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l . INTRODUCTION 

Volcanic eruptions can significantly impact 
trace gas distribution in the upper troposphere and lower 
stratosphere. Massive eruptions, produce large quantities 
of SO2. H 2 0 , chlorine compounds, and particulates. 
Modeling the effects of these impulsive increases in 
traces gases and comparing the results with observations 
from ground and satellite measurements provide unique 
opportunities to test current multi-dimensional 
chemical-radiative-transport modelj of the global 
atmosphere. Since these models are currently being used 
in assesr ?nt studies for furore anthropogenic emissions 
of trace gases (e.g., Prather ei al., 1992; WMO/UNEP. 
1992), quantitative understanding of the accuracy of 
\hese models is essential. 

In the last decade there have been numerous 
volcanic eruptions of which, until recently, EI Chichon 
(17.33°N, 93.2°W. 1982) was the largest. Laboratory 
studies indicate that heterogeneous processes on sulfuric 
acid surfaces at stratospheric temperatures may be 
important (Tolbert et al.. 1988; Hanson and 
Ravishankara, 1991). These processes have the impact 
of converting NOx species efficiently to HNO3 and 
increasing the catalytic destruction of o2one by chlorine 
radicals. Hofmann and Solomon (1989) were the first to 
investigate the effects that chemical processes on 
background and volcanically perturbed sulfuric acid 
aerosol surfaces have on ozone abundance in the lower 
stratosphere. They added reactions that converted both 
C lON0 2 and N 2 O s on these aerosols to HNO3. With 
inclusion of these processes, model-derived HNO3 
profiles were in agreement with the LIMS instrument on 
the Nimbus 7 satellite. They derived maximum local 
ozone decreases of greater than 16 % at 20 km. 

Brasseur et al. (1990) also investigated the 
impact of heterogeneous chemistry on ozone from a 
eruption similar to El Chichon. They derived column 
ozone changes of up to -6 3D at high latitudes for a .'982 
atmosphere which contained approximate 2.5 ppbv total 
chlorine. When they assumed the same eruption occurred 
for trace gas boundary conditions in the year 2010, the 
total chlorine abundance was 4.5 ppbv and the maximum 
column ozone change was -12 %. Michelangeli et al. 
(1989), using both a 1-D radiative-transfer mode] and a 
1-D chemical-kinetics model, investigated the radiative 
effects of the El Chichon eruption. Model-derived 
changes in actinic flux at wavelengths greater than 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. Prather (1992), investigated 
the potential for a nonlinear, catastrophic loss of 
stratospheric ozone when the aerosol density is 

increased following a massive eruption. With large 
surface area densities ccupled with rapid conversion of 
C I O N 0 2 to HOCl and HNO3, and with NO* 
concentrations 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 these previous studies indicate the 
importance of understanding lower stratospheric 
chemical and radiative processes in order to better 
understand the potential impact of even larger future 
volcanic eruptions and increased anthropogenic trace gas 
emissions. 

On 15 June 1991. Mt. Pinatubo (15.1°N. 
120.4°E) erupted producing a stratospheric aerosol cloud 
that was observed at altitudes between 16-34 km (Larry 
Thomason, persona] communication; McCormick and 
Veiga, 1992). S 0 2 emissions from Mt Pinatubo were 
measured by the TOMS instrument on the Nimbus 7 
satellite to be 20,000 ktons, 2-3 times the magnitude 
observed after the El Chichon enrption (Blum et al., 
1992). Although the latitude distribution of Mt. 
Pinatubo aerosol was initially equatorial, observations 
suggest that some material reached mid-latitudes, 
primarily in the lower stratosphere. These perturbations 
to the ambient background aerosol burden are expected to 
have produced significant chemical and radiative effects. 

In this study, we have used observed data from 
the Stratospheric Aerosol and Gas Experiment FI (SAGE 
II) aboard the Earth Radiation Budget Satellite (ERBSj to 
realistically represent both the time dependent change in 
aerosol surface area density and wavelength dependent 
extinction values from the Mt. Pinatubo Eruption. 
Increases in the aerosol loading increase the rate of 
important heterogeneous chemical reactions converting 
odd nitrogen in both CION0 2 and N 2 0 5 to HN0 3 . 
Radiative effects of increased aerosol optical thickness 
include changes to net radiative heating rates and to 
actinic fluxes. Changes to heating rates will indirectly 
change chemical reaction rales via changes in 
atmDspheric temperatures. Changes in actinic fluxes will 
directly modify photodissociation rates. 

2. TWO-DIMENSIONAL MODEL DESî IPTTOIV 

The Lawrence Livermore National Laboratory 
zonally-averaged two-dimensional chemical-radiative-
transport model of the troposphere and stratosphere was 
used in this study. This model currently determines the 
atmospheric distribution of 54 chemical species via 120 
chemical and photochemical reactions. The model 
domain extends form pole to pole, and from the ground 
to approximately 60 km. The sine of latitude is used as 
the horizontal coordinate with intervals of about 10°. 
The vertical resolution is 1.5 km in the troposphere and 
3.0 km in the stratosphere. The circulation is calculated 
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interactively from net radiative and latent healing rates. 
The net heating rates are determined using accurate solar 
and infrared radiative models. Reaction rates, solar flux 
data, temperature dependent absorption cross sections, 
and quantum yields are based on the latest laboratory 
measurements fDeMoie et ah, 19%). Photodissocialion 
rates, including the effects of multiple scattering, are 
computed as a function of time at each zone, with optical 
depths consistent with calculated species distributions. 
Recent u.ies of this mode' include those of Johnston et 
ah. 1989 and Wuebbles et al, 1992. 

3. HETEROGENEOUS CHEMICAL REACTIONS 
ON SULFURIC ACID AEROSOLS 

Recent, laboratory studies suggest that 
heterogeneous chemical processes may play an 
important TOIC in lower stratospheric chemistry 
(WMO/UNEP, chapter 3 1992). Studies indicate that 
heterogeneous chemistry is necessary to explain the 
Antarctic ozone "hole". In addition, ozone depletion 
from heterogeneous chemical processes may be globally 
important. Theoretical studies suggested that including 
heterogeneous reactions that convert N2O5 and CIONOj 
to HNO3 on the surface of sulfuric acid aerosols will 
change the partitioning of odd-oxygen loss processes 
between the total odd nitrogen, total odd chlorine. Mid 
total odd hydrogen families. The total odd-oxygen loss 
ra te in this altitude region also change, therefoT 
changing the concentration oF ozone (Hofmann and 
Solomon. 1989; WMO/UNEP, 1992). In this study, we 
have investigated these issues by adding the following 
reactions to the LLNL 2-D model chemistry: 

N 2 0 5 <g) [+H 20 in aerosol] —-> 2HN0 3 (g) (1) 
C10N0 2 (g) [+H 20 in aerosol] —-> 

HNO3 (g) H- HOG (g) (2) 

A complete treatment of these reactions would require a 
sophisticated aerosol microphysical model, which 
currently has both theoretical and practical limitations. 
In this study we treated these reactions using the 
following relationship to calculate the two rate 
constants for the above cases. 

K = {V)(y)(Surface Area Density) 

Aerosol surface area density (cm2 cm'3) for the reference 
atmosphere is based on analysis of SAGE II data by 
Pooh. Thomason. and Yue (WMO/UNEP, 1992). This 
distribution is representative of an atmosphere that has 
not been influenced by a major volcanic eruption. The 
surface aita density distribution varies over altitude {12-
32 km). latitude (9OQN-90°S), and time. The effective 
collision velocity (V) is 5200 cm s"1 for this study. The 
reaction probability per collision (Y) is based on 
laboratory measurements (WMO/UNEP. 1992). For N 2 0 5 

on sulfuric acid aerosols the reaction probability (-ft) is 
set to 0.1 and does not have a temperature dependence. 
The temperature dependent reaction probability for 
CIONO2 on sulfuric acid aerosols is expressed by: 

-60 -30 EQ 30 
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Figure 1. Surface area density (x 10'8 cm 2 cm - 3) retrieved 
by the SAGE H satellite during the August 23 - September 
30 1991 swath. 

Time dependent aerosol surface area density 
data was derived from the SAGE II retrievals (Larry 
Thornason, NASA Langley, private communication; also 
see Thomason. 1991 for data retrieval procedure). Seven 
different swaths were used between 15 June 1991 and 1 
January 1992. In Figure 1, an example of one swath 
(time required for complete latitudinal coverage) for the 
period of 23 August - 30 September. 1991 is shown. 
Background surface area densities consistent with low 
volcanic activity art; approximately 1.0 X 10"8 cm 2 cm"3. 
In instances of greatly enhanced aerosol extinction the 
instrument saturates and no surface area density retrieval 
are possible. In these cases the value of 5.0 x 10"7 cm2 

cm"3 was used (this is approximately the upper detecu'on 
limit of the instrument) 

4 . AEROSQUEXTINCnON DATA 

The primary source of the aerosol extinction data that 
we used for modeling the radiative effecis of the 
Ml. Pinatubo eruption was SAGE-II retrievals [Russell 
and McCormick, 1989]. We used data from all four of the 
available wavelengths (385 nm, 483 run, 525 nm, and 
1020 nm) for altitudes between 9 and 36 km. On 
average, there are 15 SAGE II sunrise profiles and 15 
sunset profiles retrieved per 24-hour day. The sunrise and 
sunset measurements individually group at latitudes that 
vary by about 6" during 24 hours. During the same 
period, each gtoup of measurements ptogtesses to 
successive longitudes around a parallel. Depending on 
conditions (turbidity and cloudiness) measurements may 
be missing below any given altitude. Measurements for 
385 nm were consistently missing below 13 km. 

We first zonally averaged the data by separately 
averaging sunrise and sunset observations taken during a 

y2=0.006exp(-0.15(T-200)). 
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Figure 2. Total aerosol optical depth derived from 
aerosol extinction data from the SAGE II satellite for 525 
nm, during 1991. 

Figure 3. Local extinction (x 1Q"4 km 4 ) data for 525 nm 
derived from the SAGE II satellite during November 
1991. 

Table 1: Ralios of extinctions at several wavelengdis to the extinction at 1020 nm. Data are based on calculations using 
threg theoretical aerosol models (Jursa. 1985; Figures 18-22^. 

theoretical Aerosol Model 
Wavelength 

theoretical Aerosol Model 55* am 200 nm 300 nm 385 nm 8 - 16 n 
Average 

Stratospheric Background 3-» . 5.04 
2.05 

0.843 

5.24 
2.05 
0.843 

4.49 
2.03 
0.911 

0.158 
0.041 
0.217 

Aped Volcanic 
3-» . 5.04 

2.05 
0.843 

5.24 
2.05 
0.843 

4.49 
2.03 
0.911 

0.158 
0.041 
0.217 Fresti Volcanic 

3-» . 5.04 
2.05 

0.843 

5.24 
2.05 
0.843 

4.49 
2.03 
0.911 

0.158 
0.041 
0.217 

UTt day (0000 to 2359). This included, for each 
individual altitude, calculating an average pressure, 
temperature, and extinction at four wavelengths. Afer 
zonally averaging the observation sets, extinctions far 
355 nm between 9 and 13 Jem were estimated using a 
wavelength extrapolation process described below. 
Following this procedure, if an altitude was present in in 
zonally averaged observation set, it was present at ill 
four wavelengths. It was then necessary to fill in data for 
missing altitudes. This was particularly true after tie 
Mt. pinatubo eruption, because low latitude SAGE II 
retrievals would often saturate at altitudes as high as 
25 ton to 30 km. The result was that high extinction 
values were reported above that saturation altitude and to 
data were reported below. As a simple attempt at treating 
these data, the extinctions at the two lowest reporting 
altitudes were averaged. These averages were then used to 
fill in all the altitudes below the saturation altitude, 
While an admittedly crude technique, the resulting 
coluitm optical depth.*: (Figure 2) of up to 0.3 compared 
well with other data. Zonal averages in the 
NOAA/AVHRR gridded aerosol optical depth product far 
October to November 1991 (obtained from the UARS 
Central Data Handling Facility) contained low latitude 
peak optical depths varying between approximately 
0.32 to 0.38. Michailangeli et al. (1989) hate 
previously investigated the radiative and chemical 
effects of the El Chichon eruption. Michailangeli et si. 
(1989) noted that the observed optical depths for El 
Chiclion were near 0.25 at 600-700 nm. They noted thai 

photochemical calculations for the formation of H 2SOj 
from injected SO2 yielded peak optical depths 
approximately four months following the eruption. A 
similar result for the Mt. Pinatubo eruption would 
produce peak optical depths in late Septemter. This is 
consistent with our data showing the increase of tropical 
optical depths over we several montbs following the 
Mt. Pinatubo eruption, followed by transport of 
increased optical depths to higher latitudes (Figure 3). 
The Michailangeli et al. (1989) study was done wuh 1 D 
models and thus did not interactively represent latitude 
dependencies.. 

Following these initial manipulations of the retrieval 
sets, the data were gridded. First, altitude dependent 
background values for pressure, temperature, and the four 
wavelength extinctions were calcinated using all 
observations for November 1990 through May 1991. 
The data were then averaged within latitude-time bins. 
The time bins used were for 30 day periods referenced to 
winter solstice 1990. The time period of 30 days was 
chosen to be comparable but not equal to the 
approximately 35 day "swath" lime for the SAGE II 
latitude coverage. The latitude bins used were the 16 
latitude cells used by the LLNL 2-D ctiemical-radiativc-
transpon model. This produced a 16 latitude by 12 time 
array of binned data for each altitude and measurement. 
Next a rectangular weighted moving average was passed 
over the data. The weightings were (1.3.3,1) in lime and 
(1.4,6,4.1) in latitude, resulting in a l6 latitude by 13 
time array of smoothed data. This averaging was used to 



minimize the effects of missing data and striping due to 
sunrise versus sunset measurement differences. To 
complete the binning process, the previously subtracted 
background values were added back in. This insured that 
any grid cells left as zero by the previous binning and 
averaging process would inherit a reasonable global 
average background value. The original vertical 
resolution of the SAGE II profiles was t km in 
geometric altitude. The 2-D CRT model has 3 km 
vertical resolution between 9 and 36 km on a log-
pressure grid. Using the pressures that had been averaged 
and binned with the extinction data, equivalent model 
log-pressure altitudes were calculated. The data were then 
averaged to the model grid using rectangular integration. 
Such integration, while not of high order, is suitable for 
data defined as a histogram. 

In rider to model the wavelength range used by the 
solar radiative transfer model, it was necessary to use 
additional a priori information. The model required 
optical properties from 175 nm to 735 nm in the 
shortwave. Average aerosol optical properties for the 
infrared were also needed. In order to estimate optical 
depths outside the measured wavelength range «i ad hoc 
extrapolation based on theoretical aerosol models was 
adopted. First, using published calculations of 
extinction versus wavelength for thr-e (modified gamma) 
stratospheric aerosol size distribution models [Jursa et 
a]., 1985]. ratios of the extinction at 200 nm. 300 nrr, 
385 nm, 525 nm. and an 8-16 p: average to that at 
1020 nm were calculated (Table 1). Measured values cf 
the 525 nm to 1020 nm extinction ratio were then used 
as a basis for linearly integrating between the 
monochromatic extinction ratios tor Lhe three aerosol 
models. This provided a simple, stable method for 
estimating unmeasured extinctions that provided a 
measure of accommodation to changing aerosol size 
distributions. It was felt to have some merit in that the 
three aerosol models had sharply distinct 525 nm to 
1020 nm extinction ratios. 

During executions of the LLNL 2-D CRT model, the 
data were applied by using an area-weighted 
interpolation in wavelength and time for each separate 
altitude and latitude bin- The estimated IR extinctioi 
values were interpolated only in time. As a first order 
estimate, the shortwave optical depths were used with a 
constant asymmetry parameter of 0.75 and a constant 
single-scattering albedo of 0.95. The estimated IE 
optical depths were applied as grey absorption (i.e. not 
wavelength dependent). 

5. RESULTS AND DISCUSSION 

In this section, five different cases, calculated 
with the model are discussed: a 1991 ambient atmosphere 
with a gas-phase only chemical mechanism: 
heterogeneous 1991 ambient atmosphere (as discussed 
above) including background surface area density values; 
heterogeneous 1991 ambient atmosphere with increased 
surface area density after the Mt. Pinatubo eruption; 
heterogeneous 1991 ambient atmosphere (background 
surface area density) with increased optical extinctions 
from the Mt. Pinatubo eruption; heterogeneous 1991 
ambient atmosphere with both increased surface area 
density and optical extinctions from the Ml. Pinarubo 

eruption. For the scenarios which included changes in 
either surface ajea density or optical extinctions, the 
model was integrated from 22 Dumber 1990 through 22 
December 1991. 

The surface area density following Mt. 
Pinatubo is approximately 50 times larger than the 
previous background. Model derived rates for both 
heterogeneous reactions are substantially increased when 
the surface area density is increased The N 2 0 5 reaction 
Tate increases by a factor between 2 and 5 in the lower 
stratosphere. The rate of C10NC*2 reaction on 
background sulfuric acid aerosols is only important at 
high latitudes. When the Mi. Pinatubo perturbation is 
present, the CIONO2 reaction rale is important globally. 
As discussed in numerous studies (Hoffman and Solomon, 
1989; Brasseur et a]., 1990; Rodriguez et al.. 1991; and 
Weisenstein el al„ 1991), these reactions change the 
odd oxygen loss partitioning between chemical families, 
increasing the HO, and Clx odd-oxygen loss reactions 
and decreasing the NOx odd-oxygen loss reactions. In 
Tables 2, 3, and 4 the percent of odd oxygen loss 
•aYtTitoawi \o ii\e raw "ittermmwig s\cp tor the mosi 
important catalytic cycles are shown (approximately six 
months after the eruption). As a reference, the odd-
oxygen loss rate determining reactions are shown for a 
gas-phase only and heterogeneous ambieni atmosphere 
with a background surface area density. 

Below are the odd-oxygen loss processes 
believed to be important in the lower stratosphere. 

NO-t-Cv- > N 0 2 - 0 2 Cvcle 1 
NO2 +• O —> NO + 0 2 

03-* • 0 - ->X>2 

OH -o,-—> H 0 2 + O7 
H 0 2 + 0 3 — > OH + 202 

O3 + • 0 — - > 2 0 2 

cu 0 , ~ - > C 1 0 < - 0 , 
CIO + 0 -~ > C 1 + 0 2 

O3 + O —-> 2 0 2 

C] + 0 3 —-> CIO T O2 Cycle 4 
Br-t-D3 ->BrO + 0 2 

CIO + BiO —> CI + Br *• Oj 

2 0 3 . . . • > 3O2 

Cl+O;,— - > C 1 0 - 0 , Cycle 5 
Br + 0 3 --> BrO * 0 2 

CIO * BrO —-> Br + ClOO 
ClOO + M — > C l - 0 , + M 

20 3 —> iOi 



CI + 0 3 —> CIO + Oj Cycle 6 
OH -t- 0 3 —> H0 2 +• O2 5.1 Gas-Phase Chemical Mechanism: 
HO2 + C I O - - >HOCl+0 2 

HOC! + hv — -> a + OH Cycle 1, NO, catalytic cycle, is the most 
— important odd-oxygen loss process in the lower 

2 0 3 ----> 3O2 stratosphere with 3 gas-phase chemical mechanism. 
Depending on the latitude and season, this cycle 
accounts for over 50 % of the total odd-oxygen loss in 

Table 2: Percent of odd-oxygen loss for the most important catalytic cycles in the stratosphere at: 17.5°N Latitude, 22.5 
km. 22 December 1991. 

Reaction Gas-Phase Heterogeneous Het. with Mt. Pinatubo 
O j + O 8 .54 7 .40 4 . 8 8 

H 0 2 ^ 0 3 2 8 . 8 8 4 0 . 1 2 4 0 . 9 9 
HO2 + O 1.87 2 .60 2 .66 
H-i -O, 0 .01 0 .01 0 .01 

NOj + O 4 8 . 8 1 2 6 . 5 8 10.82 
ClO- fO 4 . 7 7 7 .70 10.23 

CIO + CIO 0 .07 0 .22 0.59 
H O C I T M ) 2 . 5 4 6.49 14.52 
ClO + BrO 2 .89 6 .69 12.90 
BrO + BrO 0 .37 0 .65 0 .92 
B r O - O 1.24 1.54 1.48 

molecules cm" 1 s"1 molecules cm" 3 s" 1 molecules cm" 3 s"1 

Odd Oxygen Loss Rale 5 5 3 3 6 62259 85124 

Table 3: Percent of odd-oxygen loss for the most importam catalytic cycles in the stratosphere at: 42-5°S Latitude. 22.5 
km. 22 December 1991. 

Reaction Gas-Phase Heterogeneous Het. with Ml. Pinatubo 
O5 + O S.93 9 .36 8.35 

H 0 2 + O , 15 .65 2 3 . 9 7 3 2 . 0 3 
HO2 + O 1.17 1.78 2 .3 ' ; 
H + Oj 0 .01 0 .01 0 .01 

N O j + O 6 6 . 2 6 5 0 . 4 3 31 . 29 
ClO + O 3 .98 6.51 9 .84 

CIO + CIO 0 .05 0 .12 0.32 
HOC1 + hu 2 . 5 4 3 .30 7.46 

ClO + BiO 1.60 3 .29 6.73 
BtO + BtO 0 .15 0 .24 0 .40 

B i O + O 0 .77 0 .99 1.20 
molecules cm* 3 s"1 molecules cm" 3 s"1 molecules c n ' J s"1 

Odd Oxygen Loss Rate 2 2 3 6 0 6 2 1 5 6 7 0 2 2 0 9 8 0 

Table 4: Percent of odd-oxygen loss for the most important catalytic cycles in the stratosphere at: 42.5°N Latitude. 22.5 
km, 22 December 1991. 

Reaction Gas-Phase Heterogeneous Hel. with Ml. Pinatubo 
Oj + O 13.22 10.92 7 .22 

H02 + 0 3 17.66 35 .86 31 .85 
H O 2 + O 0 .93 1.89 1.68 
H + O 3 0 . 0 0 0 .00 0 .00 

NOj + O 60 .02 17.08 6 .80 
CIO + O 4 . 4 3 12 .88 15 .85 

CIO + CIO 0.05 0 .54 1.24 
HOCl + hu 1.02 7 .02 12.00 
ClO + BiO 1.66 11.42 20 .71 
BiO-t-BtO 0 . 1 5 0 .71 1.02 

B i O + O 0 .85 1.66 1.62 
molecules cm" 3 s*' molecules cm" 3 s"1 molecules c m ' 3 s ' 1 

Odd Oxvgen Loss Rate 5 9 2 2 4 7 1 5 3 2 100764 



the lo'"er stratosphere. Cycle 2, which involves HO„ 
reactions, is the second most important process 
accounting for t*ween 15-30 % of the total otto-oxygen 
loss. Cycle 3, in the lower stratosphere, contributes less 
than 5 % of the total odd-oxygen loss. Cycles 4. 5, and 
6, with a gas-phase only mechanism, are not major odd-
oxygen loss process (Tables 2, ^ and 4). 

5.2 Heterogeneous Chemical Mechanism w j u i 
Background Aerosol Levels 

When heterogeneous reactions on background 
concentrations of sulfuric acid aerosols are added, the 
HO„, CIO.,, and BrOx catalytic odd-oxygen loss 
processes increase in relative importance. In fact, at 
22.5 km, 17.5° N, on 22 December (Table 2), the major 
odd-oxygen loss process becomes cycle 3. accounting 
for 40 % of the total odd-oxygen loss. Cycle 1, is now 
the second most important processes under the same 
conditions. Cycle 3, increases by a factor of 1.6 
compared to a gas-phase only reaction mechanism. 
Cycles 4, 5, and 6 change the most, increasing by over a 
factor of two compared to a gas-phase only chemical 
mechanism. In the Southern Hemisphere, at 22.5 km, 
42.5°S, on 22 December (Table 3), the effect of 
heterogeneous reactions are not as pronounced as shown 
at 17.5 N. In the Southern Hemisphere (Table 3). cycle 1 
is 50 % of the total odd-oxygen less when reactions on 
background sulfuric acid aerosols are included. In the 
Northern Hemisphere (Table 4). cycle 1 is 17 % of the 
total odd-oxygen loss. This seasonal difference for cycle 
I is based on the rate that N 2 0 5 is converted to HN0 3 . In 
the winter hemisphere, N2C»5 is formed at a faster rate. 
When the heterogeneous reactions are included, N2O5 is 
rapidly convened to HNO3, reducing the ambient NO* 
concentrations, therefor reducing the importance of 
cycle 1 on odd-oxygen loss. With the decrease of 
ambient. NO x concentsations, the. rates of cycles 3, 4, S, 
and 6 increase. In regions where there is rapid 
conversion of NOx to HN0 3, cycles 4 and 5, which have 
the rate limiting reaction CIO + BrO is 11 % of the total 
odd-oxygen loss (Table 4). This is an increase of over a 
factor of 6 compared to a gas-phase only reaction 
mechanism. Cycle 6, which has the photolysis of HOC! 
at the rate limiting process, is now 7 % of die total odd-
oxygen loss (Table 4). Total odd-oxvgen loss changes 
by -3.5 % (42.5°S), +12.5 % (17.5aN), and +21 % 
(42.5°N) compared to a gas-phase only chemical reaction 
mechanism. 

5 3 Heterogeneous Chemical Mechanism wjdi 
Aerosol Levels from Mt. Pinatubo 

With the increased surface area density from the 
Mt. Pinarubo eruption, the NO, odd-oxygen loss process 
(cycle 1) contributed 28 % (42.5°S), 9 % (l7J°N), and 6 
% (42.5°N) of the total odd-oxygen loss at 22.5 km. 22 
December. For the same time and altitude the 
heterogeneous chemical mechanism with background 
surface area density contributed 50 % (42.5°S>. 27 % 
(17.5°N) and 17 % (42.5°N>. After the ML Pinarubo 
eruption. Cycle 2 is now the dominant loss process in 

this region of the stratosphere (Tables 2, 3. and 4). In 
addition to the repartitioning of odd-oxygen loss 
bet-ween the chemical families, the total odd oxygen loss 
increases by 15 % (42.5°S). 70 % (17.5°N), and 50 % 
(42.5°N) from the ambient atmosphere with background 
surface area density. The net result is a decrease in ozone 
in these regions (Figure 4). 

5.4 Changes in Trace Gas Distributions 

In Figure 4, the percent change in column 
ozone from increased aerosol surface area density is 
shown for a case where heterogeneous chemistry without 
radiative effects was modeled. Six months after the 
eruption, column ozone, in the equatorial region, 
decreases by 1.8 percent. Including radiative feedbacks 
from increased aerosol optical thickness changes column 
ozone by approximately -3.5 % for the same period. This 
occurs from increasing the net heating of the lower 
stratosphere, which indirectly changes chemical reaction 
rates via changes in atmospheric temperatures, and from 
changes in actinic fluxes, which directly modify 
photodissociation rates. Including both heterogeneous 
and radiative effects change column ozone by -5.5 % 
(Figure 5) • The combined scenario over estimates the 
decrease Li column ozone relative to observations by the 
TOMS instrument on the Nimbus 7 satellite (Chandra. 
1992). Chandra states, "analysis of these data suggests 
that after the QBO effects are taken into account, the 
changes in the column ozone attributed to volcanic 
eruptions may not be more than 2-4 %" decrease. In 
Figure 6, model-derived local ozone changes are shown 
o t 15 December 1991. The model-derived ozone 
maximum reduction decreased by -12 % at 25 km, in die 
equatorial region during this time period. Model-derived 
N O x decreases by 40 % in the lower stratosphere, 
between 30°S and 30°N. Concurrent increases in Clx and 
HOT are on average between 100-160 % and 120-140 % 
respectively in the same region. 

Observed data collected at 45' S. in Lauder New 
Zealand measure anomalously low values of slant column 
NO2. In Lauder, they have measured the column NO2 over 
the last 11 years. During the period after the Ml Pinatubo 
eruption, NO2 column data was observed 10 decrease by 
as much as 40 %, peaking in October 1991 (Johnston et 
al„ 1992). In Figure 7, model-derived column NOi 
peaked at -14 % at 30°S in October 1991. The period of 
the peak change in NO2 is consistent with observed data, 
however, the magnitude of the model-derived change 
-imuerestimales the observed data. It is interesting the 
model-derived change in column ozone overestimates the 
change relstive to observed data, while the model-derived 
change in column NO2 underestimates the observed data. 
This would suggest diat the model may be missing 
important processes that limit the odd-oxygen 
destruction, even when changing the NOj column by 
large amounts. 

6. CONCLUSIONS 

This study has used the LLNL 2-D model of the 
global atmosphere in an evaluation of the effects on 
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Figure 4. Model-derived percentage change in column 
ozone including the N2O5 and CIONO2 heterogeneous 
reactions on the surface of sulfuric acid aerosols (relative 
to an atmosphere with background surface area density). 
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Figure 5. Percentage change in column ozone including 
both the N2O5 and CIONO2 heterogeneous reactions 
occurring on sulfuric acid aerosols and the aerosol 
optical extinctions from the Mt. Pinatubo eruption 
(relative to an atmosphere with background surface area 
density and aerosol extinction values). 
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Figure 6. Percentage change in local ozone on 15 
December 1991. including both the N 2 0 5 and ClONQj 
heterogeneous reactions occurring on sulfuric acid 
aerosols and the aerosol optical extinctions from the Mt. 
Pinatubo eruption (relative to an atmosphere with 
background surface area density and aerosol extinction 
values). 

trace gas concentrations from the eruption of the Mt. 
Pinatubo volcano. We have included observed time 
dependent surface area density and optical aerosol 
extinction data from the SAGE II satellite. Major 
findings from this study are: 

(1) Both the N2O5 and CIONO2 heterogeneous reactions 
rates are increased considerably by the inclusion of 
observed surface area density from the Ml. Pinatubo 
eruption. 

Figure 7. Percentage change in column NO^ including 
both the N2O5 and CIONO2 heterogeneous reactions 
occurring on sulfuric acid aerosols and the aerosol 
optical extinctions from the Mt. Pinatubo eruption 
(relative to an atmosphere with background surface area 
density and aerosol extinction values). 

(2) Aerosol local extinctions were a factor of 3 higher 
than background a few months after the eruption. 
This corresponded to a total optical depth of 0.3 on 
15 December 1991. 

(3) After the Mt. Pinatubo eruption, the CIO, and HO* 
families are more important in odd-oxygen loss, in 
the lower stratosphere, than the NOx family. 

(4) The catalytic cycle with CIO and BrO is the second 
most important odd-oxygen loss process in the 
lower stratosphere after the ML Pinarubo eruption. 



(5) Six months after the eruption on 15 June 1991 
model-derived column ozone decreases show a 
maximum in the equatorial region, with a magnitude 
of -2.0 % and -5,5 % for including heterogeneous 
chemical reactions on sulfuric acid aerosols only 
and with the addition of increased scattering by 
aerosols respectively. The model-derived combined 
scenario is larger than the observed column ozone 
change derived by the TOMS instrument on the 
Nimbus 7 satellite. 

(6) Significant changes in lower stratospheric 
concentrations of NOx, C10x, and HOx species were 
derived following the eruption. 

(7) Model-derived local ozone changes for the Northern 
Hemisphere, winter solstice, including the radiative 
feedbacks, showed a maximum decrease in the 
equatorial region of -12 % at 25 km altitude . 

(8) Cojumn NOj peaked at -14 % in the midlatitudes of 
ihe Southern Hemisphere in October 1991. which is 
consistent in period but underestimates the 
magnitude of the observed data from Lauder, New 
Zealand. 
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