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ABSTRACT 

An accurate multiple-scattering model has been employed to examine the effect of an aerosol layer at 25 
mb, corresponding to the El Chichon observations, on the reflection, transmission and absorption of radiation 
by the stratosphere as a function of latitude, optical thickness and aerosol size distribution. Results are 
presented and parameterized for each of two wavelength intervals in the shortwave region and 17 wavelength 
intervals in the longwave region for three models of the aerosol size distribution. They include one model 
representing the unperturbed stratospheric aerosol plus two models based on measurements of the El Chichon 
aerosol size distribution. In addition to models of the radiative properties of the aerosol layer, a simple model 
of the latitudinal distribution of aerosol optical thickness as a function of time is developed, based on 
diffusive transport in latitude and exponential decay in time. These parameterizations for solar and infrared 
radiation, together with the dispersion model, permit climate models to account for the evolution of an 
aerosol size distribution from post-volcanic conditions to background conditions. 

1. Introduction 

Throughout history the earth has experienced pe- 
riodic volcanic eruptions of sufficient magnitude to 
substantially increase the aerosol optical thickness of 
the stratosphere for a couple of years, primarily 
through chemical transformation and condensation 
of SO2 injected directly into the stratosphere (Turco 
et al., 1982). The eruptions of El Chichon in Chiapas, 
Mexico from 28 March to 4 April 1982 created an 
aerosol layer with the largest optical thickness ever 
recorded at Mauna Loa Observatory in the 25year 
history of observations (Mitchell, 1982). This is in 
part due to the unique location of Mauna Loa at a 
latitude near that of El Chichon (17.3ON), and in 
part due to the high sulfur content of the El Chichon 
magma which resulted in a large injection of SO2 gas 
into the stratosphere (Krueger, 1983). 

The role of stratospheric aerosols in modifying the 
energy budget of the earth-atmosphere-ocean system 
has been the subject of numerous theoretical inves- 
tigations in recent years. Pollack et al. (1976) used a 
globally averaged radiative-convective model with a 
fixed temperature lapse rate to examine the change 
in the spherical albedo of the earth-atmosphere system 
as a function of the change in stratospheric optical 
thickness. Since Pollack et al. assumed the aerosol 
size distribution following a volcanic eruption is the 
same as that for background, unperturbed conditions, 

’ Also affiliated with: Department of Meteorology, University of 
Maryland, College Park, MD 20742. 

potentially important radiative effects resulting from 
the temporal evolution of the aerosol size distribution 
were neglected. Furthermore, the aerosol layer from 
a single eruption spreads over the earth such that the 
aerosol optical thickness is a function of space and 
time. In spite of these limitations, Pollack et al. (1976) 
made the earliest steady-state estimate of the change 
in surface and stratospheric temperatures following 
major volcanic eruptions. 

Herman et al. (1976), Harshvardhan ( 1979) and 
Lenoble et al. (1982) have examined the radiative 
effects of a stratospheric aerosol layer when the tro- 
pospheric albedo and solar zenith angle are allowed 
to vary with latitude and season. In addition, Harsh- 
vardhan and Lenoble et al. considered the partially 
compensating influence of terrestrial radiation, con- 
firming the earlier findings of Harshvardhan and Cess 
(1976) and Pollack et al. (1976) that the dominant 
effect of volcanic aerosols on the earth’s radiation 
budget is an increase in the reflection of solar radia- 
tion, with only a modest reduction in the emission 
of terrestrial radiation to space. 

In the aftermath of the El Chichon eruptions, the 
stratospheric aerosol layer has been subject to exten- 
sive observations from a variety of platforms. Airborne 
active and passive sensors have provided unprece- 
dented detail on the horizontal and vertical distribu- 
tion of the aerosol layer (McCormick and Swissler, 
1983; Spinhime, 1983; Swissler et al., 1983). Infor- 
mation on particle size was obtained by inverting 
spectral solar transmission measurements obtained at 
Mauna Loa Observatory (DeLuisi et al., 1983) as will 
be described below. In situ measurements with bal- 
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loon-borne particle counters (Hofmann and Rosen, 
1983a,b) have also provided particle size distributions 
as well as information on composition. These mea- 
surements provide a fairly comprehensive, although 
tentative, picture of the nature and spatial distribution 
of the stratospheric aerosol layer following the El 
Chichon eruptions. Of course, many puzzling aspects 
of the data collected so far are yet to be explained. 
But it is worthwhile at this point to synthesize the 
information we now have into a radiative model of 
the aerosol layer that could be used to determine its 
effect on the radiation field of the earth-atmosphere 
system. This paper will concentrate on the radiative 
properties of the aerosol layer, the results of which 
can be utilized as input to climate models for climate 
sensitivity studies. 

The present study examines the radiative properties 
of an aerosol layer at 25 mb as a function of latitude, 
optical thickness and size distribution, where the 
aerosol particles are assumed to consist of a 75% 
H2S04 (by weight) aqueous solution. Our multiple- 
scattering computations were performed for each of 
15 wavelengths in the shortwave spectral region by 
successive applications of the invariant imbedding 
and doubling methods with polarization neglected 
(Ring, 1983). Results are presented and parameterized 
for each of two broadband wavelength intervals and 
for three models of the aerosol size distribution. For 
the longwave region we obtained the global transmis- 
sion (flux transmissivity) for 17 broadband wavelength 
intervals using the single scattering approximation to 
account for the small, though nonnegligible, scattering 
component of the aerosols at infrared wavelengths. 
Two of the size distribution models are based on 
measurements of the El Chichon aerosol layer, while 
the third model is representative of background, 
unperturbed conditions. We also develop a simple 
model of the spatial and temporal distribution of the 
aerosol layer, based on diffusive transport in latitude 
and exponential decay in time. These parameteriza- 
tions for solar and infrared radiation, together with 
our dispersion model, are ideally suited to studying 
the sensitivity of climate to stratospheric aerosol 
perturbations using a multi-layer energy balance cli- 
mate model in an annually and zonally averaged 
form (Peng et al., 1982). 

2. Optical properties of the aerosol layer 

Crucial to our ability to calculate the radiative 
effects of the El Chichon stratospheric aerosol layer 
is a knowledge of the aerosol microphysical model. 
The microphysical model requires specification of the 
composition, shape and size distribution of the par- 
ticles. Since the long-lived sulfate aerosols in the 
stratosphere are primarily formed by chemical trans- 
formation and condensation of SO* injected there by 
volcanic eruptions (Turco et al., 1982), it is now 

fairly well established that the particles are primarily 
spherical liquid droplets having a 75% concentration 
by weight of sulfuric acid (Rosen, 197 1). The El 
Chichon aerosol layer appears to be no exception, 
with recent balloon-borne boiling point measurements 
indicating that, on average, the stratospheric aerosol 
layer is composed of a 75% H2S04 aqueous solution 
(Hofmann and Rosen, 1983a). Information on the 
size distribution of the particles in the El Chichon 
layer was particularly lacking in the early months 
following the eruptions because the height of the 
layer (-25 km, 25 mb) made it inaccessible to 
instrumented aircraft. 

a. Aerosol size distributions 

One of the methods which has been adopted for 
estimating the aerosol size distribution of the El 
Chichon layer is the constrained linear inversion 
method described by Ring (1982). In this method, 
the columnar aerosol size distribution is inferred by 
numerically inverting aerosol optical depth measure- 
ments as a function of wavelength. Utilizing atmo- 
spheric transmission measurements collected at 
Mauna Loa Observatory in five wavelength bands 
between 0.38 and 1.06 pm, the monthly mean strato- 
spheric aerosol optical depths have been determined 
for July 1982 (DeLuisi et al., 1983). These results, 
obtained by subtracting the molecular scattering, 
ozone absorption and estimated background tropo- 
spheric aerosol contributions from the total optical 
depth, are presented in the left portion of Fig. 1. The 
standard deviations of the optical thickness measure- 
ments about the mean are also presented. At this 
time and location, the stratospheric aerosol layer had 
an optical depth between 0.15 and 0.25 throughout 
the visible wavelength region. This is more than an 
order of magnitude larger than background levels of 
the total aerosol optical depth at Mauna Loa (Shaw, 
1979). 

The columnar aerosol size distribution obtained by 
inverting the Mauna Loa measurements is presented 
in the right portion of Fig. 1, while the solid curve 
in the left portion indicates how the inverted size 
distribution reproduces the aerosol optical thickness 
measurements. Due to the prominent negative cur- 
vature in the spectral optical thickness measurements, 
the corresponding size distribution is quite narrow 
with a peak concentration at radii between 0.3 and 
0.4 pm. Though the inversion was performed assum- 
ing the complex refractive index of the aerosol particles 
was wavelength and size independent and given by 
m = 1.45 - O.OOi, it is well-known that the refractive 
index sensitivity is quite weak, affecting the inverted 
size distribution slightly by shifting its magnitude and 
radii while maintaining its overall shape (Ring et al., 
1978). 

The columnar size distribution presented in Fig. 1, 
representing the number of particles per square cm 



JULY 1984 MICHAEL D. KING, HARSHVARDHAN AND ALBERT ARKING 1123 

0.01 I 1 I I I II_ 
0.35 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

WAVELENGTH (~1 

/ I , I r 

MAUNA LOA, HAWAII 
EL CHICHON AEROSOL LAYER 

-JULY 1982 

0 
RADIUS @I 

FIG. 1. Monthly mean stratospheric aerosol optical thickness and estimated size distribution for measurements 
collected at Mauna Loa Observatory during July 1982. The curve on the left indicates the regression fit to the data 
using the inverted size distribution. 

per log radius interval in a vertical column through 
the stratosphere, is well described by a modified 
gamma distribution of the form 

dNc 
- = Cr’+’ exp(-pr), 
dlogr 

where the mode radius r. = (V + 1)/p. The distribution 
presented in Fig. 1 was fit to (1) using an efficient 
gradient-expansion method from nonlinear least- 
squares theory (Bevington, 1969, 232-242). The coef- 
ficients yielding the best fit to the Mauna Loa distri- 
bution were found to be C = 9.897 X lOI cm-’ 
pm -‘3.65, v = 12.65, t!I = 39.3 pm-’ and r. = 0.35 
pm. For a particle density of 1.65 g cme3, correspond- 
ing to spherical droplets having a 75% concentration 
by weight of sulfuric acid, the Mauna Loa distribution 
implies a columnar mass loading of 66 mg m-‘. 

As an alternative estimate of the size distribution 
of the stabilized El Chichon stratospheric aerosol 
layer, we used balloon-borne particle counter mea- 
surements made by Hofmann and Rosen (1983a) at 
Del Rio, Texas (29.2”N) on 23 October 1982. These 
measurements were obtained through the use of a 
complement of three optical particle counters to 
determine the number of particles having radii greater 
than 0.01, 0.15, 0.25, 0.95, 1.2 and 1.8 pm. These 
particle counter systems have been described by Hof- 
mann and Rosen (1982). The aerosol size distribution 

for the column is obtained by integrating the cumu- 
lative size distributions between 2 1.5 and 24.5 km, 
corresponding to the altitude range containing the 
dominant aerosol concentration. Following Hofmann 
and Rosen ( 198 3b), the balloon-borne observations 
are described in terms of a bimodal log-normal 
distribution of the form 

-$& = ,{ $ exp[-(lnr - lnrr)2/(2a:)]. (2) 

In this expression r/ is the mode radius, q the natural 
logarithm of the geometric standard deviation and C, 
a constant which determines the total particulate 
number density of the Ith mode. Scaling the obser- 
vations such that the optical thickness at 0.55 pm is 
the same as that for the Mauna Loa observations, we 
find that C, = 50C2, rl = 0.27 pm, u1 = lnl.5, C2 
= 3.869 X lo5 cme2, r2 = 1.0 pm and c2 = lnl.1. In 
contrast to the Mauna Loa size distribution, this 
distribution implies a total columnar mass loading of 
90 mg rne2, of which 30 mg m-’ is due to the large 
particle mode (I = 2). 

Figure 2 illustrates the columnar aerosol size dis- 
tributions for the Mauna Loa and Hofmann and 
Rosen (1983b) estimates of the El Chichon strato- 
spheric aerosol layer. In addition, the Standard Ra- 
diation Atmosphere model representing unperturbed 
background conditions is presented (McClatchey et 
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FIG. 2. Columnar aerosol size distributions for three models of 
the stratospheric aerosol. The background size distribution represents 
the unperturbed stratospheric aerosol, whereas the Mauna Loa and 
Hofmann and Rosen (1983b) distributions are derived from mea- 
surements of the El Chichon stratospheric aerosol layer during July 
and October 1982, respectively. All distributions are normalized to 
yield the same aerosol optical thickness at h = 0.55 Frn. 

al., 1980), where we have scaled the magnitude of 
this distribution to yield the same aerosol optical 
thickness as the two El Chichon models at a reference 
wavelength of 0.55 pm. This background distribution 
is a modified gamma distribution [Eq. (1 )] having 
coefficients C = 1.674 X 10” cmm2 pmA2, u = 1 and 
p= 18pm-‘,fromwhichwefindro=O.ll~mand 
a columnar mass loading of 64 mg rnm2. 

b. Spectral properties 

In addition to the columnar mass loading, each of 
the aerosol size distribution models has been used to 
determine the optical thickness, single scattering al- 
bedo and asymmetry factor as a function of wave- 
length between 0.25 and 25.0 pm. These results, 
presented in Figs. 3-5, are based on the aerosol 
particles being spherical droplets composed of a 75% 
(by weight) H2SO4 aqueous solution having the com- 
plex refractive indices tabulated by Palmer and Wil- 
liams (1975). Due primarily to the 1 .O pm mode in 
the Hofmann and Rosen (1983b) distribution, the 
optical thickness, single scattering albedo and asym- 
metry factor are noticeably enhanced over results for 

the other two models in the near and thermal infrared 
regions. The implication of these differences on the 
radiative properties of the stratospheric aerosol layer 
will be discussed in the following sections. 

3. Radiative properties of the aerosol layer 

A complete description of the radiative properties 
of the aerosol layer is provided by the reflection and 
transmission functions at the top and bottom bound- 
aries of the layer, which are, in turn, functions of 
wavelength and direction. To imbed this layer into a 
model earth-atmosphere system requires a knowledge 
of the corresponding functions at the levels of the 
model that interface with the aerosol layer. Although 
the adding-doubling method (Hansen and Travis, 
1974; van de Hulst, 1980) can be utilized to combine 
these functions and derive flux and heating rate 
profiles within the atmosphere, the radiation param- 
eterization in the vast majority of climate models is 
not sufficiently detailed to utilize the information in 
this form. We have therefore adopted a more practical 
approach in which the spectrum was divided into a 
shortwave region, appropriate for solar radiation and 
where scattering is an important process, and a 
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FIG. 3. Aerosol optical thickness as a function of wavelength for 
the three stratospheric aerosol size distributions presented in Fig. 
2, where the aerosol particles are assumed to be composed of a 
75% H,SO, aqueous solution. 
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FIG. 4. As in Fig. 3 except for the single scattering albedo 
of the aerosol particles. 

longwave region, appropriate for thermally emitted 
radiation and where absorption is the dominant pro- 
cess, In the shortwave region a radiative model of the 
stratosphere was developed, with the aerosol layer 
imbedded in it. Reflection and transmission functions 
were calculated in that case for the stratosphere as a 
whole, appropriately integrated over selected wave- 
length intervals and angle ranges to meet climate 
model requirements. In the longwave region it was 
possible to treat the aerosol layer as if it were a purely 
absorbing medium, with the effects of scattering 
incorporated into an effective optical thickness. In 
that case it was sufficient to calculate the transmission 
and reflection functions of the aerosol layer alone. 
The target model for these calculations is the multi- 
layer energy balance model developed by Peng el af. 
(1982). The resulting functions, however, can be 
utilized in a wide range of climate models by com- 
bining them to meet the model requirements and 
appropriately incorporating them into the model’s 
radiation parameterization schemes. 

a. Shortwave radiation 

The shortwave portion of the spectrum is divided 
into two regions: 1) X G 0.83 pm, where water vapor 

and aerosol absorption are negligible but ozone ab- 
sorption is significant and 2) X > 0.83 pm where 
ozone absorption is negligible but aerosol absorption 
is important in the stratosphere and water vapor 
absorption is important in the troposphere. The 
stratosphere is assumed to be divided into three 
sublayers, two of which contain ozone and one of 
which contains the aerosol particles (see Fig. 6). The 
ozone content of each sublayer, denoted 0, above 
and Q, below the aerosol layer, is a function of 
latitude as well as the altitude assumed for the aerosol 
layer. The values of Ql and Q, used in the present 
investigation are presented in Table 1. These values, 
which were determined for annually averaged condi- 
tions using the model atmospheres of McClatchey et 
al. (I 972), assume the tropopause is located at 200 
mb and the aerosol layer is located at 25 mb (-25 
km). This altitude of the aerosol layer is compatible 
with lidar observations during the first 6 months 
following the eruptions of El Chichon (Coulson, 
1983; DeLuisi et al., 1983). 

Radiative transfer computations have been per- 
formed for each microphysical model and for 15 
wavelength intervals A; (six in the region X G 0.83 
pm and nine in the region X > 0.83 pm). The method 
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FIG. 5. As in Fig, 3 except for the asymmetry factor 
of the aerosol oarticles. 
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FIG. 6. Schematic illustration of the reflection and transmission 
of radiation by the stratosphere illuminated by collimated radiation 
from above (left) and from below (right). Dots denote scattering 
and absorption events which take place within the aerosol layer of 
optical thickness ri, Both above and below the aerosol layer, the 
stratosphere is assumed to consist of ozone layers having optical 
thicknesses (Y& and q’&, respectively, where 0, and 02 represent 
the ozone contents of the ozone layers. 

used to calculate the diffuse radiation field is the 
doubling method described by Hansen and Travis 
(1974), where it was necessary to consider only azi- 
muth-independent radiation. In this method, the 
reflection and transmission functions of a single layer 
of optical thickness ri/2 are combined with those of 
a similar layer to obtain the reflection and transmis- 
sion functions of the combined layer of optical thick- 
ness TV. The reflection and transmission functions of 
the initial layer of infinitesimal optical thickness were 
obtained using the invariant imbedding initialization 
described by King (1983). 

In terms of the azimuth-independent reflection 
function R(Ti; cc, PO), the albedo of the aerosol layer 
of optical thickness 7i is given by 

&Ti, PO) = 2 
s 

o’ R(Ti; ~1, ~o)d~- 

In this expression p. is the cosine of the solar zenith 
angle and p the cosine of the zenith angle with respect 
to the outward normal (0 d p, p. G 1). Due to the 
presence of ozone above and below the aerosol layer, 
the albedo for collimated radiation from above the 
stratosphere [N(ri, h)] differs from the albedo for 
collimated radiation from below [d*(~~, w)]. If we 
let (Y~ denote the ozone absorption coefficient such 
that aiS and &iQz are the ozone optical depths of 
the two ozone sublayers (cf. Fig. 6), it follows that 

’ &, ro) = 2e-“‘WJQ 
s 

R(Ti; p, I.Lo)emptn”$dp, (3) 
0 

The reflection function of the aerosol layer was 
computed at each of 15 wavelength intervals using 
the monochromatic optical properties illustrated in 
Figs. 3 and 4, together with all coefficients of the 
Legendre polynomial expansion of the phase function. 

For the wavelength region X < 0.83 pm it was 
necessary to further subdivide the spectrum in order 
to account for the large spectral variation of the 
ozone absorption coefficients. The reflection function 
at a wavelength resolution of 0.01 pm was estimated 
by interpolating from computations performed at 
0.25, 0.35, 0.45, 0.55, 0.65 and 0.8 pm. This is a 
good approximation, since the aerosol optical prop- 
erties vary slowly with wavelength while the ozone 
absorption coefficients are more rapidly varying. 

The ozone absorption coefficients used for the 
visible wavelength region were those tabulated by 
Ackerman (197 1). They represent a composite of 
measurement results reported by other observers. For 
the ultraviolet region, where the ozone cross sections 
have a significant temperature dependence, we used 
Vigroux’s (1953) measurements at 229 K for X 
> 0.30 pm and Inn and Tanaka’s (1953) measure- 
ments at 291 K for X < 0.30 pm, where the latter 
data were adjusted to a temperature of 229 K using 
Vigroux’s (1953) measurements of the temperature 
dependence of the ozone cross sections. In the Huggins 
bands, where the temperature dependence is especially 
significant, differences as large as 25% occur between 
these results and those tabulated by Ackerman (197 1). 
In the Chappuis band of the visible wavelength 
region, the ozone absorption cross sections have no 
resolvable temperature dependence (Penny, 1979). 

The albedo for each microphysical model was 
integrated over each spectral region, weighted by the 
spectral solar irradiance Fo,. The spectrally averaged 
albedo was obtained as a function of latitude (4) and 
stratospheric aerosol optical thickness at a reference 
wavelength of 0.55 pm [T,~ = T (0.55 pm)], where 
we used the annual mean solar zenith angle and 
ozone contents presented in Table 1. Fig. 7 illustrates 
these results for solar illumination from above the 
stratosphere in five different latitude zones. For the 
region X < 0.83 pm, shown on the left, the background 
model has a larger albedo than either of the two El 
Chichon models. This is primarily a consequence of 
the larger aerosol optical thickness at wavelengths 

TABLE 1. Annual mean cosine of the solar zenith angle (110) and 
values of the ozone content above (RI) and below (Q,) the stratospheric 
aerosol layer as a function of latitude. The tropopause is located at 
200 mb and the aerosol layer at 25 mb. 

Latitude 
(“N) 

85 
75 
65 
55 
45 
35 
25 
15 
5 

PiI 

0.257 
0.274 
0.316 
0.385 
0.453 
0.513 
0.560 
0.592 
0.609 

Ql % 
(m atm-cm) (m atm-cm) 

101 249 
101 249 
104 229 
108 209 
111 189 
115 156 
119 123 
124 90 
124 90 
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FIG. 7. Diffuse- reflection (al&do) as a function of stratospheric aerosol optical thickness at h = 0.55 pm for the 
three aerosol size distributions presented in Fig. 2 and for the annual mean solar zenith angle in‘five different 
latitude zones. The figure on the left applies to X < 0.83 pm and the figure on the right to h > 0.83 Wm. 

less than 0.55 pm (cf. Fig. 3). For the region X 
> 0.83 pm, on the other hand, the El Chichon models 
have a larger albedo than the background model due 
to the presence of larger particles. The near-infrared 
albedo for the Hofmann and Rosen (1983b) model 
is especially enhanced over that for either of the other 
two models due to the presence of the 1 .O wrn mode 
in the Hofmann and Rosen size distribution. 

As in the case of diffuse reflection (albedo), the 
diffuse transmission for collimated radiation from 
above the stratosphere [T(ri, PO)] differs from the 
diffuse transmission for collimated radiation from 
below [p(ri, h)]. They are related to the azimuth- 
independent transmission function of the aerosol 
layer T(Ti; p, ~0) as fOllOWS, 

f(Ti, PO) = 2e-OL’R”W o’ 
s 

T(7i; PL, ~0)eea'n2'Wp, (5) 

F*+, *) = 2~-42lr(o 
s 
o1 T(T~; p, po)e-oll’l”ppdp. (6) 

The spectrally averaged diffuse transmission for 
solar illumination from above the stratosphere is 
presented in Fig. 8. For A < 0.83 pm the diffuse 
transmission is virtually identical for each micro- 
physical model, whereas for X > 0.83 pm large 
differences arise between the models. On comparison 

with Fig. 7, we find that the Hofmann and Rosen 
(1983b) model has not only a larger albedo but also 
a larger diffuse transmission than the other two 
models in the near-infrared. This is, of course, due 
to a larger optical thickness, asymmetry factor and 
single scattering albedo than the Mauna Loa and 
background models, all of which are a consequence 
of the larger particles in the Hofmann and Rosen 
model. 

In terms of the diffuse reflection and transmission 
of collimated radiation, it follows that the fractional 
absorption of solar radiation for collimated radiation 
from above [A(ri, PO)] and from below [A*(r;, b)] 
the stratosphere is given, respectively, by 

A(T~~ PO) = l - &Tip PO) - fITi PO) - IyTi, CLO), (7) 

A*(719 &if)) = 1 - I2**(7i, PO) - F*(7iy /10) - D(7i, /10). 

(8) 

In these expressions the direct transmission D(ri, h) 
is given by 

NTi, PO) = exP[-(di + Ti +  %Q2)/PCIl- (9) 

Figure 9 illustrates the spectrally averaged absorp- 
tion for solar illumination from above the stratosphere. 
For the region X > 0.83 pm, where ozone absorption 
is negligible, the Hofmann and Rosen (1983b) model 
absorbs more solar radiation than the other two 

~.---- --- - _.- 
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FIG. 8. As in Fig. 7 except for diffuse transmission. 
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models. Although the Hofmann and Rosen model 
has a larger single scattering albedo than the Mauna 
Loa and background models, the larger optical thick- 
ness more than compensates for the small single 
scattering absorption such that the overall absorption 
is enhanced. For the Mauna Loa and background 
models, the slightly greater optical thickness of the 
Mauna Loa model is offset by the slightly smaller 
single scattering absorption. As a consequence, the 
Mauna Loa and background models have nearly the 
same spectrally averaged absorption in the near- 
infrared. For X < 0.83 pm, where aerosol absorption 
is negligible but ozone absorption is significant, the 
absorption has relatively little dependence on either 
the microphysical model or the aerosol optical thick- 
ness. Only for the higher latitudes, where the mean 
annual solar zenith angle is large, does the absorption 
have any appreciable sensitivity to r,f. 

In order to compute the radiative flux densities at 
the top and bottom boundaries of the stratosphere, 
as well as at the boundaries of all layers comprising 
the troposphere, it is necessary to determine the 
radiative properties of the stratosphere for diffuse 
radiation from below. For many practical purposes it 
is sufficient to approximate the diffuse radiation from 
below as isotropic, in which case it is necessary to 
calculate the spherical (global) albedo, global diffuse 
transmission, global direct transmission and global 
absorption: 

l?*(Tj) = 2 
s 

I 
g*(ril PO)dPO~ (10) 

0 

s 

I 

T*(Ti) = 2 f*(Ti, POh&O~ (11) 
0 

= 2EJ(CYiQI + Ti + (Yifl2)y (12) 

A*(7)) = 1 - R*(ri) - F*(7i) - B(ri), (13) 

where E&X) is the exponential integral. In addition 
to the explicit dependence of these functions on 
optical thickness ri, there is an implicit dependence 
on latitude for the wavelength interval X G 0.83 pm. 
This arises from the latitudinal variation of Q, 
and Q2. 

If one makes the approximation that the diffuse 
radiation is isotropic over the hemisphere into which 
it is directed, the only radiative properties of the 
stratosphere needed for climate modeling purposes 
are: 1) albedo for collimated radiation from above 
&(rj, h); 2) albedo for diffuse radiation from below 

R*(ri); 3) transmission for collimated radiation from 
above, f(ri, 110) and D(ri, h); and 4) transmission 
for diffuse radiation from below, T*(Ti) and D(ri). 
The wavelength averaged values of these functions 
for each wavelength interval and for each microphys- 

ical model are parameterized and discussed in Sec- 
tion 4. 

6. Longwave radiation 

Although the stratospheric aerosol layer has a very 
small optical thickness at infrared wavelengths (cf. 
Fig. 3), the longwave screening effect of the layer is 
important in estimating the total radiative impact of 
the layer on the earth-atmosphere system. The basic 
quantities required as input to infrared radiative 
transfer models are the monochromatic transmission 
and reflection functions of the layer. For a purely 
absorbing medium, the reflection and diffuse trans- 
mission are zero, so that the total global transmission 
includes only the direct term, which is given by 
2Ej(Ti), as in (12). 

Since the El Chichon stratospheric aerosol layer 
has a small optical thickness at infrared wavelengths, 
the radiative properties of the aerosol layer may be 
obtained from the single scattering approximation. 
Noting that the aerosol asymmetry factor is small, it 
can be shown after some algebraic manipulation that 

R*(T~) = WOi[G22(7i) - 3(COSei)GdTi)l, (14) 

WAVENUMBER km-? 

2500 loo0 400 
I I”’ ” 

! i 
\, i --- EACKGROUNC 

- MAUNA LOA 

--- HOFMANN 
AND ROSEN 

I ,Illl I 

4 10 25 

WAVELENGTH (pm1 

FIG. 10. Global transmission P*(si) + a~~) as a function of 
wavelength for X > 4.0 pm and for the three stratospheric aerosol 
size distributions presented in Fig. 2. The transmission was obtained 
from (19) using the spectral optical thickness, single scattering 
albedo and asymmetry factor presented in Figs. 3-5. 
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F*tTi) = 00i[G;2(Ti) + 3(cosOi)G;3(7i)], (15) tering can be included in infrared radiative transfer 

where oo, and (co&,) are, respectively, the mbno- 
models by replacing the aerosol optical thickness by 

chromatic values of the single scattering albedo and 
an effective optical thickness such that the total global 

asymmetry factor, and Gnm(Ti) and GL,(r,) are de- 
transmission of the aerosol layer for diffuse radiation 

fined by (van de Hulst, 1980) 
may be wrmen as 

rx T*(q) + D(q) 

= 2E3{ [ 1 - O*SWOi( 1 + 0.75(COS9i))]Tj}. (19) 

G;,(x) = c E,(t)E,(x - t)dt. 
In applying these equations to infrared radiative 

transfer models, it is necessary to modify the trans- 
mission of any layer that contains aerosol particles. 

Expanding the G functions for small values of 7,, This may be accomplished by multiplying the trans- 
and neglecting terms of order 7: lnri and terms of mission of the aerosol layer by that of the other 
order ri2 and higher, these expressions can be shown optically active gases. In the relevant region of the 
to reduce to the forms infrared spectrum, where both ooi and (CO&~) are 

R*(Ti) = W&(1 - 0*75(COS9i))Tj, 
60.2 (cf. Figs. 4 and 5), the effective optical thickness 

(16) is NT; such that the total dobal transmission reduces 

T*(Ti) = W@( 1 + 0.75(COSOi))Tiy (17) 
to 2&(7;). This allows us to largely neglect the effects 
of scattering for longwave radiation. 

A*(Ti) = 2(1 - WO;)Ti. (18) 
As an example, Fig. 10 illustrates the total global 

transmission of the aerosol layer as a function of 
It follows from these results that the effects of scat- wavelength for X > 4.0 pm and for each of the 

TABLE 2. The quadratic polynomial coefficients required to evaluate &(T,‘, +), f,(r,,, 4) and Adr=r. 4) according to Eqs. (20)-(22) 
for h d 0.83 pm and for each of the three aerosol models. 

Latitude 
VW aI (4) bl (4) Cl (4) 4 (4) el (4) A (4) RI (4) 

85 1.0158 -0.9734 2.3015 -3.3839 0.09002 -0.02196 -0.03297 
15 0.9244 -0.8173 2.2126 -3.1383 0.08673 -0.01378 -0.04128 
65 0.7391 -0.5284 2.0294 -2.6510 0.07774 0.00228 -0.05067 
55 0.5261 -0.2487 1.7918 -2.0725 0.06801 0.01263 -0.04766 
45 0.3867 -0.1045 1.6118 -1.6743 0.06082 0.01504 -0.03806 
35 0.3002 -0.035 1 1.4852 -1.4146 0.05449 0.01445 -0.02792 
25 0.2488 -0.0032 1.4010 -1.2517 0.04967 0.01298 -0.02039 
15 0.2200 0.0112 1.3509 -1.1579 0.04591 0.01154 -0.01499 
5 0.2066 0.0169 1.3228 -1.1086 0.04536 O.OLlO7 -0.01385 

85 0.8237 -0.6314 2.2342 -3.0162 0.09002 -0.00656 -0.06577 
75 0.7428 -0.5115 2.1450 -2.7843 0.08673 -0.00044 -0.06799 
65 0.5824 -0.2995 1.9604 -2.3265 0.07774 0.01025 -0.06405 
55 0.4053 -0.1129 1.7189 -1.7851 0.06801 0.0 1506 -0.04896 
45 0.2948 -0.0298 1.5342 -1.4147 0.06082 0.01433 -0.03409 
35 0.2289 0.0037 1.4036 -1.1751 0.05449 0.01214 -0.02259 
25 0.1908 0.0164 1.3165 - 1.0263 0.04967 0.01010 -0.01543 
15 0.1697 0.0210 1.2643 -0.9408 0.04591 0.00857 -0.01100 
5 0.1600 0.0225 1.2358 -0.8970 0.04536 0.00814 -0.01005 

85 0.8511 -0.6599 2.3050 -3.1871 0.09002 -0.00904 -0.06246 
15 0.7708 -0.5412 2.2106 -2.9379 0.08673 -0.00297 -0.06437 
65 0.6114 -0.3305 2.0153 -2.4458 0.07774 0.00796 -0.06065 
55 0.4339 -0.1414 1.7612 -1.8677 0.06801 0.01350 -0.04712 
45 0.3212 -0.0525 1.5689 - 1.4768 0.06082 0.01357 -0.03392 
35 0.2526 -0.0132 I .4342 -1.2265 0.05449 0.01199 -0.02347 
25 0.2123 0.0036 1.3450 - I .0722 0.04967 0.01028 -0.01671 
15 0.1897 0.0108 1.2919 -0.9839 0.04591 0.00892 -0.01238 
5 0.1793 0.0134 1.2628 -0.9388 0.04536 0.00850 -0.01143 

Background 

Mauna Loa 

Hofmann and Rosen (1983b) 
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microphysical models. The reduced transmission of 
the Hofmann and Rosen (1983b) model is due to the 
larger infrared optical thickness, although the effect 
is reduced somewhat by the relatively large values of 
the single scattering albedo and asymmetry factor. It 
is clear from Fig. 10 that the largest infrared screening 
effect is confined to the region 7 6 X 6 10 km. The 
wavelength averaged values of the global transmission 
for each of 17 bands and for each aerosol model are 
parameterized and discussed in the following section. 

where k = 1 refers to X d 0.83 pm and k = 2 to 
X > 0.83 pm. The coefficients thus obtained for each 
microphysical model and for each latitude zone are 
presented in Table 2 for X =Z 0.83 pm and Table 4 
for X > 0.83 pm. The fraction of direct radiation 
transmitted through the stratosphere may be obtained 
from the expression 

4. Parameterization - Fkhf? 6) - Akhf, 4). (23) 

a. Shortwave radiation 

Wavelength averaged values of the diffuse reflection 
(albedo), diffuse transmission and fractional absorp- 
tion for collimated radiation from above the strato- 
sphere, presented in Figs. 7-9, have been fit to 
quadratics of the form 

The origin of the coefficient ek(4) arises from ozone 
absorption, and thus e*(4) must equal zero. Since the 
wavelength region X G 0.83 pm contains 58% of the 
incident solar radiation, the total shortwave absorption 
in the absence of the aerosol layer is given by 
0.58e,(+). We compared these results to the ozone 
absorption parameterization of Lacis and Hansen 
(1974) and found, in general, that our values of 
shortwave absorption exceed their values by approx- 
imately 9%. This is undoubtedly due to differences 

^ 
(20) 

(21) 

TABLE 3. The quadratic polynomial coefficients required to evaluate I?~(T~~, 4), Ff( T,~, 4) and kXi(~=f, 4) according to Eqs. (24)-(26) 
for X < 0.83 pm and for each of the three aerosol models. 

Latitude 
0’4 a:(4) b:(4) d?(4) @T(4) R(4) S(4) 

85 0.3112 -0.2202 
75 0.3112 -0.2202 
65 0.3135 -0.2232 
55 0.3158 -0.2262 
45 0.3183 -0.2295 
35 0.3225 -0.2352 
25 0.3271 -0.2414 
15 0.3322 -0.2483 
5 0.3322 -0.2483 

85 0.2570 -0.1667 
75 0.2570 -0.1667 
65 0.2590 -0.1693 
55 0.2610 -0.1720 
45 0.2632 -0. I749 
35 0.2668 -0.1798 
25 0.2708 -0.1852 
15 0.2751 -0.1911 
5 0.2751 -0.1911 

85 0.2738 -0.1766 
15 0.2738 -0.1766 
65 0.2758 -0.1792 
55 0.2179 -0.1819 
45 0.2801 -0.1848 
35 0.2839 -0.1898 
25 0.2879 -0.1952 
15 0.2923 -0.2012 
5 0.2923 -0.2012 

Background 

1.3545 -1.3604 
1.3545 -1.3604 
1.3573 -1.3641 
1.3600 -1.3678 
1.3630 -1.3717 
1.3682 -1.3788 
1.3736 -1.3863 
1.3791 -1.3940 
1.3791 -1.3940 

0.06031 
0.06031 
0.05884 
0.05743 
0.05592 
0.05328 
0.05055 
0.04781 
0.04781 

Mauna Loa 

1.2768 -1.1652 
1.2768 -1.1652 
1.2194 -1.1686 
1.2819 -1.1718 
1.2845 -1.1753 
1.2892 -1.1815 
1.2941 -1.1879 
1.2990 -1.1944 
1.2990 -1.1944 

Hofmann and Rosen (1983b) 

1.3089 - 1.2239 
1.3089 -1.2239 
1.3115 -1.2274 
1.3141 -1.2307 
1.3168 - 1.2344 
1.3217 -1.2408 
1.3267 - 1.2475 
1.3318 -1.2543 
1.3318 -1.2543 

0.06031 
0.06031 
0.05884 
0.05743 
0.05592 
0.05328 
0.05055 
0.0478 1 
0.04781 

0.06031 
0.06031 
0.05884 
0.05743 
0.05592 
0.05328 
0.05055 
0.04781 
0.04781 

0.01279 
0.01279 
0.01153 
0.01015 
0.00876 
0.00631 
0.00356 
0.00031 
0.00031 

0.01069 -0.01557 
0.01069 -0.01557 
0.00958 
0.00836 
0.00712 
0.00498 
0.00258 

-0.ooo20 
-0.00020 

0.01082 -0.01615 
0.01082 -0.01615 
0.00968 -0.01464 
0.00843 -0.01297 
0.00717 -0.01123 
0.00497 -0.00818 
0.00253 -0.00471 

-0.0003 I -0.00061 
-0.0003 1 -0.00061 

-0.01628 
-0.01628 
-0.01458 
-0.01273 
-0.01083 
-0.00739 

-0.00341 
0.00124 
0.00124 

-0.01407 
-0.01241 
-0.01068 
-0.00766 
-0.00418 
-0.00012 
-0.00012 

.- -- ---..-- .-. ~-____---. 
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in the ozone absorption coefficients used in each 
investigation. A difference of this magnitude warrants 
further investigation since Lacis and Hansen’s param- 
eterization is widely used in global climate models. 

Wavelength averaged values of the spherical albedo, 
global diffuse transmission and global absorption for 
diffuse radiation from below the stratosphere have 
similarly been parameterized in terms of quadratics 
of the form 

the coefficients arises entirely from the latitudinal 
variation of Q, and &. Since the region X > 0.83 pm 
is unaffected by ozone absorption, the coefficients for 
k = 2 show no latitudinal variation and are presented 
in Table 4 without reference to latitude. The global 
direct transmission follows from these results and is 
given by 

(24) - TX (Tref, 6) - Ait (Tref, 4). (27) 

(25) b. Longwave radiation 
&t tw, 4) = 2td~) + fXt4h + Zt t@)&. (26) 

For computing the band-averaged global transmis- 
The resulting coefficients for h < 0.83 pm are pre- sion of the- aerosol layer, the infrared spectrum was 
sented in Table 3 for each microphysical model and divided into 17 intervals between 4.55 and 25.0 pm. 
for each latitude zone. The latitudinal variation of For each wavelength interval and aerosol model the 

TABLE 4. The quadratic polynomial coefficients required to evaluate &rxr, 4) fk(rrerr 4) and Ak(~~~r, 4) according to Eqs. (20)-(22) 
for X > 0.83 pm and for each of the three aerosol models. The coefficients for diffuse illumination from below the stratosphere are also 
oresented. 

Latitude 
(“N a2(4) b,(4) Q(4) 44) e(4) h(4) &(4) 

85 0.2755 -0.1040 0.4748 -0.2447 0.0 1.241 X 1O-2 -1.324 x lO-4 
75 0.2528 -0.0879 0.4514 -0.2216 0.0 1.164 X lO-2 -6.338 X IO+ 
65 0.2073 -0.0590 0.404 1 -0.1779 0.0 1.009 x lo-* -4.570 x lo-4 
55 0.1546 -0.0313 0.3478 -0.1316 0.0 8.281 x IO-’ -2.868 x 1O-4 
45 0.1191 -0.0163 0.3082 -0.1031 0.0 7.038 X lo-’ -1.927 X lO-4 
35 0.0962 -0.0085 0.2813 -0.0855 0.0 6.215 x lo-’ -1.411 x 1o-4 
25 0.0821 -0.0046 0.2638 -0.0748 0.0 5.693 X 1O-3 -1.127 X 1O-4 
15 0.074 1 -0.0026 0.2531 -0.0687 0.0 5.386 x lo-’ -9.761 X lo-’ 
5 0.070 1 -0.0016 0.2480 -0.0659 0.0 5.235 X lO-3 -9.087 X 1O-5 

Diffuse 0.1037 -0.0417 0.2752 -0.1122 0.0 6.359 x lO-3 -5.288 X lO-4 

Mauna Loa 

85 0.4087 -0.2153 0.8149 -0.6187 0.0 1.223 X 1O-2 -6.638 X lo-’ 
15 0.3719 -0.1794 0.7775 -0.5642 0.0 1.148 X 1O-2 -5.625 x lO-4 
65 0.2996 -0.1174 0.6998 -0.4572 0.0 9.950 x lo-3 -3.835 x 1O-4 
55 0.2152 -0.0554 0.6074 -0.3442 0.0 8.166 x 1o-3 -2.161 X lO-4 
45 0.1599 -0.026 1 0.5404 -0.2690 0.0 6.940 x lo-’ -1.277 X lO-4 
35 0.1236 -0.0065 0.4954 -0.2270 0.0 6.128 x IO-’ -8.151 x 1O-5 
25 0.1026 0.0000 0.4647 -0.1979 0.0 5.614 X lo-’ -5.736 X lo-’ 
15 0.0896 0.0665 0.4472 -0.1846 0.0 5.310 x 10-3 -4.508 X lO-5 
5 0.0840 0.0065 0.4379 -0.1751 0.0 5.162 x lo-’ -3.955 x lo-5 

DiffUSe 0.1393 -0.0750 0.4747 -0.2643 0.0 6.268 X lo-’ -5.016 X 10-s 

Hofmann and Rosen (1983b) 

85 0.5506 -0.3306 
75 0.4982 -0.27 I 1 
65 0.3947 -0.1664 
55 0.279 I -0.0726 
45 0.2053 -0.028 1 
35 0.1599 -0.0078 
25 0.1329 0.0014 
15 0.1178 0.0055 
5 0. I107 0.007 I 

Diffuse 0.1880 -0.1166 
0.7018 

1.3395 -1.3321 

-0.3570 

0.0 

0.0 

1.279 1 -1.2176 

0.7576 

0.0 
1.1537 

-0.5285 

-0.9934 

0.0 

0.0 
0.9979 -0.7422 0.0 

0.883 1 -0.5778 0.0 

0.8029 -0.4740 0.0 

0.7499 -0.4107 0.0 

0.7178 -0.3744 0.0 

1.992 X lo-* -1.553 x lo-’ 
1.869 X lo-’ -1.258 X lo-’ 
1.620 x IO-* -7.515 x lo-4 
1.329 X lO-2 -3.093 x lo-’ 
1.129 X IO-* -1.021 x lo-4 
9.969 X IO-’ -1.048 x IO-’ 
9.130 x 10-r 2.896 x lo-’ 
8.635 X lo-’ 4.553 x 1o-5 
8.393 x IO-’ 5.173 x 1o-S 
1.015 x 1o-2 -1.114 x lo-3 

Background 
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TABLE 5. The linear coefficients required to evaluate the global 
transmission at 220 K for 17 infrared bands and for each of the 
three aerosol models. 

Band 
center 
bm) 

Wave- 
number 
interval 
(cm-‘) 

Back- 
ground 

h 

Mauna 
Loa 

Hofmann 
and Rosen 

4.7 I 2050-2200 0.08406 0.08443 0.14467 
5.00 1950-2050 0.08236 0.08 I27 0.13764 
5.26 1850-1950 0.09327 0.09090 0.14951 
5.56 1750-1850 0.11560 0.11224 0.18047 
5.88 1650-1750 0.11396 0.11102 0.18204 
6.25 1550-1650 0.07204 0.07057 0. I 1967 
6.67 1450-1550 0.06393 0.06153 0.10103 
7.14 1350-1450 0.08445 0.08022 0.12412 
7.84 1200-1350 0.20833 0.19595 0.28605 
8.51 1150-1200 0.25600 0.24487 0.3696 1 
9.09 1050-1150 0.17352 0.16741 0.26944 

10.26 900-1050 0.08732 0.08428 0.14253 
11.77 800-900 0.04868 0.04699 0.07915 
13.16 720-800 0.02856 0.02702 0.045 18 
15.15 600-720 0.04482 0.04195 0.06622 
18.18 500-600 0.04806 0.04552 0.07 146 
22.22 400-500 0.02830 0.02617 0.04 123 

monochromatic global transmission was weighted by 
the Planck function at temperatures between 200 and 
280 K. For bands having narrow wavelength intervals, 
as in those presented in Table 5, the wavelength 
averaged values of the global transmission are pri- 
marily a function of aerosol optical thickness with a 
much smaller dependence on temperature. In this 
situation it is sufficiently accurate to parameterize the 
global transmission for each band (k) by an equation 
of the form 

TX(~ref) + &bref) = 1 - href. (28) 

For wider wavelength intervals or for bands composed 
of noncontiguous regions, as in the model described 
by Peng et al. ( 1982), the coefficient & has a significant 
temperature dependence. In order to obtain the global 
transmission of the stratosphere for each wavelength 
interval, the transmission of the aerosol layer must 
be multiplied by that for ozone, water vapor and 
carbon dioxide, as appropriate. 

Table 5 presents the coefficients hk required to 
evaluate (28) at 220 K for each band and for each 
aerosol model. As expected from the monochromatic 
results presented in Fig. 10 (applicable for r,r 
= 0.2476), the global transmission for the background 
model is virtually identical to that for the Mauna 
Loa model. The presence of the large particle mode 
in the Hofmann and Rosen (1983b) model results in 
a much larger infrared screening effect than in either 
of the other two microphysical models. Assuming the 
global transmission at wavenumbers less than 340 

cm-’ is unity, the mean value of &k at 220 K (260 
K) for the entire infrared spectrum is 0.04176 
(0.05462) for the background model, 0.03963 
(0.05200) for the Mauna Loa model and 0.06324 
(0.08280) for the Hofmann and Rosen (1983b) model. 

5. Spatial and temporal distribution 

The initial injection of material into the stratosphere 
from El Chichon was at a latitude of 17.3’N and a 
longitude of 93.2”W. The stratospheric aerosol layer 
spread very rapidly in a zonal direction circling the 
globe in less than a month (Robock and Matson, 
1983). Meridional dispersion was, on the other hand, 
quite slow. McCormick and Swissler (1983) report, 
on the basis of a coordinated aircraft flight mission 
during late October and early November 1982, that 
the bulk of the aerosol particles from El Chichon was 
concentrated in a layer between 24 and 26 km in 
altitude that extended over latitudes from 5-7”s to 
35-37”N. In addition to the airborne lidar measure- 
ments described by McCormick and Swissler (1983), 
Spinhirne (1983) obtained measurements of the spec- 
tral optical thickness as a function of latitude. These 
results suggest that the larger particles associated with 
the Mauna Loa and Hofmann and Rosen (1983b) 
microphysical models are principally applicable over 
latitudes from 30”N to at least 7”s. Information 
about the temporal decay of the aerosol layer at a 
single latitude is available for the first four months 
from Mauna Loa measurements of the aerosol optical 
thickness (DeLuisi et al., 1983). 

In order to estimate the impact of El Chichon on 
temperatures of the Northern and Southern Hemi- 
spheres, it is necessary to develop a spatial and 
temporal distribution model of the aerosol layer to 
accompany the radiative parameterizations presented 
in the previous section. For at least the first seven 
months following the eruptions of El Chichon, the 
aerosol layer was confined to tropical latitudes south 
of 35-37”N. Eventually, however, the aerosol is ex- 
pected to diffuse into high latitudes of the Northern 
and Southern Hemispheres at the same time as the 
total mass loading of the atmosphere is decreasing. 
Assuming that the dominant processes governing 
aerosol dispersion are diffusive transport in latitude 
and exponential decay in time, it follows that T~+(Q, 
t) must satisfy the equation 

1 a =-- 
COST a4 

1 - 5$d, (29) 
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where I is the time constant, Z7J the diffusion coeffi- 
cient and x = sin& If we assume that the spatial and 
temporal distribution of aerosol optical thickness at 
0.55 pm, T,f(f$, t), is of the form 

Tredb, t) = 44, t) ew(-tl~), 

and substitute this expression into (29) it follows 
that B($, t) must satisfy the equation 

am, 0 a -=z a(l-x2)7 
at [ 

W&, t) 1 . (30) 

If we make the simplification that Z7J is a constant, 
independent of x, and further note that the Legendre 
polynomials are eigenfunctions of the diffusion op- 
erator, 

g [(I _ x2) !e$9] = -41 + l)P,(x), (31) 

it follows that the Legendre polynomials P,(x) form 
a convenient basis set for expanding B(4, t). Therefore, 
expressing B(q5, t) as an expansion in Legendre poly- 
nomials of the form 

&A 0 = 5 B/Wdx), 
I=0 

we find, on insertion into (30) that the solution for 
T&c$, t) iS given by 

T&6, t) = 5 B,(O)P,(x) exp[-f(f + l)at - t/T]. 
I=0 

(32) 

In order to evaluate the expansion coefficients 
B,(O), it is necessary to apply boundary conditions. 
We assume that at time t = 0, the optical thickness 
of the aerosol layer resulting from the El Chichon 
eruptions is confined to a latitude 40 = 17.3’N such 
that 

Tret-th 0) = 270&x - Xo), (33) 

where To is the global mean aerosol optical thickness 
at time t = 0, b(x - x0) is the Dirac delta function, 
and ~0 = sim#Jo. Noting that the delta function satisfies 
the Legendre polynomial expansion (Morse and Fesh- 
bath, 1953, p. 729), 

6(x - x0) = 5 ; (21+ l)P,(x)P,(xo), (34) 
I=0 

and substituting this expression into (32) and (33) it 
follows that the diffusion model for the spatial and 
temporal distribution of the aerosol layer is given by 

Treri@, t) = To 5 (21 + l)pdx)p/(xo) 
I=0 

X exp[-l(l + 1)2It - t/7]. (35) 

The diffusion model presented here, though still 
an oversimplification of the many microphysical and 
dynamical properties governing aerosol dispersion in 
the stratosphere, has the sought after property of an 
initial injection of aerosol at low latitudes, followed 
by latitudinal spreading and reduced mass loading 
with time. The global mean aerosol optical thickness 
at 0.55 pm, denoted i&), is given by 

frer(t) = f 
s 

1 
Tredd’, tkk _ 

I 

= To exp(-t/T). (36) 

For the diffusion model, the latitudinal distribution 
of aerosol optical thickness contains modes of various 
spatial scales, but the higher order modes decay with 
shorter time constants than the global scale mode 
(1 = 0). 

The adjustable parameters in the diffusion model 
are the initial global mean aerosol optical thickness 
To, the time constant 1 and the diffusion coefficient 
a. Various data sets can be used to estimate values 
of TV, I and ZB which best describe the evolution of 
the El Chichon eruption cloud. Swissler et al. (1983) 
have presented the latitudinal distribution of aerosol 
optical thickness obtained by using an optical model 
to convert monostatic lidar measurements to optical 
thickness. The lidar observations, which were obtained 
during the airborne latitudinal survey described by 
McCormick and Swissler (1983), covered the latitude 
region between 46”N and 46”s from 19 October to 
7 November 1982. The results of Swissler et al. (1983) 
for the southbound portion of the flights were fit to 
(35) using an efficient gradient-expansion method 
from nonlinear least-squares theory (Bevington, 1969). 
The diffusion model coefficients yielding the best fit 
to these data for t = 7 months were To = 0.144, ZB 
= 0.01774 mo-’ and 7 = 10.03 mo. The latitudinal 
distribution of optical depth after seven months for 
the diffusion model is compared in Fig. 11 with the 
Swissler et al. (1983) observations. Though Swissler 
et al. results apply to a wavelength of 0.6943 pm, 
corresponding to the wavelength of their ruby lidar 
system, little difference is expected between the optical 
depth at 0.55 pm and that at 0.6943 pm (cf. Fig. 3). 

In the diffusion model the aerosol layer starts out 
confined to low latitudes, eventually spreading uni- 
formly over the globe. The latitude of peak optical 
depth slowly moves from the latitude of injection (in 
this case do = 17.3“N) toward the pole of the 
hemisphere of injection. During the early months 
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FIG. Il. The latitudinal distribution of aerosol optical thickness 
at 0.55 pm seven months following the eruptions of El Chichon 
for the diffusion model described in the text, where r0 = 0.144, 7 
= 10.03 months (mo) and ZB = 0.01774 mo-’ (dashed curve). The 
solid curve corresponds to the aerosol optical thickness derived 
from monostatic lidar measurements at 0.6943 pm (after Swissler 
et nl., 1983). 

following the eruptions and for small values of B, 
our diffusion model is similar to the empirical expres- 
sion used by Robock (198 1), where Robock used the 
numerical model of Cadle et al. (1976) to fit a 
diffusion-type equation in one dimension. In Robock’s 
model the peak aerosol optical depth remains fixed 
at the latitude of injection. 

In order to account for the evolution of the aerosol 
size distribution from post-volcanic conditions to 
background conditions as the aerosol layer evolves in 
space and tim-e, we assume that the albedo of the 
aerosol layer Rk(rref, 4) may be expressed as 

-EC 
Rk(T,f, ‘#‘I = Rk (Tref, 4) exP(-t/‘;r) 

+ aFK(TEf, 6)[ 1 - eXp(-t/T)]. (37) 

In this expression I?ic(rWf, r$) is the albedo for either 
of the two El Chichon models [Mauna Loa or Hof- 
mann and Rosen (1983b)] and dEK(rEf, 4) the albedo 
for the background model. In this way it is possible 
for the albedo of the aerosol layer to closely resemble 
that for post-volcanic conditions during the early 
months and background conditions during the later 
months following volcanic eruptions. Similar expres- 
sions apply to the other radiative properties of the 
stratospheric layer [viz., ck(TRf, +), Ak(Tref, 4), 

Et (Tref, $1, i? ( TTref, $1 and .4 t (Tref, 4)l. 

6. Summary and conclusions 

The present study has examined the effect of the 
El Chichon stratospheric aerosol layer on radiation 
reflected, transmitted and absorbed by the strato- 
sphere. The optical thickness, single scattering albedo 
and asymmetry factor of the aerosol particles were 
obtained as a function of wavelength between 0.25 
and 25.0 pm for three models of the statospheric 
aerosol size distribution. These results, presented in 
Figs. 3-5, are based on the assumption that the 
aerosol layer is composed of spherical droplets having 
a 75% (by weight) H2S04 aqueous solution. Two of 
the size distribution models were derived from mea- 
surements of the El Chichon aerosol layer while the 
third model is representative of a stratospheric aerosol 
layer unperturbed by recent volcanic activity. For the 
shortwave spectral region, multiple-scattering com- 
putations of the diffuse reflection (albedo), diffuse 
transmission and fractional absorption were obtained 
using successive applications of the invariant imbed- 
ding and doubling methods where polarization has 
been neglected. These results, presented in Figs. 7-9 
and parameterized in Tables 2-4, were obtained for 
each of two wavelength intervals as a function of 
latitude, optical thickness and aerosol size distribution. 
For the longwave region, the global transmission (flux 
transmissivity) is presented and parameterized for 17 
wavelength intervals using the single scattering ap- 
proximation to account for the small, scattering com- 
ponent of the aerosols at infrared wavelengths. 

In addition to the optical and radiative properties 
of the stratospheric aerosol layer, a simple model of 
the spatial and temporal distribution of aerosol optical 
thickness is developed. This model is based on the 
simplifying assumption that the dominant processes 
governing aerosol dispersion in the stratosphere are 
diffusive transport in latitude and exponential decay 
in time. The three adjustable parameters in the 
diffusion model are the time constant, diffusion coef- 
ficient and initial global mean aerosol optical thickness 
at 0.55 pm. They are determined by a best fit to the 
latitudinal distribution of aerosol optical thickness 
derived from monostatic lidar measurements during 
an airborne latitudinal survey from late October to 
early November 1982. 

As the aerosol layer evolves in space and time, the 
aerosol size distribution is expected to evolve from 
post-volcanic conditions to background conditions. 
In order to account for this evolution in the aerosol 
size distribution, we introduce a simple means by 
which the radiative properties of one of the two El 
Chichon models can be combined with the radiative 
properties of the background model to yield a realistic 
estimate of the radiative properties during time varying 
conditions. For low latitudes close to the latitude of 
El Chichon, the aerosol optical thickness is initially 
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large and the size distribution close to one of the two 
El Chichon microphysical models. As the optical 
thickness decays with time at these latitudes, the 
radiative properties would slowly change, both as a 
result of a changing optical thickness and as a result 
of a changing microphysical model. At higher lati- 
tudes, where the optical thickness is initially small. 
the optical thickness would initially increase with the 
radiative properties following the expectations of one 
of the two El Chichon models. Eventually, as the 
optical thickness begins to decrease, the radiative 
properties would more closely follow the expectations 
of the background microphysical model. 

The parameterizations presented in this paper for 
solar and infrared radiation, together with the disper- 
sion model and the relationship for varying the size 
distribution with time, permit climate models to 
realistically evaluate the impact of El Chichon on 
temperatures of the Northern and Southern Hemi- 
spheres. Our radiative parameterizations are especially 
well suited to annually and zonally averaged models 
such as the multi-layer energy balance model described 
by Peng et al. (1982). Results obtained using this 
climate model will be reported separately. 

A significant finding of the present investigation is 
the importance of the 1 .O pm mode of the El Chichon 
aerosol size distribution reported by Hofmann and 
Rosen (1983b). The presence of these particles is 
largely responsible for the differences in the optical 
and radiative properties between the Mauna Loa and 
Hofmann and Rosen aerosol models, especially in 
the near- and thermal-infrared regions. As a conse- 
quence of the importance of these particles on the 
radiative properties of the stratosphere, the need to 
measure the particle concentration out to radii of 
-2.0 grn for future volcanic eruptions cannot be 
overemphasized. The spectral optical thickness mea- 
surements at Mauna Loa Observatory, being restricted 
to wavelengths & 1.06 Km, do not permit an accurate 
determination of the particle concentration at radii 
much greater than 1.0 pm. The fact that the optical 
thickness at 1.06 pm was substantially lower than at 
0.86 pm (cf. Figs. 2 and 3) suggests that the 1.0 pm 
mode, if present, was not significant at Mauna Loa 
during July 1982. 
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