical tech-
niques we used in creating aerosol extinction data sets.

The observations from SAGE II and CLAES. The ob-
served aerosol extinction data used in this paper are primar-
ily from SAGE II [Russell and McCormick, 1989] on board
ERBS and from CLAES [Mergenthaler et al., 1993] on
board UARS.

SAGE II retrieves vertical profiles of aerosol extinction at
wavelengths of 0.385 um, 0.453 um, 0.525 pm, and 1.02 pm.
The SAGE II profiles are asynoptic, requiring slightly over
30 days to scan a complete latitude swath. Coverage at
latitudes poleward of 65° is sparse. On average, there are 15
SAGE II sunrise profiles and 15 sunset profiles retrieved per
24-hour day with 1 km vertical resolution. The sunrise and
sunset measurements individually group at latitudes that
vary by about 6° during 24 hours. Each group of measure-
ments progresses to successive longitudes during a day.
Profiles retrieved by SAGE II normally extend down to the
tropopause. However, following the eruption of Mount
Pinatubo, observations made in regions of greatly increased
optical depth saturated above the altitude of peak extinction.

CLAES observations provide coverage between latitudes
of +80° and —80°. They also provide lower-latitude measure-
ments at different times than SAGE II. The data are avail-

able already interpolated onto a regular spatial grid. CLAES
measures profiles of aerosol extinction at several infrared
wavelengths. On the basis of the reliability and differentia-
tion of absorption efficiencies we used observations at 1257
cm ™! (7.955 pum) and 790 cm ™! (12.65 wm) for this analysis.
Because infrared aerosol optical depths are substantially
smaller than visible optical depths, CLAES did not suffer the
saturation problems of SAGE II. On the other hand, reliable
measurements from CLAES are not available until several
months after the September 1991 UARS launch, consider-
ably after the eruption of Mount Pinatubo. For use in
calculation of solar heating rates and photolysis rates,
CLAES extinction profiles must be scaled from the infrared
into the UV visible. Either directly or indirectly, this re-
quires an estimation of the particle size distribution and
composition, adding an extra source of uncertainty.

Producing zonally averaged SAGE II profiles. We zonally
averaged the SAGE II data by separately averaging sunrise
and sunset observations taken during a UTC day (0000 to
2359). Approximately 15 SAGE II sunrise profiles and 15
sunset profiles are retrieved per 24-hour day. The sunrise
and sunset measurements individually group at latitudes that
vary by about 6° during 24 hours. Each group of measure-
ments progresses to successive longitudes during a day.

Measurements for 0.385 um were consistently missing
below 13 km. These were filled in by extrapolation based on
the extinctions measured at 1.02 um, 0.525 wm, and 0.453
pm combined with a priori Mie calculations for representa-
tive size distributions. These calculations are described in
more detail below.

Before averaging the profiles taken during a day, it was
necessary to extend profiles down to the tropopause that had
saturated at higher altitudes. To have formed zonal averages
from only unsaturated profiles (if any) would have biased the
averages at lower altitudes toward longitudes with lower
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extinctions. A valuable basis for extending profiles would
have been a set of time-varying, latitude-dependent, zonally
averaged lidar profiles. Such a data set would be much more
relevant to the grid cell values of global atmospheric models
than are individual lidar profiles.

To obtain an estimate of a zonal average backscatter
profile using the ergodic assumption [Peixoto and Oort,
1992] from a single lidar site requires nearly daily measure-
ments over roughly 20 days. This is approximately the
period required for an air parcel to circumnavigate the
world. DeFoor et al. [1992], for example, noted that follow-
ing the eruption of Mount Pinatubo, succeeding plume
impulses were about 20 days apart. To obtain time and
latitude dependence would require that daily measurements
be taken over extended times and involve multiple sites at
different latitudes. To the authors’ knowledge, no such data
set is available. It is outside the scope of our current efforts
to undertake even the data analysis required. As a compro-
mise, we extended saturated profiles using a profile shape
derived from the first eigenvector of a time series of lidar
profiles from Wyoming (T. Deshler, private communication,
1993). Using an average of tropical profiles taken by DeFoor
et al. [1992] as a comparison to the Wyoming data, we varied
the height of the profile peak as a function of the latitudinally
dependent tropopause height. The amplitude of the profile
was fit to data at the last three altitudes above the saturation
altitude. After patching individual profiles, we zonally aver-
aged the extinctions for all four of the available wavelengths
for altitudes between 9 and 36 km.

Numerical techniques used for producing a merged, grid-
ded, data set. Numerical techniques for interpolating
SAGE II extinction profiles onto a regular grid and merging
them with CLAES observations were drawn from linear
inversion theory and statistical interpolation. We applied
linear inversion methods to obtain latitudinally gridded ex-
tinction profiles from SAGE II retrievals at 30-day intervals,
a time period comparable to that required for SAGE II to
produce a complete latitude swath. Each inversion was
based on all observed profiles in the prior 30 days. The linear
inversion technique determines grid values such that, sub-
ject to a priori constraints, the values interpolated back to
observations points from the retrieved grid values give the
least squares deviation from the original observations. Using
an inversion method of gridding provides more explicit
control of numerical diffusion and of values assigned to grid
points outside the range of influence of a set of observations
than does straight forward interpolation.

To implement such an inversion scheme requires an
algorithm for interpolating from grid points to observation
points. Statistical interpolation uses predetermined spatial
correlations between grid and observation points to deter-
mine an interpolation operator that will minimize the ex-
pected error in interpolating normally distributed data
[Alaka and Elvander, 1972; Journel, 1989]. The spatial
correlation operator we used for this analysis was calculated
from the global and altitude average correlation of the log of
the aerosol extinction. The correlation was determined as a
function of the latitude separation between pairs of observa-
tions. Only post eruption SAGE II extinctions were used for
these calculations, and observation pairs were constrained
to be within 15 days of each other. A maximum correlation
of 0.93 at zero separation was obtained by this process,
giving an estimate of the random measurement error [Alaka
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and Elvander, 1972]. Taking the actual zero separation
correlation to be unity provided an interpolation matrix with
the diagonal dominance necessary for the interpolation op-
erator to be positive definite (i.e., to have all positive
eigenvalues).

The inversion scheme also requires a priori constraints to
insure that the retrieval is well posed, robust to random
errors in observations, and retrieves physically reasonable
values outside of spatial regions constrained by observations
[Rodgers, 1976]. SAGE II data are limited poleward of 65°,
creating large regions in which constraining measurements
are infrequent. In the absence of constraining observations,
predicted grid point values are based on persistence of
values derived for the previous time set. Where and when
gridded CLAES data were available, they were used to
constrain the expected grid point values in place of persis-
tence. For this purpose, we used gridded CLAES data that
we additionally zonally averaged and averaged over 30-day
time intervals. A weak constraint on the magnitude of
retrieved latitudinal second derivatives of log extinctions
was applied to prevent small random variations in data from
numerically amplifying into large adjacent grid point oscilla-
tions. This is a commonly used constraint in inversion
algorithms [Rodgers, 1976].

Extrapolating SAGE II and CLAES extinctions to unmea-
sured wavelengths. There were several instances in our
analyses for which we needed to extrapolate extinctions
outside the range of wavelengths measured. As described
above, extinctions for 0.385 um were consistently missing
from SAGE II profiles at altitudes below 13 km, even when
the extinctions for 0.453 um, 0.525 um, and 1.02 wm were all
present. In this case, the 0.385-um extinctions were extrap-
olated from extinctions observed at the same altitude for the
other wavelengths. In applying our final time- and latitude-
dependent data set of extinctions to photolysis calculations,
it was necessary to estimate extinctions at wavelengths
shorter than 0.385 um, the shortest wavelength measured. In
merging infrared extinctions from CLAES with SAGE II
extinctions, it was necessary to extrapolate from IR to UV
visible wavelengths.

To enable the extrapolation process, we calculated the
wavelength dependence for the Mie extinction of three
lognormal size distributions. For all size distributions a
composition of 68% H,SO, was used. This composition was
compatible with the results of Granger et al. [1993], based on
improved stratospheric and mesospheric sounder (ISAMS)
observations. It produced the best agreement with our own
analysis of CLAES data, using the frequency distribution of
the ratio of optical depths at 7.96 um to those at 12.65 um as
a diagnostic. It was also similar to the 70% composition used
by Mergenthaler et al. [1993] in their analysis of CLAES
data.

The size distributions were chosen to be representative of
observed modes for background or small volcanic aerosol,
medium volcanic aerosol, and large volcanic aerosol [Hof-
mann and Rosen, 1983; Deshler et al., 1992b; Pueschel et
al., 1992; Thomason, 1992; Deshler et al., 1993]. The three
size distributions had mode radii and standard deviation
parameters of {0.07 um, 1.8 um}, {0.3 um, 1.5 um}, and {0.8
um, 1.3 wm}, respectively. The ratio of the extinction at
wavelengths between 0.2 and 20 pm to that at 1.02 um is
shown in Figure 1 for the three size distributions. In Table 2
we summarize the Mie calculations from Figure 1, as well as
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Figure 1. Wavelength dependence of aerosol extinction

relative to that at 1020 nm for three lognormal size distribu-
tions. The size distributions were chosen to be representa-
tive of aerosol corresponding to background and small
volcanic, medium volcanic, and large volcanic. An aerosol
composition:of 68% H,SO, was assumed.

provide an average infrared extinction ratio. We obtained
the average infrared extinctions by convolving the wave-
length-dependent extinctions with a climatological estimate
of the wavelength dependence of the upward flux at the
tropopause. We believe this allows us to obtain reasonable
estimates of aerosol effects on infrared cooling rates from a
radiative transfer model in which aerosol properties are
spectrally gray.

We found the range of ratios of optical depths at 0.525 um
to those at 1.02 um, that we observed in the SAGE II data
from December 1989 to May 1993, were nearly always within
the range of ratios for the three size distributions above.
Similarly, the distribution of ratios of optical depths at 7.96
um to those at 12.65 um in CLAES data from January 1992
to May 1993 data in most instances fell within the range of
ratios for the three size distributions. These are indicators
that the space of observed spectral extinctions can be
reasonably approximated by combinations of the three size
distributions. ‘

We used the time-, latitude-, and altitude-dependent ob-
served 0.525-um to 1.02-um extinction ratios as size distri-
bution discriminators for extrapolating SAGE II observa-
tions to wavelengths shorter than 0.385 wm. These ratios
were also used to estimate ratios of average infrared extinc-
tion to 1.02-um extinction. Thomason [1991] had previously
used the 0.525 um to 1.02 wm ratio in empirically fitting size
distributions to SAGE II data. Based on the ratios given in
Table 2, the observed ratios were used to form bimodal
distributions determining the wavelength dependence of the
aerosol extinction. Combined with this wavelength depen-
dence, the extinctions observed at 1.02 um were used to
scale the magnitude of the extinctions extrapolated to un-
measured wavelengths. We used the same procedure to
extrapolate to 0.385 um at low altitudes when other wave-
lengths were present but the 0.385-um measurement was
missing.

The wavelengths observed by CLAES range between 7.96
um (1257 cm ™) and 12.6 um (790 cm ™). Vertical profiles of
infrared aerosol extinctions, in spectral regions where there
is significant upward flux at the tropopause, are thus directly
estimable from CLAES observations. To scale these data to
UV visible wavelengths requires estimation of aerosol abun-
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dances and of aerosol size distributions. Of the wavelengths
observed by CLAES, the 7.96 um to 12.6 um extinction
ratio shows the clearest differentiation between the different
size distributions discussed above. The extinction at 12.6 um
can be used as a measure of total column aerosol abundance.
The ratio of the extinction at 7.96 um to that at 12.6 um is an
estimator of the aerosol size distribution; the higher the ratio
the more that smaller particles dominate the optical extinc-
tion. The extinctions at each altitude were used individually
in combining CLAES observations with those from SAGE II.

Aerosol optical depths using combined SAGE II and CLAES
observations. In Figure 2 we present our estimates for the
zonally averaged, latitude-dependent aerosol optical depths
during 1991-1993. Figure 3 shows the altitude and latitude
variation in aerosol extinctions for 0.525 um at selected
times during this period. Prior to the eruption of Mount
Pinatubo, retrievals in the tropics often showed higher
extinctions than at middle and high latitudes. This is partly
the result of an aerosol reservoir that has been observed
above 20 km throughout the SAGE I and SAGE II observa-
tion periods [Trepte and Hitchman, 1992]. Tropical retriev-
als from about 15 km up to the tropopause can also be partly
due to extinction by very thin cirrus (L. W. Thomason,
private communication, 1993). Acting together, these factors
explain the slightly higher optical depths and significantly
lower 0.525 um to 1.02 um optical depth ratios (Figure 4) we
obtain for the equatorial region as compared to higher
latitudes prior to the Mount Pinatubo eruption.

In Figure 4 we present the distribution in latitude and time
of the ratio of 0.525-um optical depths to 1.02-um optical
depths. Prior to Mount Pinatubo, ratios approaching 4 were
obtained at middle to high latitudes. In the tropics prior to
Mount Pinatubo and nearly globally after the eruption,
optical depth ratios were less than 1.2. The changes in Figure
4 following the eruption of Mount Pinatubo are seen to
represent a shift from a strongly wavelength-dependent
background size distribution to a much reduced wavelength
dependence characteristic of medium to large aerosol. This
relatively flat wavelength dependence is consistent with in
situ observations by Russell et al. [1993a, b]. Their post-
Pinatubo observations, at a number of different latitudes,
display a relatively flat wavelength dependence with a con-
sistent tendency for a slight optical depth maximum between
400 and 600 nm. These are also similar to results observed by

Table 2. Ratios of Optical Extinctions at Indicated
Wavelengths Relative to Those at 1020 nm for Three
Lognormal Size Distributions

Wavelength
Theoretical 200 300 385 453 525 420 um
Aerosol Model nm nm nm nm nm Average
Background 8.89 778 594 449 3.9 0.13
Small volcanic 1.15 124 140 151 153 0.06
Large volcanic 0.59 0.61 0.64 0.64 0.62 0.07

The size distributions were chosen to be representative of aerosol
extinction corresponding to background and small volcanic, medium
volcanic, and large volcanic. An aerosol composition of 68% H,SO,
was assumed. The average infrared extinction between 4 and 20 um
was obtained by weighting the wavelength-dependent extinctions by
an estimate of the ambient, wavelength-dependent upward flux at
the tropopause.
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Figure 2. The latitude distribution of aerosol optical depths derived from the stratospheric aerosol and
gas experiment II (SAGE II) satellite at 525 nm from 1991 through 1993.

DeLuisi et al. [1983] following the eruption of El Chichon.
Pitari and Rizi [1993] have derived extinctions that are in
reasonable agreement with our 0.525-um results. In con-
trast, however, they present in their Table Al a significantly
stronger wavelength dependence than we obtain even for our
background aerosol extinction calculations. Their apparent
use of the wavelength dependence in their Table Al follow-
ing the eruption of Mount Pinatubo would result in their
having much larger extinctions at UV wavelengths affecting
photolysis than we obtain from our analyses. Manual checks
of unaveraged SAGE II profiles in general confirm a rela-
tively flat wavelength dependence.

Application of Mount Pinatubo aerosol radiative forcing.
As can be seen in Figure 3, we obtained maximum equatorial
aerosol extinctions in October to November 1991. Figure 5
presents the change in altitude profiles of solar, infrared, and
net radiative heating rates that we obtain when we introduce
mid-October 1991 extinctions into an otherwise background
atmosphere. These heating rate changes are a measure of the
instantaneous radiative forcing that the increased aerosol
extinction represents. We obtain a peak change in the solar
heating rate of 0.33 K/day at about 30 km and an infrared
change of 0.27 K/day at about 25 km. The solar heating was
obtained assuming a single-scattering albedo w, of 0.99. This
value does. not come directly from Mie calculations for
H,S0,, which yield a single-scattering albedo of unity, but is
more consistent with observations [Ogren et al., 1981;
Pueschel et al., 1992]. The choice of single-scattering albedo
is important, since the solar heating scales roughly as 1 — ;.
Both Ogren et al. and Pueschel et al. attribute the absorption
to carbon aerosol. Lowering w, to account for a carbon
aerosol component is only a first-order approximation. A
more accurate treatment would potentially require determi-
nation of the refractive indices and size distribution of a
separate carbon aerosol as well as that of any H,SO, aerosol
containing dissolved carbon.

In the existing dynamical formulation of the 2-D LLNL
CRT model [Patten et al., 1994] we can channel changes in
heating rates into changes in either temperature or circula-
tion but not both simultaneously. We have made time-

dependent calculations for both cases. Figure 6 shows the
changes we obtain in local temperature (Table 1, case B) or
vertical wind (Table 1, case C), comparing values for Octo-
ber 1991 with values from the previous year. Our results
show either a 5-6 K heating (case B) in the lower equatorial
stratosphere or an increase in diabatic vertical velocities
(case C) of approximately 1.6 km per 100 days. Labitzke and
McCormick [1992] observed the change in stratospheric
temperature following the Mount Pinatubo eruption. Using
satellite and lidar measurements, they observed the monthly
averaged zonal mean 30-mbar (24 km) temperatures at 20°N
in September and October, relative to the 26-year average,
to be as high as 2.5 K above average, with daily mean
increases at high as 3 K. Warming in the equatorial region
was measured to be as high as 4 K. The LLNL 2-D CRT
derived temperature perturbation (case B) slightly overesti-
mates the observed data in the equatorial region and is in
good agreement at 20°N. DeFoor et al. [1992], using lidar
data, observed a total lift of 1.8 km, which is slightly greater
than the lift per 100 days derived in this study, when all of
the net heating rate change modifies the circulation (case C).
In their 2-D model-derived study, Brasseur and Granier
[1992] assumed a maximum heating rate change of 0.4 K/day
in the center of the cloud which corresponds to a model-
derived equatorial September 1991 temperature change of
6.8 K. In their model calculation both temperature and
circulation are modified simultaneously from the assumed
heating rate change. In contrast, their change in vertical
circulation was roughly 2-3 times less than that derived in
this study (approximately 0.5 km in 100 days). Pitari and Rizi
[1993], also using a 2-D model, derived a change in vertical
velocity that was comparable to that of Brasseur and
Granier [1992]. Kinne et al. [1992] derived the heating rate
change using observed aerosol data coupled to a two-stream
radiative transfer model. In their 1-D approach they solved
the thermodynamic equation using the model-derived heat-
ing rates and obtained vertical velocities. They derived a
total lift of 1.5 km when accompanied by a heating of 0.3
K/day. Their IR heating is comparable with this study.
Heating in the solar region is larger in this study (Figure 5).
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Figure 3. Latitude-altitude distributions of aerosol optical extinctions (X 10™* km ™) at 525 nm derived
from the stratospheric aerosol and gas experiment IT (SAGE II) satellite for indicated dates from June 1990

to December 1993.

As mentioned above, the solar heating is highly dependent
on the choice of single-scattering albedo. Kinne et al. [1992]
also simulated ozone concentrations using a mechanistic model
which excludes horizontal mixing with the extratropics.

In Table 3, changes in equatorial column ozone (in Dobson
units) from the model study of Kinne et al. [1992], ozone-
sonde data of Grant et al. [1994], TOMS satellite data
[Schoeberl et al., 1993], and this study are shown (cases B
and C). The model-derived change in equatorial column
ozone from Kinne et al. [1992] compares better with that of
Grant et al. [1994] than it does with that of TOMS. For this
study, case B, allowing only temperature to be modified,
grossly underestimates the change in equatorial column
ozone when compared with the observed data. For case C,
when only circulation is allowed to change, the comparison
is very close to TOMS and on the low end of the ozonesonde
data of Grant et al. [1994]. There are also differences
between this study and that of Kinne et al. [1992]. This study

has a larger total heating rate change (4.8 K/day maximum)
than that of Kinne et al. [1992]; however, the change in
column ozone is less in this study (Table 3). This difference
is probably due to the lack of horizontal mixing and a simpler
representation of the photochemical/dynamical coupling in
the Kinne et al. [1992] study. Case C column ozone decrease
maximizes in October/November which is in good agree-
ment with the observed data. However, this study does not
show the large decrease in August as represented by the
model study of Kinne et al. [1992] and observed data of
Grant et al. [1994]. This study compares better to the TOMS
satellite data during the August period derived by Schoeberl
et al. [1993]. In Figures 7 and 8 the change in both local
ozone and column ozone, respectively, is shown for all the
cases (except case D) in Table 1. For cases B and C the
maximum local equatorial ozone change (Figure 7) on Octo-
ber 15 is —4% and —15% respectively. Both of these
model-derived changes underestimate the local equatorial
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Figure 4. Time-dependent ratio of 525 nm to 1020 nm aerosol extinction derived from the stratospheric

aerosol and gas experiment II (SAGE II) satellite.

ozone change (approaching —30%) observed by Grant et al.
[1994]. Model-derived maximum equatorial column ozone
(Figure 8) during the same period is slightly greater than
—1% for case B and between —5% and —6% for case C. The
peak change in equatorial column ozone for case C corre-
sponds closely to the peak change in total optical depth
(TOD) (Figure 2). The seasonal shape of the equatorial
column ozone change is similar to that shown by both
Gleason et al. [1993] and Herman and Larko [1994], with
relatively large decreases in 1991 (Figure 9).

In Table 4 the model-derived average change in column
ozone is divided into six regions: global (GL), northern
hemisphere (NH), southern hemisphere (SH), 65°S-65°N
(typical of a TOMS global average), 12°S-12°N, and 30°N-
60°N. For case B the maximum change in column ozone is in
the equatorial region (—1.3%, 1992). The GL, NH, and SH
averages are relatively uniform in 1992 and 1993. As men-
tioned above, ozone change from case B is less than that
derived with TOMS data reported by both Gleason et al.
[1993] and Herman and Larko [1994]. When the circulation
is allowed to vary (case C), the model agreement with the
TOMS studies is consistent in the equatorial region for 1991
but departs at middle to high latitudes. Extratropical ozone
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Figure 5. The change in solar, infrared, and total heating
due to aerosol from Mount Pinatubo near the equator during
mid-October 1991.

increases from increasing the strength of the mean circula-
tion maximize in 1992 increasing high-latitude ozone by +6%
(>60°S and >60°N in 1992, Figure 8). This is partially
consistent with Pitari and Rizi [1993]. They found similar
increases (+5%) in high-latitude ozone; however, they did
not see a sizable decrease in the equatorial region that would
be consistent with the model studies of Brasseur and Granier
[1992], Kinne et al. [1992], and this study. Globally, case C
shows a net increase in ozone (+1.4%, 1992) when only the
effect of aerosol heating is considered. Model-derived mid-
latitude change is +3.4% between 30°N and 60°N. This has
not been documented in the observed data. Increases, as
mentioned above, may not be realistic and probably result
from a breakdown in the zonal average dynamical represen-
tation of a 2-D model. A better arbiter of aerosol heating
effects on chemical constituents like ozone would be near-
future three-dimensional (3-D) chemical transport models.

We found the chemical effects of changes in the radiation
field were almost entirely attributable to changes in aerosol
heating rates; the changes due to direct photolysis effects
were insignificant. The net effect of photolysis decreased
ozone in October/November 1991 by less than 1 DU (see
Table 1, case D). Increasing the aerosol extinction will affect
the amount of UV visible flux in the lower stratosphere.
Pitari and Rizi [1993] derived large changes in the molecular
oxygen photodissociation rate (J 02), which affected the
ozone production rate in the lower stratosphere. This caused
a sizable decrease in both local (—8%) and column ozone
(—5%) ozone. We get a similar overall shape for the change
in Jo, in this study, compared to theirs, except our Jo,
change occurs approximately 5 km lower in the stratosphere.
They show aJ, decrease of 5% at 25 km increasing to about
20% at 20 km. We derive a 0% decrease in J o, at 25 km and
a 5% decrease at 20 km. Since our change in J 5, peaks below
the ozone maximum, we see little effect on column ozone.
That Pitari and Rizi [1993] found photolysis effects to be
much more important is almost certainly explained by the
much larger wavelength dependence they used for UV
visible aerosol extinctions.

In summary, considering only the effects on temperature
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Figure 6. Model-derived effect of increased optical extinction on local temperature or vertical wind
velocity for October 15, 1991. (left) Model-derived temperature change (in Kelvins) for case B. (right)
Model-derived change in vertical winds for case C. In either case, all of the net heating for Mount Pinatubo
aerosols was channeled into either a temperature or dynamical perturbation.

and circulation from Mount Pinatubo aerosol induced
change in heating rates, the LLNL 2-D results suggest that in
late 1991 the observed change in ozone is in better agreement
when the change in heating rate is channeled into increasing
the mean circulation strength. When the change in heating
rate following the eruption is completely channeled into
temperature change, the resulting effect on reaction rates
that modify odd-oxygen loss would underestimate the ob-
served change. The observed increase in ozone above 28 km
as described by Grant et al. [1994] and Hofmann et al. [1994]
is not represented in the model cases (B and C). Comparison

of the total vertical rise is slightly less than what DeMore et
al. [1992] would suggest. This study does not show the large
decrease in local and column ozone derived by Pitari and
Rizi [1993] when Mount Pinatubo induced changes in pho-
tolysis are considered. It is difficult to envision a scenario,
even in a completely coupled model, where both the
change in ozone from increased circulation and the change
in stratospheric temperatures could simultaneously be
derived that compare adequately with observed data. For
example, in the case of Brasseur and Granier [1992],
which is a fully interactive model calculation, they under-

Table 3. Change in Equatorial 1991 Column Ozone (Dobson Units) Following the

Mount Pinatubo Eruptions

July Aug. Sept. Oct. Nov. Dec.
Previous Studies

TOMS satellite +5 -2 -8 -14 -18

Ozonesondes (16-28 km) -23+6 —-29+9 256 -—-25=%*6 -8+6

Ozonesondes (28-31 km) +46*x2 +59+x2 +31x2 +20=x2 +46=*2

Model [Kinne et al., 1992] -7 -17 -22 -26 —26

LLNL 2-D Model Study

Case B (MtP ext, bkg SAD) -0.2 -1.1 -2.8 -39 —4.9 -5.0
temp allowed to change

Case C (MtP ext, bkg SAD) -1.0 -6.8 -14 -17 -16 -12
PSI allowed to change

Case D (MtP ext, bkg SAD) -0.02 —-0.05 -0.14 —0.38 -0.71 —0.87
PSI and temp are fixed

Case E (bkg ext, MtP SAD) -1.2 -2.5 -2.9 -3.8 —4.6 -5.0
PSI and temp are fixed

Case F (bkg ext, 2 X MtP SAD) —1.5 -3.3 —4.1 -5.2 -5.9 -6.2
PSI and temp are fixed

Case G (MtP ext, MtP SAD) -1.5 -3.7 —6.2 -8.1 -9.4 -9.6
temp allowed to change

Case H (MtP ext, MtP SAD) -2.2 -8.7 -16 -19 -19 -16

PSI allowed to change

Values for total ozone mapping spectrometer (TOMS) are taken from Schoeberl et al. [1993] (listed
by Kinne et al. [1992, Table 8]). Ozonesondes partial-column data are taken from Grant et al. [1994].
Grant et al. [1994] relates the change from electrochemical concentrations cell (ECC) sonde data
relative to stratospheric aerosol and gas experiment II (SAGE II) climatology between 16-28 km and

28-31 km.

Abbreviations for the LLNL study are bkg ext, background optical extinction is included; MtP ext,
Mount Pinatubo optical extinction is included; bkg SAD, background surface area density is included;
MtP SAD, Mount Pinatubo surface area density is included; PSI, seasonally varying circulation stream
function; and temp, seasonally varying temperature distribution.
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Figure 7. Model-derived percentage change in ozone for cases B, C, E, F, G, and H on October 15, 1991

(see Table 1).

estimate the adiabatic rising contribution and overesti-
mate the temperature change compared to observed data.
In addition, their local ozone change is substantially less
than that measured by Grant et al. [1994] or inferred from
TOMS column data. Changes in model-derived column
ozone in 1992 and 1993 in general are not represented
correctly when only aerosol heating effects are consid-
ered. In the next section, the potential effect of heteroge-
neous chemical processes on sulfate aerosols is discussed.
In this section the seasonally varying circulation and the
temperature distributions are held fixed to ambient non-
volcanic conditions.

Including Heterogeneous Reactions on Sulfate Aerosols

Time-dependent aerosol surface area density data (SAD)
for the post Mount Pinatubo period were also derived from
the SAGE II retrievals (L. Thomason, NASA Langley
Research Center, private communication, 1993; also see
Thomason [1991] for data retrieval procedure). Sixteen
different swaths were used between June 1991 and Novem-

ber 1993. After November 1993 a 1-year decay time constant
was assumed for the rest of 1993. For swaths that were
saturated, the same procedure of applying lidar data dis-
cussed in the radiative effects section is used here. For high
latitudes where SAGE II data are not measured, the SAD is
quadratically extrapolated to the pole. In Figure 10, exam-
ples of several swaths are shown for the background SAD
(ambient) up through the swath of April 10 to May 20, 1993.
The maximum SAD derived by Thomason from the SAGE II
data peaked approximately during the December 1991/
January 1992 period. In order to investigate the effect of
uncertainties in the derived SAD, we created a scenario
where the time-dependent SAD was multiplied by a factor of
2 (Table 1, case F).

Nonvolcanic atmosphere. In assessing the effect of in-
creased surface area density following the Mount Pinatubo
eruption, it is first important to understand the odd-oxygen
loss controlling process in the ambient nonvolcanic atmo-
sphere (case A). The catalytic cycles believed to be the most
important in the lower stratosphere are the following:
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Figure 8. Time-dependent model-derived percentage change in total ozone for cases B, C, E, F, G, and H.

Cycle 1 Cycle 4
NO+O3—)N02+02 OH+O3—‘)HO2+02
NO, + 0> NO + 0, Cl + 0;— CIO + O,
03 +0— 202 H02 + ClIO — HOCI1 + 02
Cycle 2 HOCI + hv — Cl + OH
03 + 03 nd 302
OH + 03—>H02 + 02
H02+ 03_>OH+202 CycleS
03 + 00— 202
Cycle 3 Cl + 0;— CIO + O,

Cl+03-—>CIO+02
CIO + 0—Cl + 0,
0, + 0> 20,

Br + O3 — BrO + O,

CIO + BrO — Br + CIOO
CI0O + M= Cl + O, + M
0, + 0, — 30,
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For a chemical reaction mechanism that includes only gas
phase reactions (not included in the tables or figures), cycle
1 is the most important odd-oxygen loss process in the lower
stratosphere. When the heterogeneous reactions (6) and (7)

Table 4. Model-Derived Percent Change in Column
Ozone
Region

Case 65°S— 12°S—-  30°N-
(Year) Global NH SH 65°N 12°N 60°N
B(1991) —-0.17 -0.16 —-0.19 -0.20 -—0.43 -0.07
B(1992) -0.96 -0.97 -094 -1.02 -127 -0.82
B(1993) -0.59 -0.64 -0.54 -060 —-0.63 —0.66
C(1991) 0.10 0.19 0.02 -0.06 —1.44 0.77
C(1992) 1.39 1.26 1.53 0.61 —-2.83 3.36
C(1993) 1.02 1.26 0.75 0.58 —-1.26 2.23
E(1991) -0.40 -0.33 -0.48 -0.42 -0.61 —-0.23
E(1992) -2.78 -2.33 -326 -2.67 -190 -2.73
E(1993) —2.41 -2.06 -2.79 -2.31 -1.63 —-2.41
F(1991) -0.52 -039 -0.66 -0.54 -0.73 -0.27
F(1992) -3.55 =295 —-4.19 -340 -232 -3.49
F(1993) -3.18 -2.63 -3.77 -=3.04 -2.07 -3.10
G(1991) -0.57 -049 -0.66 -0.61 -—-1.01 -0.31
G(1992) -3.53 -3.15 -394 -3.50 -3.01 -3.37
G(1993) -2.74 -249 =301 -266 -—-2.09 -2.82
H(1991) —-0.25 -0.13 -0.39 -042 -1.84 0.49
H(1992) —-1.55 —1.35 -1.76 -=2.12 —-4.61 0.15
H(1993) —-1.49 -1.28 -1.72 -1.73 -2.71 —0.98

NH is northern hemisphere, and SH is southern hemisphere.
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Pinatubo eruption.

are included in the chemical mechanism for the reference
atmosphere, the odd-oxygen loss from catalytic cycles 2-7
increase in relative importance to cycle 1 (NO, + O). For
example, in the equatorial region, at 23 km, (Table 5) the
major odd-oxygen loss process is from cycle 2 (HO, + O,),
accounting for 41% of the total odd-oxygen loss. Cycle 1 is
the second most important process, followed by cycle 3 (C1O
+ 0) and cycle 4 (HOCI + hv). Cycles 5 and 6 (C1O + BrO),
which include species from both the BrO, and ClO, chem-
ical families, account for 4.6% of the total odd-oxygen loss in
the equatorial region. For midlatitude, northern hemisphere
winter, at 23 km, cycle 2 (HO, + O3) is 27% of the total
odd-oxygen loss for the reference atmosphere, followed by

cycle 1 (NO, + O) and cycle 2 (CIO + O) at 21% and 20%,
respectively. During winter at high latitudes, cycle 5 (C1O +
BrO) becomes more important because it is not as dependent
on photolysis to complete the cycle. For the midlatitude
southern hemisphere during this period (summer), the major
odd-oxygen loss process in the lower stratosphere is cycle 1
(NO, + 0), followed by cycle 2 (HO, + Oj3) and cycle 3
(C1O + O). This seasonal difference for cycle 1 NO, + O) is
based on the abundance of NO and NO, during the winter
season. With decreases in ultraviolet solar flux at high
latitudes in the winter hemisphere, more NO, is converted
to N,Os and eventually converted to HNO; by reaction (6).
Because of the strong coupling between chemical families,
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Table S.
Stratosphere (23 km) on December 15, 1991

25,721

0dd-Oxygen Loss for the Most Important Catalytic Cycles in the Lower

Loss at 42.5°S, %

Loss at Equator, % Loss at 42.5°N, %

Catalytic Cycle Rate Reference With

Limiting Reaction

Reference With Reference With

Atmosphere Pinatubo Atmosphere Pinatubo Atmosphere Pinatubo

0O; +0 9.8 8.2
HO, + O3 22.5 27.5
HO, + O 2.2 2.6
NO, + O 42.0 24.3
ClO + 0 12.4 18.0
Cl,0, + hv 0.3 0.7
HOCI + hv 5.9 11.7
CIO + BrO 3.1 6.3
BrO + BrO 0.1 0.1
BrO + O 0.6 0.8
0Odd Oxygen Loss Rate, 263,000 272,000

molecules cm 3 s

7.7 5.7 12.6 7.9
40.8 384 26.5 21.1
3.5 3.3 1.7 1.4
19.5 10.4 21.2 6.6
12.4 16.1 20.2 28.7
0.4 0.9 0.8 2.6
10.0 16.5 6.8 12.7
4.6 7.4 8.7 17.7
0.1 0.2 0.2 0.3
0.9 0.8 1.2 1.0
93,200 123,000 83,000 128,000

The reference atmosphere is case A, and the Mount Pinatubo atmosphere is case E.

and with the decrease of ambient NO, concentrations and of
ClO,, HO,, and BrO, concentrations, the rates of cycles 27
increase relative to cycle 1.

Atmosphere perturbed by Mount Pinatubo. Ignoring the
effect of aerosol heating and scattering from the increased
Mount Pinatubo optical extinction, but allowing the SAD to
vary with time, increasing the rates of (6) and (7) does
modify the partitioning of odd-oxygen loss between chemical
families. Including Mount Pinatubo SAD, cycle 1 (NO, +
0), in the equatorial region, lower stratosphere, is now a
minor odd-oxygen loss process (approximately 10% of the
total). HO, is still the major odd-oxygen loss family; cycle 2
(HO, + 0O3) accounts for 38% of the total odd-oxygen loss.
Cycle 4 (HOCI + hv) and the sum of cycles 5 and 6 (C10 +
BrO) increase by 65% and 61%, respectively, relative to the
reference atmosphere. At midlatitudes, cycle 3 (ClIO + O) is
the major odd-oxygen loss process. Cycle 2 (HO, + O3) and
the sum of cycles 5 and 6 (C1O + BrO) are next, followed by
cycle 4 (HOCI + hv). Cycle 1 (NO, + O) accounts for only
7% of the total. At latitudes greater than 42.5°N the CIO +
BrO catalytic cycles are the dominant odd-oxygen loss
processes in the lower stratosphere. Model-derived total
odd-oxygen loss in the lower stratosphere equatorial and
midlatitude regions increased by 32% and 54%, respectively.
In the southern hemisphere, total odd-oxygen loss increases
by 3% relative to the reference atmosphere; however, the
absolute change in molecules per cubic centimeter per
second is still sizable.

Prather [1992] used a photochemical model to investigate
the potential catastrophic loss of stratospheric ozone from
increased SAD following a volcanic eruption. He varied the
SAD from less than background up to approximately 1000
times background. In his study, rapid ozone loss begins to
occur when the noontime NO, mixing ratio falls below 600
pptv, and Antarctic-like losses occur when noontime NO,
decreases to 200 pptv. In this study, using time-dependent
SAGE II derived SAD (Figure 3), the SAD does not increase
to a large enough value to cause catastrophic ozone loss.
Even if the SAGE II time-dependent SAD is arbitrarily
multiplied by 2 (Figure 11), ozone concentrations do not
show a large additional decrease (compare cases E and F,
Figures 7 and 8). The effect on reaction (6) from the change
in SAD is shown in Figure 11. With SAGE II SAD the rate

of this reaction increases dramatically in both the equatorial
and midlatitude regions. When the SAGE II SAD is multi-
plied by 2, in both the equator and midlatitude southern
hemisphere, the rate of N,Os5 + H,O between 15 km and 26
km and between 15 km and 24 km, respectively, did not
change. Above these altitude ranges, doubling the SAD
increased the rate by between 30% and 40%. Brasseur and
Granier [1992], Pitari and Rizi [1993], and Rodriguez et al.
[1994] also notice a similar behavior in their model studies.

There is a large seasonal variation in the N,Os + H,0
rate. Figure 12 shows the rate of N,Os + H,O at two months
(July and December) and two latitudes (equator and 42°S).
Here the largest increase from the Mount Pinatubo eruption
on the rate of (6) is in the summer hemisphere where the
maximum diurnal-averaged reaction precursors to N,Os
formation, NO, and NOj;, are maximized. This can also be
seen in the magnitude of the ambient atmosphere N,Ojs
(Table 6) mixing ratio, where, in mid-December lower strato-
sphere, the mixing ratio is 316, 92, and 213 pptv for 42.5°S,
equator, and 42.5°N, respectively. After the eruption the
rate for this reaction remains saturated in the lower strato-
sphere through December 15, 1993, for all latitudes and
times. In the middle stratosphere the largest change in
Figure 12 is in the summer hemisphere at 42°S, where the
maximum rate increases by over a factor of 3 by December
15, 1991. At 20 km, by December 15, 1993, the rate is a factor
of 2 greater than the ambient. In the winter hemisphere the
additional SAD from Mount Pinatubo did not dramatically
change N,0Os5 + H,O rate from July 1991 through July 1993
relative to the ambient case. In the equatorial region, model-
derived changes in the rate of this reaction were enhanced
throughout 1991, 1992, and 1993 relative to the ambient case.
The enhancement of this rate is still over a factor of 2 greater
in December 1993. After examining the time series, it is
evident that the model-derived N,Os + H,O rate is still
sizable 1.5 years after the June 15 eruption.

For reaction (7) (CIONO, + H,O0) the effect of changing
the SAD is quite different. Unlike (6), this reaction does not
saturate in the lower stratosphere. In fact, when the SAD
was doubled, the rate of this reaction increased approxi-
mately linearly (Figure 13) at both the equator and 63°S. The
seasonal dependence of this reaction is shown in both
Figures 13 and 14. Here the months of April, September, and
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on the surface of sulfate aerosols at the equator and 42°S. Both January and September periods are
considered for both the ambient (case A) and the 1992 Mount Pinatubo perturbed (cases E and F (2 X
surface area density (SAD) of Mount Pinatubo)) atmospheres.

January are highlighted. Since this reaction increases with
decreasing temperature (or decreasing H,SO, wt %), Sep-
tember, which has the coldest temperature, shows the larg-
est increase in rate (note the scale change in both Figures 13
and 14). Prather [1992] suggests that (7) is primarily the
mechanism for suppressing NO, below values produced by
(6). As shown in Figure 13, (7) is not near saturation under
Mount Pinatubo conditions. A much larger eruption, as
modeled by Prather [1992], would cause greater decreases in
ozone from sulfate aerosol heterogeneous chemistry. The
time-dependent variation of (7) at the equator and 63°S for
April and September is shown in Figure 14. Notice that the
equatorial rate is approximately a factor of 10 less than the
rate at 63°S in September. In the equatorial region the rate in
September 1991 is about twice as large as that for September
1992 and 4 times that for September 1993. At higher latitudes
the increased SAD from Mount Pinatubo is still relatively
small in September of 1991. Therefore the peak rate in
Figure 14 occurs in September of 1992. It is interesting to
compare the rate of (7) in April 1992 to September 1992.
Because of the temperature dependence of this rate the
impact on chemical partitioning and odd-oxygen loss is much
greater during the colder temperature in September.

In Table 6 the diurnally averaged mixing ratios for NO,,
clo,, HO,, BrO,, HOCI, HCIl, CIONO,, HNOs, and N,Os,
and also the NO,/NO, CIO/Cl, and HO,/OH ratios in the
lower stratosphere (23 km) are listed (same conditions as
Table S5). It is evident that at the latitudes listed in Table 6,
the model-derived N,0Os concentration has been signifi-

cantly decreased relative to the nonvolcanic value, consis-
tent with the increased rates for (6) and (7) discussed above.
In fact, the equatorial N,Os mixing ratio has decreased by
95%. Under the same conditions, NO, has decreased by
38%. Comparing the change in the mixing ratio of these two
species from the eruption suggests that the formation step
NO, + NOsj is the rate-limiting step for conversion of NO,
to HNO; via (6). Concurrently, both ClO, and HO, have
increased. As described by Granier and Brasseur [1992], the
conversion of NO, to HNO; via sulfate heterogeneous
reactions changes the partitioning-and increases HO, from
the decreased rate of NO, + OH + M — HNO; + M (Table
7), based on lower NO, concentration driven by (6) and (7).
As HO, increases, the reaction of HCl + OH — CI + H,0
increases ClO,. In this study, the HCI concentration de-
creased (Table 6) primarily from this reaction and because
the formation reaction Cl + CH4 — HCl is not as fast (Table
7). Another interesting effect of lower NO, is the change in
partitioning between CIO and Cl. As NO decreases, the C1O
+ NO — NO, + Cl rate decreases, increasing the ratio of
CIO/Cl. With more HO,, and ClO,, and the reactions of C1O,
with BrO,, more odd-oxygen is destroyed when the SAD is
increased. In addition, model-derived CIONO, concentra-
tion increased slightly following the eruption. Since the level
of ClO, increased and since ClO, is the limiting reactant, the
net effect is a slight increase in CIONO, (see Tables 6 and 7).
This will change as the rate of (7) increases above a critical
level as discussed by Prather [1992].

The NO, column at Lauder, New Zealand (45°S, 170°E),
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Figure 12. Rate of reaction of N,Os + H,0 — 2HNOj; (in molecules per cubic centimeter per second)
on the surface of sulfate aerosols at the equator and 42°S. Both July and December periods in 1991, 1992,
and 1993 are considered for both the ambient (case A) and the Mount Pinatubo perturbed (case.E)
model-derived atmospheres.

has been measured over the last 11 years. During the period
after the Mount Pinatubo eruption, data collected at 45°S had
anomalously low values of slant column NO, [Johnston et
al., 1992]. NO, column data were observed to decrease by as
much as 40%, peaking in October 1991. Model-derived
column NO, decrease (not shown) peaked at —12% at 42.5°S
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in October 1991. The period of the peak change in NO,
derived by the model is consistent with observed data. The
apparent discrepancy in the observed versus model-derived
magnitude of the change in column NO, may be partially
explained by the increased uncertainty in the observations.
Changes in the aerosol scattering can change the measure-

Table 6. Species Diurnal-Averaged Mixing Ratio Values in the Lower Stratosphere (23
km) on December 15, 1991
42.5°S Equator 42.5°N
Reference With Reference With Reference With

Species Atmosphere Pinatubo Atmosphere Pinatubo Atmosphere Pinatubo
NO, 1580 978 592 367 372 190
ClO, 45.9 75.5 25.3 41.4 35.9 71.9
HO, 4.80 6.41 4.03 4.90 1.60 1.96
BrO, 3.48 4.52 2.68 3.26 2.66 3.65
HOCI 15.6 34.5 14.6 30.0 24.4 60.4
HCl 1420 1350 800 775 1240 1140
CIONO, 1040 1060 310 312 762 781
HNO; 7420 8600 2700 3110 9160 9820
N,05 316 28.6 91.8 4.08 213 8.50

3 3.57 3.35 2.88 2.76 4.00 3.82
NO,/NO 2.98 3.07 2.84 3.02 5.60 6.33
Cl0/C1 1910 2890 2970 4430 8090 15200
HO,/OH 6.24 7.33 6.98 7.87 10.7 10.3

Units for all species are in parts per trillion by volume except O; which is in parts per million by
volume. The reference atmosphere is case A, and the Mount Pinatubo atmosphere is case E. NO, =
NO + NO,; ClO, = Cl + ClO; HO, = OH + HO,; and BrO, = Br + BrO.
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Figure 13. Rate of reaction of CIONO, + H,0O — HOCI + HNO; (in molecules per cubic centimeter per
second) on the surface of sulfate aerosols at the equator and 63°S. Both January and September periods
are considered for both the ambient (case A) and the 1992 Mount Pinatubo perturbed (cases E and F (2 X
surface area density (SAD) of Mount Pinatubo)) atmospheres.

ment geometry. However, even when this is taken into
account, the minimum change in slant column NO, is
estimated to be greater than —20%. Adding the heteroge-
neous reactions (6) and (7) does improve the agreement of
HNOs in the reference atmosphere to observed data taken
by the limb infrared monitor of the stratosphere (LIMS) on
the Nimbus 7 satellite (not shown). However, reference
model-derived NO, does not compare well to NO, data
collected by LIMS [Considine et al., 1992; Granier and
Brasseur, 1992]. In general, model-derived NO, is lower
than observed data at middle to high latitudes in the lower
stratosphere. Therefore the model-derived reference atmo-
sphere (without any volcanic perturbation) is not currently
representing the NO,-controlling chemical processes accu-
rately. This may adversely affect the sensitivity in calculated
column NO, with respect to Johnston et al. [1992]. A
detailed analysis of both the observed column NO, and
HNO; compared to the LLNL and AER 2-D models is
presented by Koike et al. [1994].

The time-dependent model-derived local (25 km) changes
in NO,, CIO,, and HO, are shown in Figure 15 for cases E
and H at both equatorial latitudes and 42.5°S (similar to
Lauder, New Zealand). Here for case E, heterogeneous
effects only, there is a rapid change following the June 15
eruption at both the equator and 42.5°S. At 42.5°S the effect
of the seasonal variation in the mean circulation can be seen.
The local change in NO, is consistent with the column
change measured at Lauder, New Zealand (mentioned
above). This would suggest that the model-derived column

NO, is peaking at a higher altitude, possibly from dynamical
discrepancies. Notice that by December 1994, model-
derived NO, in the equatorial region is still 25% below
ambient concentrations. This is not true at higher latitudes,
where the aerosol distribution has settled to a lower altitude,
and local processing of NO, is small. In fact, at 42.5°S and 20
km altitude, NO, concentration is 20% below ambient value
(not shown), similar to equatorial conditions at 25 km.
Similar arguments can be made for ClO, and HO,. The
effect of heterogeneous forcing plus the circulation forcing
induced by excess volcanic aerosol (case H) will be dis-
cussed in the next section.

Local (Figure 7) and column (Figures 8, 9, and 16; Tables
3 and 4) ozone changes for case E (SAGE II derived SAD)
and case F (2 times SAGE II SAD) are very different than
case C (aerosol heating modifying circulation). In 1991 the
model-derived equatorial change in Dobson units for cases E
and F (Table 3) underestimates the observed change from
TOMS and ozonesonde data. Even when the time-dependent
SAD is multiplied by 2, the additional ozone loss is still too
small. The maximum equatorial change for case E is approx-
imately —2% in late 1991 through 1993 (Figure 8). Local
equatorial changes in October 1991 are between —4% and
—5% between 20 and 25 km (Figure 7). The recovery time for
change in equatorial ozone is much slower for case E relative
to case C. In fact, the model-derived equatorial change in
ozone is as large in December of 1993 as it was in December
of 1991 (Figure 9). In contrast, when circulation feedback for
aerosol heating is considered (case C), the equatorial ozone
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Figure 14. Rate of reaction of CIONO, + H,0 — HOCI + HNO; (in molecules per cubic centimeter per
second) on the surface of sulfate aerosols at the equator and 63°S. Both July and December periods in
1991, 1992, and 1993 are considered for both the ambient (case A) and the Mount Pinatubo perturbed (case

E) model-derived atmospheres.

approaches nonvolcanic values by December 1993. Model-
derived column changes are larger in the midlatitude region
than in the equatorial region. For case E the 30°N-60°N
region shows a —2.7% and —2.4% decrease in 1992 and 1993,
respectively (Table 4). At 12°S-12°N the change in column
ozone is —1.9% and —1.6% in 1992 and 1993, respectively.
This is consistent with the TOMS studies of both Gleason et
al. [1993] and Herman and Larko [1994], which both show
larger change in column ozone at middle to high latitudes
relative to the equatorial region. The model, however, does
not derive the large 1993 column ozone changes described by
Herman and Larko [1994] at middle to high latitudes in the
northern hemisphere. Comparing Figure 9 (equatorial) and
Figure 16 (midlatitude), the contrast of circulation feedback
and heterogeneous chemistry on column ozone is quite

different within these regions. At midlatitudes, column
ozone, case C, increases after the eruption through Decem-
ber 1993 (Figure 16). Under the same condition, case E is
less than the ambient through 1993. The model also does not
show a higher decrease in column ozone in the NH com-
pared to the SH as the measurements suggest. The model-
derived 65°S—-65°N column ozone decrease (—2.3%) is com-
parable to the observed change (—3%) between 70°S and
70°N [Herman and Larko, 1994]. Other time-dependent
modeling studies, for example, that of Pitari and Rizi [1993],
show considerably higher ozone depletion from heteroge-
neous processing on sulfate aerosols. They derived in April
of 1992, for 60°N, a —12% column ozone change. Rodriguez
et al. [1994] under similar conditions, derived —3% column
ozone change, similar to this study. It is possible that Pitari

Table 7. Reaction Rates in the Lower Stratosphere (23 km) on December 15, 1991

Reaction 42.5°S Equator 42.5°N
Rate,

molecules Reference With Reference With Reference With

cm™3s™!  Atmosphere  Pinatubo  Atmosphere  Pinatubo  Atmosphere  Pinatubo
CIO + NO, 4.59 (4) 4.72 (4) 1.08 (4) 1.11 (4) 1.34 (4) 1.55 (@)
ClO + NO 1.24 (6) 1.24 (6) 3.79 (5) 3.68 (5) 2.46 (5) 2.28 (5)
Cl + CH4 808 882 370 392 174 186
OH + HCI 868 957 379 404 157 184
OH + NO, 5860 4240 1750 1210 421 279

The reference atmosphere is case A, and the Mount Pinatubo atmosphere is case E. Read 4.59 (4)

as 4.59 x 104,
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Figure 15. Time-dependent percentage change in local (25 km) NO, (NO + NO,), ClIO, (Cl + Cl0O), and
HO, (OH + HO,) for cases E and H at the equator and 42°S.

and Rizi [1993] have colder model temperatures and there-
fore derive much larger processing rates via (7) than those
calculated in this study or by Rodriguez et al. [1994].
High-latitude polar ozone decreases, above what is normally
derived from PSC related heterogeneous chemical pro-
cesses, are also represented in this study (Figure 8). For case
E a —10% ozone reduction is derived, peaking in the
southern hemisphere in September/October 1992. A similar
change, but lower in magnitude (—4%), is derived in the
northern hemisphere during the 1992 April/May period. The
same latitude and period change in column ozone is derived
in 1993, but with lower absolute decreases. The polar
processes represented in this version of the LLNL 2-D CRT
are adequate to represent the gross features of the high-
latitude heterogeneous processes, but detailed model/data
comparisons are not appropriate and are left for future 3-D
studies.

In summary, model-derived ozone change from heteroge-
neous reactions on sulfate aerosols can significantly reduce
column ozone following an eruption the size of Mount
Pinatubo. Including both (6) and (7) with the inclusion of
time-dependent SAD produces model-derived reductions in
column ozone following the eruption in 1991. These reac-
tions may help explain a portion of the observed change
during this period. There is a sizable change in midlatitude
column ozone relative to the equatorial region, which is
consistent in latitude but not magnitude with observed data.
The large observed change in equatorial ozone during late

1991 cannot be explained using (6) and (7). In the next
section, both the heterogeneous and the aerosol heating
impact on ozone are examined.

Combined Radiative and Chemical Effects

The effects of combining the chemical and radiative ef-
fects, either on temperature or circulation, on the change in
ozone can be seen in Figure 8. Here, the combined features
in cases G (heterogeneous plus aerosol heating, allowing
temperature to vary) and case H (heterogeneous plus aerosol
heating, allowing circulation to be modified) can be com-
pared to the individual processes that occur following a
volcanic eruption. In case G the individual effects of aerosol
heating, modifying temperature, and the heterogeneous pro-
cesses on sulfate aerosols when combined are approximately
additive with respect to the individual effects. For example,
in Table 3 the change in equatorial ozone in Dobson units for
October 15, 1991, is —3.9, —3.8, and —8.1 for cases B, E,
and G, respectively. A similar statement can be made for
case H. Here for the same region and period the change in
Dobson units is —17, —3.8, and —19 for cases C, E, and H,
respectively. Case G underestimates the observed equatorial
ozone change in October 1991 by approximately 40% com-
pared to TOMS [Schoeberl et al., 1993] and sizably more
compared to the ozonesonde data of Grant et al. [1994].
However, case G compared to TOMS slightly overestimates
the change in Dobson units between July and September
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ambient (case A) and cases B, C, E, F, G, and H during 1991, 1992, and 1993.

1991. The opposite is true when comparing to Grant et al.
[1994]. The peak in equatorial ozone change for case G is not
consistent with either TOMS or the ozonesonde data (Table
3 and Figure 8). For case H, model-derived ozone compares
moderately with TOMS in peak magnitude and period. Case
H overestimates the reduction between July and September
1991 and is on the lower end of the peak magnitude range
compared to the ozonesonde data. Model-derived local
equatorial ozone changes (Figure 7) show reductions of —8%
and —12% in the lower stratosphere for cases G and H,
respectively. These changes even for case H are sizably less
than that derived from Grant et al. [1994]. In general, case H
better represents the 1991 observed equatorial ozone data.
At extratropical latitudes, when case H is considered, there
is a cancellation of the positive ozone production from an
increased mean circulation and a decrease from increased
heterogeneous processing. In Table 4 the net annual affect
on ozone from case H at midlatitudes (30°N—-60°N) is +0.5%,
+0.2%, and —1% for 1991, 1992, and 1993, respectively.
Additional changes in NO,, HO,, and ClO, also can be seen
when circulation feedback is included (Figure 15). Here

comparisons of case H and case E at the equator and 42°S
(close to Lauder, New Zealand) show slightly different
changes in these species when circulation feedback is in-
cluded. The effect is more pronounced in the equatorial
region.

In summary, if the 2-D model dynamical approach is
reasonable and there is production of ozone at higher lati-
tudes from increased circulation, then the model-derived
heterogeneous effects must be considerably larger to explain
the observed data; alternatively, the dynamical processes
not included in the LLNL 2-D model (e.g., QBO) are
responsible for a large portion of the 1992 and 1993 ozone
reductions.

Conclusions

We have represented the Mount Pinatubo eruption in a
detailed manner allowing us to compare directly to observed
temperature and species distributions and their changes from
the eruption through 1993. In the model approach used here,
combined effects of heterogeneous chemistry and circulation
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change are necessary to explain observed measurements.
We do not believe that this result is sensitive to the uncer-
tainties in the aerosol distribution and its time evolution.
Vertical lofting was approximately consistent with observa-
tion as was the ozone change in the equatorial region. In a
zonally average diabatic approach, a consequence of
strengthened mean circulation is transport of ozone toward
the pole. This produces a positive global ozone change that
does not agree with TOMS, unless the change is mitigated by
including heterogeneously driven chemical ozone loss. How-
ever, even with an observationally based aerosol distribu-
tion, differences are evident between the model results and
observations. The model predicts ozone increases at middle
and high latitudes that appear not to be observed. Complete
understanding of the partitioning of aerosol heating into both
temperature and circulation along with a true understanding
of volcanically induced heterogeneous effects at high latitude
polar winter conditions will need to be addressed in a 3-D
model.

The net heating rate forcing derived from the mid-October
equatorial extinction data is 0.48 K/day (25 km) of which
0.28 is from IR heating and 0.2 is from solar heating (Figure
5). The solar heating is directly related to the choice of
single-scattering albedo, which in this study was 0.99
throughout all cases. The IR heating rate is solely dependent
on the observed data and the LLNL IR submodel. The IR
heating in this study is consistent with that of Kinne et al.
[1992]; however, the solar heating is larger.

When circulation alone (case C) was allowed to vary with
fixed seasonally varying temperatures, large local (—10%)
and column (—6%) equatorial ozone changes were derived in
October/November of 1991 (Tables 3 and 4; Figures 7-9).
The vertical velocity was enhanced, displacing the ozone
column by approximately 1.6 km in 100 days (Figure 6).
These equatorial column ozone reductions are generally
consistent with observed data of TOMS [Schoeberl et al.,
1993]. The model-derived results underestimate the ozone
magnitude relative to the ozonesonde data derived by Grant
et al. [1994]. The model-derived equatorial maximum de-
crease was in October 1991, peaking slightly before TOMS.
The model-derived ozone decrease was much less than
shown by the ozonesonde data in August 1991. The strength-
ening of the mean circulation not only caused local ozone
depletion in the equatorial region but also enhanced local
ozone amounts in the mid- to high-latitude regions (Figures 8
and 16). Global change in column ozone for 1991, 1992, and
1993 was 0.1, 1.4, and 1.0, respectively. Equatorial (12°S-
12°N) column ozone change for 1991, 1992, and 1993 was
—1.4, —2.8, and —1.3, respectively, in better agreement with
observed TOMS and ozonesonde data. In general, case C
reproduces the observed data only in the equatorial region;
the ozone production at high latitudes is not evident in the
observed data and may be a limitation in the dynamical
assumptions and sophistication of a zonally averaged 2-D
model.

Allowing the temperature to change but holding the circu-
lation seasonally fixed (case B) modified the lower strato-
spheric temperature by +2 K for 20°N and by +5to +6 K in
the equatorial region (Figure 6). This is in good agreement
with Labitzke and McCormick [1992] at 20°N, but it overes-
timates the equatorial value by up to 2 K. Equatorial ozone
change from this case underestimated the local and column
amounts relative to observed measurements. Equatorial
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local and column ozone changes between August and De-
cember 1991 did not represent the observed data. Global
change in column ozone for 1991, 1992, and 1993 is —0.2,
—1.0, and —0.6, respectively, which also is an underestimate
of the TOMS observed data. Extratropical latitude reduc-
tions in ozone did occur in 1991-1993, but they not as large
as reported by TOMS [Herman and Larko, 1994].

With the circulation and temperature fields held seasonally
fixed but the Mount Pinatubo aerosol extinction allowed to
change the direct and indirect flux, the photolysis coeffi-
cients were slightly modified (case D). We found this effect
to be a minor perturbation to the ozone distribution in the
stratosphere (Table 3). This is in disagreement with Pitari
and Rizi [1993], who found a significant ozone perturbation
from this effect. They had a larger extinction at UV wave-
lengths affecting photolysis. Validation of the SAGE II
profiles in general confirm a relatively flat wavelength de-
pendence.

Including the effect of SAGE II time-dependent SAD only
on modifying heterogeneous reaction rates, keeping both
temperature and circulation seasonally fixed (case E), in-
creased the hydrolysis of N,Os and CIONO, significantly.
As a sensitivity test, the time-dependent SAD was doubled
(case F; Figures 11 and 13). For N,0Os hydrolysis the
reaction saturated in the equatorial region between 15 and 26
km and between 15 and 24 km at 42°S throughout 1991, 1992,
and 1993 (Figure 12). For CIONO, hydrolysis the equatorial
rates were much less than the high-latitude rates, and under
the SAD studies (cases E and F) modeled here, saturation of
this reaction was not observed. Changes in odd-oxygen loss
were derived (Table 5). After Mount Pinatubo the HO,
family is the primary loss process for odd-oxygen in the
lower stratosphere, followed by CIO, and NO, (Table 5).
Changes in model-derived species concentrations (Table 6
and Figure 15) are sizable, for example, at 23 km, 43°N, on
December 15, 1991: NO, (—50%), followed by increases in
ClO, (100%) and HO, (23%). NO, is decreased by direct
conversion of N,O5 and CIONO, on sulfate aerosols. HO, is
increased from this reduction in NO,, forming less HNO;
via reaction with OH. HCI is decreased primary from
reaction with enhanced OH, releasing more ClO,. CIONO,
increases slightly from increases in enhanced Cl1O, (Table 7).
Decreases in column NO, and increases in column HNO;
are consistent with the Lauder, New Zealand, data
[Johnston et al., 1992], peaking in October 1991. The mag-
nitude of the column NO, change is less than observed.
Changes in equatorial local (4%) and column (1.5%) ozone
were not large enough to explain the observed data in 1991
(Tables 3 and 4; Figures 7-9). Overall, the heterogeneous
effect on ozone in 1991 was 25% of the circulation effect
(case C). Changes in 1992 and 1993 show extratropical
reductions that are consistent in latitude, but TOMS and
ground-based data are still underestimated (Tables 3 and 4;
Figures 7-9 and 16).

Including both aerosol extinction modification of either
temperature or circulation with the enhanced heterogeneous
processing on sulfate aerosols improves model/data compar-
ison of local and column ozone in various regions and times.
For example, in 1991, equatorial ozone amounts compare
better to the observed data when aerosol-modified circula-
tion and enhanced heterogeneous processing (case H) are
combined (Tables 3 and 4; Figures 7-9). At extratropical
latitudes the increase from the circulation feedback and the
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decrease in ozone from heterogeneous processing tend to
cancel, and, as a consequence, the agreement with observed
data is not as good. When temperature is allowed to vary,
with a fixed seasonally varying circulation plus the hetero-
geneous effect (case G), the midlatitude change in ozone is
more spatially representative of the 1992 and 1993 TOMS
data; however, the model-derived maximum ozone reduc-
tion is not large enough.

In summary, using the LLNL 2-D CRT model, we inves-
tigated the individual contributions from chemistry, radia-
tive transfer, and dynamics following a major volcanic
eruption focusing on the relative importance of circulation
versus temperature change. Model-derived changes in spe-
cies distribution and temperature were compared to ob-
served data. This study is the groundwork for future studies
that will use both a fully interactive 2-D model and a 3-D
model. Validating the model-derived absolute change in
trace species and the response time for change in these
concentrations following a documented volcanic eruption
like Mount Pinatubo will build confidence in our current
understanding of stratospheric processes and the use of
these models for prognostic purposes.
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