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ABSTRACT 

The 1982 eruptions of the El Chich on volcano injected large quantities of sulfur dioxide gas and silicate ash 
into the stratosphere. Several studies have shown that the long-lived sulfuric acid aerosols derived from these 
volcanic effluents produced measurable changes in the radiative heating rates and the global circulation. The 
radiative and dynamical perturbations associated with the short-lived but more strongly absorbing sulfur dioxide 
and ash clouds have received much less attention. The authors therefore used an atmospheric radiative transfer 
model and observations collected by satellites, aircraft, and ground-based observers to estimate the amplitudes 
of the stratospheric radiative heating rate perturbations produced by each of these components during the first 
few weeks after the El Chich6n eruption. One week after the 4 April 1982 eruption, net radiative heating rate 
perturbations exceeding 20 K per day were found at altitudes near 26 km. The absorption of sunlight by the 
silicate ash accounts for the majority of this heating. The sulfur dioxide gas and sulfuric acid aerosols each 
produced net heating perturbations that never exceeded 3 K per day. In spite of the intense heating by the ash, 
observations indicate that stratospheric temperatures never increased by more than a few degrees Kelvin. The 
authors therefore concluded that this radiative heating was largely balanced by upwelling and adiabatic cooling. 
The amplitude and spatial extent of this upwelling was estimated with a diagnostic, two-dimensional dynamical 
modeL The ash heating rates may have been balanced by a global enhancement in the stratospheric meridional 
circulation, with zonally averaged upward velocities of about I em sec" 1 near the latitude of the plume. This 
enhanced stratospheric circulation persisted only for a few weeks but it may have played a major role in the 
vertical and horizontal dispersal of the plume. The vertical transport needed to balance the heating by sulfur 
dioxide gas was only 5%-10% as large, but this perturbation may have produced a 2-km increase in the altitude 
of the plume. These results suggest that the radiative forcing by the ash and the sulfur dioxide gas should be 
included in more comprehensive models of the plume evolution. They also suggest that particle size distributions 
inferred from ash fallout rates could be wrong if the upwelling associated with this radiative heating is not 
considered. 

I. Introduction 

Volcanic eruptions can inject large quantities of sul
fur-bearing gases and silicate ash into the stratosphere. 
The sulfur gases (primarily S02 and H2S) are the pre
cursors of long-lived volcanic sulfate aerosols, whose 
effects on the stratospheric thermal structure and dy
namics and the tropospheric climate have been studied 
extensively (Angell and Korshover 1983; Dutton and 
Christy 1992; Fujita 1985; Hansen et al. 1978; Kiehl 
and Briegleb 1993; Labitzke et al. 1983; Newell 1970; 
Parker and Brownscombe 1983; Quiroz 1983; Rind et 
al. 1992). A typical finding is that the radiative and 
dynamical forcing by the aerosols produces warming 
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in the lower stratosphere on a timescale of months, 
with cooling of the tropospheric climate after a longer 
period if the aerosols persist. 

Silicate ash and S02 gas injected into the stratosphere 
by a major volcanic eruption should also produce sig
nificant changes in the radiative forcing because these 
constituents are more effective absorbers of solar and 
thermal radiation than the sulfuric acid aerosols. The 
radiative and dynamical effects of ash and S02 at 
stratospheric levels have received little attention, be
cause unlike the H2S04 aerosols, which can persist for 
years, the stratospheric residence time of these con
stituents is usually limited to weeks or a few months. 
The radiative and dynamical forcing by these constit
uents is therefore unlikely to have a long-term impact 
on the tropospheric or stratospheric climate. This forc
ing could still have a significant influence on the early 
evolution and dispersal of the volcanic plume. Obser
vations acquired soon after the 1982 eruptions of the 
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El Chich6n volcano provide the data needed to assess 
the relative effects of the ash, S02 , and H2S04 aerosols 
on the stratospheric radiative heating rates and circu
lation. The El Chich6n volcano ( 17.3°N, 93.2°W) 
erupted several times during March and April 1982. 
The final and largest eruption occurred on 4 April. 
Vupputuri and Blanchet ( 1984) and Pollack and Ack
erman ( 1983) estimated maximum stratospheric solar 
heating rates of 4.5 to 7.5 K day- 1 for the silicate ash 
from El Chich6n, but their study focused on a period 
extending three to six months after the eruption, when 
the majority of the ash had fallen out of the strato
sphere. In the present study, we used a comprehensive 
atmospheric radiative transfer model to estimate the 
solar and thermal radiative effects of silicate ash and 
the so2 gas for conditions like those observed during 
the first month after the April 1982 eruption of the El 
Chich6n volcano, before the H2S04 aerosol cloud fully 
developed. These effects were compared with those 
produced by the fully developed H2S04 cloud. We 
found that even though the so2 and ash produced 
stratospheric heating perturbations that were short lived 
and more localized than those caused by the H2S04 
aerosols, their radiative forcing immediately after the 
eruption was sufficiently intense to have a strong in
fluence on the vertical and horizontal dispersal of the 
volcanic plume. In the densest regions of the volcanic 
plume, at altitudes near 26 km, the solar radiative 
heating by the ash may have been an order of magni
tude stronger than that by so2 gas (or the fully devel
oped H2S04 aerosol cloud) and more than 20 times 
larger than the background net radiative heating in the 
lower stratosphere. In spite of this intense heating, no 
large temperature increases were observed within the 
plume (Angell and Korshover 1983). We therefore 
concluded that the strong radiative heating was largely 
balanced by the adiabatic expansion and cooling as
sociated with enhanced upwelling. The intensity and 
spatial extent of the upwelling needed to balance this 
heating perturbation was estimated with a stratospheric 
meridional circulation model based on the Eulerian
mean residual formulation (Santee and Crisp 1994). 
The derived upward velocities within the densest part 
of the plume were comparable to the average fall speeds 
of the ash particles. Thus, distributions of ash size or 
density inferred from theoretical fall velocities are likely 
to be wrong if the buoyancy associated with direct solar 
heating of the ash is neglected. 

Section 2 describes the meridional circulation model, 
radiative transfer model, and background climatologies 
adopted here. Section 3 shows the perturbations of 
stratospheric net heating rates and the circulation 
needed to balance the direct radiative forcing by the 
sulfate aerosols. These results provide a comparison 
standard for the heating by the so2 gas and silicate 
ash. Section 4 quantifies the radiative effects ofthe S02, 
and section 5 quantifies the radiative effects of the sil
icate ash. Section 6 is a summary of our findings. 

2. Model descriptions 

a. Radiative transfer model 

The computation of net radiative heating and cool
ing rates requires a detailed representation of the flux 
distribution throughout the atmosphere. Crisp ( 1986, 
1989, 1990) has developed fast, accurate methods for 
finding radiative fluxes and heating rates in scattering 
and absorbing planetary atmospheres. These methods 
have been combined in a comprehensive radiative 
transfer model that accommodates all radiative pro
cesses known to be important in the terrestrial atmo
sphere, including absorption, emission, and multiple 
scattering by gases and airborne dust particles. 

A multiple-scattering model based on the multilevel 
delta-Eddington adding method (Crisp 1986) was used 
to find solar fluxes and heating rates in a vertically 
inhomogeneous, plane-parallel atmosphere. Because 
this approach for evaluating the equation of transfer 
assumes that Beer's law is satisfied at all points along 
the optical path (i.e., the optical depth varies linearly 
with absorber amount), the model is strictly valid only 
in spectral regions sufficiently narrow that the optical 
properties do not vary substantially across each. This 
method should therefore provide reliable results in 
moderately wide spectral intervals at ultraviolet and 
visible wavelengths, where extinction (absorption and 
scattering) is contributed by airborne ash, H2S04 aero
sols, Rayleigh scattering, and electronic or photolytic 
absorption bands of gases (H20, C02, 0 3 , N20, CO, 
CH4, 02, S02, N02) since the optical properties of 
these constituents vary slowly with wavelength. This 
method is also valid in near-infrared spectral regions 
occupied by very weak water and carbon dioxide lines, 
whose cores are not saturated for realistic atmospheric 
optical paths. 

This approach for evaluating the equation of transfer 
is not strictly valid within broad spectral regions oc
cupied by strong near-infrared gas vibration-rotation 
bands, because the gas absorption coefficients vary 
rapidly with wavelength in these intervals and the 
broadband absorption does not satisfy Beer's law. For 
these spectral regions we tested two approaches for 
evaluating the equation of transfer. In the first we re
turned to the two-stream nonscattering model de
scribed by Crisp ( 1990). The broadband gas absorption 
within vibration-rotation bands was evaluated using a 
Voigt quasi-random model (Crisp 1990; Santee and 
Crisp 1994). Sulfuric acid aerosol and silicate ash ab
sorption was also included at these wavelengths (by 
adding the aerosol and ash absorption optical depth to 
that of the gas) but multiple scattering was neglected. 
In the second approach, we simply ignored the violation 
of Beer's law and used the multiple-scattering model. 
To estimate the absorption by gases in this model, the 
Voigt quasi-random model was first used to evaluate 
the gas transmission between the top of the atmosphere 
and each atmospheric level in 20-200 cm- 1 wide spec-
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tral regions. These transmission values were then in
verted to yield the effective wavelength-averaged gas 
optical depth in each atmospheric layer. These results 
were combined with the gas continuum and aerosol 
absorption optical depths to yield the total absorption 
optical depth. Finally, the absorption optical depths 
were combined with the Rayleigh and aerosol-scatter
ing optical depths to yield the total extinction optical 
depth and single-scattering albedo in that spectral in
terval ( cf., Crisp 1986). These two methods were tested 
against rigorous line-by-line multiple-scattering cal
culations performed with a multistream discrete or
dinate model ( Stamnes et al. 1988; Bell and Crisp 
199 3). Both approximate methods produced similar 
results for clear-sky conditions, with heating rate errors 
rarely exceeding 5%. The second method usually pro
duced fluxes and heating rates that were more accurate 
for cloudy or aerosol-laden atmospheres. We therefore 
selected the second approach for the calculations pre
sented here. The thermal radiative transfer model used 
here includes absorption by gases and the absorption 
by airborne ash and aerosols but neglects multiple 
scattering. This simplified approach was adopted be
cause the single-scattering albedos of the H2S04 aerosol 
and ash particles are small ( <0.2) at thermal wave
lengths. The Voigt quasi-random model (Crisp 1989, 
1990) is used to find the broadband gas-transmission 
functions in spectral intervals that were 2 em - 1 wide. 
The solution to the equation of transfer is identical to 
that described in Crisp [1989, Eqs. (5)-(9)] except 
that we have added the surface boundary condition 
given in Crisp [1990, Eq. ( 14 )]. The atmosphere was 
resolved into 60 vertical layers between the surface, at 
1013 mbar, and the 0.178-mbar leve(The levels de
fining the boundaries of each layer were equally spaced 
in the logarithm of pressure and characterized by a 
pressure, a temperature, the gas-mixing ratios for eight 
gases, (H20, C02 , 0 3 , N20, CH4 , Oz, NOz, SOz), and 
the optical thickness for each aerosol particle type 
(H20, H2S04 , silicate ash). The aerosol particle num
ber density was assumed to be constant within each 
layer. The temperatures and gas-mixing ratios were as
sumed to vary linearly with log pressure between the 
top and bottom of each layer. The solar spectrum was 
divided into 755 spectral intervals between 0.125 and 
5.26 ttm to resolve the wavelength dependence of the 
solar flux and that of gas and dust absorption features. 
The spectrally dependent solar fluxes above the at
mosphere at wavelengths between 0.125 and 0.8 ttm 
are those of the World Meteorological Organization 
( 1986); outside this wavelength range we used the data 
of Thekaekara ( 1969). The thermal spectrum was di
vided into 95 spectral intervals between 5.26 and 200 
ttm to resolve the wavelength dependence of the Planck 
function and various gas and aerosol absorption bands. 
Spectral intervals occupied by infrared gas vibration
rotation bands were further subdivided into 2 cm- 1 

intervals to improve the accuracy of the multiplicative 

property of narrowband transmission (Goody and 
Yung 1989), which is used to combine the effects of 
two or more gases that absorb in the same spectral 
interval. 

The absorption line parameters for gases at in
frared wavelengths were taken from the 1992 edition 
of the HITRAN database (Rothman et al. 1992). 
The gas absorption cross sections at ultraviolet and 
visible wavelengths were taken from DeMore et al. 
( 1992). Wavelength-dependent extinction, absorp
tion, and scattering cross sections and scattering 
phase functions for liquid water droplets, H 2S04 

aerosols, and silicate ash particles were derived from 
the refractive index data for these aerosols with a 
model that incorporates the Mie-scattering algorithm 
of Wiscombe ( 1980; 1992, personal communica
tion), with the methods for integrating over particle 
size distributions described by Hansen and Travis 
( 197 4). The wavelength-dependent refractive indices 
for liquid water were taken from Hale and Querry 
( 197 3). Cloud particle size distributions for alto
stratus and stratus clouds were taken from Hansen 
( 1971 ) . Because Mie scattering is not appropriate 
for evaluating the optical properties of the nonspher
ical ice particles that compose cirrus clouds, we 
adopted published values of the wavelength-depen
dent optical properties of columnar ice crystals 
(Freeman and Liou 1979). For the H2S04 aerosols, 
the real and imaginary components of the wave
length-dependent refractive index of 75% sulfuric 
acid solution were taken from Palmer and Williams 
( 1975). A single lognormal size distribution [ cf. Eq. 
(2.60) of Hansen and Travis 1974] was used at all 
latitudes. The geometric mean particle radius (rg in 
Hansen and Travis 1974) was assumed to be 0.4 ttm, 
and the geometric standard deviation with respect 
to the natural logarithm of particle radius (a in Han
sen and Travis 1974) was assumed to be 0.34 ttm 
( cf., Pollack et al. 1991; Bandeen and Fraser 1982; 
Oberbeck et al. 1983). TheEl Chich6n ash was com
posed of andesitic glass and crystals (MacKinnon et 
al. 19 84). For our calculations, we used the optical 
properties of crystalline andesite (Pollack et al. 
1973). Sensitivity experiments on rhyolite and basalt 
glasses suggest that omitting the optical properties 
of the andesite glass may produce net radiative heat
ing rates that are up to 20% too large, but the optical 
properties of andesitic glass were not available. The 
nominal mean radius of the stratospheric ash par
ticles was assumed to be 3 ttm one week after the 
eruption. Alternate distributions with mean radii of 
l and 5 ttm were also used. These particle radii are 
roughly consistent with aircraft observations, which 
indicate a median radius of 6 ttm as late as 7 May, 
for all collected particles larger than 2 ttm (Mac
Kinnon et al. 1984). The geometric standard devia
tions of all ash size distributions, with respect to the 
natural logarithm of the radius, were assumed to be 
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a = 0.16 ~m, consistent with measurements of the 
ash acquired in September 1982 (Oberbeck et al. 
1983). 

This radiative transfer model was used to find the 
diurnally averaged solar heating rates, thermal cool
ing rates, and net radiative heating rates at 19 lati
tudes including the poles, with an increment of 10° 
oflatitude. The solar fluxes and heating rates for each 
latitude were evaluated at four solar zenith angles, 
and these results were integrated over the solar day 
to obtain the diurnally averaged solar heating rates. 
Thermal radiances were obtained for two streams 
(one up, one down); a diffusivity factor of 1.66 
(Elsasser 1943) was used to obtain the upward and 
downward thermal fluxes and cooling rates at each 
model level. Finally, the net heating rates at 
each latitude and altitude were obtained by differ
encing the solar heating rates and thermal cooling 
rates. 

b. Meridional circulation model 

Given estimates of the thermal structure and net 
radiative heating rates at stratospheric levels, the net 
meridional transport can be derived diagnostically from 
the transformed Eulerian-mean (TEM) equations of 
motion (Andrews and Mcintyre 1976; Dunkerton 
1978; Shia et al. 1989; Santee 1992). This approach is 
widely used in stratospheric chemical tracer transport 
studies because it incorporates the almost equal, but 
opposing, effects of planetary-scale waves and zonal
mean meridional circulation to yield a direct estimate 
of the net Lagrangian-mean mass and heat transports. 
This approach is most valid at altitudes within the 
middle and lower stratosphere, where the waves are 
approximately linear and time invariant. In the TEM 
approach, the residual, zonal-mean meridional and 
vertical velocities, v*, w*, are defined through the 
transformation 

v*=v-!~[pv'T'/(at +~)] (1) paz az Cp 

w* = w + ---- v'T' cos¢ - + -1 a [- /(at g)] 
a COSc/J a¢ az Cp 

(2) 

where v and ware the zonal-mean velocity components 
in the meridional and vertical directions, respectively, 
a is the radius of the earth, z is the log-pressure altitude, 
p is the atmospheric density, g is the gravitational ac
celeration, ¢ is latitude, and cP is the specific heat at 
constant pressure. The v'T' term describes the eddy 
heat flux. When these definitions are substituted into 
the zonally averaged primitive equations, the mass 
continuity and thermodynamic energy equations take 
the form [Andrews et al. 1987] 

1 a 1 a ap ---(v* cos¢)+ --(pw*) =- = 0 
a cos¢ a¢ p az at (3) 

-+--+w -at v* at *(at+~)_ Q-
at a a¢ az Cp 

[ 

raQ] 1 a pv a¢ 
+pw'T', 

= -; az a(~~+!) 
(4) 

where H is a mean scale height, t is the zonal-mean 
temperature, and Q is the zonal-mean (diurnally av
eraged) net diabatic heating rate. The term on the right
hand side of the thermodynamic energy equation [Eq. 
( 4) j is called the "wave heating" term. This term van
ishes for quasigeostrophic motions and for steady, 
conservative gravity waves, and is usually neglected. 
In addition, at stratospheric levels, radiative heating 
and cooling rates dominate the net diabatic heating so 
that Q reduces to the net radiative heating. Finally, if 
we neglect ap I at ·and at I at in Eqs. ( 3) and ( 4), these 
two equations can be solved simultaneously in terms 
of the steady-state TEM stream function 1/; ( Shia et al. 
1989): 

(
1/; _atJ;)at +(at +~)at/; =Qacos¢. (S) 
H az a¢ az Cp a¢ 

This equation describes the net steady-state merid
ional circulation that transports enough heat to main
tain the observed thermal structure in the presence of 
the imposed net radiative heating rate. It should be 
interpreted as a diagnostic statement of balance rather 
than a mechanistic model of the processes producing 
the circulation. In other words, even though this equa
tion describes a circulation consistent with the observed 
radiative heating field, it-does not require that the cir
culation be forced directly by that heating. In many 
studies (e.g., Dunkerton 1978; Rosenfield et al. 1987; 
Gille et al. 19 8 7), Eq. ( 4) is simplified further by ne
glecting the second term on the left-hand side, which 
accounts for horizontal advection of heat. The ther
modynamic energy equation then reduces to the form 

(
at g) -w* -+- = Q. az Cp 

(6) 

This approximation was not adopted here, but the 
simple expression in Eq. ( 6) more clearly illustrates 
the linear relationship between the TEM vertical ve
locity w* and the net radiative heating rates Q. The 
numerical methods used to solve Eq. ( 5) are described 
in detail in Santee ( 1992) and Santee and Crisp ( 1994). 

c. Background atmospheres and surfaces 

The fractional cloudiness and cloud-top pressures 
for tropospheric water clouds were derived by averaging 
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Flo. I. Above: Diurnal average radiative heating rates for a typical 
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acid aerosol layer (dashes) as described in the text. Below: Shortwave 
(solid) and longwave (dashes) components of the difference between 
the aerosol heating rate and the clear-sky heating rate. 

the 1984-86 values for each latitude and month as 
reported by the International Satellite Cloud Clima
tology Project ( ISCCP: see Rossow and Schiffer 1991 ) . 
ISCCP data are not available for 1982, the year of El 
Chich6n's eruption. All high clouds were modeled as 
cirrus clouds composed of ice crystals, with an optical 
thickness of 1.5 at 0.425 ~m; all middle-altitude clouds 
were assumed to be altostratus with an optical thickness 
of 5 at 0.425 ~m; all low-level clouds were modeled as 
stratus with an optical thickness of 10 at 0.425 ~m. 

Climatological temperature profiles at•each latitude 
for April and July were obtained by averaging National 
Meteorological Center ( NMC) data collected in 1984-
86 ( Ge~man et al. 1986). Eight absorbing gases were 
included in our background atmospheres. The volume 
mixing ratios of 0 2 and C02 were assumed to be con
stant at 0.21 and 0.00033. Climatological 0 3 profiles 
were obtained by averaging the solar backscatter ultra-

violet (SBUV) data from 1984 to 1986 for each latitude 
and month. The 1984-86 period was chosen for con
sistency with available ISCCP data, even though NMC 
and SBUV data from the El Chich6n period could have 
been used. Stratospheric 0 3 abundances in the South 
Polar regions, where SBUV data were not available, 
were obtained from the 1986 balloon data described 
by Komhyr et al. ( 1989). Stratospheric profiles of H20, 
N20, CH4 , and N02 for each latitude and month were 
derived from Nimbus-7 LIMS and SAMS measure
ments and (for H20) ground-based microwave data. 
The sulfur dioxide profile for the unperturbed atmo
sphere was taken from Warneck ( 1988, Figs. 3-13). 
Tropospheric H20 mixing ratios were derived from 
climatological specific humidity data ( Oort 1983). The 
mixing ratios of other gases at tropospheric levels were 
estimated by extrapolating stratospheric values to the 
surface, assuming the logarithm of the mixing ratio 
decreased linearly with the logarithm of pressure. 

Surface albedos at visible wavelengths for each lat
itude and month were also taken from the ISCCP data
base. At near-infrared wavelengths, we adopted the ap
proach described by Briegleb ( 1992) and assumed that 
the ratio of near-infrared albedo to visible albedo de
pends on surface type (snow, ice, water, vegetation, 
etc.). Meridional distributions of 12 surface types were 
obtained from the Goddard Institute for Space Studies 
database (see Matthews 1983). The visible albedos 
given by ISCCP were extrapolated into the ultraviolet 
(to 0.2 ~m) and set to zero at shorter wavelengths. 
Surface albedos at thermal infrared wavelengths were 
assumed to be zero for dry land. For snow, values were 
taken from Warren ( 1982). For the ocean, the albedos 
were calculated directly from the optical constants of 
seawater with the aid of a Fresnel facet model for rough 
surfaces. This model explicitly includes the effects of 
increased sea surface roughness as one goes from the 
Tropics to high latitudes. 

3. Sulfuric acid aerosols 

Net radiative heating rates and diabatic streamfunc
tions were derived for two reference atmospheres. The 
first included only the climatological gas and cloud dis
tributions described in the previous section. The second 
used this background climatology but also included an 
H2S04 aerosol cloud with latitude-dependent column 
optical depths similar to those measured by the Solar 
Mesosphere Explorer ( SME) several months after the 
eruption of El Chich6n (see Eparvier et al. 1994; 
Thomas et al. 1983). The same aerosol vertical profile 
was used at all latitudes. This profile was derived from 
observations acquired near 20°N in early July 1982. 
It assumes a Gaussian distribution of spherical particles 
with number densities peaked at 26 km, and a half
width at half-max of 1.5 km (DeLuisi et al. 1983; Shi
bata et al. 1984; Oberbeck et al. 1983; Labitzke et al. 
1983). 
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FIG. 2. Above: Streamfunction of the meridional circulation for a 
typical July climate with only tropospheric water clouds. Units are 
100m2 s-1

, intervals 1000 m2 s- 1• Below: The same with a sulfuric 
acid aerosol layer as described in the text. 

The diurnal-average net radiative heating profile at 
20°N for the background climatology and the H2S04 

aerosol-laden atmosphere are shown in Fig. Ia. The 
net radiative heating by the aerosols is most intense at 
the 26-km level, at latitudes between the equator and 
40°N, where the aerosols are most concentrated. The 
solar and thermal contributions to the net heating by 
the H2S04 aerosol clouds are compared in Fig. 1 b. 
These results confirm the findings of other investigators 
(Young et al. 1994, and its references) that the radiative 
perturbation by H2S04 aerosol is mainly due to the 
absorption of upwelling thermal radiation emitted by 
the surface and lower troposphere. The majority of the 
absorption of solar radiation by the H2S04 aerosols 
occurs at wavelengths longer than 3 J.Lm, where these 
aerosols have very low single-scattering albedos. 

The net radiative heating by the H2S04 aerosols 
never exceeds 2 K day- 1

, but this heating could still 
produce significant stratospheric temperature increases 
over the lifetime of the aerosol cloud if it were not 

balanced by horizontal or vertical transport. The am
plitude of the transport needed to balance this heating 
was estimated with the TEM model described in section 
2b. The derived stratospheric streamfunctions for the 
baseline climatology and the aerosol-laden atmospheres 
are compared in Figs. 2a and 2b. We found that the 
net heating by the aerosols could be balanced by in
tensified upwelling (""" 0.5 mm s - 1

) at low latitudes 
near 26-km altitude, where the aerosol concentrations 
and heating rates are largest. This upwelling is asso
ciated with the formation of a weak meridional cir
culation cell in the Northern Hemisphere. 

4. Sulfur dioxide gas 

The similarity between S02 and 0 3 absorption spec
tra at ultraviolet wavelengths (Fig. 3) suggests that vol
canic so2 should produce significant perturbations of 
the solar heating rates. The largest heating rate pertur
bations should occur where the so2 concentrations ex
ceed the ozone concentrations, as they did near the 
center of El Chich6n's eruption plume. The Total 
Ozone Mapping Spectrometer (TOMS) acquired ap
proximately 100 000 measurements of the so2 column 
abundances each day (Krueger 1983). We used the 
TOMS data for 4, 5, 6, 12, 19, and 26 Aprill982. The 
3 o X 3 o field of view of this instrument is stepped to 
35 cross-track positions every 8 sec as the spacecraft 
follows a sun-synchronous, noon-midnight polar orbit. 
The spatial resolution at the nadir is 50 X 50 km2

, and 
increases to 150 X 300 km2 at the far scan positions. 
Krueger ( 1983) estimated average so2 column 
amounts near 42 Dobson units ( m atm em) inside a 
volcanic cloud whose area was 3.3 X 106 km on 6 
Aprill982. Peak S02 column amounts of750 DU were 
observed during the 24 h immediately following the 4 
April 1982 eruption. 
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FIG. 4. Diurnal average radiative heating rates for a typical April 
climate with a sulfur dioxide layer ( 100 DU) centered at 34 km, 26 
km, 16 km (all dashes) and 30 km, 22 km, 10 km (all solid). 

We performed a series of sensitivity tests to quantify 
the effects of so2 absorption on the net heating rates. 
In these tests; we assumed that the S02 was concen:
trated in a plume with a Gaussian vertical profile; with 
a vertical half-width at half-maximum of 1.5 km. Even 
though so2 absorbs strongly at both solar and thermal 
wavelengths, its effect on the net radiative heating is 
dominated by the absorption of sunlight. For a given 
so2 column abundance, the solar heating ·rate pertur
bation increased as the altitude of the peak of the S02 

plume increased (Fig, 4 ). The maximum solar heating 
rates were produced when the maximum SQ2 concen
trations were near 30 km, where this gas begins to es
cape the shading by the 0 3 • When the peak S02 con
centrations occur at higher altitudes, the absorption of 
sunlight by this gas continues to increase, but the total 
heating peak is reduced because ozone absoil)tion no 
longer contributes much to the total heating. 

Just after the 4 April 1982 eruption of El Chi chon, 
the largest so2 concentrations probably occurred 
within the ash cloud. This cloud was centered near 26-
km altitude: on 10 April ( DeLuisi et al. 1983). The 
amplitude of the heating rate perturbation produced 
at this altitude for a 42 DU sulfur dioxide layer was 
slightly larger than that produced by the H2S04 aerosol 
layer described in the previous section. The large S02 

abundances extended over a much more limited area 
than the H2S04 aerosols, however. If the derived S02 

radiative forcing were averaged over a 10° wide zonal 
band and used to create an analog of Fig. 2b, the re
sulting streamfunction would be almost indistinguish
able from that obtained in the unperturbed case. 

In spite of their limited spatial extent, S02 concen
trations as large as those seen near the center of the El 
Chich on plume could have a considerable effect on the 
height ofthe volcanic plume. To illustrate this, Eq. ( 6) 

can be rearranged to yield an expression for the ele
vation change l:l.Z associated with the net heating Q: 

l:l.Z = s- 1 J Qdt, (7) 

where t is time, Q is the radiative heating rate, and S 
{= dT/dz + g/Cp) is about 12 K km- 1 at 26-km al
titude at 20°N in the springtime. 

The amplitude of the radiative heating for an S02 

plume centered at altitude 25-26 km is shown as a 
function of the S02 column amount ih Fig. 5. The 
lower curve shows the amplitude of the heating rate 
perturbation for this latitude, altitude, and season cal
culated with respect to a background atmosphere with 
an unperturbed S02 abundance. Maximum S02 col
umn amounts in the TOMS data were approximately 
750, 200, 50, and 30 DU on 4, 6, 12, and 26 April, 
respectively. Using these values, and integrating Eq. 
( 7) over time, we find l:l.Z for that part of the atmo
sphere where the so2 concentration is largest to be 
about 2 km during April-doubling the rise due to the 
Brewer-Dobson circulation at this latitude and season. 

Another way to assess the magnitude of the radiative 
forcing by so2 gas is to compare the total energy it 
transfers into the 23-27-km layer with that deposited 
in the atmosphere by the erupted volcanic solids. A 
rough upper limit on the latter is 0.8 EJ ( 1 EJ = 10 18 

J) using an estimate of0.4 km3 magma (Rampino et 
al. 1988), magma density of2600 kgm-3 , a heat ca
pacity of 1000 J kg - 1 K - 1 (Peck 1978), and a magma 
temperature of 810°C (Rye et al. 1984; Luhr 1990), 
which cools to about 20°C since most of it remains 

Q vs. 502 column omt 
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Flo. 5. Diurnal average radiative heating rate at the peak of a 
sulfur dioxide layer centered at 26-km altitude. The heating rate is 
shown as a function of the total column amount of sulfur dioxide. 
Dashes: total heating for a seven-gas atmosphere including the vol
canic sulfur dioxide layer. Solid: excess over the typical April net 
heating at 26-km altitude with unperturbed sulfur dioxide. Graph 
begins at 15 DU, our threshhold for recognizing perturbed S02 in 
the TOMS data. 
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near the ground or quickly falls back to the ground in 
the Tropics. 

The excess solar energy absorbed by the S02 layer, 
compared with that usually absorbed at this latitude, 
altitude, and season, can be estimated from the heating 
rates shown in Fig. 5 (lower curve) and the TOMS S02 

maps. For 5, 12, 19, and 26 April, we find excess energy 
deposition rates of0.32, 0.27, 0.14, and 0.03 EJ day- 1

, 

for a time-integrated total of 4-5 EJ. Thus, the energy 
collected in the middle stratosphere by the so2 plume 
during the first few weeks following the eruption may 
have been at least as great as the energy delivered to 
the atmosphere by the erupted solids. 

5. Silicate ash 

DeLuisi et al. ( 1983) measured optical depths ex
ceeding 0. 7 (at 425 nm) at Mauna Loa on two dates 
in mid-April 1982. Because little H2S04 aerosol would 
have formed in the first week after the eruption (e.g., 
Turco et al. 1983), the measured optical thickness was 
attributed mainly to silicate ash. We therefore adopted 
an ash optical thickness of 0.6 for the sensitivity tests 
presented here. We assumed that the ash layer was 
centered at 26 km and had a vertical half-width at half
maximum of 1.5 km. This is roughly consistent with 
Iidar backscatter observations over Mauna Loa, which 
revealed a peak at 25-km altitude for a few days fol
lowing the 9 April arrival of the eruption plume from 
El Chich on (Coulson et al. 1982). 

The solar, thermal, and net radiative heating rates 
produced by this ash layer are shown in Fig. 6. We 
found that this ash plume produces a radiative pertur
bation that is about an order of magnitude larger than 
that caused by the S02 gas or the H2S04 aerosol plumes 
described above. The amplitude of the ash heating is 
very sensitive to the mean particle radius (Fig. 6a), 
which is uncertain for the eruption ofEl Chich6n. For 
the nominal 3-,um distribution, the heating rates can 
exceed 23 K day- 1 • This radiative perturbation by sil
icate ash is due mainly to an increase of solar heating, 
with a smaller contribution from a reduction in thermal 
cooling (Fig. 6b). 

The large radiative heating rates associated with the 
ash cloud should produce dramatic changes in the 
stratospheric thermal structure or dynamics. Monthly 
averaged NMC temperatures measured at altitudes 
near 26 km between 15° and 25°N latitude show no 
variations from climatology larger than about 2 K dur
ing April 1982. We therefore concluded that the ash 
radiative forcing was largely balanced by changes in 
the stratospheric circulation. We used the TEM model 
to estimate the amplitude of these circulation changes. 
Stream functions for background and perturbed strato
spheres are compared in Fig. 7. The TEM circulation 
shown in Fig. 7b assumes that an ash layer with an 
optical depth of0.6 circled the globe and extended from 
15° to 25°N. It is unlikely that this ash cloud covered 
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FIG. 6. Above: Diurnal average radiative heating rate profile for a 
typical April atmosphere after injection of an ash layer as described 
in the text: T = 0.6 in each case. In the range of particle radii shown, 
the peak heating rate increases monotonically with particle size. Mean 
radii of I ~tm (dashes), 3 ~tm (solid), and 5 ~tm (dot-dash). Below: 
Shortwave (solid) and longwave (dashes) components of the difference 
between 3-~tm ash heating and clear-sky heating. Ash optical properties 
in all cases are those of crystalline andesite. 

this entire zonal band, since this would require that 
more than 1% of the erupted solids ( cf., Cadle et al. 
1976) reached the middle stratosphere. However, if 
such a layer existed at some longitudes, the residual 
vertical velocity inferred from net diabatic heating (of 
23 K day - 1 

) at the center of the ash layer would have 
been about 1 em s - 1 

• The ash therefore produces a 
much greater short-term perturbation in the strato
spheric circulation than the H2S04 aerosols or the S02 

gas. These large ash effects could play an important 
role in the dispersal of the volcanic plume in the strato
sphere. The time-integrated effects of the ash do not 
exceed those of the aerosols, however, because the 
stratospheric residence time of the ash is much shorter 
than that of the aerosols. 
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FIG. 7. Above: Streamfunction of the meridional circulation for a 
typical April climate with only tropospheric water clouds. Units are 
100m2 s-1, intervals 1000 m2 s- 1• Below: The same after injection 
of a layer of 3-llm andesite dust particles as described in the text. 

Large vertical motions like those described above 
should also affect the ash particle fallout rates. To es
timate these rates, we first computed the Stokes fall 
speeds using molecular viscosities deduced from the 
monthly averaged NMC temperature profiles for May 
1982 at 20°N. Results presented in Table 1 suggest 
that 3-J.Lm ash particles should fall from 26-km altitude 
to the tropopause in a week, but this inference ignores 
two important facts. First, the Stokes formulation as
sumes spherical particles, which is probably inaccurate. 
MacKinnon et al. ( 1984) found that a Wilson-Huang 
formulation of terminal velocity incorporating a shape 
factor (Wilson and Huang 1979) gives fall speeds about 
half as large. Second, the vertical advection associated 
with the absorption of solar radiation by the silicate 
ash may actually exceed the Wilson-Huang fall speed 
for some particle sizes. For example, upward velocities 
at the center of the ash layer may have been about 1 
em s- 1

• This exceeds the Wilson-Huang fall speed of 

the 3-J.Lm particles. This upwelling will reduce the ash 
particle fallout rates, but will not suspend the particles 
indefinitely for the following three reasons. First, the 
amplitude of the heating rates and the associated cir
culation will decrease as the ash cloud is dispersed hor
izontally by the perturbed circulation. Second, the ash 
cloud consists of a distribution of particle sizes, and 
the heating rates will decrease as particles with radii 
much greater than 3 J.Lm fall out, since the ash heating 
rate is a strong function of particle size (Fig. 6). Third, 
the background temperature profiles suggest increasing 
viscosity against particle fall as the air parcels rise, so 
that a stable equilibrium position for the particles 
should not exist. Thus, these experiments cannot fully 
replace other explanations for the unexpected persis
tence of large particles (Gooding and Clanton 1983; 
Knollenberg and Huffman 1983). 

6. Summary 

Numerical experiments involving the best accessible 
data on sulfur dioxide, ash, and sulfate aerosols from 
the period immediately following the 1982 eruptions 
of El Chich6n have shown that the instantaneous, local 
radiative forcing by sulfur dioxide gas is comparable 
with that of the successor sulfuric acid aerosols. The 
time-averaged, globally integrated effects of the sulfur 
dioxide are much smaller than those of the aerosols, 
however; since the so2 has a much shorter stratospheric 
residence time. In spite of this, the radiative heating 
by the so2 can contribute to the height of the plume. 
Furthermore, the solar energy absorbed in the strato
sphere by so2 may exceed the energy delivered to the 
atmosphere by erupted solids. 

Silicate ash deposited in the middle stratosphere has 
a much greater potential than sulfur dioxide to heat or 
elevate the layer in which it occurs. The amplitude of 
the ash heating depends strongly on the ash size dis
tribution, which is not well known for El Chich6n. To 
balance the net radiative heating by ash particles, we 
infer a vertical advection of about 1 em s -I , which is 
unusual in the stratosphere. No formulation of fall ve
locities is likely to be valid if the vertical advection 
associated with the particles' absorption of solar radia
tion is ignored. 

We reiterate the recommendation, published in an 
earlier abstract (Gersten et al. 1993), that general cir
culation models used to study the effects of volcanism 
on climate should incorporate the radiative forcing of 
both the so2 and the silicate ash, in addition to the 
sulfuric acid aerosols. Our study differs from that of 

TABLE I. Stokes fall time (in days) from 26 km. 

R(!lm) 
To2lkm 
To tropopause 

0.2 
730 

1428 

0.6 
81 

!59 

1.0 
29 
57 

3.0 
3.2 
6.3 

5.0 
1.2 
2.3 
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Young et al. ( 1994), who performed their calculations 
for H2S04 aerosol even though they used the probable 
presence of uncoated ash to justify their choice of op
tical thickness. We find that the possibly large pertur
bation due to silicate ash is dominated by shortwave 
heating. While the potential effect of silicate ash on 
global circulation is more obvious than that ofS02 gas, 
a model that can produce a full three-dimensional 
prognosis of the plume's evolution will certainly be 
affected by inclusion of the sulfur dioxide. 

For a more accurate assessment of the impact of 
volcanic ash on the stratospheric thermal structure and 
dynamics, we need a much better description of the 
ash distribution and optical properties. These param
eters must be determined in a timely manner since the 
ash has a limited stratospheric lifetime. The measure
ments collected just after the April 1982 eruptions of 
El Chich6n still provide one of the best datasets for 
this purpose. Extensive measurements of the Mt. Pin
atubo eruption plume were also made, but these mea
surements were less appropriate for studying the ash 
properties because very early lidar observations of its 
plume are not available. The sensitivity experiments 
described here would therefore have been even more 
speculative for the Mt. Pinatubo eruption. 
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