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Abstract. Volcanic eruptions can inject large amounts of aerosol 
into the atmosphere, and, at large solar zenith angles, scattering 
by these aerosols can actually increase the flux of UV-B (290-320 
nm) radiation reaching the surface. This is surprising since 
aerosols increase the reflection of sunlight to space. As previous 
explanations of this phenomenon are heuristic and incomplete, we 
first provide a rigorous and complete explanation of how this 
surprising effect occurs. This phenomenon makes Antarctica 
during spring the most susceptible place on Earth to the scattering 
effect of volcanic aerosols, due to the combined effect of the 

spring ozone hole and the large solar zenith angles characteristic 
of this time of year. We show that an aerosol layer lying above 
Antarctica during spring will decrease the integrated daily dose of 
biologically weighted irradiance, weighted by the erythema action 
spectrum, by only up to 5%. Hence the effects of any significant 
destruction of ozone induced by volcanic aerosols will not be 
offset by aerosol scattering. Thus after a volcanic eruption, life in 
Antarctica during spring will suffer the combined effects of the 
spring ozone hole and ozone destruction induced by volcanic 
aerosols, with the latter effect only slightly offset by aerosol 
scattering. 

Introduction 

Recent numerical solutions of the equation of radiative transfer 
[Michelangeli et al., 1989; Michelangeli et al., 1992; Tsay and 
Stamnes, 1992] indicate that, at large solar zenith angles, 
scattering by a stratospheric aerosol layer can increase the flux of 
ultraviolet light reaching the surface. An explanation of this 
phenomenon, which has not yet been observed, has been offered 
by Davies [1993]. Basically, at large solar zenith angles, 
scattering from a stratospheric aerosol layer provides a shortcut 
for ultraviolet light, which is strongly absorbed by ozone, to reach 
the ground. This scattered light suffers much less attenuation than 
the direct solar beam, which travels a long slant path through the 
atmosphere. Hence there is an increase in flux at the ground, even 
though some of the scattered light escapes to space, increasing 
that flux also. Davies uses a model of the atmosphere which treats 
the aerosol as a single scattering layer, but neglects Rayleigh 
scattering by the atmosphere in any approximation, to 
demonstrate that this mechanism can lead to an enhancement of 

surface flux. However, at ultraviolet wavelengths the atmosphere 
is strongly Rayleigh scattering (the Rayleigh scattering optical 
depth in the zenith direction is 1 at 305 nm), and so it has not been 
shown if the mechanism proposed by Davies is the one 
responsible for surface flux enhancement in a realistic, Rayleigh 
scattering atmosphere. 
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Explanation of the Mechanism of Enhancement 

To investigate this phenomenon, we use a 30-stream radiative 
transfer model of the atmosphere that is based on the numerical 
solution of the equation of radiative transfer as formulated by 
Michelangeli et al. [1992], which is suitable for treating an 
aerosol layer. Our numerical model includes Rayleigh scattering 
by air, absorption by ozone, aerosol scattering and absorption and 
assumes a Lambert surface. The attenuation of the direct solar 

beam is treated using spherical geometry, while the multiple 
scattering is calculated for a plane-parallel atmosphere 
[Froidevaux et al., 1985]. Rayleigh scattering and ozone 
absorption cross sections, and the solar flux incident upon the top 
of the atmosphere, are taken from the World Meteorological 
Organization [1986] report. Volcanic aerosols are assumed to 
scatter with the Henyey-Greenstein phase function [Henyey and 
Greenstein, 1941], with an asymmetry parameter of 0.75 and 
single scattering albedo of 0.99 [Vogelmann et al., 1992]. 

We validated our model by calculating the diffuse reflection 
and transmission functions for light incident upon a plane-parallel 
slab of scatterers, and comparing the results with the tables 
published by van de Hulst [1980], for 120 widely varied sets of 
values of the relevant parameters. The 120 calculated diffuse 
transmission functions differ from van de Hulst's tabulated values 

by an average of 0.13% and a maximum of 1.5%. Corresponding 
values for the 120 diffuse reflection functions are 0.33% and 

5.6%, respectively, with all the differences greater than 0.60% 
occurring when the incident beam is normal to the slab, and the 
diffuse reflection function is calculated in the direction back along 
the incident beam. Since we only use our model to calculate the 
flux transmitted to the surface at large solar zenith angles, the 
results presented in this paper have a fractional error of less than 
1-2%. 

We have used our numerical model to calculate the factor, E, 

by which the surface flux is enhanced by a volcanic aerosol layer, 
assumed to spread uniformly from 25-26 km altitude [DeLuisi et 
al., 1983] with an optical depth of 0.4 [Valero and Pilewskie, 
1992]. This factor, calculated for a solar zenith angle of 80 ø, is 
shown in the second column of Table 1. A surface albedo of 0.05 

was used in the calculations, and we assumed that the atmosphere 
is the U.S. Standard Atmosphere [1976], with the amount of 
ozone scaled to 200 DU. The first column of Table 1 lists the 

approximate center wavelengths of the wavelength intervals from 
the World Meteorological Organization [1986] report 'c is the ß 03 
optical depth of the atmosphere, in the zenith direction, due to 
ozone absorption. The fourth and fifth columns show the 
percentage of downward travelling light that is due to direct 
(unscattered) sunlight at 26 km altitude and at the surface, 
respectively, in the clear atmosphere. The last column gives the 
enhancement factor, E, for surface irradiance calculated using 

Davies' [1993] model (the fraction of 'Co3 beneath the aerosol 
layer is 0.672, independent of wavelength). 

We do not make the comparison with Davies' model to show 
its inaccuracy, for Davies' model is obviously intended to be 
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Table 1. Enhancement of Flux by a Stratospheric Aerosol Layer 

Wavelength E Xo3 % Direct % Direct E-Davies' 
(nm) (26 km) (surface) model 

54 

292 0.919 5.6 14 9.4 x 10 '9 1.5 x 106 
296 1.22 3.1 65 1.6 x 10 -4 8.8 x 102 48 
301 2.22 1.7 86 4.1 x 10 -2 1.6 x 101 
305 2.22 0.89 92 0.47 2.0 • 42 
310 1.56 0.47 93 1.2 0.76 • a6 
315 1.18 0.23 94 1.9 0.48 • 
320 1.01 0.11 94 2.7 0.39 • a0 
325 0.939 0.050 95 3.5 0.36 < 24 

qualitative. But its purpose is to demonstrate the correctness of his 
intuitive explanation for the mechanism responsible for the 
enhancement in a realistic atmosphere. The point we wish to 
make by the comparison is that Davies' model fails to reproduce 
even qualitatively the decrease in enhancement predicted at the 
shortest ultraviolet wavelengths. Also, since Davies' model does 
not include Rayleigh scattering by the atmosphere, it assumes that 
in the clear atmosphere the radiation at the surface is just the 
direct radiation, attenuated by ozone absorption. The penultimate 
column of Table 1 shows that this is not a valid approximation 
throughout the wavelength range of the enhancement. For these 
two reasons we claim that Davies' explanation for the 
enhancement has not been shown to apply to a realistic, Rayleigh 
scattering atmosphere. 

To rigorously demonstrate the mechanism responsible for 
enhancement in a realistic, Rayleigh scattering atmosphere, we 
plot the direct, diffuse and total irradiance as a function of altitude 
both with and without an aerosol layer. Two diffuse irradiances 
are plotted. One (dashed curve) is the cosine weighted integration 
of the diffuse intensity over the upward hemisphere, representing 
the flux of diffuse light travelling up through the atmosphere. The 
other (dotted-dashed curve) is the cosine weighted integration of 
the diffuse intensity over the downward hemisphere, representing 
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Figure 1. The upward diffuse, downward diffuse, direct and net 
downward irradiance, normalized to the solar irradiance incident 
perpendicularly upon the top of the atmosphere, in the wavelength 
range 303.03-307.7 nm as a function of altitude in an aerosol-free 
U.S. Standard Atmosphere [1976], weighted to 200 DU. Net 
downward = direct + downdiffuse - updiffuse. The solar zenith 
angle is 80 ø . 
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Figure 2. With the introduction of an aerosol layer of optical 
depth 0.4, extending from 25-26 km altitude, the upward diffuse, 
downward diffuse, direct and net downward irradiance become 
the functions of altitude shown. The aerosol layer increases the 
flux at the surface by more than a factor of 2 by converting direct 
sunlight into diffuse (scattered) light. 

the flux of diffuse light travelling down through the atmosphere. 
The net downward irradiance is the direct irradiance plus the 
diffuse irradiance integrated over the downward hemisphere 
minus the diffuse irradiance integrated over the upward 
hemisphere. We consider the wavelength range 303.0-307.7 nm, 
for which the surface flux enhancement factor is 2.22, as given in 
Table 1. The upward diffuse, downward diffuse, direct and net 
downward irradiance as a function of altitude in the aerosol free 

atmosphere are shown in Figure 1. The introduction of an aerosol 
layer of optical depth 0.4, extending from 25-26 km altitude, 
causes the upward diffuse, downward diffuse, direct and net 
downward irradiance to become the functions of altitude shown in 

Figure 2. These irradiances are normalized to the solar irradiance 
incident perpendicularly upon the top of the atmosphere. 

By comparing the Figures we see that the aerosol layer 
increases the downward diffuse irradiance at 25 km altitude by a 
factor of 5. This is due to the conversion of direct sunlight into 
diffuse (scattered) light by the aerosol. Since the total irradiance 
at the surface is overwhelmingly due to downward diffuse light, 
the decrease in direct sunlight at the surface due to the aerosol 
layer is more than compensated for by the increase in downward 
diffuse light. Hence, as long as the radiation at the altitude of the 
top of the aerosol layer is primarily direct, enhancement of 
surface flux occurs by the mechanism described by Davies 
[1993]. However, Davies' model fails to predict the decrease in 
enhancement seen at the shortest ultraviolet wavelengths, because 
such wavelengths are both strongly Rayleigh scattered and ozone 

, , ...... I absorbed by the atmosphere. Therefore, little of the radiation is 
to o direct sunlight by the altitude of the top of the aerosol layer (most 

is scattered light), as can be seen from the fourth column of Table 
1. Hence scattering by the aerosol layer provides no shortcut to 
the ground, and, because of backscatter to space, the flux at the 
surface actually decreases. 

We extended Davies' model to include Rayleigh scattering by 
the atmosphere in the single scattering approximation, assuming 
the same type of atmosphere and aerosol as was considered in 
calculating the results presented in Table 1. In this case no 
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enhancement of surface flux occurs in any of the wavelength 
intervals considered in Table 1. This is because a single scattering 
calculation always underestimates the diffuse light reaching the 
surface; since the enhancement is due to an increase in diffuse 

light, no enhancement will be predicted if the model significantly 
underestimates the transmission of diffuse light to the surface. 

Biological Significance 

Large solar zenith angles and the ozone hole make Antarctica 
during spring the most susceptible place on Earth to the scattering 
effect of volcanic aerosols. Accordingly, we have used our 
numerical model to calculate the effect of a volcanic aerosol layer 
on indigenous life in Antarctica during spring. For a 

the change in the integrated daily dose of radiation depends very 
strongly on which action spectrum is used to weight the spectral 
irradiance. The action spectrum with the weakest UV-A tail 
relative to UV-B weighting (DNA) will produce the most 
pronounced increases in the integrated daily dose of biologically 
weighted irradiance. By contrast, the action spectrum with the 
strongest relative UV-A tail (phytoplankton) is expected to show 
a decrease in the integrated daily dose of biologically weighted 
irradiance, because the decrease in UV-A, relatively strongly 
weighted by the action spectrum, outweighs the increase in UV-B. 

The change in the integrated daily dose of biologically' 
weighted irradiance, caused by a stratospheric aerosol layer being 
introduced into the baseline atmosphere, is given in Table 2. The 
columns labelled "PP", "ERY" and "DNA" refer to weighting by 
the phytoplankton, erythema and DNA action spectra, 

representative day in Antarctica during the spring ozone hole respectively. The range of aerosol layer optical depths ('•) bounds 
(October 7), and for a representative region near the edge of the values observed after volcanic eruptions [Hofmann, 1987; Valero 
pack ice where most indigenous life is located (70øS), we and Pilewskie, 1992]. The aerosol is assumed to be uniformly 
calculate the flux, from 290-420 nm, transmitted to the surface distributed within 2 altitude ranges representative of observations 
both with and without a stratospheric aerosol layer. The baseline made after eruptions, 12-24 km [McCormick et al., 1984] and 25- 
atmosphere is the U.S. Standard Atmosphere [1976], with the 26 km [DeLuisi et al., 1983], the latter altitude range observed at 
amount of ozone scaled to 200 DU to represent the effect of the 
ozone hole (about 35% below normal). We assume that the lower 
boundary of the atmosphere is the ocean, with an albedo of 0.05 
[Doda and Green, 1980; Blumthaler and Ambach, 1988], 
assumed constant from 290-420 rim. The flux is calculated for 10 

solar zenith angles between sunrise and noon (solar zenith angle = 
64.5ø). 

Mauna Loa about 1 week after the E1 Chichon eruption. This layer 
spread vertically with time [DeLuisi et al., 1983], so for a similar 
layer to exist over Antarctica, the eruption would have to occur in 
or near to Antarctica. Observations of the aerosol cloud injected 
into the stratosphere by the Mt. Pinatubo eruption [Osborn et al., 
1995] indicate that this cloud spread from a narrow initial height 
range of 22 - 24 km, observed 2 months after the eruption, to a 

The spectral irradiance (flux per unit wavelength interval) at much broader and lower height range of 16-24 km, observed 12 
each solar zenith angle is convolved with an action spectrum. The 
integrated daily dose of radiation [Lubin et al., 1992] is 
approximated by the sum of the 10 convolutions weighted by the 
length of time each solar zenith angle is assumed to exist for. The 
convolution is calculated from 290-420 nm in 0.1 nm steps. It is 
necessary to calculate the change in the integrated daily dose of 
radiation, rather than just the change in the mid-day dose, because 
about half the daily dose of radiation is acquired at times other 
than mid-day, and the enhancement is much larger at these solar 
zenith angles than at mid-day. 

The action spectrum is the relative effectiveness of different 
wavelengths in causing a biological response. We use the action 
spectrum for DNA [Setlow, 1974] for reference. This action 
spectrum is probably not representative of the effect on any 
biological organism. However, many previous studies of the 
transmission of ultraviolet radiation through the atmosphere use 
this action spectrum, and so we have included it for comparison 
purposes only. The action spectra we have chosen to be 
representative of the biological response of actual organisms are 
the phytoplankton action spectrum [Mitchell, 1990; Lubin et al., 
1992], and the erythema action spectrum [Diffey, 1987]. The 
choice of a phytoplankton action spectrum is obvious, since the 
oceans off Antarctica contain abundant phytoplankton. We chose 
the erythema action spectrum as a generic representation of the 
possible biological response of the eyes of birds and the eyes and 
skin of marine mammals which may come close to the ocean 
surface, or out of the water entirely onto the ice. These three 
action spectra differ mainly in the strength of the UV-A (320-420 
nm) "tail" of the spectra relative to the weighting of the action 
spectra in the UV-B (290-320 nm). The DNA action spectrum has 
a negligible UV-A tail, the erythema UV-A tail is more prominent 
relative to its UV-B weighting, and the phytoplankton action 
spectrum has the strongest UV-A tail relative to UV-B weighting. 
Since the flux of UV-B is in general increased by the aerosol 
layer, while the flux of UV-A is decreased by the aerosol layer, 

months after the eruption. The observations indicate that the 
aerosol cloud descended and spread out at a roughly constant rate 
during this 10 month period. Hence we consider the narrow 
aerosol range considered in this paper to only be valid for one to 
two months following an eruption, requiring a volcanic eruption 
in Antarctica. Since volcanic aerosols may induce ozone 
destruction [Vogelmann et al., 1992], we repeated the calculations 
for the 12-24 km layer assuming an 8% ozone column depletion 
(to 184 DU), due to uniform depletion within the layer. This is 
representative of ozone colurn depletions observed at some 
locations after the E1 Chichon eruption [Bojkov, 1987]. There is 
not enough ozone between 25 and 26 km altitude for an aerosol 
induced ozone depletion there to be significant. 

For reference, the increase in the integrated daily dose of 
biologically weighted irradiance, weighted by the DNA action 
spectrum (BWI-DNA), due to an aerosol layer extending from 
12-24 km, with an 8% ozone column depletion (to 184 DU), is 
given in Table 2 and may be compared directly with the results of 
Vogelmann et al. [1992]. Their results were calculated for mid- 
latitudes, where scattering by an aerosol layer decreases the flux 
of ultraviolet light at the surface, offsetting the effects of aerosol 
induced ozone destruction [Vogelmann et al., 1992]. Vogelmann 

Table 2. Percentage Change in the Integrated Daily Dose of 
Biologically Weighted Irradiance (Positive = Increase), Due 
to an Aerosol Layer Lying Above Antarctica 

12-24 km (200 DU) 12-24 km (184 DU) 25-26 km (200 DU) 
PP ERY DNA PP ERY DNA PP ERY DNA 

0.0 0 

0.1 -3.0 

0.2 -5.8 

0.3 -8.4 

0.4 -11 

0 0 1.8 11 19 0 0 0 
-1.5 0.0 -1.2 9.4 20 -2.4 0.8 4.8 
-2.7 0.3 -4.0 9.0 21 -4.7 1.7 9.3 
-4.9 -0.8 -6.5 7.9 22 -6.7 2.6 13 

-5.1 0.4 -8.9 4.5 18 -8.6 3.4 17 
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et al. predict increases of approximately 8-15% for 'c = 0.4-0.1, 
which if applied to Antarctica would underestimate the increase in 
BWI-DNA there by up to a factor of 2. 

Volcanic aerosols must induce significant ozone destruction in 
order for there to be an increase in BWI-DNA at mid-latitudes 

[Vogelmann et al., 1992]. However, the Mt Pinatubo eruption 
caused zonal-scale ozone depletions of only 2-4% within the 
aerosol layer, so that scattering by the aerosols effectively offset 
the ozone destruction [Vogelmann et al., 1992]. By contrast, the 
last column in Table 2 shows that a narrow aerosol layer lying 
above Antarctica during spring can cause large (up to 17%) 
increases in BWI-DNA, even if the aerosols do not induce any 
ozone destruction. 

Fortunately, however, the effect of a volcanic aerosol layer on 
the integrated daily dose of biologically weighted irradiance is 
much less severe when the phytoplankton and erythema action 
spectra are used. These action spectra are expected to more 
realistically mimic the biological response of life in Antarctica to 
ultraviolet radiation. Phytoplankton are actually better off with an 
aerosol layer overhead, because while the flux of UV-B radiation 
is increased, the flux of UV-A radiation is decreased, and the 

relatively strong UV-A weighting of the phytoplankton action 
spectrum leads to an overall decrease in biological response, even 
with an 8% reduction of ozone due to aerosol induced ozone 

destruction. However, the third column of Table 2 shows that 

when the irradiance is weighted with the erythema action 
spectrum, the integrated daily dose of biologically weighted 
radiation (BWI-ERY) decreases by only up to 5% with the 
introduction of an aerosol layer. This is not enough to offset the 
effects of an 8% ozone depletion due to ozone destruction within 
the aerosol layer (sixth column of Table 2). Larger aerosol 
induced ozone depletions will be offset by only up to the same 
5%, so it is possible for volcanic aerosols to cause significant 
increases in BWI-ERY in Antarctica during spring. These 
increases would be in addition to the effects of the higher than 
normal levels of ultraviolet radiation in Antarctica caused by the 
yearly spring ozone hole. 
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