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Abstract.

We have developed a coupled two-dimensional

dynamical/chemical/microphysical model to study the global distribution of
stratospheric sulfate aerosols. In particular, we use this model to simulate the global
distribution of volcanic aerosols after the eruption of El Chichén in Mexico in April
1982. The simulated background aerosol distributions are highly dispersed, while a
slight latitudinal gradient is also notlced The calculated background aerosol surface
area and mass are about 0.7 to 1.0 um 2/cm? and 0.3 t0 0.5 parts per billion by mass,
respectively, at midlatitude in the northern hemisphere, in fair agreement with available
observations. After the eruption of El Chichén in April 1982, the stratospheric aerosol
load rapidly increases in the tropics at an altitude of 20 to 25 km. The aerosol area in
the troplcs reaches a maximum 50 pm?/cm? in the lower stratosphere, which is about
70-100 times the background aerosol area. Six months after the eruption, volcanic
aerosols spread out globally but are still centered in the tropics. One year after the
eruption the enhanced aerosol begins to decrease and tends to become uniformly
distributed in the lower stratosphere. Two years after the eruption the global aerosol is
about S times the background aerosol load in the lower stratosphere. The e-folding time
of the aerosol load is about 10 months in the tropics during the postvolcanic period.
Compared to observations (in terms of spatial, temporal, and size distributions), the
model quantitatively simulates the evolution of volcanic aerosol clouds. Thus this
model could be a useful tool for studying the impacts of volcanic eruptions on
stratospheric ozone and climate. Moreover, we find that for a model simulation in
which the gas phase SO, is the only material ejected by the eruption, the model
substantially underestimates the volcanic aerosol load. Thus we expect that the direct
ejection of sulfate aerosol particles may be a very important process.

1. Introduction

After the large volcanic eruption of El Chichén in Mexico
in April 1982, the total ozone abundance was found to be
below the climatological average in December 1982 and in
the first few months of 1983 [Hofmann and Solomon, 1989].
It has been widely debated whether this reduction in the
ozone amount results from heterogeneous reactions on the
enhanced aerosol surface provided by the volcanic emission
of sulfur or is due to dynamical processes. Newell and
Selkirk [1988], for example, concluded that the 1982-1983
ozone reduction could have been due to the volcanic erup-
tion, while Bojkov [1987] suggested that ozone reduction was
probably due to unusual transport effects.
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Hofmann and Solomon [1989] analyzed the measured
aerosol data and showed that the enhanced aerosol surface
area could have reached a maximum of 50 um?/cm?, a value
similar to that encountered inside polar stratospheric clouds.
Hofmann and Solomon concluded that heterogeneous reac-
tions occurring on the enhanced aerosol surfaces may have
been responsible for at least a portion of the anomalous
ozone reduction observed at midlatitudes in early 1983.

Granier and Brasseur [1992] used a two-dimensional (2-D)
coupled dynamical/chemical mode] to study the effect of the
El Chichén eruption on the ozone layer. In their study a
parameterized volcanic aerosol surface area was used since
observations of aerosols did not provide a global distribution
of the surface area density. According to their model the
ozone reduction due to the heterogeneous reactions on the
enhanced aerosol load is approximately 3% at midlatitudes
and 7% at high latitudes in the northern hemisphere. On the
basis of the parameterized global aerosol distribution and the
assumption that the distribution of surface area density
remains unchanged during 1 year following the eruption,
they concluded that the accuracy of such calculations de-
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pends on the assumption made for the volcanic clouds after
large-scale dispersion of the volcanic material.

In spite of the difficulties in measuring the global distribu-
tion of volcanic aerosols, some efforts have been made to
simulate the formation and fate of volcanic aerosols. Turco
et al. [1983], for example, used a one-dimensional micro-
physical model to assess the atmospheric effects of the
Mount St. Helens eruption. From their simulation they
found that the effects of the Mount St. Helens emissions on
stratospheric ozone were small. A maximum ozone deple-
tion of ~0.2% was predicted for early 1981. McKeen et al.
[1984] used a chemical/dynamical two-dimensional model to
simulate the evolution of the volcanic SO, cloud. Because
they did not include sulfate microphysical processes in their
model, they concentrated their study on the chemical mech-
anisms inside the volcanic cloud, where injected SO, was
converted into H,SO,. Pinto et al. [1989] used a one-
dimensional microphysical and chemical model to examine
the chemistry of the stratospheric sulfate cloud. Their results
suggested that microphysical processes rapidly produce
large particles inside the volcanic cloud. Because larger
particles settle out faster than smaller ones, they suggested
that volcanic effects may be self-limiting due to the faster
sedimentation process. Capone et al. [1983] have used a
two-dimensional model to study sulfate aerosol after the
eruption of El Chichén. Their calculations suggest that the
residence time of the sulfate aerosol cloud after the eruption
exceeds 2 years. Visconti et al. [1988] have also used a
two-dimensional model to simulate El Chichén aerosols. In
their simulations the aerosol is treated as a passive tracer.
Their results suggest that aerosol cannot be considered as a
passive tracer so that microphysical processes should be
considered.

By including a microphysical model of sulfate aerosols in
the National Center for Atmospheric Research (NCAR)
two-dimensional dynamical/chemical model of Brasseur et
al. [1990], this study attempts to simulate the global distri-
bution of aerosol both during nonvolcanic periods and after
the eruption of El Chich6n. The paper is structured in the
following way: First, we describe the microphysical formu-
lation included in the two-dimensional model. Then we
compare the simulated background aerosol distributions
with observed ones. Finally, we address the methods and
results of the simulation of global distributions of volcanic
aerosol after the eruption of El Chichén.

2. Model Description

The two-dimensional model used in the present study is
based on an updated version of the two-dimensional coupled
dynamical/chemical model (DCM) described by Brasseur et
al. [1990]. It accounts for feedback between changing chem-
ical distributions and dynamical variables such as tempera-
ture and wind distributions. The resolution of the model is 5°
in latitude from 85°N to 85°S and 1 km in altitude from 0 to
85 km. Approximately 110 reactions affecting the oxygen,
hydrogen, nitrogen, chlorine, bromine, fluorine, and the
sulfur families are taken into account to simulate gas phase
chemical processes. The present model does not account for
the radiative effects of stratospheric aerosols. Thus the
potential interactions between stratospheric aerosols and
atmospheric dynamics are ignored. The simulated dynamical
features, i.e., winds and temperature, are shown by

Brasseur et al. [1990]. The overall transport produced by the
model in the lower stratosphere can be validated by simu-
lating the dispersion of l4C02 distribution in the lower
stratosphere (NASA 2-D model intercomparison, Satellite
Beach, 1992). The overall lifetime calculated for this tracer is
in the range, although at the lower end, of the values
determined by 10 other two-dimensional models involved in
the NASA 2-D model intercomparison. With heterogeneous
chemistry taken into account, the model simulates the total
ozone distribution fairly well compared to the observation;
these results are presented by Granier and Brasseur [1992].

The microphysical model developed in this study and
coupled into the 2D DCM is in many respects similar to the
models of Turco et al. [1979] and of Bekki and Pyle [1992].
The stratospheric aerosols are formed by gaseous sulfur-
bearing compounds in the stratosphere. It is generally ac-
cepted that the major sulfur source during nonvolcanic
periods is provided by carbonyl sulfide (OCS), which is
released at the surface and transported into the stratosphere
[Crutzen, 1976]. OCS is then photolyzed, and the products
subsequently oxidize to form SO,. The conversion from SO,
to H,S0, is complex and not perfectly understood. Turco et
al. [1982] suggested that the oxidation of SO, in the strato-
sphere is initiated by the gas phase reaction

SOz+OH+M—)HSO3+M

The conversion from HSO; to sulfate is more complicated
and uncertain. The initiating pathways include

(Rl) HSO3 + 02 - HOZ + SO3
(R2) HSO; + OH — H,0 + SO,
SO3 + Hzo b d HzSO4

Other possible pathways have been discussed by McKeen et
al. [1984]. It should be noted that pathway (R1) produces
HO,(OH + HO,), so that the net effect for the conversion
process of SO, to H,SO,4 has no loss for HO,. However,
through pathway (R2), HO, is lost during the conversion of
SO, into H,SO,4. On the basis of the model studies by
McKeen et al. [1984], pathway (R1) seems dominant. Table
1 lists the gaseous sulfur reactions used in the model with the
corresponding rate constants. It should be emphasized that
the sulfur chemistry has been simplified, so that it is appro-
priate only for stratospheric studies.

The microphysical processes introduced in the 2D DCM
include heterogeneous nucleation, condensation, evapora-
tion, coagulation, gravitational sedimentation, and washout.
Homogeneous nucleation is ignored. Detailed numerical
treatments of these processes can be found in the studies of
Turco et al. [1979, 1982], Hamill [1975], Hoppel [1976],
Hanmill et al. [1977], Yue and Hamill [1979], Fuchs [1964],
and Kasten [1968].

The microphysical processes included in the model can be
summarized as follows. The aerosol particles are assumed to
be spherical liquid droplets. The size distribution of the
aerosol particles is represented by 25 discrete bins covering
a range of particle radii from 0.01 um to 2.56 um, with
particle volume doubling from one bin to the next. The
condensation nuclei (CN) are considered to originate at the
Earth’s surface with a radius of 0.01 um. We have assumed
that CN are uniformly distributed at the surface, with a
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Table 1. Reactions of Sulfur Compounds

Reaction Rate, cm3 s7! Reference
OCS + hv = S + CO JPL [1990]
$+0,=S0+0 23x 10712 JPL [1990]
OCS + 0 = SO + CO 2.3 x 10~ exp (—2200/7) JPL [1990]
SO + OH = SO, + H 8.6 x 107! JPL [1990]
SO + CIO = S0, + Cl 2.8 x 1071 JPL [1990]
SO+ 0, =80, +0 2.6 X 1071 exp (—2400/T) JPL [1990]
SO, + OH + M = HSO; + M 3.0 x 1073 (17300) 73 3[M] JPL [1990]
HSO; + OH = SO; + H,0 9.0 x 10713 Turco et al. [1979]
HSO; + 0, = SO; + HO, 1.3 x 10710 exp (—-330/T) JPL [1990]
$0O; + H,0 = H,S0, 6.0x 1075 JPL [1990]

H,S04 — washout

Turco et al. [1979]

[M] is the air density (cm ~>) and T is the temperature (kelvins). JPL, Jet Propulsion Laboratory.

concentration of 1500 particles/cm? [Turco et al., 1979)]. The
aerosol particles and CN are transported in the same fashion
as the other gaseous chemicals. When the CN are trans-
ported into the stratosphere and when the ambient H,SO, is
saturated, a heterogeneous nucleation takes place, with a
nucleation time constant of 10 s [Turco et al., 1979]. After
nucleation the aerosol particles start to grow by heteroge-
neous condensation and Brownian coagulation processes.
The heteromolecular condensation of particles has been
studied by Hamill [1975], Hoppel [1976], Hamill et al.
[1977], and Yue and Hamill [1979]. It has been shown that
the growth rate of a particle is essentially limited by the rate
at which H,go, molecules impinge on it. If the partial
pressure of gaseous H,SO,, py,s0,, at a given temperature T
is greater than the saturation vapor pressure at the surface of
the particle ”1912504, the particle absorbs H,SO, molecules
from its environment; otherwise, the mass of H,SO, in-
cluded inside the particles remains constant or decreases if
H,S0, evaporates from the particle. Absorption or evapo-
ration of H,O is assumed to be instantaneous, so that a
proper weight percentage of H,SO, is maintained inside the
particle. Under these conditions the growth rate of the
particles in the ith bin can be expressed as [Hamill, 1975]

ariat= aBv (1)

where r; is the aerosol radius corresponding to bin i; B is the
impinging rate at which gaseous H,SO4 molecules collide on
a surface of unit area; » is the volume that a single H,SO,
molecule would occupy in solution including volume occu-
pied by ambient water molecules; and a is the sticking
coefficient of H,SO,, assumed here to be unity [Turco et al.,
1979].

The impinging frequency B is given by [Hamill, 1975; Yue
and Hamill, 1979]

ﬁ = (nHZSO‘ - ngzso)(ka/Zﬂma) 12 (2)

with k, being Boltzmann constant and m, the mass of a
H,SO0, molecule. The saturation vapor pressure at the
surface of the particle nﬁz so, is calculated according to the
method presented by Ayers et al. [1980]. Volume v in (1) is
determined from the weight percentage of H,SO, in solu-
tion. According to Steele and Hamill [1981] and Hofmann
and Oltmans [1992], the weight percentage W (percent) in
the lower stratosphere is a function of the surrounding
temperature and humidity and can be expressed by

W =100 — (W, + aP,,) (3a)

where P, is the partial pressure of surrounding water vapor
(in millipascals); W, (percent) and a can be expressed by

W, = W,o exp (—T/To) (3b)
a=ay(T - 180)~° (3¢)

where T is ambient temperature (kelvins), W,, = 1866%,
Ty = 509K, ap = 12.39, and b = 1.37.

The time 7 needed for a particle of radius r; to grow from
size r; to size r;y; (rjv; > r;) can be calculated by
integrating (1), so that

T=(ris1—r)lBv

7 can be regarded as the lifetime of a particle in the ith bin
associated with condensational growth. Therefore the con-
densational rate of the number density of particles in the ith
bin, 9n/8¢|; ¢ond> can be calculated as

Bn/atliycond=n,-;|/1',-;1 —n,-/T,- (4)

with n; being the number density of the particles in the ith
bin. '

In the model only diffusive coagulation is taken into
account since gravitational coagulation is relatively unim-
portant [Turco et al., 1979]. The coagulation tendency lead-
ing to particles in the ith bin, 9n/3¢|; .ss, is provided by the
rate at which smaller particles coagulate with each other to
form new particles of sizes that fit in the ith bin, T}, ;, minus
the rate at which the ith group particles coagulate with other
particles to form new particles of larger sizes. Thus

on/at|; cong = Tin,i — Tout,i ®)

where T, ; and T;, ; can be expressed by

25
Tout,i = 2 Kinin; (6)
j=1
and
T = 2 Kjnyn; @
Jk
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if k < j < i and the radius fitted for the ith bin as the result
of coagulation is expressed by r; = (ni/n;r + r?)". Note
that in (7) only those coagulations which produce particles of
sizes at the ith bin are counted in the production term due to
coagulation. In (6) and (7) the coagulation kernel K is
calculated according to Twomey [1977]:

K,-j=2kBT/317(2+r,-/rj+rj/r,-) (8)

where 7 is kinematic viscosity.

When aerosols grow to a size of a few microns, gravita-
tional sedimentation becomes important. Some aerosol par-
ticles are returned to the troposphere by gravitational set-
tling. The gravitational sedimentation rate for each ith bin is
determined by

an/at|; seq = 3(P))/0z )

where ®; = n;w; is the vertical flux of particles, and w; is
terminal velocity of aerosols in the ith bin, which is calcu-
lated according to Kasten [1968]:

wi=Q(prigin)[1 + (Ar)(A + B exp {~Cr/AD]  (10)

In this expression, p is the mass density of the aerosol, g is
gravitational acceleration, A is the molecular free length, and
A, B, and C are constants, specified by Kasten [1968].

As indicated by (10), the calculated terminal velocity is a
function of altitude and particle size. For a 1-um particle at
approximately 20 km the terminal velocity is about 10 km/yr,
corresponding to a settling time out of the stratosphere of
about 1 year. Because the focus of this paper is on strato-
spheric aerosols, complex tropospheric microphysics is not
introduced in the model. Therefore the only aerosol particles
present in the troposphere are condensation nuclei (CN).
Thus aerosol particles are assumed to be instantaneously
washed by rainfall or evaporated into CN. The first-order
loss rate for washout process in the troposphere suggested
by Turco et al. [1979] is

R, =1.2x1073(1 — z/z7) in unit of (s ")

where z (kilometers) is the altitude and z; (kilometers) is the
tropopause altitude adopted in the 2-D model.

The fact that important microphysical processes are ne-
glected in the troposphere represents a shortcoming of the
model. However, as concluded by Bekki and Pyle [1992],
this simplification is not expected to be critical for the
simulation of stratospheric aerosols because the lifetimes of
tropospheric sulfuric acid particles and gaseous sulfuric acid
are probably so short that they do not represent very
substantial sources for the stratospheric aerosol layer. As
will be shown in the following discussion, this conclusion
might have to be revised, since tropospheric microphysical
processes may contribute to the presence of large aerosol
particles in the tropical lower stratosphere.

3. Simulation of Background Aerosols

The global distribution of background aerosols present
during nonvolcanic periods is governed by atmospheric
transport, chemical reactions, and microphysical processes.
Background aerosols are produced primarily as a result of
carbonyl sulfide (OCS) photolysis [Crutzen, 1976] and SO,
oxidation. The initial OCS concentration adopted in the

model is 4.5 ppb at the lower boundary and decreases
exponentially with altitude according to the estimation by
Turco et al. [1982]. The two important sulfate aerosol
properties, total surface area and mass, are predicted in the
model. The total aerosol surface area density A (square
micrometers per cubic centimeter) is defined as

A= I 47rr2n(r) dr

which is a key parameter in determining the rate of hetero-
geneous conversions of N,Os and CIONO, on the sulfate
aerosols. The aerosol mass is a key parameter for the
evaluation of the sulfate aerosol budget. Because the com-
parison between calculated and observed background aero-
sol could provide useful information for validating the rep-
resentation of the transport, chemistry, and microphysics in
the model, we first compare the calculated background
aerosol with the observations.

Figure 1 presents the comparison of calculated aerosol
surface area density with data deduced from the satellite
observations (stratospheric aerosol and gas experiment II
(SAGE 1I) [World Meteorological Organization (WMO),
1992]. The calculations show latitudinal and vertical distri-
butions in fair agreement with available observations. Both
observations and calculations are characterized by higher
surface areas near the poles (about 1.75 pm? cm™? at the
north pole and about 1.5 um? cm ™ at the south pole) and
lower surface areas in the tropics (0.5 um? cm™ in the
model against 0.75 pm? cm 3 in the observations). We note
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Figure 1. Comparison between simulated and measured
March background total aerosol surface area density (square
micrometers per cubic centimeter). The observed satellite
data are representative of March 1979 [WMO, 1992].
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that the calculated surface area is about 0.25 pm? cm ~3 less
than the observed values in the tropics, perhaps because
tropospheric microphysics is neglected in the model. Large
sulfate aerosol particles, which are not rapidly evaporated,
could be transported from the upper troposphere into the
rising branch of the Hadley cell (see Figure 2). Another
possible cause for the discrepancy between the model and
the observations could be related to the intensity of the
Hadley cell as represented in the model. A recent intercom-
parison of the '*C distributions calculated by 11 two-
dimensional models (including the NCAR model) has re-
vealed that upward transport in the tropics is generally too
strong in most models (including the NCAR model). This
problem could cause a substantial fraction of the aerosols to
evaporate near 35-40 km altitude (where the temperature is
relatively high) and lead to an underestimation of the aerosol
load in the tropics.

We also note that the observations show a slightly larger
background aerosol surface area in the northern hemisphere,
whereas the calculation shows a slightly larger surface area
in the southern hemisphere. This difference could be due to
anthropogenic sources of sulfur (such as the aircraft emis-
sions). According to Bekki and Pyle [1992], the emission of
sulfur by subsonic aircraft could increase the aerosol mass
by as much as 60% in the northern hemisphere. These
potentially significant, but uncertain, aircraft emissions are
ignored in our model.

The meridional distribution of background aerosol area
determined in our model is similar to the results obtained by
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Figure 2. Comparison between calculated and measured
density of total large particles (>0.15 um) (number of
particles per milligrams of air). The measurements corre-
spond to March 1973 [Rosen et al., 1975] and are represen-
tative of background conditions.
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Figure 3. Comparison between calculated and measured
aerosol sulfate mass (parts per billion by mass). The data
measured in June 1973 [Sedlacek et al., 1983] are represen-
tative of background conditions.

Bekki and Pyle [1992], although the values derived by their
model are smaller than those obtained in our model results
and than the observations [WMO, 1992]. In their model
calculation, Bekki and Pyle [1992] report an aerosol surface
area of 0.3 pm? cm > in the tropics and 0.7 um? cm > at the
poles and suggest that the discrepancy may be due to
uncertainties associated with the observation of the small
particles by satellites.

Figure 3 presents a comparison of the calculated sulfate
mass density (parts per billion by mass, ppbm) with airborne
observations [Sedlacek et al., 1983]. The observations took
place over a period of 10 years from 1971 to 1981. During this
period, several volcanic eruptions took place. After carefully
examining the data, Sedlacek et al. [1983] concluded that
data collected in June 1973 could be representative of
“‘background’’ conditions. Both observations and calcula-
tions show slightly higher aerosol mass densities at high
latitudes than in the tropics. The observed mean value is 0.30
ppbm, while the calculated mean is 0.29 ppbm in the region
where the observation took place (see Figure 3).

The above comparisons between model results and mea-
surements suggest that for nonvolcanic conditions, the
model simulation is satisfactory, although it seems to under-
estimate the aerosol load in the lower tropical stratosphere.

During large volcanic eruptions, sulfur compounds and
particles are often directly injected into the lower strato-
sphere. We expect therefore that after large eruptions, the
microphysical processes in the troposphere are less impor-
tant than those in the lower stratosphere. We will now use
the model to derive the global aerosol distribution following
the eruption of El Chichén in 1982.
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Table 2. Experiment Design

Total Emission of

Total Emission

Total Emission Gas Phase SO,, of Sulfate Emission Emission

Experiment of Sulfate, Tg Tg Aerosols, Tg Altitude, km Latitude
EXP1 7 4.6 (7 Tg sulfate) 0 19-26 5°S to 15°N
EXP2 7 3.6 (5.5 Tg sulfate) 1.5 19-26 5°S to 15°N
EXP3 11 7.2 (11 Tg sulfate) 0 19-26 5°S to 15°N

4. Simulation of El Chichén Volcanic Aerosols

After the eruption of El Chichén (Mexico) in April 1982,
observations of the injected aerosol cloud were made by
several groups [Hofmann and Rosen, 1984; Hofmann and
Solomon, 1989; Mroz et al., 1983, 1984; McCormick and
Swissler, 1983; Vedder et al., 1983]. These observations will
be used to validate the model and its capability to simulate
stratospheric perturbations caused by large volcanic erup-
tions.

4.1. Description of Model Simulations

Volcanic eruptions release into the atmosphere large
amounts of chemical compounds such as SO,, H,S, H,SO,,
H,O0, ash, HCl, and sulfate aerosols [Turco et al., 1983;
Devine et al., 1984; Cadle et al., 1976]. Accurate estimation
of the emissions is difficult. Emissions of total sulfur S (SO,,
H,S0,, sulfate aerosols) can, however, be deduced approx-
imately from the observed global aerosol mass. Because
most of the sulfur released during the eruption is believed to
be converted into sulfate particles [Winker and Osborn,
1992], the total mass observed after several months is a good
representation of the total emission. According to the mea-
surements, the total amount of sulfate ejected by El Chichén
is estimated to range from 5 Tg (1 Tg = 1012 g) to 12 Tg
[Mroz et al., 1983, 1984; McCormick et al., 1984; McKeen et
al., 1984]. There is, however, some debate concerning the
importance of direct emission of sulfate particles. Several
measurements suggest that sulfate particles are present in
the vicinity of active volcanic plumes [Cadle et al., 1969;
Hobbs et al., 1978; Woods and Chuan, 1982; Rose et al.,
1982], while other measurements show that gas phase SO,
emission greatly exceeds the emission of condensed sulfate
[Cadle et al., 1979; Murrow et al., 1980]. Recent measure-
ments [Deshler et al., 1992] indicate that sulfate particles are
formed by homogeneous nucleation during the initial stage of
volcanic eruption.

Because the relative emissions by El Chichén of gas phase
SO, and aerosol particles are not well quantified, assump-
tions have to be made in the model. Consistent with the
observations which suggest that there is a large increase in
the concentration of SO, at the initial stage of the volcanic
cloud [Winker and Osborn, 1992; Vedder et al., 1983;
Goldman et al., 1992], we first assume that the largest sulfur
emission is in the form of gas phase SO,. Some studies have
also shown that immediate increases of aerosol particles
could play an important role in the microphysics of the
volcanic plume [Turco et al., 1983; Deshler et al., 1992]. We
therefore assume in a second case that the eruption also
produces a small amount of sulfate particles. Finally, we
assume that a total of 7 Tg of sulfate is ejected by the El
Chichén eruption at latitudes ranging from 5°S to 15°N at
altitudes of 19 to 26 km. The location of the emission is
estimated on the basis of measurements made during the

initial stage of the El Chichén eruption [McCormick and
Swissler, 1983; Hirono and Shibata, 1983; Mroz et al., 1984].

On the basis of the above assumptions, we have per-
formed different simulations of the global aerosol distribu-
tion and have studied the effects of possible direct ejection of
sulfate particles. In experiment 1 (EXP1) we assume that all
sulfur (7 Tg) is emitted from El Chichén in the gas phase SO,
and that SO, converts gradually to the sulfate aerosols as a
result of chemical and microphysical processes. In experi-
ment 2 (EXP2) we assume that 5.5 Tg of sulfate is released as
gas phase SO,, while 1.5 Tg of sulfate is ejected as con-
densed sulfate particles with radii ranging from 0.01 um to
2.5 um. Table 2 lists the details of the emission scenarios for
the two experiments.

4.2. Aecrosol Mass Distributions

First, we compare the calculated aerosol sulfate mass
distributions to the airborne measurements reported by
Mroz et al. [1983, 1984]. Note that our model provides
two-dimensional, zonally averaged results, while all mea-
surements are taken at specified longitudes. Following the
eruption of El Chichén, high-altitude aircraft sampled the
aerosol mass at latitudes ranging from 10°S to 90°N and at
heights ranging from 12 km to 20 km. The measurement and
model results are shown in Figures 4, S, and 6. Approxi-
mately 4 months after the eruption (see Figure 4a) the
measured aerosol sulfate mass increases from background
value (less than 1 ppbm) to about 20 ppbm at the center of
the volcanic cloud (around 10°N latitude and 20 km altitude).
In the case of the model simulation (EXP1) (Figure 5a) the
aerosol sulfate mass increases to only about 5 ppbm. How-
ever, in EXP2 the aerosol sulfate mass increases to about 20
ppbm, a value similar to the observations. In other words,
the observation shows a rapid increase of sulfate aerosols
shortly after the volcanic eruption. Such rapid effect cannot
be simulated if only gas phase SO, is injected into the
stratosphere during the eruption. In contrast, the rapid
increase of sulfate aerosols in the initial stage of the volcanic
eruption is well represented in EXP2, in which the ejection
of aerosol particles not only directly increases the aerosol
mass but also effectively provides surfaces to accelerate the
condensation processes. Thus a fast growth of aerosols at
the center of the cloud produced by the eruption occurs in
EXP2. Six months after the eruption, measurements show
that the growth in the aerosol sulfate mass is not yet
significant, but northward displacement of the center of
cloud is noticeable (Figure 4b). In both experiments (Figures
5b and 6b) the aerosol sulfate mass has slightly grown and is
also transported northward. Again, because small amounts
of aerosols have been formed at the initial stage of the cloud
dispersion, the aerosol mass in EXP1 is smaller than sug-
gested by the measurement. The agreement between model
and observation is significantly improved in EXP2. Approx-
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Figure 4. Aerosol sulfate mass density (parts per billion by
mass) measured by Mroz et al. [1983] in the lower strato-
sphere after the El Chiché6n eruption. TRPP, tropopause.

imately 1 year after the eruption, both measurements and
model results show that gravitational sedimentation and
transport processes have taken place and have played an
important role. Large amounts aerosols are found in the
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Figure 5. Aerosol sulfate mass density (parts per billion by
mass) calculated in the lower stratosphere after the El
Chichén eruption (EXP1).
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Figure 6. Aerosol sulfate mass density (parts per billion by
mass) calculated in the lower stratosphere after the El
Chichén eruption (EXP2).

polar regions and at lower altitudes (Figures 4c, 5c, and 6¢).
Generally, the aerosol sulfate mass simulated in EXP2 is
comparable to the observations, while it is less than the
observation in EXP1.

4.3. Vertical Distribution of Aerosol Mass and Area

We now compare the vertical distribution of the calculated
aerosol sulfate mass and area with the observations. The
observational data used for this comparison are provided by
balloon measurements reported by Mroz et al. [1984] at 30°N
and Hoffman and Solomon [1989] at 41°N. Because the
measurements took place at midlatitudes, transport pro-
cesses have significantly affected the distribution of the
volcanic aerosols. Mroz et al. [1984] measured the aerosol
sulfate mass at 30°N in New Mexico from August to Novem-
ber 1982, i.e., 4-5 months after the eruption of El Chichén.
The measurements and simulation are shown in Figure 7.
Comparing calculations to observations, both experiments
exhibit a maximum at 23 km, but the simulated maximum in
EXP1 (10 ppbm) is significantly smaller than the observed
one (50 ppbm), while the maximum obtained in EXP2 (40
ppbm) is closer to the observation.

Hofmann and Solomon [1989] reported total aerosol sur-
face area density measured at 41°N in Wyoming during
January 1983, approximately 9 months after the El Chichén
eruption. The measurements and simulation results are
compared in Figure 8. We first note that the maximum in the
aerosol surface area in both measurements and simulations
is located at 20 km, which is lower than that for the aerosol
mass shown in Figure 7. The decrease with altitude of the
aerosol maximum could be due to the fact that 9 months after
the eruption (4-5 months in Figure 7), large particles pro-
duced by coagulation and condensation have been trans-
ported downward by gravitational sedimentation. In the
observation and in the EXP1 and EXP2 simulations the
aerosol area has increased from 0.7 um? cm ™3 under back-
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Figure 7. Comparison between measured and calculated
aerosol sulfate mass density (parts per billion by mass) at
30°N in the lower stratosphere after El Chichén eruption
(September 1982). Measured data are from August to
November 1982 by Mroz et al. [1984].

ground conditions to about 20 um? cm 3, 6 um? cm 3, and
30 pm? cm™? at 20 km, respectively. When comparing
simulations with observations, EXP1 underestimates the
aerosol surface area, while EXP2 overestimates it.

4.4. Time Evolution of Volcanic Aerosols

Figures 9 and 10 show the temporal evolution in the peak
values of mass and surface area density near 40°N. The
measurements [Hofmann and Rosen, 1984; Hofmann and
Solomon, 1989] indicate that 10 months after the eruption,
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Figure 8. Comparison between measured and calculated
aerosol total surface area density (square micrometers per
cubic centimeter) in the lower stratosphere near 40°N after
El Chichén eruption. Calculations are representative of
January 1983. Calculated and measured background condi-
tions are also shown. Measured data are from Hofimann and
Solomon [1989].
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Figure 9. Measured and calculated (EXP2) aerosol peak
surface area (square micrometer per cubic centimeter) and
peak aerosol mass density (parts per billion by mass) as a
function of time after El Chichén eruption near 40°N.
Measured aerosol surface area is from Hofmann and
Solomon [1989], and measured aerosol mass is from
Hofmann and Rosen [1984].

the aerosol area and mass reach their maximum values. The
observed maximum area density is about 20 um?2 cm ™3, and
the maximum mass density is about 60 ppbm. These values
are approximately 30 to 100 times larger than the background
values. Compared to the observations, the calculated area
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Figure 10. Measured and calculated (EXP1) aerosol peak
surface area density (square micrometers per cubic centime-
ter) and peak aerosol mass (parts per billion by mass) as a
function of time after the El Chichén eruption near 40°N.
Measured aerosol surface area is from Hofmann and
Solomon [1989], and measured aerosol mass is from
Hofmann and Rosen [1984].
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and mass reach a maximum 8-9 months after the eruption,
which is about 1-2 months earlier than suggested by the
measurements. A possible explanation is that the meridional
transport is more vigorous in the model than in the atmo-
sphere. In EXP2 the calculated maximum area, approxi-
mately 25 um? cm ~3, is close to the observations. However,
the calculated maximum mass density is about 30 ppbm, i.e.,
a factor of 2 lower than the observation. Calculated maxi-
mum area and mass densities are 35-60 times larger than the
calculated background values and are quantitatively similar
to the observations. We note that a secondary maximum is
visible in the observed aerosol area (Figure 9a) but is not
apparent in the observed aerosol mass (Figure 9b). The
nature of these inconsistencies is not clear.

Figure 10 shows that in the EXP1 case, the calculated
aerosol mass and area densities are significantly lower than
the observations. In summary, the assumption that the total
sulfur S emitted by the eruption of El Chichén is purely in
the form of gas phase SO, results in a calculated volcanic
aerosol load that is significantly lower than that suggested by
the observations. However, with the assumption that 20% of
the sulfur is released as sulfate particles, the model simula-
tion is significantly improved. Thus in the following sections
we will concentrate our discussion on the model results
obtained from the EXP2 case.

4.5. Size Distribution of Volcanic Aerosols

Figure 11 represents the simulated aerosol size distribu-
tions at the equator at an altitude of 20 km, where the center
of the volcanic cloud is located. We see that immediately
after the eruption, the aerosol density corresponding to the
smaller size particles rapidly increases. (A maximum aerosol
density of about 300 # cm > um ™!, corresponding to a size
of 0.06 um, is predicted.) Six months after the eruption the
total number of aerosol particles starts to decay as result of
transport and sedimentation processes. Aerosol densities at
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Figure 11. Simulated aerosol size distribution dN(dr)/dr
(# per cubic centimeter per micrometer) before and after the
El Chichén eruption at the equator at 20 km.
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Figure 12. Calculated aerosol size distribution dN(dr)/dr
(# per cubic centimeter per micrometer) before and after the
El Chichén eruption at 40°N and 20 km. Measured aerosol
size distribution [Hofmann and Solomon, 1989] in January
1983 at 20 km and 41°N is also shown.

0.2-1 um continue to grow through the coagulation process.
A maximum aerosol density of about 100 # cm > um™!
corresponds to a size of 0.2 um. One year after the eruption
the aerosol concentration decreases in the entire size spec-
trum, primarily as a result of gravitational sedimentation and
transport processes; however, the concentrations corre-
sponding to sizes greater than 0.1 um are still above the
background aerosol concentrations.

Figure 12 shows the simulated aerosol size distributions at
40°N at an altitude of 20 km. Significant differences in the
aerosol size distribution at the equator are apparent. For
example, at midlatitudes the aerosol concentration reaches
its maximum a few months after the eruption, while at the
equator it reaches its maximum 1 month after the eruption.
In addition, a year after the eruption the aerosol concentra-
tion at the equator starts to decrease. At this time the aerosol
size distribution at 40°N is similar to that at the equator,
indicating that transport processes tend to make the aerosol
distribution more uniform. The aerosol size distribution
[Hofmann and Solomon, 1989] observed in January 1983
falls in the range of the aerosol size distributions calculated
between October 1982 and April 1983, except for the sizes
ranging from 0.7 um to 1.0 um, for which observed aerosol
concentrations are higher than the calculated ones.

4.6. Simulated SO, Cloud

The calculated evolution of the SO, cloud helps us under-
stand the conversion of SO, to sulfate aerosol. After the
volcanic injection of a large amount of gas phase SO, into
the atmosphere, an SO, cloud is produced in the tropics.
Figure 13 shows that 1 month after the eruption, SO, has
increased from a background concentration of 10 ppt (at 25
km, 10°N) to about 20 ppb. SO, is then converted to sulfate
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Figure 13, Simulated SO, concentration (parts per billion
by volume) calculated as a function of latitude and altitude
before (background) and after (May 1982 and October 1982)
the eruption of El Chichén.

aerosol by chemical and microphysical processes so that its
concentration decreases progressively. Figure 13c shows
that the SO, concentration returns to its background level 6
months after the eruption. This conversion process after the

TIE ET AL.: MICROPHYSICAL SIMULATION OF EL CHICHON AEROSOLS

eruption appears to be confirmed by observations. Winker
and Osborn [1992] have shown that 1 month after the
eruption of Mount Pinatubo, about half the SO, had been
converted into sulfate aerosols. Goldman et al. [1992] ob-
served that SO, concentrations were reduced by about 80%
3 months after the same eruption. Three to eight months
after the eruption of El Chichén, Vedder et al. [1983]
measured a concentration of SO, ranging from 0.03 ppb to
0.1 ppb at 20 km at midlatitude. Thus the measurements are
consistent with the calculated evolution of the SO, cloud
(EXP2) and suggest that SO, was rapidly converted to
sulfate aerosols after the eruption as in EXP2.

4.7. Simulated Global Distribution of Aerosol Mass
and Surface Area

In recent years, concern has been expressed about the
impact of volcanic aerosols on stratospheric ozone [Hof-
mann and Solomon, 1989; Prather, 1992; Brasseur and
Granier, 1992; Kinne et al., 1992]. One of the possible
impacts is that volcanic aerosols could produce local heating
in the tropics of the lower stratosphere mainly as a result of
infrared radiation absorption [Kinne et al., 1992]. In this case
the stronger upward motion resulting from tropical heating
could lead to a reduction in the ozone column abundance
[Brasseur and Granier, 1992]. Another possible impact is
that the surface area available for heterogeneous reactions in
the atmosphere is enhanced, so that it increases the conver-
sion of inactive chlorine to active chlorine, which leads to
enhanced ozone destruction [Hofmann and Solomon, 1989;
Prather, 1992; Brasseur and Granier, 1992]. To assess these
effects, a distribution of volcanic aerosols evolving with time
is needed.

In Figure 14 we show the global distributions of the
aerosol area density, which is a key parameter in evaluating
the rates of heterogeneous chemical reactions. One month
after the eruption of El Chichén the surface area reaches a
maximum of about 50 p.m2 cm at the equator near 23 km,
which is consistent with the observation of 50 gm? cm ™3
made in south Texas a few months after the eruption of El
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Figure 14. Calculated distribution of the total aerosol surface area density (square micrometer per cubic

centimeter) after the eruption of El Chichén.
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CALCULATED AEROSOL MASS (ppbm)
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Figure 15. Calculated distribution of total aerosol mass density (parts per billion by mass) after the
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Figure 17. Simulated global distribution of aerosol mass
density (parts per billion by mass) for (a) low injection of gas
phase sulfur (EXP1), (b) high injection of gas phase sulfur
(EXP3), anc (c) low injection of gas phase and sulfate
particles (EXP2) in September 1982. Low injection corre-
sponds to 7 Tg sulfate, and high injection to 11 Tg sulfate.

Chichén [see Hofmann and Solomon, 1989]. Six months
after the eruption the calculated aerosol area increases at
mid to high latitudes and reaches approximately 20 pm?>
cm ™~ at 40°N and 20 km and 5 pm? cm > at both the south
and the north poles at altitudes of 10-23 km. Thirteen
months after the eruption the peak in the aerosol surface
area found earlier in the tropical lower stratosphere has
disappeared, and the aerosol area (above 10 um? cm ) is
relatively uniform in the altitude range of 10 to 20 km.
Sixteen months after the eruption a maximum of approxi-
mately 10 zm? cm ™2 (10-20 times the background value)
appears at high latitudes in both hemispheres. Twenty-two
months after the eruption the area starts to decrease glo-
bally. Two years after the eruption the maximum remains at
about 10 um? c¢m 3 in the polar regions. The model there-
fore suggests that the heterogeneous reactions which are
most efficient at high latitudes [Granier and Brasseur, 1992],
where the photolysis of HNOj is slow and temperatures are
low, could have played a significant role in ozone chemistry
within about 6 months to 2 years after the El Chichén
eruption. Perturbations in the ozone layer over a similar
period seem to have occurred after the eruption of Mount
Pinatubo [Gleason et al., 1993].

Finally, Figure 15 shows the calculated global aerosol
mass distribution. Between 1 and 6 months after the eruption
the aerosol mass is highest near the equator at altitudes
ranging from 20 to 25 km (about 50-100 times the value for
background aerosols). The aerosol mass then decreases

rapidly during the year following the eruption. Because the
volcanic aerosol effects on ozone due to the radiative heating
perturbation are confined to the tropics [Labitzke and Mc-
Cormick, 1992; Brasseur and Granier, 1992; Schoeberl et
al., 1993], the effects of the El Chichén on ozone through the
radiative heating should be important only during the first
year following the eruption.

Comparing Figure 14 with Figure 15, we note that the
temporal distributions of the aerosol mass and surface area
density are characterized by different features in the polar
regions, approximately 1% years after the eruption. The
aerosol surface area density is largest at both poles, while
the aerosol mass density is rather uniformly distributed
through all latitudes. The reason is that 1% years after the
eruption the largest aerosol particles are removed from the
stratosphere by sedimentation and that the smaller aerosol
particles become dominant in the polar regions. Figure 16
presents the aerosol surface area and volume calculated as a
function of aerosol radius at 15 km near the north pole in
September 1983. It shows that the surface area density (r2
dependence) is dominated by particles smaller than those
that determine the mass density (> dependence). The max-
imum in surface area density is provided by particles with
radius of 0.15 pm, and the maximum in volume (or mass
density) resulted from particles with radius of 0.25 um. It is
the domination of the smaller aerosol particles on surface
area which produces the maximum value calculated in the
polar region l% years after the eruption.

4.8. Sensitivity to Sulfur Injection

As we mentioned in section 4.1, there is a large uncer-
tainty in the amount of sulfur injected into the stratosphere
by the eruption. In EXP2 we shifted the partitioning between
gas phase sulfur and sulfate particles injected but did not
change the total amount of the injection. In order to account
for the uncertainty in the total sulfur injection, we conduct a
third calculation (EXP3) in which the total amount is 7.2 Tg
(or 11 Tg in sulfate; see Table 2). The total injection is
assumed to include only gas phase sulfur. Figure 17 shows
the calculated aerosol mass in the three cases, i.e., low
injection of gas phase sulfur (EXP1), low injection of sulfur
including direct injection of aerosol particles (EXP2), and
high injection of gas phase sulfur (EXP3) in September 1982.
As discussed in section 4.2, the injection of gas phase sulfur
prescribed in EXP1 underestimates the aerosol loading fol-
lowing the eruption. With a higher injection of gas phase
sulfur (EXP3) the improvement in the calculation is not
significant. It is only when a direct injection of aerosol
particles (EXP2) is included in the model that the aerosol
load is in good agreement with available observations. This
sensitivity study provides additional support for the impor-
tance of direct injection of aerosol particles relative to
eruptions.

5. Summary and Conclusion

The NCAR coupled dynamical/chemical/microphysical
two-dimensional model reproduces reasonably well the dis-
tribution and fate of background and volcanic aerosols
observed in the stratosphere. Because volcanic aerosols play
an important role in the global climate and affect the chem-
istry of ozone in the stratosphere, it is important that
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assessment models simulate accurately the evolution of the
sulfate aerosol layer following large volcanic eruptions.

Immediately after the volcanic eruption of El Chichén,
large quantities of sulfate aerosol were produced in the lower
stratosphere. As suggested by the model calculations, ap-
proximately 20% of the sulfate aerosols could have been
provided by direct injection of aerosols during the eruption,
while the remaining 80% have been produced by the conver-
sion of gas phase SO,.
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