
Mount Agung Eruption Provides Test of a 

Global Climatic Perturbation 

Abstract. The Mount Agung volcanic eruption in 1963 provides the best-docu- 
mented global radiative perturbation to the earth's atmosphere currently available. 
Data on stratospheric aerosols produced by this eruption have been used as input to 
a modelfor the atmospheric thermal structure. The computed magnitude, sign, and 
phase lag of the temperature changes in both the stratosphere and the troposphere 
are in good agreement with observations, providing evidence that the climatic re- 
sponse to a global radiative perturbation is significant, as well as support for the use 
of theoretical models to predict climatic effects. 

Radiative perturbations of global cli- 
mate represent a very broad class of 
mechanisms for both natural and anthro- 
pogenic climatic change. Examples are 
changes in the composition of atmo- 
spheric gases, such as CO2, water vapor, 
ozone, Freons, and other trace constitu- 
ents; changes in the atmospheric aerosol 
content, such as by volcanic emissions 
or anthropogenic pollution; changes in 
the surface albedo of the earth; and 
changes in the flux of incoming solar ra- 
diation. 

A large volcanic eruption provides an 
excellent opportunity for a case study of 
the response of the climatic system to a 
global radiative perturbation, including a 
chance to test our ability to model and 
understand the nature of the climatic re- 
sponse. Volcanic aerosols, spread glob- 
ally by stratospheric winds, provide a 
perturbation for which the forcing func- 
tion is reasonably well known and for 
which the climatic response should be 
rapid enough and strong enough to be 
measurable, at least in the cases of the 
largest eruptions. 

The eruption of Mount Agung on the 
island of Bali (8?S, 115?E) in 1963 was 
one of the most spectacular volcanic 
eruptions in recent history (1). The erup- 
tion column extended into the strato- 
sphere, where it deposited aerosols and 
gases, including sulfur-bearing com- 
pounds. The latter are believed to lead to 
the formation of sulfate aerosols, a major 
component of the stratospheric aerosols, 
through gas-to-particle chemical reac- 
tions (2, 3). Although there have been 
larger volcanic eruptions than Agung 
during the last few centuries-for ex- 
ample, Tambora in 1815 and Krakatoa in 
1883 (4)-Agung occurred at a time when 
tropospheric temperature measurements 
were being obtained, accurate measure- 
ments of the aerosol optical depth were 
being made at several observatories in 
both hemispheres, and there was direct 
sampling of the composition of the strat- 
ospheric aerosols. Thus, even though 
there have already been numerous stud- 
ies concerning the possible effect of vol- 
canic eruptions on climate (4-7), it is 
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worthwhile to compute in detail the ex- 
pected temperature response of the at- 
mosphere after the Agung event. 

The global spread of the aerosols due 
to Agung could be tracked by means of 
their optical effects. As a result of the 
prevailing stratospheric winds the aero- 
sols girdled the globe east to west within 
a few weeks, and within several months 
they had spread to all latitudes (8, 9). 
The most reliable estimate of the aerosol 
optical depth is provided by the in- 
creased extinction of starlight measured 
at astronomical observatories (10), 
which indicated that in the subtropics 
and mid-latitudes of the Southern Hemi- 
sphere the added aerosol optical thick- 
ness (11) for wavelengths - 0.5 gtm had 
a peak value of 0.2 to 0.3 from August to 
November 1963 and was still substantial 
(- 0.1) by mid-1964. Thus to test the im- 
pact of the aerosol on atmospheric tem- 
peratures we chose as a representative 
increase in the optical depth 

Ar = 0.2 f(t) (1) 

t/120 0 < t < 120 
f(t) = 1 120 < t < 240 

e-(t - 240)/240 240 < t 

where t is the time in days after the erup- 
tion (12). 

As a first approximation for the ex- 
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Fig. 1. Observed stratospheric temperatures 
over Australia (17) and computed temper- 
atures after the eruption of Mount Agung, as- 
suming that the added stratospheric aerosols 
are sulfuric acid and the average depth of the 
mixed layer of the ocean is 70 m. 

pected thermal response of the atmo- 
sphere to the increased amount of aero- 
sol, we computed the vertical temper- 
ature profile with a one-dimensional 
radiative-convective model. The basis of 
the method is to compute the local radi- 
ative heating and cooling rates for solar 
and thermal radiation at each altitude to 
determine the changing temperature pro- 
file with a time-marching procedure (13). 
At any altitude where the computed tem- 
perature lapse rate is steeper than a pre- 
assigned maximum value (-6.5?K per 
kilometer), it is assumed that convection 
occurs with a vertical energy flux just 
sufficient to yield that preassigned maxi- 
mum lapse rate. The relative humidity is 
kept fixed (14). Averaging over clear and 
cloudy regions is performed at each time 
step before computing the energy bal- 
ance; climatological percentages of high, 
medium, and low clouds are employed, 
and it is assumed that the cloud-top alti- 
tude remains fixed (14). A thermal inertia 
appropriate for the upper ("mixed") lay- 
er of the ocean is included at the surface. 

This one-dimensional model was used 
to compute the expected temperature ef- 
fect at low latitudes, where the amount 
of perturbed aerosol was largest. The at- 
mospheric temperature profile was com- 
puted for a "control" case with the nor- 
mal aerosol model proposed by Toon 
and Pollack (15), which has sea salt, soil 
(basalt), and sulfate particles in the 
troposphere and sulfate (75 percent 
H2SO4 and 25 percent H2O in solution) in 
the stratosphere with a stratospheric 
aerosol optical depth of 0.005. Aerosols 
with an optical depth specified by Eq. 1 
were then added to this background 
model, the vertical distribution of the ad- 
ditional aerosols being 20 percent in the 
region from 22 to 26 km, 60 percent from 
19 to 22 km, and 20 percent from 16 to 19 
km, in order to approximate the distribu- 
tion of the Agung aerosols (8). The added 
aerosols were assumed to be sulfuric 
acid, except as indicated below. The size 
distribution of the added aerosols was 
taken to be the same as that of the nor- 
mal stratospheric aerosols, with the ef- 
fective radius of the distribution 0.2 to 
0.3 ,um; initially a substantial amount of 
larger "dust" particles was present, but 
in the several weeks required to produce 
aerosols over a large fraction of the globe 
the mean size decreased to a few tenths 
of a micrometer (16). North-south hori- 
zontal transport of energy by atmo- 
sphere and oceans was included by using 
specified climatological values. The solar 
insolation employed was the mean for 
low latitudes (30?N to 30?S). The heat ca- 
pacity of the surface of the model was 
taken as that of 70 m of ocean water, cor- 

0036-8075/78/0310-1065$00.50/0 Copyright ? 1978 AAAS 1065 



Tropical Tropospheric Temperature 

1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 

Fig. 2. Observed tropospheric temperatures between 30?N and 30?S (19) and computed temper- 
atures after the eruption of Mount Agung, assuming that the added stratospheric aerosols are 
sulfuric acid and the average depth of the mixed layer of the ocean is 70 m. 

responding to the average depth of the 
mixed layer, for the fraction of that lati- 
tude zone covered by water and zero for 
the remaining fraction. 

Figure 1 shows the computed and ob- 
served temperatures in the stratosphere. 
The observations (17) were made over 
Port Hedland, Australia, and are 
smoothed with a 3-month running mean; 
at altitudes near 20 km (pressures -50 
mbar) the amplitude of the temperature 
increase was 4? to 8?C throughout the re- 
gion from 10?N to 30?S. Part of the ob- 
served temperature increase may be due 
to the quasi-biennial oscillation, but it 
seems clear that the aerosols did result in 

stratospheric warming of a few degrees 
with a time scale for the increase of the 
order of several weeks (18). 

Figure 2 shows the computed and ob- 
served (19) temperatures in the tropo- 
sphere for the latitude range 30?N to 
30?S. A more recent analysis (20) of the 
observations is in substantial agreement 
with the illustrated observations. It ap- 
pears that after the Agung eruption the 

average tropospheric temperatures did 
indeed decrease by a few tenths of a de- 

gree with a time scale of the order of 1 

year, in agreement with the theoretical 
result (21). 

The physical explanation for the com- 

puted effects is straightforward. The 
overall effect of the added aerosols on 
the bulk of the atmosphere and the sur- 
face is cooling, because sulfuric acid is 
highly reflective to solar radiation and 
thus tends to decrease the amount of so- 
lar radiation absorbed by the earth-atmo- 
sphere system. The aerosols also inter- 
act with the thermal radiation, and in fact 
warm the earth-atmosphere system 
through a "greenhouse" blocking of ra- 
diation from the surface and tropo- 
sphere; however, aerosols of the as- 
sumed size have too small an optical 
thickness in the infrared for the green- 
house effect to exceed the albedo effect 
(7). The effect of the aerosols on the local 
(stratospheric) temperature is heating, 
because (i) they absorb thermal radiation 
from the warmer atmosphere and surface 
below more effectively than they release 
heat to space, and (ii) they absorb a small 
amount of solar radiation because they 
have broad absorption bands in the near- 
infrared. A small amount of energy is in- 
volved in the stratospheric heating, but 
the local temperature is substantially in- 
fluenced because of the low density of 
the atmosphere in that region. 

It is therefore clear that the thermal ef- 
fect of the aerosols must depend on their 

composition and size distribution, prop- 

Table 1. Temperature change in the troposphere and stratosphere computed with the one-di- 
mensional radiative-convective model. The column headings give the mixed-layer depth, aero- 
sol composition, and model domain. The tropical model is limited to latitudes between 30?N and 
30?S. 

Temperature change (?C) 

Troposphere Stratosphere (55 mbar) At 
(mo) 70 m, 100 m, 70 m, 70 m, 70 m, 100 m, 70 m, 70 m, 

sulfate, sulfate, sulfate, silicate, sulfate, sulfate, sulfate, silicate, 
tropical tropical global tropical tropical tropical global tropical 

1 -0.02 -0.02 -0.01 -0.02 1.25 1.25 0.38 5.5 
3 -0.08 -0.06 -0.03 -0.05 3.65 3.65 1.50 10.8 
6 -0.25 -0.18 -0.11 -0.13 5.29 5.31 2.13 12.7 
9 -0.40 -0.28 -0.17 -0.18 5.01 5.05 2.02 12.3 

12 -0.50 -0.36 -0.22 -0.21 3.72 3.77 1.48 10.2 
18 -0.57 -0.43 -0.24 -0.22 1.86 1.91 0.80 7.2 
24 -0.56 -0.44 -0.24 -0.20 0.75 0.80 0.32 4.9 
30 -0.52 -0.42 -0.22 -0.17 0.16 0.18 0.03 3.2 
36 -0.47 -0.39 -0.21 -0.14 -0.13 -0.10 -0.03 2.2 
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erties which are not very accurately 
known for the first few weeks after the 
volcanic eruption. Evidence from direct 
sampling (2, 3, 15, 16, 22) indicates that 
the volcanic material initially injected 
into the stratosphere contained a large 
amount of dust, which may have been 
silicate in composition and could thus 
absorb a significant part of the solar radi- 
ation incident on it. Within 1 month after 
the eruption most of the coarse dust had 
settled beneath the 20-km region (3, 16, 
22). The sulfate concentration reached 
its maximum several months after the 
eruption (3, 22); the dominant composi- 
tion was sulfuric acid and ammonium 
sulfate, materials which do not signifi- 
cantly absorb solar radiation. To exam- 
ine the potential effect of aerosol compo- 
sition, we made computations for the 
two extreme cases of pure silicate mate- 
rial and pure sulfuric acid (75 percent con- 
centration by weight in water), with ap- 
propriate solar and thermal optical prop- 
erties (23). 

Table I shows that the silicate dust re- 
sults in a substantial increase in the 
stratospheric heating with some de- 
crease in tropospheric cooling. Because 
of the long time constant for the tropo- 
spheric cooling, the result for pure sul- 
furic acid should be appropriate for the 
troposphere. Although the silicate dust 

may significantly affect the stratospheric 
warming during the first several weeks, it 
is difficult to be quantitative because of 
the very nonuniform distribution of aero- 
sols at that time. More reliable modeling 
of the expected thermal effects will re- 
quire accurate knowledge of the compo- 
sition, size distribution (24), and location 
of the aerosols. 

The model results also depend on the 
assumed thickness of the ocean mixed 
layer and on our restriction of the model 
domain to latitudes between 30?N and 
30?S, as indicated in Table 1, but in ways 
which are easily understood. With a 100- 
m mixed layer, instead of 70 m (25), the 
maximum tropospheric cooling is 0.44?C 
at 660 days after the eruption instead of 
0.58?C at 590 days, and there is no signif- 
icant change in the stratospheric warm- 
ing. The date of maximum tropospheric 
cooling is little changed because in either 
case the time constant for cooling the 
mixed layer is longer than that for chang- 
ing the aerosol optical thickness. The 
stratospheric temperature change de- 

pends mainly on the assumed strato- 
spheric aerosol properties, but also on 

tropospheric temperature since the ef- 
fect is basically due to absorption of up- 
welling thermal radiation. If global aver- 
age properties are used instead of those 
for latitudes 30?N to 30?S, the tropo- 
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spheric cooling is reduced to about half 
of that illustrated in Fig. 2, primarily be- 
cause of the reduction of the average 
aerosol optical thickness (26). With a 
one-dimensional model perhaps the most 
that can be said is that the best estimate 
is somewhere between the results com- 
puted for the global average and the iso- 
lated tropical cases. Despite this uncer- 
tainty, the results are in excellent agree- 
ment with the observations. We believe 
that the observations are fairly conclu- 
sive in indicating tropospheric cooling by 
a few tenths of a degree Celsius 1 or 2 
years after Agung, but the very close fit 
to the theoretical curve in Fig. 2 is al- 
most certainly fortuitous, particularly in 
view of the noisy appearance of the ob- 
served temperatures in earlier and later 
years (27). 

We believe that the greatest weakness 
of our model computations is the ab- 
sence of interactions of the computed 
heating with the atmospheric dynamics. 
Table 1 suggests that the heating by aero- 
sols is so large that it could be expected 
to influence large-scale dynamic phe- 
nomena, and thus future analyses should 
include special efforts to properly model 
three-dimensional atmospheric motions. 
A related defect of the computations is 
the omission of potential cloud cover 
feedbacks; the radiative perturbation 
due to aerosols could conceivably induce 
a change in the clouds which would 
counteract (or reinforce) the direct cli- 
matic effect of the aerosols. Proper anal- 
ysis will require a model in which the 
cloud cover is computed from first prin- 
ciples and is allowed to realistically in- 
teract with the radiation field and the at- 
mospheric dynamics. However, the ex- 
tent to which the observed climatic 
effect agrees with that obtained from a 
simple radiative model in fact provides 
some evidence that such potential feed- 
backs do not overwhelm the direct radi- 
ative effect. 

We cannot resist the temptation to 
point out the analogy between the terres- 
trial climate problem and the task of un- 
derstanding the nature of other planetary 
atmospheres. Several years ago, ground- 
based telescopic observations of Venus 
were used to obtain remarkably precise 
values for the refractive index and size 
distribution of the aerosols forming the 
Venus clouds (28, 29)-more precise, in 
fact, than those properties are known for 
terrestrial aerosols today-and this led 
to identification of the Venus aerosols as 
sulfuric acid (29, 30). Models for the at- 
mospheric thermal structure indicate 
that these sulfuric acid aerosols, which 
are large enough to cause a greenhouse 
effect, together with the abundance of 

10 MARCH 1978 

CO2 gas are responsible for the basic cli- 
matic state on Venus (30, 31), where the 
surface is hot enough to bake bread (or 
melt lead). Now it has become clear that 
the same atmospheric constituents, CO2 
and sulfate aerosols, are of great interest 
for their possible effects (both natural 
and anthropogenic) on terrestrial climat- 
ic change. Clearly a great deal stands to 
be gained by simultaneous studies of the 
earth's climate and the climate on other 
planets. 

In summary, the magnitude, sign, and 
time delay of the temperature changes 
computed with a simple one-dimensional 
climate model for both the stratosphere 
and troposphere are in excellent agree- 
ment with those of the temperature 
changes observed after the injection of 
stratospheric aerosols by the eruption of 
Mount Agung. Despite the simplicity of 
the model, uncertainties about the input 
data, and severe limitations of the obser- 
vations, the results are encouraging with 
regard to the question of whether global- 
scale climatic perturbations can be re- 
liably modeled and thus predicted. 

It is important to be cautious against 
overinterpretation of either the observa- 
tions or the model results. The observa- 
tions of aerosol properties and atmo- 
spheric temperatures are not nearly as 
detailed and accurate as desired, and we 
cannot be certain that the observed tem- 
perature variations are not in large part 
due to other mechanisms or simply to cli- 
matic noise. The model for the climate 
system is grossly oversimplified and par- 
ticularly fails to properly account for 
three-dimensional transports and cloud 
feedbacks. Nevertheless, we believe that 
the several aspects involved in the agree- 
ment of observations and theory are too 
extensive to be coincidental, and that 
they provide strong evidence that radia- 
tive perturbations of the magnitude of 
such volcanic emissions do noticeably 
affect the climate, contrary to some re- 
cent opinions (21). Since potential an- 
thropogenic radiative perturbations are 
similar in magnitude (14), the results also 
provide evidence that we should be con- 
cerned about possible inadvertent modi- 
fication of global climate by humans. 

Finally, we emphasize the enormous 
potential scientific value of the natural 
climatic experiment provided by a large 
volcanic eruption. One very useful strat- 
egy for investigating the global climatic 
system would be to make detailed obser- 
vations and analyses of the next large 
volcanic explosion. The observations 
should include global monitoring of the 
spread, growth, and decay of the aero- 
sols, sampling of the aerosol properties 
in situ, and accurate global monitoring of 

the climatic response. These data would 
permit testing of global climate models 
and aid in-depth analyses of radiative, 
chemical, and dynamical processes, 
which are essential for obtaining an im- 
proved understanding of the physical 
mechanisms and interactions involved. 

JAMES E. HANSEN 
WEI-CHYUNG WANG 

ANDREW A. LACIS 
Goddard Institute for Space Studies, 
New York 10025 
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Anilines: Selective Toxicity to Blue-Green Algae 

Abstract. The blue-green alga Agmenellum quadruplicatum (strain PR6) was very 
sensitive to aniline and p-toluidine (potential environmental toxicants) in an algal 
lawn assay (the growth of the algal lawn was inhibited with as little as 1 microgram 
of p-toluidine per disk). Assays with seven other species of blue-green algae showed 
that they had varying sensitivities ranging from 1 to 100 micrograms of p-toluidine. 
Under comparable conditions, 0.5 milligram or more of p-toluidine was needed to 

inhibit a green alga, a diatom, or two species of bacteria. p-Toluidine had no imme- 
diate effect on the photosynthesis or respiration of A. quadruplicatum, although 

growth was arrested and viability declined. 
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Aniline and its methylated derivatives 
are commonly used in the manufacture 
of dyes and other organic chemicals. Al- 
though these types of compounds are 
known to be toxic to humans (1), very 
little is known about whether they are 
toxic to other living things. Thus, it is of 
interest that the toxicity of water-soluble 
extracts of fuel oils to blue-green algae is 
traceable to their content of toluidines 
(methylanilines) (2). In this report we 
further characterize the response of 
blue-green algae to toluidines and other 

methylated anilines. 
The blue-green algae tested here can 

be divided into two groups on the basis 
of their resistance to p-toluidine (Table 
1). Four species were completely inhib- 
ited by 10 jig ofp-toluidine per disk. The 

sensitivity of three of these species per- 
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Fig. 1. Viability of Agmenellum quadrupli- 
catum (strain PR6) after exposure to p-tolui- 
dine (500 ppb) in medium ASP-2; N is the cell 
number in suspension at time t; No is the origi- 
nal cell number in suspension. p-Toluidine 
was added to the culture (1 x 107 cells per 
milliliter) at zero time; incubation continued 
at 30?C, with F40CWX lamps, under continu- 
ous aeration with 1 percent CO2 in air. One- 
tenth of a milliliter of appropriately diluted 
cell suspensions was plated out on medium 
ASP-2 plus 1 percent agar and was incubated 
as described in Table 1. (Closed circles) Con- 
trol culture; (open circles) culture plus p-tolui- 
dine. 
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sisted to as little as 1 /ug of p-toluidine 
per disk, with an evident effect seen as 
smaller colonies beyond the zone of inhi- 
bition. Four other blue-green algae re- 
quired 100 to 500 jug of p-toluidine per 
disk for complete inhibition. Using a dif- 
ferent assay technique, Fitzgerald et al. 
(3) reported a 50 percent kill of the blue- 
green alga Microcystis aeruginosa with 
aniline at 20 parts per million (ppm); a 
100 percent kill occurred with p-amino- 
dimethylaniline (2 ppm) and p-amino- 
diethylaniline hydrochloride (1 ppm). By 
comparison, the green alga Chlorella au- 
totrophica (strain 580) was not inhibited 
at 500 tjg ofp-toluidine per disk. Similar- 
ly, Smirnova et al. reported that Scene- 
desmus obliquus, also a green alga, was 
not affected by o-toluidine (4). A diatom, 
Cylindrotheca sp. (strain N1), showed 
only very slight inhibition at 500 /ug ofp- 
toluidine per disk. Two test bacteria 
showed no inhibition, even at 1000 jug 
per disk. 

We tested aniline, toluidines, and oth- 
er substituted anilines further in order to 
better establish the spectrum of toxicity 
of this group of compounds toward a 
sensitive blue-green alga, Agmenellum 
quadruplicatum (strain PR6), a marine 
coccoid form. The data (Table 2) show 
that strain PR6 was about as sensitive to 
aniline as to p-toluidine. Both com- 
pounds completely inhibited growth at 
10 I0g per disk. Of the other compounds 
tested, complete inhibition of the alga 
occurred at 100 tjg except for those com- 
pounds with substituents on the nitrogen 
atom. N-Methylaniline and N-ethyl- 
aniline were much reduced in toxicity, 
causing only slight inhibition at 500 Lug 
per disk. N,N-Dimethylaniline was not 
toxic even at 1000 jtg per disk. This re- 
sult suggests that the toxicity of the p- 
toluidine and aniline molecules is associ- 
ated with the amino group. The reduced 
toxicity of 6-ethyl-o-toluidine may sim- 

ply be due to steric hindrance of the 
amino group. By comparison p-cresol, 
commonly found in water extracts of fuel 
oils (2), caused little inhibition of strain 
PR6. Biphenyl, Aroclor 1242 and Aro- 
clor 1254 (Aroclor compounds are poly- 
chlorinated biphenyls), and dimethyl- 
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