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INTRODUCTION

Studies of volcanic eruptions are of great interest to atmospheric
s c ientists seeking to understand the nature of both paleoclimate and
present - day climate changes. Such eruptions have been very important from the
ve ry early stages of the earth's evolution and contributed significantly to
the formation of the atmosphere and oceans . Studies of the diffusion of the
products of volcanic eruptions also contribute to a better understanding of
the dynamics of the troposphere and stratosphere and their interaction with
changing radiatiave regimes.
The primary mechanism by which volcanic activity influences the
climate system is through changes in the aerosol content of the atmosphere.
Aerosols of volcanic origin can be divided into two main families according to
their composition and mechanism of formation or during the eruption, whereas
sulfate particles are largely generated in situ from the gas phase through
imperfectly known mechanisms. Because of competing growth and transport
processes, the aerosol population is expected to change as a function of space
and time. Volcanic aerosols scatter solar radiation and thus they modify both
the amount of energy reaching the ground and the energy diffused back to
space. The aerosols also absorb and re-emit infrared radiation, thus
modifying the planetary thermal radiation field. The absorption of radiation
and the successive collisional heat exchanges and re - emissions lead to in situ
warming of cooling of the ambient gas. The net effect is generally one of
cooling the surface, whereas the net effect in the stratosphere is that of
warming, due to absorption of both s o lar and infrared radiation. The
stratospheric heating is also affected by the albedo of the underlying
atmosphere a nd s urface.
Several factors determine the climatic significance o f a volcanic
eruption. The explosive strength of an eruption affects the height of
i njection and, in particular, whether or not the dust and gas enters the
atmosphere where residence times are much longer than in the lower
a tmosphere. The dust (which is largely silicate ash) ejected by the volcano
a ffects the energy balance in the initial stages of the development of the
volcanic cloud . The amount of sulphur is, however, considered to be a more
critical measure of climatic significance. The initial injection of sulphur
gases is rapidly transformed into sulphate aerosols (secondary aerosol
projection) which have a greater effect on the energy balance and a longer
residence time than the particulate injection.
Recent studies indicate that the projects of most volcanic activity
are confined to the troposphere and are usually returned to the surface by
sedimentation or rain- out within a few months. However, the products of
strong explosive eruptions reach the stratosphere and may remain there a year
or longer. As they undergo chemical transformations in the stratosphere their
effect on the earth's radiation budget changes. The effect of changing
aerosol distributions on radiative transfer processes is generally considered
the important factor in studies of the role of volcanic eruptions on climate
change and hence is the major focus of this report.
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Frequently one hears the question: Do aerosols warm or cool the
earth? The debate is caused partly by a lack of observational data on the
optical properties of aerosols and partly to an oversimplification of the
problem that results from considering only one type of particle, fixed at only
one altitude. However in nature, after volcanic eruptions, there are aerosols
with various optical characteristics and they are distributed at different
altitudes. Let us assume that there are two layers of aerosols, one in the
stratosphere and the other in the troposphere just above the surface. The
aerosols in the stratosphere, 20 km above the earth's surface, absorb
radiation from the sun and infrared radiation coming upwards emitted from the
surface and the lower atmospheric layers. Stratospheric aerosols have a
warming effect on the surface by emitting infrared radiation toward the lower
atmosphere, but this effect is offset by the aerosols both absorbing solar
energy and backscattering sunlight into space, thus preventing it from
reaching the surface. Whether the net effect of the stratospheric aerosols is
to warm or cool the surface depends mainly upon the size of the particles;
since they are generally rather small (H2S04 is usually below 0. lµm),
the usual effect is to cool the surface, but warm the layer in which they are
concentrated. The tropospheric aerosol layer cools the surface by backscattering the sunlight but warms it by absorbing sunlight. Whether their net
effect will be warming or cooling depends upon the ratio of absorption to
scatter·ing, and this ratio depends upon the composition of the tropospheric
aerosols, which is variable, and also on the surface albedo.
2.

SOME PAS'f ERUP'.l'lONS ANO CL lMA'l'OLOGlCAL

EVIOF~NCE

Volcanic histories are prone to error because of the rudimentary
nature of the historical data available and they can only provide a crude
classification of eruption size and climatic significance. Considering that
reliable meteorological data even from the earliest instrumented stations do
not extend further back than about two hundred years, this chapter refers
mainly to a few major eruptions of that period preceeded by volcanic eruptions
and climate.
pevel9_pment of Scienti.fic Views
Benjamin Franklin seems to have been the first scientist to suggest
that "the vast quantity of smoke" and "dry fog" following a volcanic eruption
might affect the weather. In his paper on Meteorological Imaginations and
Conjectures read on 22 December 1784 before the Philosophical Society of
Manchester, he provided a vivid description and explained the low summerautumn temperatures of 1783 and the severe winter which followed as possibly
due to the volcanic "smoke" preventing sunlight from reaching the surface
after the nonexplosive eruption of Laki crater in Iceland which started in
early June 1783 and lasted for 8 months. He pointed out that the rays of the
sun were rendered so faint in passing through the volcano- introduced haze
"that when collected in the focus of a burning glass, they would scarce kindle
paper". Since Franklin's observations many other scientists have studied the
relation between volcanic eruptions and weather. Most of these studies have
consisted of statistical correlations between bad weather and single eruptions
or between climatic anomalies and a series of volcanic explosions. These
studies do show that during some years with abnormal weather, such as 1783 and
1816, there were volcanic events; and in addition, that major climatic shifts
of the past 500 years occurred many ti.mes in parallel with variations in the
level of volcanic activity. On the other hand, there is no evidence that
volcanic explosions preceded and initiated the ice age. Many years of
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abnormal weather when there were droughts or severe cold occurred without
evidence of any major volcanic eruptions. The volcanic eruptions are not
responsible for all climate change nor all years of bad weather, but they may
cause some of them.
The theme of volcanic eruptions as cause of climatic aberrations
gained strength as a hypothesis after the violent eruption of Krakatau in
Indonesia in 1883 and again after that of Navarupta Katmai in Alaska in 1912.
It had another revival after the 1963 eruption of Mt. Agung on Bali Island,
also in Indonesia. Its scientifically most sophisticated tests came with the
May 1980 Mt. St. Helens and the April 1982 El Chichon eruptions when special
studies were developed to exploit instrumented aircraft and space technology
as means to understand the basic physics and chemistry of volcanic ''clouds'',
to monitor their global distribution, and to assess their role in heating and
cooling the atmosphere.
Numerous theoretical studies have been conducted on the effects of
volcanic aerosols on climate. Some of the earliest belong to the prominent
astrophysicist Charles G. Abbott who noted shortly after the Katmai eruption,
changes in the solar radiation received at observatories of the Smithsonian
Institution (Abbott, 1913) and speculated on the climatic significance. The
well - known American atmospheric physicist C.J. Humphreys (1940) supported the
volcanic dust hypothesis of climate change with a physical model of optical
interception of solar radiation by the particulates. In fact, he postulated
as ''well nigh certain" that the backscattering by volcanic dust of solar
energy had lowered the earth's temperature by 5°C after large eruptions. The
pyrheliometric records for the periods after the Krakatau and Katmai eruptions
showed reduced values of solar intensity at the earth's surface. However,
these were records of direct (normal incidence) radiation only. The 1963 Mt.
Agung eruption caused similar reductions, but the total radiation of sun and
sky on the horizontal surface was not materially altered ( see Fig. 7). This
indicated that f o rward scattering by the particles compensates for much of the
energy lost in the direct beam and that Humphreys ' basic assumption about
backscattering being large and the effect on infrared light being small were
wrong, although he is frequently referenced.
The whole problem was reviewed again by Deirmendjian ( 1973) in the
light of far more advanced models of the turbid atmosphere. He re- examined
the available data for the Krakatau, Katmai, and Agung eruptions and concluded
that "no significant anomalies in gl obal radiation ... clearly attributable to
the volcanic dust layers have been demonstrated ... " . He also questioned
whether the earth's albedo had been altered, but still admits that a
possibility of climatic effects of eruptions exists. Finally, he suggests
more careful and sophisticated checks on atmospheric turbidity to arrive at an
unequivocal answer.
current research indicates that the atmospheric impact of volcanic
eruptions on the earth's climate is not simply related to the volume of
erupted material, or the eruption magnitude but reflects also the chemistry of
the magma, specifically the concentration of the volatile constituents so 2 ,
H2s, HCl and to a lesser extent Cl and F.
Pollack et al. (1976 a, b, 1980) discuss the sensitivity of the
calculations to many of the assumed parameters such as single scattering
albedo and particle size. He established that large silicate particles may
warm the surface; small sulfuric acid droplets may lead to a cooling which
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linearly increased with optical depth. An optical depth of 0.02 to 0.03 is
needed to cause a barely observable change in temperature. He calculated the
warming to be expected between the late 1800's and the middle of the 1900's
due to the decline in volcanic activity . The calculation was done by using
the decade average optical depths to crudely represent the response time of
the Earth- atmosphere system. The calculated increase in temperature due to
the decline in volcanic activity is sufficient to match the observations.
These calculations show that the magnitude is also correct . Of course,
further work must be done before it can be concluded (if at all), that the
decrease in volcanic act i vity was a cause of the wa r ming trend between 1900
and 1940. It is important to remember that the increasing level of co 2 in
the atmosphere should be considered as a major factor in the Earth's climate
during these last decades!
Hansen et al. (1978) calculated the time evolution of the
stratospheric and tropical tropospheric temperatures following the eruption of
Mount Agung. Their calculated temperatures agree favorable with the observed
ones. In their model, as well as in earlier mentioned calculations of Pollack
et al. (1976 a, b, 1980) it was found that the absorption of infrared energy
by the volcanic particles was the major factor in warming the stratosphere.
The troposphere cooled because the volcanic particles reflected a small amount
of sunlight back to space that would otherwise have reached the surface. Both
groups assumed the volcanic particles were largely sulfuric acid and had a
size distribution that is identical to nonvolcanic size distributions (Toon
and Pollack, 1976). The Mount St. Helens and El Chichon erupt ions provided
the first opportunity to check these two important assumptions.
prominent Eruptions During Past 200 Years
'l.'he Laki crater-row eruption of 1783 is the first major volcanic
pollution event for which there are at least a few meteorological records.
The eruption broke out in the eastern volcanic zone of Iceland in June 1783
and lasted for 8 months. During this time, 12 .. 3 km3 of lava poured out of
115 craters on a 25-km-long fissure to produce the largest lava flow in
historical time, with an area of 565 km2 (Thorarinsson, 1969). In addition,
the eruption produced 0.3 km3 of tephra, equivalent to the total volume of
airfall ash ejected by the Mount St. Helens 1980 eruption. The vast
outpouring of volcanic gases, which included an estimated 1.3 to 6.3 x 107
tons of so 2 (Thorarinsson,1969; Hammer, 1977), produced a bluish haze all
over Iceland and led to the destruction of most surruner crops. The resulting
famine caused the loss of 75% of all livestock in Iceland and the aeaths of
24% of the Icelanders in the following years.
The effects of the blue haze were by no means restricted to Iceland,
and the easterly drift of the haze has been traced, from historical records,
across Europe and as far east as the Altai Mountains in China, where it was
observed 50 days later (Thorarinsson, 1979). The effects of the haze in
Western Europe were first observed and documented by Benjamin Franklin, at the
time the USA Ambassador to the court of King Louis XVI of France.
The seasonal temperatures in the eastern part of North America was
reported as below the 225-year norm by: autumn 0.8, winter 4 . 9 and spring 0.5
degrees Celsius. Even the annual averages for 1784 and 1785 were below normal
by 1.5 and 1 . 2 degrees respectively, opening the way for speculations that the
volcanic effect lasted for two years (Sigurdson, 1982).
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Yet another line of evidence of massive volcanic pollution in 1783 has
been obtained from the Greenland ice sheet (Harruner, 1980). Ice cores
extracted by drilling reveal a continuous stra tigraphic record of
precipitation, resulting in the formation of an ice layer on the order of 20
to 30 cm per year. The snow precipitation was accompanied by a trace of
aerosols or impurities from the atmosphere that consisted largely of sulfuric
acid. High acidity layers in the ice have been correlated with volcanic
eruptions, representing sudden loading of the atmosphere with S02 and H2S
volcanic gases, which become converted to minute aerosol droplets of H2S04
(Harruner , 1977). The peak acidity values in the 1783 ice laye r are higher than
any others in the last thousand years (Harruner, 1980) and co rrespond to a
global fallout of 100 x 106 tons of H2S04 from the Laki eruption
(Figure 1). Further analyses of the magma confirm that the eruption had
released no less than 2.5 x 107 tons of sulfur, or 77 x 106 tons of
H2so 4 which is in good agre ement with the Harruner estimate , based on ice
core analysis, of 100 x 106 tons H2S04 (Sigurdson, 1982). For
comparison the annual natural volcanic sulphur loading of the atmosphere is
estimated (Cadle et al. 1976 ) to be 2.8 x 105 tons/year (90 times less than
Laki); and the Mount St . Helens eruption produced only about 7.5 x 104 tons
(333 times less than Laki). An indirect, and somewhat inflated, estimate of
the increase of the optical depth of the atmosphere by 0.5 after the Laki
eruption (Sigurdson , 1982) is three times greater than the increase of 0.14 of
the optical depth measured after the Mt. Agung 1963 eruption by DeLuisi and
Herman (1977) .
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The largest and deadliest volcanic eruption in recorded history was
that of Moun~_ .rambora on the island of sumbawa (8°S, 118°E) Indonesia, in
early April 1815. Around 90,000 people were killed in the immediate vicinity
alone; the height of the mountain was reduced by almost 1,400 m; with an
estimated volume of released magma exceeding 50 km3; the effects of the
tsunami that the eruption generated were appreciable l,200 km away; ash was
deposited some l,300 km away; the explosion was heard 2,600 km away, and
darkness was experienced for up to two days to a distance of around 600 km.
In a comprehensive review of the evidence, Stothers (1984) estimates that
about 150 km3 of ash and 25 km3 of ignimbrite were ejected over, at most,
a 24 - hour period. The force of the explosion injected material over 45 km
high into the stratosphere, producing an ash loadi11g that may have been as
much as an order of magnitude greater than that resulting from the 1883
eruption of Krakatau and a sulphate aerosol loading more than twice as large
- about 150 to 200 x 106 tons of HcS04 (Rampino and Self, 1982;
Stothers, 1984). The stratospheric veil produced by the eruption is believed
to have had an impact on a much wider scale during ensuing years, although
much of the evidence is very scattered. Stothers (1984) estimates that
during the main eruption the average mass flux rate from the crater must have
been devastating, 5 to 8 x 106 m3/sec.
There is much evidence which combined with theory and analogy
indicate that a mass flux rate of well over 106m3/sec has thrust material
up to 50 km heights (Wilson et al., 1978; Stothers, 1984).
The clearest evidence comes from subsequent observations of the
globally dispersed dust in the atmosphere. The coarser ash particles fell
out within a week or two of the eruption as a result of rapid tropospheric
mixing and washout. If finer ash particles, aerosols and gas molecules
reached the stratosphere, where some of them might reside for months to a few
years at altitudes of 12 to 30 km, they would eventually be carried by winds
longitudinally around the globe and, at the same time, transported to all
latitudes by meridional currents. Within several weeks of the eruption,
numerous secondary aerosols would also have formed by photochemical reactions
between the directly injected sulphur gases and the stratospheric ozone and
water vapour.
Between 28 June and 2 July, and later between 3 September and
7 October 1815, prolonged and brilliantly colored sunsets and twilights were
frequently seen near London, England. These displays were explicitly
differentiated by the observers from the more familiar effects of London
smog. Typically, the twilight glows appeared orange or red near the horizon,
purple or pink above, and were occasionally streaked with diverging dark
bands resembling cirrostratus clouds. According to a New York report report
(of 1816) the dry fog reddened and dillllned the sun to such an extent that
sunspots become visible to the naked eye. During the spring and summer of
1816, a persistent "dry fog" was seen and reported in the north- eastern part
of the United States (Old Almanac, 1966). Since neither surface winds nor
rain dispersed it, the haze must have been located above the troposphere.
Its optical extinction properties, needed for climate model studies, have
been estimated in several ways (s ee Stothers, 1984). In summary, it would
appear that the stratospheric dust veil produced by the Tambora eruption
spread to the latitude of England in about 3 months. The excess of the
visual extinction (in astronomical magnitudes) and its change as function of
the time from the eruption, over the 41° to 71°N, is shown in Figure 2
(Stothers, 1984). It demonstrates the typical first 3 months rapid increase
followed by very slow (5 - 4 years) return to normal.
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(1984).
The rate of decline of the extinction curve can be checked with
modern measurements of the record of acid fallout over the Greenland ice
cap . Before Tambora's dust reached Greenland, most of the fine silicate ash
must have dropped out leaving behind more slowly settling aerosols,
principally sulphuric acid . A strong 4- year long (1815 - 1818) acidity
enhancement in the ice at 71°N as reported by Hammer et al., (1980) consists
of the following annual acidities: 1.8, 4.9, 2.5 and 1.6 microequivalent of
H+ per kilogram of ice. The background acidity at this place is 0.9µeq.
After simple calculations (Stothers, 1984) these data confirm not only the
shape of the extinction curve on Figure 2 but also its magnitude as 1.4 ± 0.2
mag at 41° to 71°N, which should be compared with -0.6 mag for Krakatau and
only -0.02 mag for Mt\ Agung (the latter is small because its aerosol did
not penetrate over far northern latitudes).
In a recent study Kelly et al., (1984) have examined pr essure anomaly
charts covering Europe for 1815- 1816 and early stations pressure records
before and after the Tambora eruption. They found negative pressure
anomalies centered over Europe seven to ten months after the event. Howeve r,
when mean standardized pressure anomalies were calculated for the gridpoints
50 - 60°N, 10°W - 10°E for all months from 1812 to December 1827 (see Figur e
3) they concluded that although the pressure drop in 1816, presumably
associated with the Tambora eruption, is an unusual, but by no means uniqu e
event. Similar (by magnitude) excursions have occurred also in
"non-volcanic" periods.
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The Tambora dust veil is often blamed by modern studies for the cold
summer of 1816, although some deny that there was any connection with the
volcano (Dermendjian, 1973). The year 1816 was called "the year without
summe r " in New England and eastern Canada where the daily minimum temperatures
were abnormally low from late spring through early fall . It was cold with
heavy rains in Europe also. The 1816 summer average temperatures on the east
coast of North America were the lowest on record with 1.5 to 2.5° Celsius
below the seasonal norm (Landsberg and Albert, 1974) . It was a very cold
summer too in Edinburgh (6 1.5°), Budapest (6 1 . 6°), Rome (6 1.4°),
Hohenpeissenberg (6 2.6°) . However, it was milder at the Eastern European
stations. On Figure 4 a compilation of annual mean temperature deviations for
four northern hemisphere isothermals and their average for the hemisphere as a
whole is reproduced from Stother (1984) who used Koppen's (1873) annual
deviations as a basis. The average deviation for the northern hemisphere i n
1816 is - 0 . 7° on the backg r ound of standard deviation of± 0.5° for the period
1800 to 1840 which is not a statistically unique deviation . Although insuffi c i e nt data from that pe r iod could be blamed for part of the weakness of the
apparent temperature drop, it is obvious that the data do not offer substantial
evidence that a gigantic eruption as Tambora was directly responsible for
global lowering of surface temperature.
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The 26/27 August 1~83 explosive eruption of Krakatau is probably the
most famous volcanic event of the past because of the death toll of more than
36,000 people and the widespread devastation which became known within only a
few days due to the existence of the telegraph. It was extensively documented
for the first time by geodetic surveys and geophysical instruments around the
world. Every barograph in the world recorded the air - pressure wave over a
period of five days; 'tide gauges reacted to the sea-wave thousands of miles
away; a tsunami wave up to 40 meters high crashed onto the nearby coasts ·of
Java and Sumatra; blue and green sun were observed for weeks and red sunsets
persisted for up to three years; the volcanic dust, shielding out solar
radiation, is believed to have lowered the global surface temperatures in the
following few years (Simkin and Fiske, 1983).
Krakatau was located on Rakata is land (5 x 9 km) in the Sunda
Straits, between Java and Sumatra in the Dutch East Indies. It was a familiar
landmark, both to the tens of thousands of nearby coastal residents and to t he
crews of thousands of ships from Europe and the Americas that passed through
the Straits each year on their way to and from the Far East. The vol ca no had
last erupted in 1681 and was not regarded as a likely site for catastrophic
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activity. However, in May 1883 it renewed its activity and during the
explosion at the end of August most of the island of Rakata collapsed to form
a caldera, about 7 km in diameter, whose floor lay submerged some hundred
meters beneath the waters of Sunda Straits. During the eruption more than 18
km3 of volcanic debries were injected and reached the stratosphere. The
amount of H2S04 aerosols generated in the stratosphere were estimated
(from optical depth) to be 50 x 106 tons. A similar amount (55 x 106
tons) was calculated from ice- core acidity analysis (Hammer et al, 1980).
These should be compared with 10 x 106 tons from Mt. Agung and El Chichon
each and ~200 x 106 tons from Tambora. In the northern latitudes (41° to
71°N) the excess visual extinction was estimated to be 0.6 astronomical
magnitudes. Hunt (1977) used a three- dimensional global circulation model to
follow the dispersion of the ash cloud from the Krakatau eruption. He
calculated that the cloud spread to cover approximately half the globe in
~30 days and more or less the whole globe in ~150 days.
On Figure 5, adopted from Kelly and Sear (1984), are plotted the
superposed epoch analysis of individual sequences of standardized monthly
northern hemisphere temperatures relative to the zero month, the explosion
dates of Krakatau and Agung respectively. The values of the monthly standard
deviations (°C) of the northern hemisphere average surface air temperature
data for 1881 - 1980 are as follows:
Jan
.64

Feb
.54

March
.42

Apr
.35

May
.31

June
.28

July
.23

Aug
.27

Sept
.27

Oct
.39

Nov
.44

Dec
.50

These are the values of one standard deviation of Figure 5 converted into
degree Celsius. considering that Krakatau is located in the equatorial zone
of the southern hemisphere and therefore, the lag of a few months between the
eruption and the appearance of negative deviations of temperatures over the
northern hemisphere seems reasonable. From April until September 1884 it
seems that the entire northern hemisphere was about 0.5° colder than its
100- year norm. However, caution is necessary in depending on the reliability
of hemispheric temperatures plotted a century ago.
The Mt. Aqunq eruption is the first major one of this century for
which reliable meteorological data including radiosonde stratospheric
temperatures are available. Mt. Agung, located on Bali island, Indonesia
(8°S), erupted in March 1963, killing over 1500 people. The volume of magma
was estimated at 0.4 to 0.6 km3 much of which reached ~18 km height, with
peak rates of output of dense magma of ~104m3 sec-1. The sulphuric
acid generated as a result is estimated to be 10 to 20 million tons had a very
pronounced effect on the transmission of light through the atmosphere not only
over the southern hemisphere but it was also noticeable at the Mauna Loa
Observatory in Hawaii. on Figure 6 (provided by Bernard G. Mendonca, NOAA,
Boulder) is plotted an update of the normal incident solar irradiance apparent
transmission as defined by Mendonca et al., 1978. It is obvious that
significant decline in the annual value of the apparent transmission down to
0.915 is registered during the year following the Mt. Agung eruption. This
eruption is believed to be the first one since Katmai, 1912, that had a
magnitude large enough to have a significant effect on the atmospheric opacity
due to enhancement of the stratospheric aerosol mass. The maximum broadband
optical depth attributed to the Mt. Agung eruption observed at Mauna Loa was
0.02 and at Aspendale, ~0.15 (DeLuisi and Herman, 1977). A few months after
the El Chichon eruption, the optical depth observed at Mauna Loa was 0.18, far
exceeding the only other large value ever measured, in Aspendale after the Mt.
Agung eruption in 1963.
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Because volcanic particles are large enough to scatter all visible
colors fairly efficiently, the sky appears milky white rather than blue after
large er uptions. Dyer and Hicks (1965) presented observations of the direct,
diffuse , and total skylight in Australia after the Mt. Agung eruption.
Although the direct solar beam was reduced by nearly 25%, the diffuse skylight
doubled, and thus the total sunlight reaching the surface was only slightly
diminished (see Figure 7).
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Figure 7. Deviations form the mean of the diffuse DID,
direct III, and total radiation TIT in Australia
during the period around the Mt. Agung eruption
(marked by arrow). Note that an increase in diffuse
radiation compensates for the large decrease in direct
radiation and, therefore. the change in total radiation
is very small. From Dyer and Hicks (1965).
While tropical tropospheric temperatures decreased with -0.4°
(Angell and Korshover, 1977), the stratospheric temperatures increased
dramatically by a few degrees after this eruption. The effect on the
stratospheric temperature at 50 mbar (-20 km) over Port Darwin (12°S) is
shown on Figure 8 (adopted from Mclnturff et al .• 1971). Although the
quasi-biennial oscillation with rather constant amplitude of about l.5°C is a
usual event there, the maximum attained after the Mt. Agung eruption with an
amplitude of more than 5° has not been observed before; it is an extraordinary
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Figure 8. The course of the temperature in the
stratosphere at -20 km over Darwin (12°S)
during the period around the Mt. Agung eruption
(marked by arrow). From Mcinturff et al., (1971).
event. consistent with the observed spread of the volcanic aerosols. As
already mentioned, relative to the southern latitudes, very little dust has
entered the northern hemisphere . Nevertheless, Figure 9 (Labitzke and
Naujokat, 1983), which shows the zonal mean 30 mbar tempe r atu r es (°C) during
July at 10, 20 and 30°N for the period 1962 through 1983 , demonstrates an
exclusive deviation well above the 3a level . It is clearly seen that
deviations from the mean have exceeded the 3a level only after the Mt . Agung
and El Chichon eruptions at these latitudes.
Although the temperature decreases at the surfaces are larger than the
standard deviations of the data, and there is good correlation among the
tropical and extratropical latitude regions , the magnitudes of the temperatu r e
change s are not unusual. It is interesting to note that the largest
temperature decrease at the surface of about 0 . 5°C after the Mt. Agung
eruption which occurred in the no r thern hemisphere (see Fi gure 5) could not
have been c aused directly by the volcanic dust . However, i t should be noted
t ha t the radiation field is coupled to the atmospheric dynamics in a
complicated manner and, therefore, climatic changes in regions which are not
directly exposed to the radiative perturbation are clearly possible. The
tropospheric cooling was greatest (0.7°C) in the extratropics of the southern
hemisphere (Angell and Korshover, 1977). Additional comments on uncertainties
related to the effect of Mt. Agung on the surface temperatures are made in
chapter 6.
On 18 May 1980, there was the eruption of the Mount St. Helens volcano
in the state of Washington in the U.S.A., followed by an estimated 0.35 km3
ejection of ashes and gases into the troposphere and lower stratosphere . Mos t
of the material was injected laterally laying waste to large areas out to a
distance of 20- 30 km . Up to 15 cm of fine ash was deposited some 200 km
downstream. The wind- driven material near jet stream levels (10 -14 cm )
circulated the globe in -16 days. The ash was fine - grained with predominant
diameter of the particles <200 µm and only 1% of the mass resided with
particles less than 2 µm. The material near -16 km moved eastward more
slowly, crossing the USA east coast on 23 May and reaching Europe -5 June.
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Figure 9. Zonal mean 30-mbr temperatures (°C) during
July at 10, 20 and 30°N for the period 1962 through
1983. The straight horizontal lines are the 18-year
averages (T) for the period 1964-1981. From Labitzke
and Naujokat (1983).
The material above 20 km moved westward (penetrating the altitude of wind
reversal) and circulated the globe in 60- 70 days (NASA, 1982). This eruption
was not one of exclusive strength (volcanologists estimate there have been
~30 similar eruptions since 1912), however it occurred at a location
permitting extensive instrumental observations. Energetic efforts to achieve
a wide observational coverage in the USA and in some other countries after
Mount St. Helens, has made possible a broad study program including:
1.

The nature and lmplications of volcanic eruptions (in particular,
the impact on climate, ecosystems and water basins).

2.

Direct measurements of eruption products (gaseous and aerosol
components).

3.

Indirect measurements using remote sounding techniques
(ground- truth lidar, alrcraft and satellite measurements).

4.

Transport and diffusion of eruption products.
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5.

The chemistry of eruption products (mainl y, the processes of
conversion of the gaseous components into ae rosol ones) .

6.

Possible weather and c limate implications (paleoclimatic data,
the effect on the radiation budget, climatic impact).

In November 1980 a workshop was organized by NASA to br in g together
experts in the various disciplines s tudying the Mount St. Helens eruption.
The result s of the chemical and physical measurements of the volc anic cl oud
fr om the NASA (1982) report are summarized app ropri at ely in Chapter s 3-5 .
On March 28, April 3 and April 4, 1982, eruptions of the Mexican
volcano El Chichon (17°N , 93°W) introduced gaseous and particu late matte r up
to -30 km into the stratosphere. some details on the aerosols ar e given in
Chapter 3. It was quickly recognized that this volcanic cloud ranked as one
of the most massive clouds of this century; lidar returns f r om the cloud
exceeded by large factors those obtained from the stratosphere since modern
lidar soundings of the stratosphere were begun almost two decades ago (DeLuisi
et al., 1983). Such values for the optical depth exceed by more than an order
of magnitude those of the Mount St. He l ens cloud during its first six months.
This difference in optical depth occurred because the magma of the El Chichon
volcano was much more gas-rich than the magma of Mount St. Helens and hence
the El Chichon explosion contained a much larger amount of sulphur-bearing
gases, the precursors of the sulphuric acid particles went straight into the
stratosphere. Indeed, these optical depths for the El Chichon cloud are an
order of magnitude larger than those recorded for any wide spread volcanic
cloud in the northern hemisphe re since the 1912 Katmai cloud, and in the
southern hemisphere since the 1963 Mt. Agung cloud. Such optical depths are
large enough to cause nontrivial perturbations to t he Eart h's radiation budget
and possibly to its climate (which will be discussed in Chapter 6) .
The difference in injection heights - 27 to 28 km for El Chichon and
22 to 23 for Mount St. Helens - is mostly accounted for by the 5--km difference
in tropopause height at tropical and mid- latitudes: A rising volcanic plume
is driven by buoyancy forces and, therefore, greatly slows down once it en te rs
the stratosphere with its large static stability. However, a somewhat greater
intens ity may be implied for the El Chichon eruption , since the static
stability was about 40% larger near the base of the tropical stratosphere.
Within about three weeks, the main mass of the cloud circumnavigated
t he globe, transported by the surrunertime easterly winds (winds that blow from
east to west) that were enhanced by the quasi- biennial oscillation. By the
end of May, it has spread throughout much of the northern tropics . By this
time, the volcanic cloud extended from close to the tropospause (16 km) to 30
km altitude, with the peak concentration of cloud material at 27 km altitude
and most of the cloud mass lying above 20 km (DeLuisi et al., 1983). During
the surruner of 1982, the main cloud mass above 20 km remained largely confined
to the northern tropics.
For comparison of eruption characteristics of some of the most
frequently mentioned volcanoes, Table 1 was composed from current literature
s our c es.
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Table 1
Comparison of Eruption Characteristics

- - ---- - -- ------- ---- - -- - --------- --- - - ----------- - ---- - - - ------ -- ---- - ------ - - -(lat 0

Volcano

11

)

Year

'1

Volume of
magma
(km3)

- - - - - ·- ----- --- - - --- - - -- - -·- --- --- --

-

---- - -

~-- -

height of
erupt ion
km

stratospher i c
H2so 4
(ton x 106)

--- -·- ·-- - - ---- --- -- - - ----

0

approx. ~T
in Northern
Hemisphere

-- - - ~---- - - - ---- - - -- -- - -

!

(64 N), 1783

13

low

ITambora

(8 S), 1815

> 50

> 45

150 - 200

IKrakatau

(6 S), 1883

> 10

> 40

50 - 55

-0.4

!Laki

100

-1.0

I

I

--0. 4 to -0. 7

St. Maria

(15 N), 1902

9

> 30

20

-0.04

Katmai

(58 N), 1912

15

>27

20

-0.2

10 - 20

-0.3

Mt. Agung

(8 S), 1963

St. Helens

(46 N), 1980

0.35

22

03

0 to -0.1

El Chicnon

(17 N), 1982

0.35

26

10 - 20

-0.4

3.

0.4 to 0.6

> 18

VOLCANIC AEROSOLS
General Background

Volcanic explosions occasionally inject gases and particles into the
stratosphere. Initially, the volcanic aerosols may be dominated by
micronsized ash particles . However, the photochemical conversion of
sulphur - containing gases (e.g., so 2 ) causes sulfuric acid aerosols to become
the chief particulate species after a few weeks. The small size of the acidic
volcanic aerosols, and hence their very low sedimentation velocities, as well
as the absence of rainfall in the stratosphere allows significant quantities
of these particles to remain in the stratosphere for a year to several years .
Consequently, the volcanic cloud can spread over a large fraction of the globe
before it is depleted and it may alter the Earth's radiation budget over a
long enough time interval to produce measureable perturbations to temperature
and wind fields in both the stratosphere and troposphere.
•
During the past decade it has become clear that the long- lived
s t ratospheric clouds produced by volcanic eruptions are composed largely of
sulphu r ic acid aerosols (Castelman et al., 1974 ; Pollack et al., 1976). The
amount of sulphur - rich volatiles (for example, so 2 , H2s) injected into the
s t ratosphere by an explosive eruption is , therefore, a critical determinant of
its atmosphe r ic impact. The small - volume eruptions of Mt. Agung in 1963 and
El Chichon in 1982 both generated substantial stratospheric aerosol clouds,
despite the fact that they erupted < 0 . 53 of magma. Compa r ison of data from
di r ect me a surements of stratospher i c optical depth , Greenland ice- core
acid i ty, and volcanological studies show that such relatively small, but
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sulphur-rich, eruptions can have atmospheric effects equal to or even greater
than much larger sulphur-poor eruptions. These small eruptions are probably
the most frequent cause of increased stratospheric aerosols.
Major injections of S02 into the stratosphere like those during the
Mt. Agung (1963) and El Chichon (1982) eruptions probably lead to a consider~
able decrease for many months of the hydroxyl content of stratosphere during
the gas phase oxydation of sulfur compounds such as:
S02 + OH + M + 7 HSP3 + M
H2S + OH ' HS + H20

( 1. 1)
( 1. 2)

Shortly after an eruption, conditions in the ash-filled cloud
containing much condensed water are likely to be favorable for the so-called
heterogeneous oxidation of so 2 . In this process, gaseous so 2 is absorbed
by the particles and subsequently oxidized either on the surface of solid
particles or in the body of a liquid droplet. Available kinetic information
indicates that H2s is converted to so 2 much faster than so 2 is oxidized
to sulfate by homogeneous gas phase reactions. The process by which so2 is
chemically converted to sulfate is not precisely known, and various reaction
mechanisms have been proposed. The rate-limiting step of so 2 oxidation is
believed to be reaction with the OH radical to form the HOS02 radical.
Depending on the fate of HOS02, odd hydrogen may or may not be regenerated
in the overall oxidation sequence (McKeen et al., 1984). Other environmental
factors which are thought to influence the rate of heterogeneous oxidation of
so 2 -are concentrations of H2o 2 (or its precursor o 3 ), alkaline substances
in the ash or ammonia in the air which enhance the absorption of so2 by the
particles or droplets and trace metal catalysts that are present in the ash.
The heterogeneous oxidation of so 2 in stratospheric volcanic clouds
can account for early formation of sulfate, particularly in association with
ash particles. The principal effect is to enhance the size of existing
particles which would, in turn, enhance the gravitational settling rates of
the affected particles. Once sufficient dilution of the eruption cloud occurs
by mixing with previously clean stratospheric air, the conditions of lower
concentrations of reactants and low temperature tend strongly to suppress the
rates of heterogeneous chemical processes.
on the basis of present knowledge of chemical reactions and
composition of the stratosphere, it is reasonably certain that so 2 placed in
the stratosphere is photochemically oxidized, ultimately to what is believed
to be sulphuric acid, by the reaction (1.1). The mean lifetime of so 2 for
this reaction is estimated to be of the order of 25 to 100 days depending upon
model estimates of OH concentrations. The supposed product of this reaction,
Hso 3 , has not been identified. If, indeed, Hso 3 does form from the reaction,
its subsequent reactions in the atmosphere and its ultimate end products are
uncertain. Friend et al. (1980) and Davis et al. (1979) have discussed
possible reactions of sulphur-oxygen radicals and their hydrates to form such
species as H2s 2o 6 (dithionic acid) and H2s 2o 8 (peroxodisulphuric acid ) . Turco
et al. (1979) have suggested that HS03 may be converted to S03 by reaction
with OH radicals and the S03 may then be converted to H2S04 by reaction with
H20. Thus, to summarize the above, though the chemical mechanisms are not known
in detail, so2 in the stratosphere is oxidized via reaction with OH radicals to
form intermediate sulphur-oxygen species which in turn form particles commonly
thought t o consist of H2so 4 and H2o .
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The question of the means by which sulfate aerosols are formed from
gaseous species in the stratosphere is of particular significance in any
assessment of the state of knowledge of the impact of volcanic emissions on
global climate. Unfortunately. it is also an open question. The foregoing
discussion illustrates the state of knowledge concerning the chemical identity
of the product of so 2 photo-oxidation. One concept of aerosol formation
considers that H2S04 is the principal product of so2 photo-oxidation and
that the principal fate of the H2S04 vapour is to condense on the surf ace
of "prior existing nuclei". In this manner, sulfate aerosol is formed while
essentially no new particles nucleate (because the homogeneous condensation of
H2so 4 and H2o vapour is far too slow). Simulations of aerosol formation by
these processes have been made by Turco et al. (1979). Another notion of
aerosol formation propounded by Friend et al. (1980) holds that, while the
principal sink of gaseous sulfur oxyacids (H 2 so6 or H2so8 ) is scavenging by
aerosol surfaces. new particles are formed by "activationless" clustering of
H20 and HSOx molecules.
At this juncture. there are no atmospheric data which permit
unambiguous resolution to the question of particle formation. However, it
does appear likely that the major chemical pathway for the conversion of most
of the volcanic so 2 in the stratosphere is the homogeneous oxidation by OH
radicals. The observations of apparent new particle formation by Hofmann and
Rosen (1982, 1984) and Rodgers et al. (1980) are in accord with this concept,
since the heterogeneous mechanism per force, cannot create new particles.
Further review of the processes of the stratospheric aerosol formation could
be found in Kondratyev (1980b) and McKeen et al. (1984).
In the light of the foregoing discussion, the expected effects of
volcanic emissions of the earth's radiation balance are largely caused by ash
particles and sulphur-oxyacid aerosol particles suspended in the stratosphere. Present understanding of atmospheric photochemistry implies that weeks
to months are probably required for nearly complete conversion of the emitted
sulfur gases to aerosol. Thus, ash particles may have been relatively more
responsible for early effects on the radiation balance, but as the ask settled
out, the secondary aerosol formed from H2s and so 2 oxidation probably played
an increasingly important role.
The recent eruption of Mt. Agung and El Chichon provided fresh
evidence that relatively small-volume explosive events can have noticeable
impact on the content of atmospheric aerosols followed by significant effects
on climate.
The measured optical-depth changes after the Mt. Agung eruption
suggest -10-20 x 106 tons of aerosol in the stratosphere (Deirmendjian.
1973; Stothers, 1984). Based on the maximum estimated bulk volume of Agung
ashfall (-1 km3) the total amount of very fine (< 2 ~m) ash that could
have been produced by the eruption is roughly estimated as < 8 x 106 tons.
Direct high-altitude sampling soon after the eruption suggests - 5 x 106
tons of ash in the stratosphere (Toon and Pollack, 1982). such fine ash has
only a brief stratospheric residence time, however, and was largely removed
within a few months, leaving an aerosol cloud composed mainly of H2so4
droplets.
For comparison, the El Chichon (17°N) eruption in 1982 was also small
in volume, producing about 0.3 - 0.35 km3 of trachyandesite magma. The
eruption had three main subplinian explosive phases on 28 March, 3 and 4
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April. The eruption columns penetrated the stratosphe re, where the main
stratum of El Chichon aerosol spr ead out at about 26 km altitude . Estimates
based on lunar eclipse data give an average global peak optical depth of 0.12
in Becember 1982; the aerosol was preferentially concentr ated in the Northern
Hemisphere, where the optical depth was 0.15. Conversion from optical depth
to sulphuric aerosol mass loading yields about 20 x 106 tons of H2S04
aerosol in the global stratosphere 6 months after the eruption. This agrees
with estimates based on airborne lidar measurements ( 12 x 106 tons) and on
balloon-borne particle counters (1 0 -20 x 106 tons) (Rampino and Self, 1984) .
Several studies have suggested that iron-rich basaltic and andesitic
melts have a generally high capacity to carry dissolved sulphur . Melts of
iron-poor dacite to rhyolite composition that corrunonly produce large volume,
explosive plinian and ignimbrite eruptions (for example Krakatau, 1883, Santa
Maria, 1902) are usually poorer in sulphur volatiles. Where could the excess
sulphur r eleased in the 1963 and 1982 eruptions have come from? In the case
of El Chichon, anhydrite (Caso 4 , considered rare in volcanic rocks) occurs
as a corrunon phenocryst phase in the deposits, and decomposition of anhydrite
has been suggested as a source of additional sulphur during the eruption. The
Agung deposits, however show no evidence of anhydrite. Another possible
source of sulphur volatiles is degassing of non-erupted magma (Rampino and
Self, 1984).
In the following parts of this chapter we will confine ourselves t o
the results of some characteristics of stratospheric ions, on data from
aerosol measurements after some eruptions and on a few comparative aspects
with other planets.
Comments on the Stratospheric Ions
In very close relation to the understanding the formation of the
stratospheric aerosols is the better understanding of the behaviour of the
stratospheric ions. Until recently, it was corrunon opinion that the fate of
ions in the stratosphere was determined by spontaneous neutralizations as a
result o f recombination of charged particles of the opposite sign. Arnold
(1980) has shown that such a conclusion can be incorrect with respect to
complex ion clusters, since clustering promotes i on stabilization, rather than
neutralization. In this case stable ion pairs should be observed.
subsequently the first simultaneous measurements of the composi tion of
positive and negative ions in the stratosphere (at an altitude of about 36 km)
revealed the presence of the components more stable than those forecast
theoretically. This demonstrated the need to study the probable ro le of ion
pairs in the formation of aerosols. Arnold (1980) made an assessment of the
possibilities of the formation of stable ion pairs in the light of new data on
the stratospheric composition proceeding from criterion of stability
formulated as:
Eo = EN + Ee
Here the Eo is the effective
negative cluster ion; EN is
of a positive cluster ion by
formation of a chemical bond

energy needed to tear an electron from a
the effective energy released in neutralization
a free electron; Ee is the energy released in
which may result from interaction of ion nuclei.

An analysis of the characteristics of stratospheric ions has shown
that the criterion in question is not fulfilled during the recombination of
proton hydrates tt+(H204). H+(H20), and N03 - (HN03)2, i . e. in this case
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recombination does not lead to stable ion pairs but to a spontaneous
recombination . Stable pairs of ions are formed, however, in the case of
recombination of more complex cluster ions. Due to the great dipole moment of
such pairs, there can be the successive joining of free ions and forming of
multi-ion complexes (MIC), similar in nature to ion crystals or salt
particles. Mutual joining of ions is an alternative mechanism to MIC growth.
The possibility of coagulation of MIC with aerosol particles should also be
considered.
Thus, the formation and growth of MIC is a probable mechanism for
gas-into-particle conversion, which does not require condensation and,
consequently, the necessary presence of oversaturated gaseous components. If,
however, such components (for instance, tt 2so 4 vapour) do exist, then MIC,
having reached a considerable size, can function as condensation nuclei. They
also can substantially affect minor gaseous components of the stratosphere,
causing not only condensation but also reactions on MIC surfaces.
If the role of MIC in formation of the stratospheric aerosol becomes
substantial, it could be important in determining the mechanisms of the impact
of solar activity on the atmosphere, since the solar and galactic cosmic rays
are the main source of ionization in the stratosphere and troposphere. In
this connection there is a need to search for MIC in the stratosphere, by
means of balloon measurements using ion mass-spectrometers operating in a wide
range of masses.
Nitrogen oxides are known to be one of the photochemically active
stratospheric components. If nitrogen oxides can react with sulphur to form
constituents of stratospheric aerosols, this might provide a sink for nitrogen
oxides and, thus, purification of the stratosphere of pollutants. Though
ammonium sulphate (NH 4 ) 2so 4 has been reported in stratospheric aerosols,
it cannot be considered as the basis for a sink for nitrogen oxides, since
ammonium sulphate results, apparently, from the reaction between gaseous
ammonium and H2so 4 droplets.
Farlow et al. (1978) pointed out, however, that recent studies had
revealed a possibility of direct reactions between nitrogen oxides and
sulphuric compounds:
2so2 + 3N03 + H20
2N02 + H2S04

~

NOHS04 + S03

~

2NOHS04 + NO,

( 1. 3)

NOHS04 + HN03,

( 1. 4)

NOHS207.

( 1. 5)

~

In this connection, an attempt has been made to find the two
above-mentioned forms of chamber crystals (NOHso 4 and NOHs 2o7 ). An
X-ray analysis of 17 impactor samples of the stratospheric aerosol obtained in
1976 using an U-2 aircraft flying at 15-20 km altitudes, revealed the presence
of both forms of chamber crystals as well as (NH4)2S04 and (NH4)2Ss08.
The estimates have shown that a maximum NO content which can be absorbed by
the stratospheric aerosol, may range from 1/3 to 2 with respect to the content
of nitrogen monoxide in the environment. Proceeding from the fact that
NOHS0 4 constitutes 18-19% of the precipitated aerosol, one can estimate that
from 1 x 107 to 5 x 107 kg/year of nitrogen monoxide can be removed at the
expense of the formation of chamber crystals. But further efforts are needed
to verify the results obtained.
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The most recent viewpoint on this matter, however, is that
(NH 4 >2 so 4 is probably not present in the stratospheric aerosol (Hayes
et al . , 1980). They found that when the U-2 samples are protected by the
inert gas argon from the time of collection until laboratory analysis, no
solid ammonium sulphate content is found, whereas samples without argon
protection changed to ammonium sulfate solids after one hour of exposure to
laboratory air.
The problem of the origin and dynamics of the sulphate component of
the stratospheric aerosol layer has evoked great interest in studies of the
chemistry of sulphur compounds in the atmosphere. Earlier the carbonyl
sulphide, OCS, had been supposed to be an important source of sulphur for the
stratosphere (apart from the sulphur dioxide ejected during volcanic
eruptions). As a result of OCS photolysis in the stratosphere the atoms of
sulphur were released and then oxidized giving H2so 4 . It had been assumed
also that a reaction between ocs and OH could have been a source of the
background tropospheric SOJ• and a similar reaction with participating cs 2
produced ocs and so 2 . Thus, reactions of ocs and cs 2 with hydroxyl could
determine considerable sinks of these molecules in the troposphere.
In this connection, Cox and Sheppard (1980) undertook measurements of
the rates of reactions of hydroxyl with a number of sulphur compounds,
including carbonyl sulphide and carbonyl . disulphide at an atmospheric pressure
of 105 Pa and a temperature of 297±2K. The results obtained showed that
s ulphur dioxide is the main product of reactions between hydroxyl and the
sulphur compounds under investigation. The presence of hydroxyl in the
troposphere determines the existence of the sink for all the gases reacting
with it. With the OH+ CS2 reaction rate equal to 4.3 x lo-13 cm3 mo1-ls-l,
t he life time of carbonyl disulphide in the troposphere is 0.2 years. The
r eaction of cs 2 with OH also leads to formation of ocs in the troposlhere.
Since the measured rate of the OH + ocs reaction is small ( 4 x 10- 4) and
s till estimated unreliably, there are no grounds for the conclusion that an
intensive sink of carbonyl sulphide exists in the troposphere.
Aerosol Measurements After Some Eruptions
Despite clear-cut evidence for the impact of volcanic eruptions on
global scale meteorological processes, studies of eruption products based on
direct measurements are still scarce. In this connection Stith et al. (1978)
undertook airborne particles and gas measurements in the emissions from five
volcanoes in Alaska and one volcano in the State of Washington, (US). The
detailed aerosol measurements required determination of the chemical
composition (filter samples' analysis) and size distributions in a wide range
of sizes from Aitken condensation nuclei (0.002 um)and cloud condensation
nuclei to 66 µm (photoelectric counters for particles of different types).
Application of the flame photometry and chemoluminescence technique
enabled the estimation of the mixing ratios of sulphur dioxide, ozone and
nitrogen oxides. Simultaneously, measurements were made of meteorological
parameters (temperature, dew point, wind turbulence, UV radiation) . Most of
the data were processed by the airborne compu ter.
The flights were carried out according to two schemes:
1.

In the presence of the continuous emission tail, the aircraft
crossed the tail from above , downwards at different d is tances
from the volcano alon g t he wind d ir ection.
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2.

In the case of individual ejection clouds the aircraft entered
the zone of ejection several times as the ejection cloud moved.

The data available on the vertical sounding and wind measurements
enabled the estimation of the total fluxes of different components. The
results obtained refer to the periods of before, after and during the main
stage of eruption. In this connection, classification of volcanic emission
into four categories was used:
(i)

paroxysmal, lasting several minutes;

(ii)

intra-eruptive, during the intervals between paroxysms of
eruptions;

(iii) post-eruptive, lasting from a day to a year (water vapour being
the basic component of such emissions);
(iv)

extra-eruptive, not connected -with eruptions (including fumarole
emissions of non-active volcanoes) and lasting about 5-10 years
and longer (water vapour is their basic component).

Concentrations of the sulphur dioxide, Aitken condensation nuclei, and
the scattering coefficient are the most sensitive indicators of the volcanic
eruption tails. The material ejected during the main stage of an eruption is
characterized by a relatively low content of particles (r<O.lµm) and
sulphur dioxide as compared to emissions during intermediate periods.
So, for instance, the greatest ejections of the sulphur dioxide during
the January-February 1976 St. Augustine (Alaska) eruption fall on the periods
during (but not at the moment of paroxysmal intensity) and after eruption
(about lollg). During the main (most intensive) stage of eruption the
ejection of particles with a size ranging from 0.01 to 66 µm constituted
about 6 x lol2g, including 2 x lollg of particles ranging from 0.01 to
5 µm. In addition, after eruption about 5 x lolOg of particles in the
0.01-5 µm range was also ejected.
Estimation of the emission rates for six volcanoes gave the values
varying within:
4
1
6
6
2

x
x
x
x
x

lo-1
105
105
1019
1018

-

2
1
2
3
1

x
x
x
x
x

lo-4 kg/s
101 kg/s
105 kg/s
10l4s-l
lol6s-l

(hydrogen sulphide),
(water vapour),
(particles ' mass),
(Aitken condensation nuclei), and
(cloud condensation nuclei).

The accuracy of estimating the fluxes of the above-mentioned components is
about 20%.
An analysis of the aerosol samplings' composition revealed in
different emissions of the St. Augustine volcano (mainly, volcanic ashes),
silicon, aluminium, magnesium, calcium. and iron, (sometimes with traces of
potassium, titanum and sulphur). Some small particles (0.3-1 µm) contained
much iron. Though the eruption of the St. Augustine volcano has not been
strong as compared to many others, the estimate of the total ejection of
particles (6xlol2g/year) is comparable with a lower limit for the range of
global - scale volcanic ejections (4 - 120xlol2g/year). It is important,
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however, that only 0 .25x1012g are long--living particles with a size less
than 5 µm, and the main portion of the ejected mass are large particles
which undergo rapidly sedimentation.
If volcanic ash particles are dominant during the main stage of the

eruption, then later on after few months sulphate particles, the by-product of
gas-to-particle conversions, play the basic role. Estimation of the total
sulphur dioxide quantity ejected during the St. Augustine-1976 volcano
eruption (over about a year) has given a value which is only an order of
magnitude less than that supposed for the global volcanic production of the
sulphur dioxide (0.75 - 3.75x1012g).
An analysis of the data obtained has led to the conclusion that
sulphur dioxide ejected in the periods between eruptions is a substantial
H2S source (about lol2g/year). Since the main part of the ejected sulphur
dioxide and small particles has fallen during the phases of weakly developed
eruptions of the St. Augustine volcano, these emissions (but not volcanic
paroxysms, which usually attract the greatest attention) are of major interest
for the effect of eruptions on tropospheric processes.
In February 1978, Cadle et al. (1979) conducted with an instrumented
aircraft studies of eruptive clouds over the volcanoes Pacaya, Fuego and
Santiaguito in Guatemala. In 11 flights of the "Beachcraft Queen Air " flying
laboratory, the scientists of NCAR, NASA and a number of USA universities took
part. During the observational period the Pakaya volcano was characterized by
intense ejections of vapours, and Fuego erupted moderately, with subsequent
ejections of ashes and gases. Several times during every day the santiaguito
erupted moderately. Though the composition of small eruptive clouds may
differ from that of clouds during rare explosive eruptions, direct
measurements of the composition of small clouds should be considered a more
reliable source of information than the surface data on explosive eruptions.
The air-borne equipment included:
A filter sampler to determine relative contents of S02, HCl,
HBr, HF, and S04, both in particles and gases.
A 10-channel piezo-electric cascade impactor to measure the
aerosol size distribution in the 0.05-25 µm diameter interval
(a dispersive X-ray spectrometer was used to identify particles).
Stainless steel containers to sample the air for the subsequent
analysis for the content of H2S, cso, C02, CO, and S02,
using a gas chromatograph.
A correlation spectrometer to measure the so2 fluxes in the
volcano's tail.
An automatic 35-mm camera to photograph the volcanic cloud .
Containers for air samples to be analyzed for the content of H,
o, and c isotopes.
An inertial navigation system to estimate the wind speed .
An air sampler to ana lyze the minor components.
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Cadle et al. (1979) considered the observational results from the
point of view of estimating the impact of strong volcanic eruptions on the
stratosphere. A preliminary analysis of the observational data has shown that
during strong eruptions, sulphur gets into the stratosphere mainly as sulphur
dioxide, which, reacting with OH, can cause a decrease in the content of
hydroxyl in the atmosphere and the formation of H2so 4 droplets ..
Explosive eruptions eject into the atmosphere large amounts of HCl and
so 2 , but the [so 2 ]/[HC1] ratio of volume mixing ratios is always greater
than 1. Apparently, HCl is washed out from the atmosphere by rains following
many large- scale eruptions. The amount of fine - dispersed ash preserved in the
stratosphere for long periods of time, increases as the fraction of crystals
in the magma increases. Probably, volcanoes contribute insignificantly to the
carbonyl sulphide content in the stratosphere, but this problem requires
further investigations.
The data of correlation spectrometry point to the fact that each
volcano ejects daily 300- 1500 tons of sulphur dioxide. Comparison with the
calculated results obtained using a 2-D model of the global diffusion of the
volcanic cloud which does not consider chemical reactions, shows the need to
consider the conversion of sulphur dioxide into H2so 4 droplets which can
take place during an entire year, as well as the content of crystals in magma.
Ferry et al. (1978) performed aerosol samplings by impactors of two
types from the U-2 aircraft flying in the lower stratosphere in the 7-79°N
latitudinal zone. Films of nitro-cellulose or poly-vinyl alcohol served as
substrates (in the second case a soluble component of aerosol was absorbed by
the film and was not noticed in the electron- microscope analysis). The
analysis of the data on aerosol size distribution has revealed neither
altitude dependence nor latitudinal change of the size distribution (at a
fixed level). Possible regularities of such a kind are suppressed by a strong
day- to-day variability of the size distribution at a given latitude and
altitude.
Nevertheless, the comparison of the data on the total concentration of
particles at different latitudes and altitudes enables one to establish that
despite a strong day- to- day variability, a maximum of concentration is
observed at an altitude of 18 km . In polar latitudes an aerosol layer is
observed at lower altitudes . So, for instance, an abnormally high
concentration of particles is observed in the samples taken at 12 km, 75°N,
and 15 km, 79°N. On the other hand, the samples taken at 18 km, 65°N, do not
reveal any aerosol. This result has been obtained for the first time by Ferry
et al. (1978).
A maximwn of particle concentration is observed in the tropical
latitudes with an absolute maximum at 18 km, 7- 8°N. The concentration of
particles at an altitude of 21 km was maximum at 8°N . These results agree
with well - known features of the atmospheric general circulation, which consist
in air rising to the stratosphere near the equator and the subsequent
meridional t r ansport to the t r oposphere of the polar regions. This is clearly
shown by the satellite sensor SAGE which has determined that the peak mixing
ratio lies, in general du r ing non- volcanic periods, approximately 10- 12 km
above the local tropopause height, with the peak global mixing ratio over the
tropics (McCormick , 1983).
An elec tron- microscope anal ysis of samples on the nit r o- ce l lulose f ilm
has s hown that partic l es co ns i st o f a vo lat i le mixture of a crystal-like
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substance in the liquid "matrix". A temporal change in the relative amount of
l iqu id causes variations in particle fluidity. Though all the particles
contain a considerable portion of a crystal - like substance, they are liquid at
altitudes 12-30 km, and their physical properties are similar in all the
latitudinal range 7-79°N.
Even at low stratospheric temperatures there has not been observed any
frozen particles. Less than half of all the particles contain unsoluble
nuclei, which confirms the previously obtained results. Apparently, these
nuclei are not active centers of nucleation for stimulating the formation of
stratospheric aerosol particles. More probably, nucleation is caused by
soluble crystals of sulphates, or particles are formed from the gas phase.
The results show that volcanic silicate ashes are not a typical
component of stratospheric aerosol, except for short time-periods after strong
eruptions. A specific feature of the measurements is the more frequent
observations of unsoluble nuclei in particles, than had been found
previously. But the appearance of nuclei is about the same and single or
multiple nuclei are observed. Therefore, on the whole, the results obtained
are similar to the previous ones. The samples taken at high and low latitudes
do not reveal any noticeable differences in the liquid content; a decrease of
the number of unsoluble nuclei with height is more clearly observed at high
latitudes. However, these conclusions require further verification.
Lazrus et al. (1979) and Stolarski and Butler (1979) have brought
to the importance of the study of the products of volcanic activity
in estimates of anthropogenic impacts on the ozone layer. Volcanic gases
contain considerable amounts of hydrogen chloride and hydrogen fluoride, which
play an important role in ozone destruction in the stratosphere. For more
details on this issue see the end of Chapter 6.
att~ntion

Though hydrogen chloride is considered the basic chemical sink for
chlorine atoms (in the photo-dissociation process of halocarbons of natural
and anthropogenic origin), it can also be a potential source of chlorine
a toms. The latter is connected with radicals in the stratosphere. This leads
to a release of chlorine atoms causing catalytic destruction of ozone.
Hydrogen fluoride, chemically stable in the stratosphere, can be used
as an indicator of the extent of photo-dissociation of chlorfluorocarbons in
the stratosphere. Thus, a powerful volcanic eruption can cause a decrease of
the ozone content and/or effect the most specific tracer of destruction of
chlorofluoromethanes in the stratosphere. The eruptions of El Chichon in 1982
might potentially fit this category, not only because it placed huge amounts
of material to altitudes of at least 30 km, but in addition, it is thought
that the magma chamber was beneath a salt dome providing a ready supply of
chlorine. Unpublished data by Mankin and Coffey from NCAR indicate that about
40xlo3 tons of chlorine were injected into the stratosphere during the El
Chichon eruption.
The October, 1974 eruption of the Fuego volcano was the first powerful
ejection of volcanic produc~s into the stratosphe re subsequent to major
emphasis being given to the impact of halocarbons on the ozone layer. At that
time, direct measurements of HCl and HF in the stratosphe r e were still not
possible. However, Cadle et al. (1976) combining model and lidar data
estimated that it deposited no more than one fifth of the amount of materia l
into t he stratosphere as did Mt. Agung, wh ich led Stolarski and Butler (197 9 )
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to suggest that if chlorine content was ~1% of the ash content, the peak
Clx concentration of about 0.03 ppbv should have been observed with some
small but calculable depletion effect on the atmospheric ozone.
Lazrus et al. (1979) performed an analysis of the aircraft and balloon
measurement data, which showed that the Fuego eruption had caused a 10-fold
increase in the S04 content in the stratosphere, i.e. by l.6xl06tons.
Estimated residence time was 11.7 months. During the first 6 months after the
eruption, the distribution of sulphates in the stratosphere resembled that of
radioactive products in 6 months to a year after nuclear tests.
After the Fuego 1974 eruption, the sulphate concentration in the
stratosphere continued increasing for several months, reaching a maximum in
February, 1975. This 4- month drift points to the fact that sulphur is mainly
ejected as sulphur dioxide with subsequent oxidation resulting in formation of
sulphate aerosol particles. This is also confirmed by the absence of such
typical components of volcanic ashes as silicon and others.
The sulphates observed in spring 1975 were, as a rule, H2so 4
droplets. The Fuego eruption has not caused measurable changes in aerosol
(solid) chlorides not in the concentration of nitric acid vapours.
Post - eruption observations did not reveal any ejections of hydrogen chloride
into the stratosphere.
In February 1978 the first simultaneous tropospheric airborne
measurements of the contents of halogens and sulphur in aerosols and gases
were carried out in the tails of the volcanoes in Guatemala (Pacaya, Fuego,
Santiaguito). The observations showed that sulphur was present mainly in the
form of the sulphur dioxide. The following relative concentrations (%)
characterize the elemental composition of the volcanic aerosol particles:
sulphur 2.5±2.1; chlorine 18±12; fluorine 44±30. No indications were
noticed of the systematic removal of HCl from the volcanic tail as compared to
so 2 . The mean concentration ratio [HC1]/[so 2 J was 0.41±0.26.
Though the content of the water vapour in the tail is rather moderate
(4000 - 9000 ppm, which corresponds to the relative humidity 65±26%), it is
extremely high as compared to the humidity of the stratosphere. The water
vapour condensation in tails can be (before their dissipation in the
stratosphere) an effective mechanism for decreasing HCl content as compared to
S02, since HCl solubility is approximately 300 times higher than that of
sulphur dioxide. If in the tail of the St. Augustine volcano in Alaska, the
concentration ratio [HCl]/[HF] was 51±25, then, in the case of the Guatemala
volcanoes, this ratio was only 14±12 (the latter value is close to those
observed in the stratosphere). Variations in the [HCl]/[HF] ratio, depending
on the distances ftom volcanoes, were not observed. However, as has been
mentioned above, a strong chemical fractioning of halogens may occur under the
influence of water vapour condensation.
The volume of magma in the 18 May 1980 eruption of Mount St . Helens
(the most violent of its eruptions that produced the largest atmospheric
perturbation) was equivalent to about 0.3 to 0.6 km3 of dense dacite; 0.2 to
0. ,5 km3 was related to the plinian phase of the eruption which is the part
with the most atmospheric relevance. They also determined that the ash was
fine - grained with the vast majority of the mass made up of particles less than
200 µm in diameter, and only 1% of the mass resided with particles less than
2 µm . It was concluded that more than 2 x iollg of sulfur was erupted on
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18 May, but it was not known how this was partitioned between the atmosphere
and removal by ash fall, or how much additional sulfur was contributed by
intrusive (nonerupted) magma. A very important discovery (at least from a
multi-discipline viewpoint) was that explosivity alone is a poor criterion for
estimating the atmospheric impact of an eruption globally. Mount st. Helens
was relatively poor in sulfur, and thus its global impact on the upper
atmosphere by producing a relatively lesser amount of sulphuric acid aerosols
was minimized. A tentative conclusion was reached that this eruption might
have had an unusually important phreatomagmatic component for a plinian
eruption. This would have important chemical and physical effects on the
atmosphere and needs further study.
In situ measurements showed that sulphuric acid was found in
stratospheric portions of the volcanic plumes very early, possibly the acid
could have been part of the initial ejections. The primary gas present in the
stratospheric clouds after the eruption was S02. ocs and CS2 were apparently
1000 times less concentrated. Water concentrations the day after the eruption
exceeded by ten or more times the background level. The addition of water
vapour to the stratosphere has the potential to increase OH, but so 2 will
decrease OH. The mixing ratio of HCl in the 18 May plume was estimated to be
about 10 pppv to 50 ppbv which gives a ratio of (HC1/so 2 ) ,...., 0.1 to 0.5
which is similar to the previously mentioned results of Lazrus et al. (1979)
for Fuego and the Guatemalan volcanoes. By August 1980 the amount of residual
acid particles in the stratosphere was about three times the pre-eruption
amounts. This is expected and due to early scavenging and sedimentation
processes, and sulfur gas to sulfate particle production.
A preliminary conclusion was that the Mount St. Helens volcanic
emissions have had no major consequences on the chemical composition of the
atmosphere. In the next section, the evolution of the gas-to-particle
conversion in the stratosphere from this volcano will be mentioned.
As it will be shown in some of the Figures in the following Chapter 4
in the first 4 months after the El Chichon eruption the aerosol layer above
20 km has spread only over the 0-30° N latitudinal band. There were two main
layers one between tropopause and ,....,21 km and the upper one ,....,5 km thick with
center at ,....,25 km. The concentration of the small particles (r50.15µm) has
been ,....,10 cm-3 during the entire May-October 1982 period; during same time
the concentration of greater particles (r5lµ) decreased from about 1 cm-3
to 0.1 cm-3. Hofmann and Rosen (1983, 1984) published data from extensive
series of balloon borne particle ( 0.01 to 1.8 µm) counters observations
taken at Laramie ( 41°N) and in southern Texas (27 - 29°N) from which they
deduced the temporal variation of stratospheric aerosol size and mass during
the first 18 months after the El Chichon eruption. Their findings are
summarized below.
They were able to show that large excesses of H2S04 vapour, which
formed in the stratosphere shortly after the eruption of El Chichon, caused
the nucleation of new droplets and substantial growth of the pre-eruption
aerosol distribution resulting in a bi-modal size distribution. They used
computer-generated splines under tension (Cline~ 1974) for precise calculation
of parameters such as total mass. The spline fit to the measured integral
concentration above radii of 0.01, 0.15, 0.25, 0.95, 1.2 and 1.8 µm were
used.
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The composition of the aerosol was determined to be approximately an
80% H2so 4 , 20% H2o solution at 25 km, and about 60% H2so 4 , 40% H2o
at 18 km over Texas during October 1982. An average acid composition of 75%
has been assumed for mass calculations. Using the spline size distribution
fit, the total mass was calculated as a function of altitude. Integration of
the mass concentration above various altitudes gives the total mass burden
above those altitudes. These data are plotted versus time in Figure 10 for
all soundings since the eruption of El Chichon. It appears that the JanuaryApril 1983 period was a maximum period for the total stratospheric mass burden
at 41°N, which reached approximately 0.035 g m-2 above 15 km.
Also indicated in Figure 10 is a total mass scale, which may be used
to estimate the global mass burden assuming longitudinal homogeneity and
applicable latitudinal extents. Satellite measurements (Barth et al., 1983)
indicate that approximate longitudinal homogeneity of the 27-km aerosol layer
was established after the first week in June 1982 and that it was concentrated
between the equator and 30°N. Airborne lidar (McCormick and Swissler, 1983)
indicated that by October-November 1982 the upper (25 km) aerosol layer, which
contained most of the mass, was concentrated between latitudes from 5° - 7° s
to 35° - 37°N. By the end of 1982, data at Laramie indicated that a broad
uniform aerosol layer extended from the tropopause to an altitude of about
30 km (Pollack et al., 1983). This suggests that at least 10 Tg (1 Tg = 106
metric tons) of material was present in the stratosphere in early 1983.
Decay of the total aerosol mass is evident following April 1983.
owing to the generally larger size of post-El Chichon droplets, as compared to
previous eruptions, one may expect the aerosol decay to be somewhat faster
than for other eruptions such as that of Fuego in 1974, which had an e folding
decay time of about 10-11 months for the r~0.15µm mixing ratio (Hofmann and
Rosen, 1981) and the total sulfate mixing ratio (Sedlacek et al., 1983). For
the Rl Chichon eruption, the observed e-1 decay time from April through
September 1983 was 8.5 months for the r>0.15µm mixing ratio and 7.6 months
for both the r>0.25µm mixing ratio and the total mass burden above 15 km.
The rapid decay may be partially due to the ascending tropopause during the
mid-latitude spring.
A possible explanation of why particles grew larger at 25 km than at
18 km is that the net lifetime of H2so 4 vapour may have been shorter at
lower altitudes. Since the concentrations of small, freshly nucleated
droplets were observed to be similar in both layers over Texas 45 days after
the eruption the concentration of H2so 4 vapour must have been similar at
this time, otherwise the nucleation rate and consequent concentrations of new
droplets would have been decidedly different in the two layers. It is more
plausible that prompt transport northward at 18 km, as compared to delayed
transport at 25 km (as observed in the global aerosol distribution) caused
the 18- km H2so 4 vapour concentration to be more rapidly dispersed.
However, a tendency for growth to larger sizes at higher altitude was already
noted following the eruption of Mount St. Helens in 1980 (Hofmann and Rosen,
1982) and may be a natural stratospheric phenomenon.
In conclusion, it appears that growth of aroplets through H2so 4
vapour condensation with a decaying vapour concentration describes the average
droplet radius versus time characteristics observed following the eruption of
El Chichon at least in a qualitative sense. An H2so 4 concentration of
about 107 cm-3, 40 days after the eruption, is estimated. The net
lifetime of the vapour appears to have been about 25 and 50 days at 18 and
25 km, respectively . These lifetimes are thought to reflect the net lifetime
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Fig. 10. Stratospheric aerosol column mass loading above several altitudes
(in g m-2 see left scale) calculated from a computer spline fit to the
measured data at Laramie 41° ~- and in southern Texas 27 - 29°~~~
Error bars are for flights which did not incorporate a large particle counter
and flights just before and after this period were used for this data. The
total mass scale on the right assumes longitudinal homogeneity and latitudinal
extents as indicated (0-30N, 10S- 40N, 20S-50N and 90S-90N). From Hofman and
Rosen (1984).
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of chemical production and dispersion. Since the upper layer was relatively
confined in latitudinal extent during the first 200 or so days, when all the
aerosol growth in this layer is probably most closely associated with the
chemical conversion rate of so 2 . While chemical modeling indicates and
S02 lifetime of about 38 days at 25 km for an OH conserving reaction and
much longer for chains of reactions that consume OH (McKeen et al., 1984), it
is predicted to be similar at 18 and 25 km, suggesting that the apparent
shorter H2so 4 lifetime observed at the lower altitude may be affected by
other phenomena such as dispersion. In accordance with observations at Mauna
Loa, two days after the 4 April 1982 eruption of El Chichon the so2 has
reached 60 matm cm. The quicker growth of the aerosols on 25 km compare with
18 km, according to Kondratyev (1983), could be explained with more rapid
oxidation of so2 due to the higher ambient temperature at 25 km and/or due
to the higher concentration of H2S04 there. The appearance of two aerosol
layers during the first months after the El Chichon could be explained if
assuming that the lower one has been generated during the first two,
relatively weak injections (28 March and 3 April) and the higher one (~25 km)
during the strongest injection on 4 April 1982.
C9mparative Data With Other Planets
Also of great interest are the comparative planetary aspects of this
problem. A considerable amount of sulphur-containing micron-sized particles
(mainly as so 4 sulphate) has been observed in the atmospheres of the Earth
and Venus. On the Earth this aerosol is concentrated in a layer at 18-20 km
latitude (in the lower stratosphere), with a typical number density of
1-2 cm-3 for particles with diameters, D>0.3µm. The stratospheric
sulphate layer consists of droplets of concentrated H2so 4 water solution
and solid granules of sulphate salts (for instance, ammonium sulphate). In
this case volcanic eruptions, industrial wastes and biological processes serve
as sources of sulphur.
The global cloud cover on Venus located at 45-75 km altitude, contains
particles with D>0.5µm and a number density of about 100-300 cm-3, which
are mainly droplets of concentrated H2so 4 water solution. Beneath the
main cloud cover, a haze layer (30-45 km) is located, with a particle number
density of about 1-2 cm-3.
As Settle (1979) has noted, the atmosphere of Mars lacks both the
persistent cloudiness and a global aerosol layer of long life-time. There is
convincing photogeological evidence, however for volcanic activity on the
Martian surface. Both the analysis of the cosmo-chemical models and the data
on volcanic processes on the Earth indicated the possibility of ejecting
sulphur-containing into gases the Martian atmosphere by volcanic activity
occurring on the surface during earlier geological periods (the ejected
products should have been primarily sulphur dioxide and hydrogene sulphide).
Due to a suitable wind convergence in the lower atmospheric layers
observed in the Tharsis region, the sulphur-containing gases could have got
into the upper layers of the Martian atmosphere (up to 230-300 km). An
intensive circulatlon in the upper atmosphere would have provided for the
global distribution of gases during a period of about 25 Earth days.
surprisingly similar photochemical processes of the sulphur dioxide
conversion into the sulphate aerosol are observed in the lower stratosphere of
the Earth and lower layers of the Marian atmosphere (0- 30 km). During the
sulphur dioxide ejections to the present - day Martian atmosphere the chemical
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and mi crophys i cal process es s hou l d be the same as in the lowe r s tratosphe re of
the Ea rth. The lower layer s of t he Ma r t ian atmos phere in t he equator ial and
mid- la t itude s ar e somewh a t cooler and e xhibi t a compa r able or highe r humidit y
and h i gher concent ra tion of conde nsation nucle i , as compa red t o the Ea r th's
lower str a t os phe re . The latte r two facto r s p r omote faste r pr oc es s e s of
so3 (gas) conversion into S04 (pa r ticles). However, a lower tempe ra ture
slows down this process.
Mutual compensation of the two effects under consideration determines
the comparability of the time scales of formation of sulphate aerosol in the
lower Martian atmosphere and lower stratosphere of the Earth. Therefore, by
an analogy with the Earth, the principal factor limiting the formation of
aerosols on Mars is, apparently, the oxidation of the sulphur dioxide
resulting from chemical reactions in which o, OH, and Ho 2 take part.
In conditions of the present - day Martian atmosphere the formation of
aerosol should take several thousand days . However, during persistent
volcanic activities on the surface, the concentration of the odd hydrogen (OH,
H0 2 ) should increase considerably, and as a r esult , the time of aerosol
formation shor tens to several hundred days . The sub- micron aerosol particles
formed in such a way, can remain in the atmosphere for a long t l me, moving
dozens of times around the planet before they are removed from the atmosphere
by gravitational sedimentation - the main mechanism for removing t he particles.
sedimentation of aerosols onto the surface over a wide range of
equatorial and mid- latitudes becomes poss i ble due to t heir global
dis tribution. The Martian volcanic sulphate aerosol should consist of the
H2S04 solution droplets, a s well as the aggregates of the droplets with
inclusions of solid particles. The chemical activity of such ae r osols
sediment ed on the planetary sur f ace should have stimulated the processes of
l eaching the material of the planetary surface . The sulphate aerosol
s edimentation can be considered as a possible mechanism for the transpo r t of
sulphur to the regions of the Viking landing sites, where sulphur compounds
had been found in soil.
Numerical modelling of the general circulation of the Ma r tian
atmosphere has shown that the Chryse Planitia and Utopia Planit ia regions a r e
characterized by the pr esence of averaged downwelling vertical motions du r i ng
most part of the year, from which it follows that in these regions a
prevailing sedimentation of the sulphate aerosol has taken place. Observation
of a comparatively high (by the Earth's standards) concentration of sulphates
in the surface layer on Viking landing sites can be explained by the global or
hemispherical dispersion of aerosols.
4.

REMOTE SOUNDING OF STRATOSPHERIC AEROSOL PROPER'l'lES

Extensive data on stratospheric aerosols has been obtained by r emote
soundings through measurements of atmospheric spectral transparency (see:
Budyko, 1980 ; Deirmendjian, 1973 ; Neuman and Graber , 1976; Puschel et al.,
1974; straw , 1979; Volz, 1975b , 1976a , 1976b; Whitten et al ., 1980 ; Wilson
et al., 1978), lidar sounding (McCor mick et al . , 1978; Russel et al . , 1976a ,
1976b, and 1979), and satellite sounding (Gr igor ev and Lipatov , 1974 ;
Gr igoryeva and Drozdov , 1975 ; Guschenko, 1974 ; Dmitrieva-Arrago and Go rbunova,
1980 ; Efimova , 197 9 ; Kabanov, 1980 ; Kiseleva, 1980; Kond r atyev, 1976a, 1976b,
1977a , 1977b, 1980 a; Kond rat yev et al., 197 3 , 1980d; Fornin, 1979 ; Cochran and
Pyle , 1978 ; Jayawe ar a et a l., 1976 ; Po lloc k et a l. , 1976; St ayl e r , 1977) .
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Rather than dwell on the detailed results of ground measurements of
the atmospheric transparency, some of which are described by Kondratyev (1969)
and Budyko (1980), here only the longest series of current observation is
considered.
Mendonca et al. (1978) analyzed the results of estimated cloudless- sky
atmospheric transparency from the data of pyrheliometric observations in Mauna
Loa observatory (20°N, 156°W, 3400 m above sea level) for 20 years
(1958 - 1978). comparison of the running means for 6 and 12 months with a
sequence of most significant volcanic eruptions indicated that it is very
likely the eruptions were the main factor in spectral transparency changes.
During the whole 20 years period the annual course has its maximum in winter
(December - January) and a minimum in May. An extension (1957-1983) of the same
record of annual means is plotted on Figure 6 (courtesy of B. Mendonca, NOAA,
Boulder). Above Mauna Loa during this period occurred four noticeable
transmission decreases: one during 1963-64 (Mt. Agung), second in 1966- 67
(Awu), the third in 1975-76 (De Fuego) and the outstanding one in 1982-83
( El Chichon). During the first five years of the record (i.e. before the
period of recent volcanic activity starts) a biennial oscillation had been
observed (Mendonca et al., 1978).
Aerosol optical depth (thickness) T is defined by the product of the
aerosol mass extinction coefficient and the aerosol mass density, integrated
. vertically to the top of the atmosphere. Optical depth is therefore a
relative measure of the total vertical aerosol mass if the extinction
coefficient is constant. When the spectral variation of the optical depth is
known, the size distribution of the aerosol particles can be reasonably
determined by inversion, and then actual total mass can be calculated (DeLuisi
et al., 1983).
Aerosol optical depth is determined from the portion of the measured
direct solar beam extinction that cannot be attributed to known gaseous
atmospheric constituents. Several solar wavelengths can be chosen in a way
that the only known significant attenuators are air molecules, ozone, and
aerosols. Thus permitting the aerosol depth value to be simply calculated
from the familiar Beer's Law.
ln Table 2 partially adopted from Mendonca et al. ( 1978) are listed
changes in atmospheric transparency, AT, and optical depth, AT, from
before the Mt. Agung (1958 - 1962) level, till after specific eruptions or the
recovery period. After the Mt. Agung erupt ion the atmospheric transparency
dropped with 2% which at . the time was considered as drastic decline, recently
spectacularly surpassed by the effect of El Chichon. Only in 1976- 77 was the
transparency level restored to pre-Agung value.
The observational results under discussion do not reveal any regular
secular trend of the atmospheric transparency.
'l'he problem of the secular trend of the atmospheric transparency under
the influence of volcanic eruptions and/or anthropogenic aerosols is still
being discussed.- ln -this connect ion--;-1-Ioyt (1979) analyzed the trend of the-atmospheric transparency using data from pyrheliometric observations of the
Smithsonian Astro-Physical Observatory for the 1923 - 1957 period. These showed
a surprisingly constant transparency, which can be explained mainly by
volcanic eruptions maintaining the atmospheric turbidity.
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TABLE 2
Changes (%) of the Atmospheric Transparency Deduced from
Measurements at Mauna Loa Observatory

From

-

Till

-

--

Before Agung 1958- 1962

Agung- Avu 1963 - 1968

-2.0

-0 .032

Before Agung 1958-1962

Recovery period 1970-1973

- 0.2

-0.004

Before Agung 1958-1962

Fuego 1974-1976

- 0.8

-0.012

Before Agung 1958-1962

El Chichon 1982 (estim. )

-7.0

-0.120

Early observations in the southern hemisphere on the Montezuma
mountain (22°40 ' S, 68°56'W, 2711 m above sea- level) showed increases in the
opacity of the atmosphere after the eruptions of the volcanoes Puyehue
(December, 1921), Reventador (1926), Paluweh (August, 1928), and Quizapu
(April, 1932). In the Northern Hemisphere there were strong effects from the
eruptions of Paluweh (August, 1928), Quizapu (April, 1932), and, probably,
Lamington (January, 1951) and Spurr (July, 1953). Similar volcanic effects
can be seen in pyrheliometric observational data for Table Mountain (34°22'N,
117°4l'W, 2286 rn) which confirms the global spread of volcanic aerosols.
Reports describing a drop in the Northern hemisphere surface air-temperature
approximately one year after the eruptions also suggest relation with changing
opacity. However, after 1950 episodical decreases in the Montezuma
transparency apparently have been caused by local anthropogenic aerosol
sources and its record is not very useful thereafter. A similar situation
exists at the Table Mountain station, though in this case the effects of
Lamington and Spurr eruptions still might be separable .
The annual course of transparency is determined (to a significant
extent) by changing the water content of the atmosphere. The exception is the
data for Mauna Loa, where the annual course of the water content is small, and
therefore a change in the aerosol content is the determining factor. The
results suggest that the cooling observed in the Northern hemisphere after
about 1940 could not have been ascribed to the volcanic activity effect,
particularly since this activity had weakened somewhat after 1930 as compared
to the 1881-1930 period.
The Mt. Agung eruption in 1963, gave rise to a very sharp decrease in
the direct solar radiation and an increase in the scattered radiation
(see Fig. 7). From actinometric measurements made in Aspendale (Australia)
maximum additional attenuation (as compared to the background one) reached 24%
during the first passage of - the volcanic- dus t - cloua ana was - fo llowed- by a !00%
increase in the scattered radiation . In two years these values decreased down
to 10 and 30% respectively.
A strong perturbation o f the at mospheric optical sta t e aft e r the
er up tion enabled DeLuisi and He rman (197 7) to app ly a prev iously suggested
techn i q ue for r e t rieving the values of the imaginary part n 2 of the comple x
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refraction index for the volcanic dust from the measured ratio of the
scattered radiation to the direct solar or total one. The analysis of two
month- averaged values of the scattered to total radiation ratio, D/Q, showed
that before the Agung eruption these values had reached an annual maximum in
May-June and had not changed by more than 10% from year to year. Immediately
after the eruption (July - August 1963) the ratio increased by about 100% as
compared to the previous years. At the same time the direct radiation
decreased to 24% below the average for the preceding years, which corresponded
to an increase in the aerosol optical thickness of 0.14.
Comparison of the measured values of the derivative 6 (D/Q)/6Td
for different years with the results of calculations for an effective
wavelength of 0.5µm for different values of the complex refraction index
n 1-in 2 , in the surface albedo, solar zenith angle, and aerosol size
distribution has led to the conclusion that the dependence of R on the albedo
is rather weak. Therefore, a mean value R=0.10 has been assumed.
The dependence of D/Q on the aerosol optical thickness Td is
practically linear. Thus, one can expect that the constancy of the derivative
A(D/Q)/6Td at flxed R and n 2 does not depend on absolute values of D/Q
and T. With an assumed Junge ' s size distribution, it turns out that the
derivative under consideration remains practically constant at ~ = 2-3,
which is close to the case of volcanic aerosols.
The results obtained by DeLuisi and Herman (1977) indicate that the
main factor determining the variability of the derivative A(D/ Q)/ATd is
the imaginary part of the complex refra.c tive index (the real part is assumed
to be 1 ..5 ) . An estimate of n2 from measurement data has led to the
conclusion that the imaginary part of the complex refraction index does not
exceed 0.01 and is most probably close to zero.
'l'he calculation of the backscattering to the total scattering gives
increasing values with time, which points to a shift of the aerosol size
distribution towards finer particles. Great stability of the small-size
fraction favours a long dura.tion of the additional attenuation of solar
radiation by volcanic aerosols: during three years the meteorological solar
constant (from the data for Aspendale) decreased by about 5%.
Of course, the mean- global decrease should be much less. on the
assumption that the aerosol is uniformly distributed in a layer 100 mbar thick
(altitudes 15- 20 km), T = 0.14, n 2 = 0.01, R = 0.1, and the solar zenith
angle is 60°, the fracti o n of the solar radiation absorbed by aerosols is
0. 056, which is equivalent to an absolute value of the absorbed rad.iat ion of
Ja W/m2 and radiative heating of 0.04°/day.
This value considered as an
upper limit agrees with the calculations of Pollack et al. (1975a, 1976), but
is lower than that obtained by other authors.
The 1974 Fuego eruption in Guatemala although considered to be about
five times weaker than the Mt . Agung had the most powerful effect on the
stratosphere between Agung and late 1979. Lidar soundings in Boulder,
Colorado (40°N~ 105°~1 can be used to trace the pattern of stratospheric
aerosols during an eruption and subsequent years. Similar lidar soundings
were also made in Menlo Park, California and Hampton, Virginia. Using the
above - mentioned lidar observations, Fernald (1978) analyzed the temporal
variations of the backscatter coefficient for a 17-22 km layer, where an
increase in the post - eruption aerosol content and the stratospheric optical
thickness (tropopause - 30 km) are most evident.
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In the March 1975 to August 1976 period, the aerosol backscattering
coeff icient decreased exponentially, which led to an "e" decay time of 7.6
months for the aerosol content in the 17-22 km layer. A much slower decrease
was observed later on (till September 1977) with a decay time of 18 . 9 months
(for the 15-30 km layer their time constant was 50.2 months), which indicates
an approach to equilibrium. The aerosol optical thickness of the stratosphere
decreased from about 0.1 to 0.01 during the entire period in question.
After the 1974 Fuego no other large ejections into the stratosphere
were observed during the following five years. This is consistent with the
observed extremely low aerosol content in the stratosphere (see Fig. 6). This
quiescent period was followed by a quite active one starting with the November
1979 eruption of Sierra Negra (0.8°S) on the Galapagos Is., then Mount St.
Helens (46°N) in May 1980, followed by Ulawun (5°S) October 1980, Alaid (51°N)
April 1981, Pagan ( 18°N) May 1981, then the non- located "mystery" volcano in
December 1981 or January 1982, and finally the eruption that probably caused
the largest impact to the stratosphere in the last seventy years, the
4 April 1982 eruption of El Chichon (17°N) in Mexico. The instrumental
observations and studies of effects of these eruptions have clearly shown that
they are the primary contribution to stratospheric aerosol enhancements
(McCormick, 1982).
Lidar soundings performed by Itabe et al. (1977, 1980) in Fukuoka
(Japan) relative to Fuego eruption in October 1974, revealed a ten-fold
increase in the aerosol backscattering coefficient, ~m· at the level of
maximum concentration, and a subsequent rather complicated variability till
the spring of 1975, after which the backscattering began a gradual monotonic
decrease.
An earlier comparison of the observed decrease of ~m after the
spring of 1975 with calculations based on a 2-D model developed by Gudiksen et
al. (1968) has shown that calculations overestimate the rate of decrease of
~m·
such a difference could be explained by the neglect of the process of
transformation of gas into particles. Itabe et al. (1980) explained this
difference as caused by the neglect of the condensation growth of the
stratospheric aerosol particles formed after the Fuego eruption. They try to
explain the decay rate of ~m observed at Fukuoka by considering that the
Fuego cloud is divided into many incompressible parcels in each of which are
includes gases (S02. H20 etc.) and particles; they grow by means of
condensation of H2S04; these air parcels are diffused and transported by
using the Judiksen et al. (1968) 2- D model.
From this and other studies it is clear that in order to discuss
precisely the global dispersion of volcanic aerosols it is necessary to
monitor the physical and chemical processes of the transformation of the
volcanic eruption products (particles and such gases as S02, H20, etc.) in
a non-compressible air column of about several kilometers in height. After
that should apply to these marked air parcels world wide dispersion by
large-scale atmospheric motions using a model such as those developed by
Gudiksen et al. (1968).
The model applied by Itabe et al. (1980) for study of aerosol kinetics
makes it possible to simulate a temporal change in the size distribution of
aerosols contained in the air volume, the growth of aerosol particles being
caused by condensation of H2so 4 vapours, which is considered using three
equations. The first equation characterizes the process of S02 oxidation to
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HiS04. the second estimates the concentration of H2S04 vapours, and
the third determines the temporal variation of the aerosol size distribution
caused by the processes of condensation and coagulation.
Itabe et al. (1980) have found a numerical solution for these
equations by assuming that the original size distribution corresponds to a
haze model H (after Deirmendjian, 1973) or to a log- normal distribution, with
the 0.01 - 0.4 µm range of particle radii taken into account. In the case of
the haze model H, one obtains an agreement with the observed course of ~m·
with assumed values of the coefficient K, the rate of so2 transformation
into H2S04 and the original concentration of the sulphurous gas. The most
probable value of K is 2.5xlo-7s- l and the number density of the sulphur
dioxide at the initial moment (5 April 1975) may vary within
l.5-2.5x1Ql0cm- 3.
With a pre-set initial log- normal size distribution the aerosol
kinetics model does not achieve an agreement with an observed decrease in the
aerosol backscattering coefficient. To more reliably describe the process of
the global diffusion of stratospheric volcanic aerosols, there is a need for
simultaneous observations of both gaseous (so 2 , H2o. etc.) and aerosol
components, and for better knowledge on the formation of H2S04 vapours,
and an adequate model of aerosol transport taking account of sedimentation.
In Kingston, Jamaica, Kent and Philip (1980) carried out ruby laser
lidar soundings of the stratospheric aerosols after the Soufriere eruption
(13°N, 61°W) on 13 April 1979. The volcanic activity continued till
25 April 1979. On 17 April the ejected products reached an altitude of
18.5 km. The analysis of the wind data has shown that direct transport of the
volcanic dust to Jamaica was possible only at altitudes about 4 km or above
20 km.
In the period under consideration lidar soundings covered the range of
altitudes 16- 40 km and were calibrated on the assumption that scattering by
the 30-40 km layer is purely Rayleigh. Typical background regularities for
the vertical profile of the ratio R-1 of the observed backscattering
coefficient to the Rayleigh scattering are characterized by a main maximum at
18- 22 km altitude and (at times) a secondary maximum in the 26-29 km layer.
The parameter R-1 may vary by as much as a factor of two, such variations
normally being observed over a period of several days, but occasionally within
a single night.
During 1-5 May, about three weeks after the first eruption, an
abnormal intensification of backscattering was registered at altitudes near
16 km. This was assumed to have been caused by a volcanic dust cloud which
had gone round the globe driven by strong westerly zonal winds. Observations
of the stratospheric cloud produced by the Soufriere eruptions have also been
reported by McCormick et al. (1982). Two separate stratospheric plumes,
believed to be derived from different volcanic eruptions, were traced by the
SAGE satellite system and the stratospheric cloud near the volcano was also
studied using an airborne lidar. The major plume was observed to move
northeast over the Atlantic Ocean, while the minor plume (probably the same as
that seen later over Jamaica after it had circled the globe) was tracked
eastward, over the Atlantic Ocean to West Africa. The movement of both plumes
agreed well with that expected from the independently measured values for the
upper atmospheric winds.
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on the meteoro logi c al sa te llite Ni mbus-7 a nd t he s pecialized sate l lite
SAGE, r emote sensing of stratospheric aerosols is made by measurements of the
atmosphe r ic attenuation o f the solar radiation at sun-rise and sun-set wi th
respect to t he sp acecr af t (McCo r mick et al., 19 79 ) . The polar sun- synch ronous
(noon-mid night ) o r bi t o f Nimbus - 7 (the he igh t o f this pr ac tic a ll y circ ula r
orbit i s 944 km) e nab l es one t o ma ke occu l tat ion meas u re men ts on ly in t he
l atitudina l bands 64- 80°N duri ng sun- se t s and 64- 80°S du ri ng sun ri s es. At a n
or b i tal per i od of -90 min. 15 sun- rises and 15 sun- sets can be observed
during 24 hours. The SAGE orbit has an incli.nation angle of 55°, a height
apogee 660 km, a height of perigee 548 km, an orbital period 96.8 min, and it
is subj e cted to a rapid procession, which creates conditions for occultation
geometry of sun viewing (in different seasons) through almost the entire globe
(79°N- 79°S).
The stratospheric aerosol monitor (SAM- 2) developed by McCormick
et al. (1979) and installed on Nimbus-7 is a modified one - channel (A- lµm)
sun photometer tested before, during the sci.ent ific program "Soyuz- Apollo".
SAM-2 has a precise biaxial pointing control system and a system for "slow"
(0 . 25 s-1) scanning of the solar disc (vertically, up and down alternatively)
at a viewing angle of 0 . 01°, which gives a vertical resolution of about 0.5 km.
Measurements of the transmission of the solar radiation by the
atmosphere make it possible to retrieve the aerosol optical thickness (the
aerosol attenuation coefficient) as a function of height, since the contribution of Rayleigh scattering can be calculated. With a pre - set aerosol size
distribution and the complex refraction index, one can calculate the vertical
profile of the particles' numbe r density. The accuracy of retrieving the
ae r osol attenuation coefficient is about 10% for the atmospheric layers where
the aerosol attenuation exceeded the molecular scattering by more than 50%.
Hence the attenuation coefficient for the stratospheric background aerosol (in
the absence of the volcanic activity effects) can be retrieved to an accuracy
of 10%.
The SAGE solar photometer has four channels centered on 0.385, 0 . 45,
0.60 , and 1 . 0 µm. The holographic diffraction grating serves as a dispersing
element in the instrument . An appropriate arrangement of r adiation sensors
provides for measurements of the solar radiation on the above- mentioned
wavelengths . The results of 4-channel measurements can be used t o r et r ieve
the vertical profiles of air density, concentrations of ozone and nitrogen
dioxide, and the coefficient of aerosol attenuation. The ozone profile can be
retrieved through the altitude range from the tropopause to 45 km , i.e .
including the atmospheric layer 35- 45 km where the anthropogenic
(chlorofluoromethanes) effect on ozone should be most evident.
During the 1980's an important item of the program of stratospheric
aerosol remote sounding is the control sub- satellite aerosol measurements in
various locations: sonderstrom (Greenand), White Sands (USA), Natal (Brazil),
Poker Flat (Alaska), and Wallops Island (USA). Similar observations are also
planned in Australia, Belgium , France, Federal Republic of Germany, Japan and
UK .
A complex of sub- satellite observations made in the region of
Sondrestrom on 20 - 25 November 1978 during Nimbus-6 f lights can serve as a n
example (Russel et al . , 198 l a) . The s e obs ervat ions i nc luded a ircraft l idar
soundings o f the 8- 30 km laye r, a e rosol samplings , a nd air c raft mea surements
at altitudes up to 15 km, as well as dustsonde l aunchings.
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An analysis of the satellite measurements has shown that the aerosol
number density values in high latitudes agree with models of the stratospheric
background aerosol, and with lidar data. In some cases it was possible to
retrieve the aerosol profiles down to the lower troposphere, indicating the
feasibility of obtaining information on tropospheric aerosols with the
occultation technique.
The first SAM-2 data have shown that the aerosol layer reaches higher
altitudes in the Arctic in autumn than in the Antarctic in spring. Higher
attenuation coefficients in the Antarctic than in the Arctic correspond to the
aerosol layer maximum.
These results confirm the successful functioning of the equipment on
both satellites, and further analysis of the results will undoubtedly
contribute substantially to our understanding of the sources and sinks of
stratospheric aerosols, the conditions determining their formation, and, in
addition, the properties of mother - of- pearl and noctiluscent clouds. A
7- channel model of SAGE (SAGE-2), is being developed to be launched on a
free-flyer satellite from shuttle to expand this evolving stratospheric and
tropospheric aerosol climatology.
The Mount St. Helens NASA workshop report (NASA, 1982) also contain
the results of a number of remote sensing measurements, including ground based
sunphotometers, 1 idars (both groundbased and aircraft --borne) radars,
balloonborne sensors, and satellite lnstruments like SAM 2, SAGE, and AVHRR on
NOAA- 6. It was concluded that material reached at least 23 km from the 18 May
eruption, with many lower maxima during the day. As mentioned earlier, layers
from 10 to 14 km moved rapidly eastward circling the globe in as soon as 16
days. Lidar backscattering ratios were as large as 100 (at A = 0.6943 µm,
the ruby laser wavelength) from this intense layer early after the eruption,
whereas background values are typically 1.1 (1.1 means that aerosols are
backscattering 10% as much as local gas molecules). These high values of 100
are representative of a very fresh volcanic cloud downwind of the volcano, and
for the few days after the eruption. At Northern hemisphere lidar ground
stations these values were about 1.35 at 17.5 km in November 1980. Distinct
enhancements (layers) were produced at various altitudes immediately after the
eruption with separate characteristic worldwide dispersion. By September the
bulk of the material had lost its fine vertical structure and appeared as one
broad layer centered at about 18 km. Extinction coefficients at 1.0 µm
immediately after the eruption were measured by SAGE to be as high as
0.01 km- 1. Optical depths for the stratosphere in August in the northern
hemisphere showed large meridional and zonal variations over scales of
1000 km. Values ranged from backgrounds of 0.001 to 0.005 at 1.0 µm.
Changes in stratospheric optical depths in July over Mauna Loa were less than
0.003 at 0.5 µm. SAGE derived mass calculations using appropriate optical
models gave a value of 0.32 x 106 tones (or 0.32 x lol2g) for the global
enhancement of the stratospheric aerosol produced. This value so derived is
probably the best that can be obtained due to the global nature of the SAGE
data. This is to be compared with a 0.25 x lol2g background value derived
by SAGE in the quiescent early 1979 period (McCormick, et al., 1982b).
The advar1ced remote sensing technology of today was also available to
monitor the recent eruption of El Chichon. Worldwide lidars and other sensors
have shown the material produced from this eruption to be very much larger
than Mount St. Helens. In a series of airborne lidar missions , and with the
aid of SAM 2 polar measurements, McCormick and Swissler (1983) have concluded
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that the stratospheric aerosol mass produced from El Chichon was about
12 x 106tons in late October-early November 1982, about 40 times that
produced by Mount St. Helens in 1980.
Stratospheric aerosol optical depths at five discrete solar
wavelengths were calculated from solar extinction measurements made on board
of NASA Convair-990 aircraft during nine meridional tracts between 55°N and
6°S in December 1982 by Dutton and Deluisi (1983) . Figure 11 illustrates the
latitudinal distribution of aerosol optical depths at 500 nm for all nine
flights. The average optical depth along the 120°W meridian appears to be
about 0.12. Calculations indicate that this enhancement is sufficient to
cause an 18% decrease in direct broadband solar irradiance at a representative
zenith angle of 60°. The major latitudinal variations seen on Figure 11 are:
the decrease south of the Equator, a maximum at 5°N, a minimum at 25°N and
slight increase through the midlatitudes.
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Figure 11. Latitudinal distribution of
aerosol optical depths, at 0.500 µm
measured during a total of nine
CV--900 flights during December 1982.
From Dutton and DeLuisi (1983).
The El Chichon eruption produced two main layers, one centered at
about 17 km, and the other at 26 km. The University of Wyoming dustsonde
showed these layers to be of equal concentration, 10 cm-3, r I-0.15 µm,
with the upper layer having a mode radius of about 0.3 um and the lower with a
mode radius of about 0.1 µm (Rosen and Hofmann, 1983). The upper layer was
found to be dominated by larger particles consisting of 80% H2so 4 to 20%
H20 (by weight) and the lower layers consisted of a 60-65% acid aerosol.
The upper more massive layer showed much more lidar backscattering and the
lidar data showed this upper more massive layer to reside primarily between
about 7°S and 36°N until about November 1982 (McCormick and Swissler, 1983).
Material at the altitude of the lower layer moved to the poles within a few
months after the eruption.
On Figure 12 are shown samples of lidar scattering ratio profiles
taken aboard NASA Electra aircraft taken between 46°N and 46°S roughly along
the 80°W meridian from 19 to 31 October 1982 (McCormick and Swissler, 1983) .
The peak of the most dense layer wa s at 24- 25 km and extended f r om 7°S to
36°N. The peak measured backs c a t t er val ues ( at ~ = 694 . 3 nm) were ~ 25
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Representative vertical profiles of lidar scattering
ratio at ~ = 6943 run, for few southern (a) and
northern (b) latitudes along 80°W from flights between
19 and 31 October 1982. Integrated backscatter function,
from the tropopause through the layer, is given in
parenthesis. The lower altitude (~16 km) enhancement
over the southern latitudes is from a tropospheric cloud.
From McCormick and Swissler (1983).

compared with much greater backscatter of about 45 measured during July 1982.
These results indicate that even 200 days after the eruption, the mass density
over the places north of the Equator were at least 4 to 5 times greater than
over the Southern hemisphere.
An excellent example of the dispersion of El Chichon introduced
aerosols over the northern midlatitudes during 1982 is given on Figure 13.
It is drawn from 41 ruby laser (~ = 694.3 nm) profiles obtained at
Garmisch- Partenkirchen (47°N) by Reiter et al. (1983). The very first
observation of an aerosol layer, which they attributed to the El Chichon has
been a layer of about 1 km thickness centered at 15.6 km altitude on 3 May
1982. This layer produced a backscattering ratio R=3 (R is the ratio of
observed total to calculated molecular backscattering). On 11 May already R=6
was observed from layer centered at 18 km. From its first appearance on 3 May
over Central Europe this low altitude layer was observable until October. It
has established itself between the tropopause and about 20 km. The highest
value in this layer was observed on 16 May with R=8 at 18 km.
On 30 May little peaks at 25 km indicated the arrival of another
aerosol cloud, which has been clearly observable on 8 June with R=3 at 24 km.
Until 21 July aerosol clouds at this higher altitude appeared sporadically
above Central Europe, after this date a second layer was permanently
registered above 20 km. The largest scattering ratio was seen on 1 August at
24 km (R=l4 with 600m instrumental resolution. and R=22 with 150m resolution).
From August onwards, this layer has given higher scattering ratios than the
low altitude layer .
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Fig. 13. Selected lidar profiles showing the formation of aerosol
layers following the April 82 eruption of El Chichon.
The profiles are extinction corrected. T denotes the
local tropopause. From Reiter et al. (1983) .
During September the stratospheric circulation changed to the winter
type western winds throughout the range of the lidar probing. The gap between
the two layers was filled up slowly starting at the end of August and was no
more observable after mid October. After that a broad aerosol layer extended
from the tropopause to about 30 km altitude (see Figure 13).
Reiter et al. (1983) calculated that nine months after the eruption of
El Chichon the aerosol loading of the stratosphere above Central Europe was 20
times more than that measured after Mount St. Helens of same age. Similar are
the findings of Adriani et al. (1983) deduced from lidar measurements at
Frascati (I taly ) . They pointed out as a very interesting feature that the
integrated backscatter between 12 and 28 km started to systematically increase
from mid October 1982 and by March 1983 has reached values of at least four
times higher than those during the first six months after the El Chichon
eruption .
Optical depth data were shown to be record-setting at Mauna Loa,
downwind of the volcano, soon after the eruption . Initial values of 0.7 were
recorded at 0.5 µm. This remained at the 0.2 to 0.3 level for months after
the eruption. Spinhirne (1983) aboard the NASA aircraft with the
aforementioned lidar in October-November 1982 recorded values of about 0.14 at
0.5 µm between 8°S and 30°N and about 0.06 to 0.09 north and south of that latitude belt.
5.

OPTICAL PROPER'I'IES OF' AEROSOLS - RADIA'l'IVE EFFECTS

The physical properties of aerosols, such as size, shape, refractive
index and concentration in the atmosphere, control the aerosol interaction
with radiation according to a set of derived properties, which are known as
optical properties. Three of them are most frequen~ly referred to because of
their fundamental importance . These are the optical depth - a measure of the
size and number of particles present in a given column of air; the single
scattering albedo - the fraction of light intercep ted and scattered by a
single particle; and the asymetry parameter - an integrated measure denoting
the portion of light scattered forward in the direction of the original
propagation and the portion scattered backward towards the light source.
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In order to determine theoretically the effects of volcanic particles
on the radiation budget, several aerosol pr operties must be known. First, the
quantity of aerosols, as a function of size; second, their composition, at
least insofar as it is reflected in the bulk optical properties of the
material, i.e. refractive index and emissivity . The imaginary part of the
visible refractive index, which characterizes the absorption properties of the
particle, is of particular interest. The wavelength dependence of the optical
properties must be determined to accurately assess the radiative effects of
aerosols. This is obtained from the information about size and bulk optical
characteristics. For spheres, this is accomplished by means of Mie theory.
It is clear that in order to make reliable estimates of the effect of
stratospheric aerosols on the radiation budget of the earth-atmosphere system,
and to provide a- priori information about aerosols for the interpretation of
remote optical soundings, it is necessary to have reliable complex data on the
optical properties of ,aerosols. Various aspects of this important issue are
described by Kondratyev, (1969, 198la, 198lb, 198lc, 198ld), Kondratyev and
Posdnyakov (1980, 1981), Elterman (1976}, Fegley and Ellis (19·7 5), Gardner et
al. (1980), Patterson (1975).
Grams and Rosen (1978) have made a brief review of the information on
the concentration and size distribution 0£ aerosols, the shape of particles,
and the complex re.fraction index. They gave the results of calculating the
phase functions for m = 1. 500. 0051 for different values of the· size parameter
x=2~r/~ (r is the particle's radius, ~ is the wavelength).
Comparison
of the phase functions for the monodisperse and polydisperse aerosol
illustrates the smoothing out of the angular fine structure of phase functions
due to polydispersiveness. Calculations reveal a very strong decrease of the
scattering cross-section at angles exceeding 15° with the increasing n 2 , the
imaginary part of m (i.e. the absorption index).
Although the effect of the stratospheric aerosol layer on the
shortwave radiation transfer depends weakly on variability of the absorption
index, the reverse situation is observed for the longwave radiation. The role
of the aerosol size distribution (at least in the range 0.1-2 µm), is also
very great for its variability determines the cooling or warming.
Consideration of the effect of particle-s ' non-sphericity on the phase function
is rather important.
Studies of the heat budget of a stratospheric particle are very
important for estimations of climatic impact. In this connection, Fiocco et
al. (1964) calculated the temperature of an aerosol particle governed by the
absorbed solar radiation, radiative and conductive heat exchange with the . atmosphere, and phase transformations. Previous calculations had shown that
at altitudes higher than 60 km the temperature difference T between air and
particle may exceed 100 K in day- time.
The new calculations are made (without taking account of phase
transformation in the 0- 60 km altitude range) for winter and summer conditions
at 45°N, for different values of the surface- atmosphere system albedo, and
different times of the day . It has been shown tha t , at altitudes below 50 km,
maximum noon values 6T<lK, and below 10 km 6T< O.OlK . In near - noon hours
6T>0 , i.e. aerosol particles heat the atmosphere . At night the situation is
reve r sed . From the data on the conductive heat exchange between particle and
gas , information has been obtained on the rates of heating (or cooling) of the
air at different altitudes depending on the particle's radius .
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The analysis of the mean- diurnal values re veals a st rong variab ility
of the heating rate depending on altitude and particle's radius. Nea r the
stratopause ( 50 km) the presence of aerosols almost always cools the
atmosphere. Tn the win ter l ow tropospheric layers of aerosol, as a rule.
causes cooling. The cooling effect may also be observed in su1runer in the
regions with low surface albedo. The aerosol mean- diurnal heating of the
stratosphere (15- 25 km layer) is about 0.05- 0.1°/day, and after volcanic
eruptions it can reach 1°/day in the equatorial zone.
To determine the climatic implications of volcanic eruptions requires,
first of all, the analysis of specific features of the aerosol effect on the
radiative regime of the atmosphere. This problem has been discussed in a
number of monographs (Kondratyev et al ., 1973; Kondratyev, 1977b , 1980b) and
reviews (Kondratyev, 1976a, 1977a, 1980a), and will be illustrated by the
calculations of the vertical profiles of spectral upwelling and downwelling
shortwave radiation fluxes performed by Kerschgens et al. (1976) in the
200- 3580 nm wavelength region for cloudless atmosphere conditions, with the
surface imitating a rough ocean surface (albedo A~9.8%) or bright desert
surface (A:30%), and summer Arctic ice (A:52%). Calculations have been aimed
at the analysis of the effect of the molecular and aerosol absorption, as well
as the surface albedo on the radiative heating of the atmosphere.
The calculation technique is based on the phase function being
represented by a number of Legendre polynomials and consideration of
subsequent orders of scattering. The molecular and aerosol scattering up to
the 50 km altitude is described by the Eltennan model (1968) using
extrapolation up to 70 km. At all wavelengths and all altitudes, the
aerosol's single scattering is assumed to be 0.85, which is computed for an
imaginary part of the complex refraction index of 0.02. Almost all the
calculations are made for the summer subtropical model atmosphere. The
spectral range under consideration is divided into 37 intervals from 10 to
50 nm wide, and the whole atmosphere into not less than 40 layers. The
ext ra- atmospheric spectral distribution of the solar radiation has been
assumed after Labs and Neckel (1968) based on solar constant of 1358 W m-2.
The use of different data on the functions of molecular absorption by
water vapour, carbon dioxide and ozone, represented as sums of exponentials,
has revealed considerable differences between the ve r tical profiles of
radiative heating, which shows the necessity of further experimental and
theoretical studies to specify the data on the absorption functions. In
conditions of the cloudless troposphere, the water vapour and aerosols are the
basic absorbers.
Calculations for different aerosol models have shown the effect of the
vertical profile of the aerosol attenuation coefficient and the spectral
dependence of the aerosol absorption coefficient on radiative heating. Above
40 - 50 km, absorption is primarily determined by the ozone effect, but at lower
altitudes the role of multiple scattering and absorption by aerosols and
gaseous components is substantial: they could lead to the 200%- increase of the
radiative heating near the tropopause.
At a high surface albedo a substantial increase in the radiative
heating of the atmosphere takes place, especially near the surface, and at
small solar zenith angles. The surface albedo effect is observed even at high
latitudes in the troposphere and lower stratosphere.
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An analysis of the contribution of dust clouds has shown that the
presence of a dense dust cloud in the lower troposphere causes almost an
eightfold increase of the radiative heating at the 4 km altitude (near a
maximum of dust concentration) as well as a considerable increase of the
planetary albedo over ocean (up to 20.1%). The appearance of the aerosol
layer in the stratosphere could lead to an almost 50% increase of the
radiative heating at the 22 km altitude (depending on the solar zenith
angle). In this case the planetary albedo varies little.
Such theoretical studies show the complexity of reactions of the
radiative flux divergence within a 11 layers of the atmosphere to changes of
radiative transfer parameters, such as the ground albedo, the dust content and
layering and also of gaseous transmission functions and the accuracy of their
fit with finite series of exponentials. under clear sky conditions the solar
heating of the atmosphere is rather sensitive to changes of these parameters.
Atwater (1975) performed numerical modelling of the aerosol effect on
the Earth's surface-atmosphere system albedo, with due regard to the
variability of the size distribution and complex refractive index of
aerosols. The aerosol size distribution is approximated by the modified
distribution suggested by Deirmendjian, which characterizes four types of
aerosols: stratospheric, marine, continental and urban. The optical properties of aerosols are calculated using Mie formulae.
For these aerosol types, calculations have been made of the dependence
on the balance albedo (i.e., the case when the albedo does not change with an
addition of aerosols) on the imaginary part of the complex refractive inde·x
(the absorption index), and on the refractive index. The selection of a model
of the aerosol size distribution has considerable effect on the balance albedo
value. So, for instance, in the transition from urban to continental aerosols
and from the stratospheric to marine aerosols (at a constant refractive
index), the albedo decreases, and the aerosols may cause either heating or
cooling if the. surface albedo i.s close to the balance one.
similar results may be found for variations of either the real or
imag.inary parts of the complex refractive index. The aerosol. balance albedo
satisfi.es the inequality:____t ___ S: (a5 )

2[a:f r + ll

~

O;

__!

alr + l

where a, and r are the absorption and reflectivity of the aerosol,
respectively.
Table 3 characterizes the discrepancies; in the estimates obtained by
various authors, associated with different input parameters but not the
different models used. Here <cos S>is the parameter of the phase
function asymmetry, a 0 is the single scattering albedo. All the results
considered have been obtained in the two-flux approximation.and therefore,
they hold as a rule. only for optically thtn layers.
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TABLE

3. Estimates of the Balance Albedo and the Climatic Effect of
Aerosols
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ASSESSMENT OF THE EFFECT OF VOLCANIC ERUPTIONS ON CLIMATE
Observational Data and Radiation Balance

As already mentioned i..n Chapter 2, vari..ed opi..nions can be found in the
literature on the climate implications of volcanic eruptions (see also Budyko
1980, 1984; Lamb 1972, 1977). It has been suggested, for instance, that
volcanic activity was the cause of past ice ages. However, the volcanic
theory of ice ages has suffered a decline in popularity for two reasons.
Fi..rst, the ice- age record has greatly i..mproved. It is now clear that there
have been a large number of glacial advances during the past few million
years, and these glacial advances have been highly periodic. The peri..ods of
the ice ages correspond well with the characteristic periods of vari..ations in
some of the earth's orbital and axial parameters, but there is no evidence
that volcanic activity is highly periodic. secondly, a detailed record of
volcanic activity shows that there was no increase of activity at the
beginning of the glacial advance.
several attempts have been made to demonstrate that the volcanic
effect is distinguishable, by itself, in the record of surface air temperature
(Oliver, 1976; Robock, 1978; Mass and Schneider, 1977; Bryson and Goodman,
1980; Taylor, et al. 1980; Yamamoto, 1981), and they have all found some
indication of a correlation, even though they used data sets that are not
consistent . In particular, the reliability of the data varies greatly from

I

I
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one period to another and from one area to another, and none of these
chronologies provides estimates of the sulfur contribution to the
stratosphere. More recent studies by Hansen et at. (1981) and Gilliland
(1982), who took account of volcanic effects and also co 2 and solar
activity, were able to account for or "explain" about 90 per cent of the
variability in the past 100 year record (WMO, 1982).
It should be added, however, that others have looked for the volcanic
effect on temperature unsuccessfully (Landsberg and Albert, 1974; Mason,
1976). Furthermore, the data usually used to measure the amplitude of the
forcings from individual eruptions prior to 1963 are based on subjective
observations of the volcanic cloud (the "dust veil index") as summarized by
Lamb (1970). He adjusted the DVI according to the temperature cooling that he
thought had occurred after each eruption on the northern hemisphere
temperature subsequent to 1750. Oliver (1976) only achieved agreement after
he modified Lamb's estimates of relative strengths of eruptions during the
past 100 years. The data on volcanic activity used by Gilliland (1982) came
from a very different source; namely, the record of acidity in an ice core
from Greenland (Hammer, 1977). The acidity was assumed to be related to
sulfate from the stratosphere that was deposited with the annual snowfall, but
it is likely that this method would exaggerate the effects of local high
latitude eruptions, even ones that did not reach the stratosphere. Finally,
Vinnikov and Groisman (1981) in their diagnostic study of the temperature
record were unable to detect any co 2 signal when they took the "dust veil
index" into account (implying that it was not statistically significant).
Instead, they argue that the clear-day actinometric measurements are a more
suitable indicator of stratospheric aerosol. When they used this indicator, a
correlation was found (WMO, 1982).
The first large volcanic eruption which was monitored by the global
radiosonde network was that of Mt. Agung in 1963. In the tropical lower
stratosphere temperature increases of more than 5°C were observed within a
month or so. The region of positive temperature anomalies spread polewards
somewhat like the radioactive trace substances from tropical nuclear tests
that entered the stratosphere. Examination of the various factors that
control tropical tropospheric free air temperature showed that the most
important was equatorial Pacific sea surface temperature. The free air
temperature was characterized by the difference in geopotential height at
pressures of 700 and 300 mb (3 and 10 km) for a group of stations selected to
represent a zonal mean (a technique initiated by Angell and Korshover, 1975).
When a regression analysis was performed between the sea temperature and air
temperature two seasons ahead, the residuals, corresponding to the unexplained
variations of the air temperature, matched closely with the atmospheric
transmission at Mauna Loa, Hawaii (Newell and Weare, 1976). The maximum
tropospheric temperature difference from the long-term mean corresponded to a
cooling of about 0.4°C and did not occur until over a year after the eruption,
whereas the stratospheric warming occurred almost immediately. More details
of this type of study have been given by Angell and Korshover (1975, 1977,
1978).
E1lsaesser (1977) questioned the conclusions drawn by Angell and
Korshover about the probable effect of the 1963 Mt. Agung eruption on the
change in the mean surface temperature which had been summarized by them as
follows:
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In 1963 the surface temperature dropped by 0.6°C in the northern
extra- tropical latitudes, 0.2°C in the tropics, and 0.5°C in the
southern extra- tropical latitudes.
The temperature of the 850-300 mbar layer in the southern
extra-tropical latitudes dropped by 0.7°C, and of the
300-100 mbar layer it increased by 0.7°C. In this connection an
assumption has been made about probable changes from the
previously observed climate cooling toward warming in early
1970's due to not only the Agung eruption, of course.
The doubts concerning the justifications for the above-mentioned
conclusions were based on the following considerations :
1.

Since the stratospheric dust cloud resulting from the Agung
eruption was tenfold denser in the southern hemisphere than in
the northern one, it is difficult to understand why the eruption
caused surface temperature changes in the extra-tropical
latitudes of the Northern hemisphere which were one and a half
times greater and lasted twice as long as those in the southern
hemisphere.

2.

Warming of the 300- 100 mbar layer in the southern extratropical
latitudes by 0.7°C has occurred simultaneously with the similar
warming in 1962-1963 in the Northern hemisphere, but the latter
cannot be ascribed to the eruption effect since the dust cloud
only reached the southern boundary of the USA in September 1963
(probably, both these phenomena have been driven by the same
still unknown mechanism, which has nothing to do with this
volcanic eruption).

3.

If the eruption was the cause of temperature variations, then it
is not clear why the surface temperature in the extra- tropical
latitudes of the Northern hemisphere did not drop before
1963-1964, in contrast to the cooling of the 850- 300 mbar layer
and warming of the 300- 100 mbar layer.

4.

Also, it is not clear in what way the large volcanic dust
particles with life - times in the stratosphere of not more than 30
days could have produced the increase in the mean annual
temperature of the upper troposphere, which continued until 1964.

In view of these controversies, Taylor et al. (1980) performed an
analysis of the temperature data for the 1815- 1963 period using the technique
of superposed epochs which attempts to select small signals caused by
subsequency of discrete events, in data series with noises characteristics of
natural temperature variations. The data discussed had been obtained from the
same 42 stations located in various parts of the globe used earlier in a
similar study by Mass and Schneider (1977).
Only temperature data of the post-powerful--eruptions have been
analyzed - after Lamb these correspond to a dust veil index (DVI) of not less
than 100 (DVI characterizes an additional attenuation of the solar radiation
caused by the loading of the atmosphere with the volcanic dust). During the
period under consideration, 25 similar eruptions took place in 18 years ( in
some years there were two eruptions). Separately, 13 eruptions with Dvl 500

- 48 -

for 8 years were considered. Application of the technique of superposed
epochs revealed a weak but statistically significant "volcanic" signal in the
long series of temperature observations. Attributable to powerful volcanic
eruptions. the "global" temperature drop amounted to about 0.5 K and usually
continued during the first and second year after the eruption. The time of
temperature return to the normal level is about 2-5 years. The statistical
significance level for the volcanic signal (an identical drop of temperature
due to random variations) varies within 0 .5 to 4°.
As an example of the superposed epoch analyses of temperature sets for
eruption years is shown Figure 14 (Mass and Schneider, 1977). The composition
is made from records of eruptions of large magnitude (DVI>lOO) and on
condition there was at least five years separation from any other major
event. A sharp temperature fall of about 0 .3 °C in the first, and somewhat
less in the second, year after the eruptions followed by monotonic rise is
obvious. The deviations of the first two years after the eruptions are
different from the mean at the 99% significance level. Thus, Mass and
Schneider (1977), concluded that it appears that a definite, albeit weak,
volcanic signal is identifiable in the stations temperature records.

Figure 14
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Superposed epoch diagram of mean temperature at 42
stations during the years before and after several
large eruptions. A statistically significant decrease
of about 0.3°C occurs during the year following an
eruption. From Mass and Schneider (1977).
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The effect of eruptions shows itself more strongly in high latitudes,
but in this case it is combined with much greate r variability of the
temperature field. Therefore, the statistical si gnificance of a high- lat itude
signal is lower, and the du ration of the signal is shorter than in low
latitudes. An analysis of the data on the annual change of temperature shows
that, in general, the summer signal turns out to be stronge r and longer.
However, the reliability of this conclusion is limited because of the absence
of information about the spatial-temporal distribution of the ejected
products, as well as a sufficiently homogeneous and representative series of
temperature observations. Therefore, an important objective of further
studies is to repeat the data analysis with the use of more homogeneous
(though shorter) series, as well as the observational results for recent
decades which are more representative in space and time. In this connection,
an objective analysis aimed at the construction of the global temperature
fields may prove to be useful.
As Mitchell (197/) notes, the impact of volcanic eruptions on the
global climate manifests itself mainly through a growing post-eruption dust
loading of the stratosphere, which leads to the cooling of the lower
atmosphere and warming of the stratosphere. From the data of Bray (1974,
1978, 1979), from the point of view of paleoclimatology, a change in albedo of
the ash-covered surface could have been of some importance. An analysis of
the observational data suggest that starting from 1880, a substantial part of
the var iations of the mean temperature of the atmosphere can be related to
volcanic eruptions and the relative warming during 1920-1945 may have been
related to the almost complete absence of large-scale volcanic eruptions
during the three decades after the Katmai eruption in 1912. If the tentative
conclusions about the effect of volcanic eruptions on climate are confirmed,
of special interest will be the problem of forecasting volcanic activity
(Cronin, 1971).
Long periods involving conside rable changes in regional climates are
marked by surprisingly small variations of the mean temperature of the Earth's
surface, Ts· During the last ten thousand years - in the Holocene period Ts had varied by about lK. However, such variations have had important
social and economic effects on mankind due largely to related variations in
sea ice and precipitation. Also o f importance is the high sensitivity of the
vegetation season in high latitudes to temperature variations. For the last
two million years (the Quarternary period) quasi-cyclic variations of Ts of
5-lOK have been identified. In the cooling glacial phase ice covered vast
continental areas in high and middle latitudes. Such glacial-interglacial
oscillations had not been observed for a period of hundreds of million years,
prior to the Quarternary period. It is very important to attempt to determine
the factors underlying these climate changes because of the vital importance
of climate changes for man's evolution.
In this connection, Pollack et al. (197 5a , 1976) discussed the
probable climatic implications of natural and anthropogenic stratospheric
aerosols (volcanic eruptions and high- altitude aviation, respectively). This
effect is felt through variations in the global heat budget - in both the
solar radiation absorbed by the planet and the outgoing thermal radiation.
It is thought that for the first few months after a volcanic eruption,
silicate dust with optical constants identical to those of obsidian and basal t
glass is the main component of aerosols . The (dec reasing-in-time ) mean radius
of particles is assumed to be 1,0 µm 15 days after an eruption, 0.5 µmat
two months, 0 .25 µmat four months, and 0.1 µmat 15 months . After an
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eruption the sulphur containing gases are gradually transformed into H2so 4
droplets, and after several months they are the main component of aerosols.
Aerosols produced by transport spacecraft (shuttles) is Al 2o 3
particles and that produced by supersonic aircraft (SSA) and other
high- altitude aircraft is H2S04 droplets. In all cases the aerosol size
distribution can be considered to be identical to that of the usual H2S04
aerosol.
Table 4 gives estimates of probable variations in the stratospheric
optical thickness ~T at ~ = 0.55µm under the influence of the factors
considered. These data refer to the northern hemisphere. The values ~T for
the southern hemisphere should be changed by 3/7 times. The tabulated data
show that ~T variations which could have been produced by SSA and shuttles
are much less than even the mean-decadal increase in ~T due to small-scale
volcanic activities.
Taking into account the above data on aerosols, calculations have been
made of the variations of solar radiation absorbed by the surface-atmosphere
system, and the outgoing thermal emission. To calculate radiative fluxes, the
doubling technique was used with due regard to the multiple scattering in the
case of the shortwave radiation. The longwave (thermal) emission was
calculated with the inclusion of molecular and aerosol absorption.
Calculations of the surf ace temperature variations revealed the important role
of the long-wave radiation contribution causing (due to attenuation of the
radiant heat release) a substantial decrease in surface cooling.
The calculations are in general agreement with cooling near the
surface and warming of the stratosphere observed after powerful eruptions.
The main contribution to the stratospheric heating is produced by the
absorption of the upwelling longwave flux and not by solar radiation.
Variations in volcanic activity from late 19th century to the early 1940's
show some agreement with the temperature changes . The very few volcanic
activity during 1940-1960 are inadequate to explain the observed global
cooling. Apparently, also the cooling during the "little ice age" cannot be
ascribed to volcanic activity. Estimation of the climatic effects due to
Shuttle generated aerosols shows that they are negligible. Similar results
are found for the effect of supposingly expanding supersonic aircraft fleet
(SSA) even assuming a very optimistic increase of SST the Ts variations
should not exceed O.lK. Probable trends in the volcanic activity and in
anthropogenic aerosol sources indicate that these factors are likely to be
smaller than the predicted increasing greenhouse effect of carbon dioxide and
other radiative gases such as o 3 (see WMO, 1982). Hence, climate warming
over the next 50 years seems likely.
The further development of supersonic aviation and shuttles in future
decades will entail additional pollution of the stratosphere with H2so 4
droplets (SSA) and aluminum oxide particles (shuttles). To estimate the
possible effect of these pollutions, Pollack et al. (1975a) undertook detailed
calculations of the resulting changes in the mean- global heat budget and the
mean surface temperature. It should be noted, however, that they used
inflated number of flights - conunon for all projections of that period. The
temperature was calculated on the assumed equality of the solar radiation
absorbed by the planet and the outgoing emission. This was computed by
selecting a vertical profile of the temperature determined by the
radiative - convective balance , which provides for the equality of the Earth's
heat budget components.
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TABLE 4. Probable variations of the stratosphere optical thickness under
influence of aerosols of different origins

Time scale

Source of aerosol

tn

-------- ----SSA and other high
altitude aircraft

1990,
1990,
2000,
2000,

probable level
maximum level
probable level
maximum level

4.9 x lo-4
8. 9 x 10-4

i.1 x lo-3
3.3 x lo-3

= = = = == = =~= ==== = =~ = = = = ~~ = ~= = ~ := = == ~ ===~ = = = == ~= ~ ~ == ~ = == = ~ = == === =~= = = = =~ = ~ = ~= = = == = =

1990

Shuttle

3.3 x lo - 5

= = = = == = == = = == ===~ = = ~= = ~ = ~= === =~ = = == = === == = = ~ == = = = ~ = := = ~=== = ~ == = = · = =,~=-= = ==:= = = =

Individual powerful
volcanic eruptions

-= = == :::: = :."': := === ::::::-: :: :..-:::.=

Maximum level during
one month

3 x lo-1

Mean level during
one year

1 x lo-1

= :.-= = =::.:.:·.:: =.:.:. · :: .:-== : "": :.:.: ': :."': -= -:: .:...~= --:.:.;.-: :.::: :=. ·:: :;-: ::-= :-:-:;,. -:: ..: ':'. ::.:::: ~ = --= .: :: -:: .:.~:..: ~ ~": "::: :. = ===

Repeated volcanic
eruptions

::= :.:: -:::: .:.: .:::::::::::.: --::: .:.."'.:::.:. ·--: ;:...: :.:::

Mean- decadal for small
scale volcanic activity

2 x 10-2

Maximum mean for ten
years

8 x lo-2

:=::.:~ --==

An analysis of the calculations has shown (see Fig. 16) that the
aluminum oxide aerosol with a refractive index of 1.77 causes a greater
increase in the Earth's albedo with the growing optical thickness, ~T , of
the stratospheric aerosol layer than the H2 so 4 aerosol (refractive
index= 1.43) . Naturally, as ~T grows, the portion of radiation absorbed by
the surface- troposphere system decreases. The effect of the aerosols on ozone
regime and photochemistry is also noticeable (see Chapter 6).
Whitten et al. (1980) obtained new estimates of the effect of
effluents of supersonic aircraft and planned Shuttle launches on the
stratospheric aerosol layer, using detailed theory for the formation of the
sulphate aerosol layer (Turco et al., 1979; Volz, 1975a). These estimates
have been used to calculate the effect of the anthropogenically- caused aerosol
changes on climate (mean temperature of the Earth's surface) . The improved
theory on the formation of stratospheric sulphate aerosols from the gas phase
has made it possible to take account of both gaseous and aerosol effluents
from SSA and shuttles which can affect the natural aerosol . In the stationary
stratospheric model under consideration, pollution of the stratosphere is
assumed to have continued already for five years.
The main conclusion is that an effect on climate is negligibly small.
The assumption that 300 SSA are flying daily (currently this number is
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Figure 16
Global albedo (the left diagram) and shortwave radiation
(as related t o extra- atmospheric i nsolation) absorbed by
the surface- troposphere system vs. variations of the
stratospheric optical thickness ~T caused by aluminum
oxide particles(- - - ) and H2so 4 particles (- - -).
From Pollack et al. (1975).
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considered grossly overestimated) at an altitude of 20 km, or 50 shuttles are
launched every year gives an increase in the concentration of large aerosol
particles in the stratosphere by about 20% and a decrease of a mean surface
temperature by less than O.OlK (accurate to a factor of 5).
These estimates of the same atmospheric effects obtained using a much
more complete model, agree well with the previous approximate estimates. The
new model has made it possible, however, to resolve a number of problems
concerning the effect of large- scale ejections of small particles into the
stratosphere. It has been shown, in particular, that the number of small
particles which can grow large is very small.
The total concentration of large particles is limited by the rate of
the input of the sulphate aerosol. The input by natural sources is about
1-2 x 105 tons of the sulphur dioxide per year. The effluents of several
hundred SSA is only 0 .29 x 105 tons/year. The dominant effect of natural
processes leads to a relatively constant total mass of the sulphate aerosols
and largely determines the number of large particles in the stratosphere.
As far as small particles of soot (SSA fuel wastes) and Al 2o3
(Shuttle wastes) entering the stratosphere are concerned, they coagulate
rapidly with large particles, as a rule. Therefore, of the SSA fuel wastes,
it is not soot particles, but sulphur dioxide which has the largest effect on
the stratospheric aerosol layer. Consequently, it is the sulphur dioxide
injections that should be controlled, if required.
Calculations show that if the soot wastes constitute only 0.3g of soot
per 1 kg of fuel, then sulphur dioxide is responsible for the formation of
about 2g/kg of the H2so 4 aerosol. Probably the most important aspect of
the anthropogenic effect of stratospheric aerosols is associated with the
indirect impact of man's industrial activity rather than with the direct
influence of material ejected in the stratosphere. So, for instance, an
increase in the background concentrations of sulphur dioxide and carbonyl
sulphide caused by growing fuel combustion and coal gasification may lead to
an increase in the concentration of the sulphate aerosol in the stratosphere.
Preliminary work is now being done to obtain the corresponding estimates. The
possible effect of the SSA-caused change in the concentration of condensation
nuclei on the formation of cirrus clouds in the upper troposphere and lower
stratosphere needs to be studied.
Though the effect of stratospheric aerosols on the global albedo is
much stronger than on the outgoing longwave emission, intensification of the
greenhouse effect caused by increasing of 6T, provides about a 40%
compensation of the Earth's surface temperature drop which results from the
planetary albedo increase (but sometimes a slight increase of the surface
temperature is also observed, see Table 5).
Stratospheric heating due to an increase of 6T is determined by the
absorption of the upwelling longwave radiation: the stratospheric aerosol
causes stronger cooling of the stratosphere through radiative heat exchange
than heating due to the absorption of solar radtation. Solar radiation
absorbed by the Earth's surface- troposphere system diminishes when the aerosol
content in the stratosphere grows.
During the first several months after an eruption, when aerosols
consist of large particles, practically comp le te mutual compensation takes
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TABLE 5. Calculations of measurements of optical thickness (6T) at
h = 0 . 5 µm and surface temperature ATs determined by
silicate dust, on the assumption that relative humidity is
constant

r- --------------- - - - - - --- - -

-Basa: _ghlss
~--~

I

Modal radius of
particles, µm

0 .1

0.25

0.50

0.50

0.50

1.0

0.195

0.195

0.045

0.195

0.495

0.,195·-

- 2.305

- 2 .109

+0.031

+0.023

0.021

2.985

Optical thickness
lh

Surf ace temp
hTs

Obsidian
Mod<i l radius of
particles, µm

0.1

. 0.1

0.25

0.50.

0.50

Optical thickness
tn

Surface temp
t:.Ts

0.045

0.195

0.195

0.045

0.195

- 0. 417

-1.617

- 1. 482

-0.012

-0 .186

·-

-- - - - --- - - - - -·- - -

place between the effects of increasing planetary albedo and of decreasing ·
radiative heat transfer - there may be a slight increase in surface
temperature (the greenhouse ·effect) followed by the stratospheric heating..
Calculations for the post-Agung stratospheric conditions revealed
that, for this case, a stratospheric temperature increase was caused by the
increased absorption of upwelling longwdve radiation. At later stages, when
the small-size fraction of silicate and tt 2so 4 aerosols is dominant, the
surface temperature decreases. Since the cooling effect is the longest and
most substantial, the whole post - eruption period is characterized by cooling
of the Earth's surface, the extent of which is determined primarily by the
effect of the tt 2so 4 aerosol.
After an individual large - scale volcanic eruption, the optical
thickness of the stratosphere in the visible part can reach 0.3 in some
regions, 0.2 in many regions, and may remain so for several months. This is
exactly the case after the recent El Chichon eruption. An optical thickness
of about 0 : 1 is quite typical of post - eruption periods, and usually lasts for
at least a year. Modelling such an increase of optical thickness gives a
decrease of mean global temperature of the Earth's surface by about lK. An
analys is of possible climatic implications of volcanic eruptions (injection of
water Vdpour to the stratosphere, photochemical processes in the ozone layer ,
etc.) leads to the conclusion that the radiative effects of stratospheric

'

-

--
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aerosols play the main role. Note, however, that possible change of
tropospheric cloud characteristics due to aerosols is an important feedback
neglected in the calculations which may seriously affect estimations of
6Ts· Also, in paleoclimatic studies, the snow and ice feed back is of
great importance.
If one takes O.lK as detection threshold for a change of mean global
temperature of the Earth's surface, and then analyzes the available data of
possible anthropogenic stratospheric pollution from SSA and Shuttles in the
decades to come, one finds that temperature changes caused by these factors
would lie below detection threshold. Pollution-caused variations are much
smaller than those caused by small-scale volcanic eruption& in mid-1960's (see
Table 4). Variation of the Earth's surface temperature could approach a
threshold value only if the number of SSA amounts to 7500 (at 5.5 flight - hours
per day) or daily launches of Shuttles total 70, which are absolutely
unrealistic numbers in accordance with current experience.
Previous calculations have shown that the main influence of
stratospheric aerosols on climate arises from the growing reflection of solar
radiation which depends substantially on surface albedo; the contribution of
aerosols to the decrease of atmospheric transparency for longwave radiation
being comparatively small. Harshvardhan (1979) undertook new calculations of
the sensitivity of the Earth's surface-atmosphere system albedo to the
properties of stratospheric aerosols at varying values of surface albedo and
solar zenith angle.
In the absence of the stratospheric aerosol layer, the system's albedo
can be written as:
ap = acC + as(l-C)
where as is the albedo for clear sky and ac is the albedo in presence
of clouds, where C is the cloud amount. The expression for ap may be used
on a global basis or for individual latitudinal belts (Budyko, 1974).
The surface albedo is calculated for 10°-latitude belts with due
regard to observational data, and the albedo of a cloudless system is
determined using the calculation results of Dave and Braslau (1975).
Calculations yielded mean-monthly mean-zonal as profiles, as well as a
profile averaged over a year, taking account of monthly values of insolation
(as weighting factors). Mean-annual values of the system albedo obtained in
such a way closely correspond to those of minimum albedo found by vonder Haar
and Ellis (1975) from satellite observations (substantial discrepancies occur
only near the equator and in high latitudes, which is due to cloud effects not
excluded completely in the processing of satellite observations).
The system albedo, ac, for overcast conditions have also been
obtained using the calculations of Dave and Braslau (1975) specified with
regard to satellite observations. The technique described above has been used
to calculate variations of mean-g lobal albedo caused by stratospheric aerosols
for a cloud amount taken from climatological data, as well as variations of
mean-zonal albedos for individual months. A good agreement was obtained
between calculated (0.308) and observed (0 .306) values of mean- annual albedo
for the Northern hemisphere.

- 56 -

Consideration of the effect of stratospheric aerosols on the outgoing
long wave radiation allowed estimation of changes in the radiation budget of
the Earth's surface - atmosphere system. Sensitivity of the system albedo A for
a hemisphere to stratospheric aerosols is determined by the derivative d~/dT,
where T is the optical thickness of the aerosol layer at ~ = 0.55µm . Since
for the stratospheric aerosol layer T<<l, the albedo is directly proportional to
optical thickness and sensitivity of the albedo is ~~/~,.
Kondratyev and Moskalenko (1984) in a paper on the radiation balance
of the atmosphere disturbed by a volcanic eruption have noted the most
substantial effect the volcanic aerosols have on the 20 to 30 km layer of the
stratosphere. Their model calculations indicated that if the albedo of the
surface is greater than 0.39, the volcanic aerosol will cause decrease of the
albedo of the surface-aerosols system. If it is smaller than 0.39, the
stratospheric aerosols will increase the albedo of the system. For an optical
thickness of 0.3 (for ~ = 0.55µm) the total radiation will decrease by
about 10%, and the albedo of the planet will increase by 7%. The stratospheric temperature will increase by 6° because it will absorb longwave
radiation from the surface and the troposphere.
Harshvardhan (1979) had assumed the aerosol to consist of droplets of
a 75% solution of sulphuric acid, its size distribution being described by
modified Y-distribution, and phase function by the Henyey-Greenstein
function. In this case the extinction coefficient at ~ = 0.55µm, identical
to the scattering coefficient, is l.lxlo-4 km-1, the single - scattering
albedo is l, and the assymetry of the phase function is 0.73. The effect of
stratospheric aerosols has been calculated using the approximation of an
optically thin layer. Values of the system albedo were assumed from satellite
data as standards (as initial data for estimation of sensitivity). An infrared
radiative transfer model is used to estimate the increased greenhouse effect
attributed to the aerosol layer. The infraredheating tends to compensate for
the albedo effect in altering the radiation balance.
The results show that the dominant influence of an optically thin
stratospheric aerosol layer appears as an increase in reflected solar
radiation over the globe, except for the winter polar regions where there is
no solar insulation. Analysis of mean monthly values of ~~/~, reveals
substantial dependence on solar zenith angle shown by a latitudinal-temporal
variability within 0.08-1.0 (in percent at ~T = 0.01). In high latitudes
the effect of surface albedo is also great.
The results of numerical modelling confirm the inadequacy of the
assumption (used in energy balance climate models) of the equivalent climatic
effects of solar constant changes and increases in stratospheric aerosol
concentrations, since even in the presence of a globally homogeneous aerosol
layer its effect on the distribution of solar radiation attenuation turns out
to be inhomogeneous.
For latitudes below 50° variations of the radiation budget are
sufficiently homogeneous and small, due to the compensating contribution of
the intensitled greenhouse effect 1n the atmosphere. Calculations of
sensitivity of the greenhouse effect (expressed in wm-2/Tvis> have shown
that it 1e mnx1mum in the tropics (13.9 at clear sky and 7.7 at overcast) and
it is minimum in the winter sub- Arctic (5.3 and 4.0 respectively). Thus, an
increase of optical thickness by 0 . 1 in the clear- sky tropics leads to
intensification of the greenhouse effect by 1.4 W/m2 .
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An increase in the temperature of the aerosol layer due to absorption
of the upwelling longwave radiation flux makes a noticeable contribution to
variation of the greenhouse effect. The strongest perturbations occur in
sprlng and fall in polar regions, when the difference in the equator-to- pole
radiation budget increases by 6.5-7.0 W/m2 for an aerosol optical thickness
of 0.1 at ~ = 0.55µm. In the polar night, the radiation budget of the
system grows due to intensification of the greenhouse effect. Being caused by
stratospheric aerosols, variations of the radiation budget are small as
compared to values of the budget which vary from -175 to -11W/m2, and at
~' = 0.1 do not exceed the errors of estimation of mean--monthly values
(3-14W/m2). However, even such small changes of the radiation budget can
substantially affect climate.
Cess et al. (1980) paid attention to the fact that various authors had
obtained different values of the derivative dap/d'vis• the difference
being about 0.2, according to (Cadle and Grams, 1975; Harshvardhan and Cess,
1976; Pinnick et al., 1976), but Pollack et al. (1976b) had obtained a value
of 0.082. cess et al. (1980) showed that the first value had been
overestimated, since it had been obtained using approximations of an effective
wavelength.
Calculations with due regard to spectral dependence of albedo
(determined by Rayleigh scattering, in particular) have shown that selection
of the effective wavelength equal to 0.53 or 0.55µm leads usually to an
almost maximum value of dap/d'vis (a~ is spectrally averaged albedo
of the system). Also of great importance is consideration of the dependence
of the albedo on the solar zenith angle. Calculations of dap/d'vis performed by Cess et al. (1980) with due regard to the above-mentioned factors
have led to the conclusion about the unacceptability of "one-wavelength''
approximation and the necessity to bear in mind the dependence on the solar
zenith angle. A mean-global value of dap/d'vis for average cloud
conditions was found to be 0.092, i.e. it agreed well with the data of Pollack
et al. (1976), the effect of stratospheric aerosol on as being
approximately 5 times stronger than on ac, which points to substantial
specific character of the regional effect of stratospheric aerosols on the
system albedo.
An important conclusion resulting from the albedo sensitivity
computations is the necessity of including solar zenith angle effects in
considering albedo enhancement. It was also pointed out that the separation
of areas into cloud-covered and cloud-free is unnecessary in the calculation
of the radiative effects of the reflecting layer. This permits the use of
mean monthly planetary albedos (obtained from satellite measurements) to
calculate the change in the radiation balance of each zonal belt caused by the
presence of a stratospheric layer. The perturbation in the radiative balance
may be used to simulate the radiative effect of a stratospheric aerosol layer
in climate studies.
It appears from above made analysis that a uniform layer of
stratospheric aerosols would have only a small effect on the long term
radiative regime equatorward of 50-60°, if the change in turbidity corresponded to that caused by the Mt. Agung eruption. Even this small change
in the radiation balance, though probably undetectable forms a space platform,
could induce climatically significant changes through an alteration in the
dynamics caused by the change in the equator - to-pole radiative energy
gradient. Of course, this hypothesis can only be tested by a dynamic mode l.
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Also, the localized radiative effect in the vicinity of the aerosol layer
would still be considerable as discussed in Harshvardhan and Cess (1976).
There has been some suggestions that the effect of stratospheric
aerosols on longwave radiation transfer is negligible. As Coakley and Grams
(1976) have noted, this opinion is erroneous, since in some cases the effect
may be more significant than that of the aerosols on shortwave radiative
transfer. This is particularly the case when the aerosol layer consists of
tiny but strongly absorbing particles (x = 2~r <<l, r =particle's radius ,
~=wavelength).

~

To evaluate the effect of stratospheric aerosols on global climate,
Coakley and Grams (1976) had proposed a simple energy balance model of a
two- layer atmosphere to calculate variations of mean global surface
temperature due to aerosols. The stratosphere and surface- troposphere system
were assumed to be in radiative equilibrium.
For a two- layer model of an atmosphere consisting of troposphere and
stratosphere in radiative equilibrium, an approximate formula has been
obtained which expresses the dependence of outgoing longwave radiation Ft·
on the optical properties of stratospheric aerosols.:
l1F1'/F;t =- T [l-w' + 2w '" (3']-T[(l-w)l-3A + 2wfHl-A)]r
1-A
where
T is the mean- weighted (considering the solar spectrum) aeroso-1
thickness for shortwave radiation;
1

w

is the effective single scattering ae-rosol albedo.;

is the parameter of phase function asymmetry which characterizes
forward scattering;

13

A

= 0. 3: is the surface albedo.

Primes mark the parameters which refer to longwave radiation.
If one uses an empirical relation between outgoing radiation and surface
temperature, one can apply the above- mentioned formula to evaluate the ·effect of
stratospheric aerosols on surface temperature. Previous approximate calculations
have s-hown that 1%- change of outgoing radiation corresponds to changing the
mean- global surface temperature by lK, with the same sign. Then one can estimate
the effect of the stratospheric aerosol - induced variations of Ft on surface
temperature, on the assumption that the optical properties of the troposphere
(such as albedos of clouds and the surface) are independent of surface temperature.
Using Mie formulae, calculations were performed of cross- sections of
absorption and scattering at different values of the complex refractive index
(assumed to be 1.5, the absorption index 0, 0.001, 0.01, and 0.1) and particle
size (this parameter varies within 0 . 001 - 100), and the results obtained were used
to calcu l ate l1Ft depending on aerosol size distr i bution, as a given concentration
Ft
of aerosol equal to 1 µg/m3.
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- The calculations under consideration have led to the conclusion that
as a rule, both small particles (r < 0.05 µm) and large ones (r > 1 µm)
have a stronger effect on longwave radiative transfer than that of shortwave
radiation, and, consequently, they cause an increase of surface temperature.
An alternative holds for particles of intermediate sizes which are responsible
for surface cooling. It is shown that surface temperature variations are most
substantial in the case of monomodal aerosols with radii 0.2 µm.
Actual temperature changes should be less, since (i) aerosols cannot
be monomodal; (ii) thermal inertia of the surface- atmosphere system should
smooth out the aerosol effect. A maximum possible change of surface temperature resulting from volcanic activities with intensity like that of the Agung
eruption, is cooling by about 0.3K. Calculations of ~Ft have led to the
Ft
conclusion that the most likely climatic effect of present-day aerosols is a
lowering of the surface temperature connected with the fact that particles
with radii 0.1-1 µm contribute mostly to the mass of stratospheric aerosols.
Coakley and Grams (1976) have shown that consideration of the stratospheric aerosol effect in terms of an equivalent change of the solar constant,
may lead to large errors, particularly from the point of view of the effect of
particles with radii beyond 0.1 - 1 µm. Such an equivalency may be used only
when the effect of aerosols on longwave radiative transfer is negligibly small
and the aerosols do not absorb in the shortwave spectral region.
All the calculations considered above were performed using meanweighted spectral characteristics of aerosols. Comparison with calculations
for monochromatic characteristics at wavelengths 0.5µm and lOµm revealed substantial discrepancies, and, consequently, it is important to consider the
selective character of aerosol optical characteristics (similar conclusion
holds for gaseous components).
Large-scale volcanic eruptions provide an excellent natural model to
study the response of the global climate system to radiative perturbations
caused by the formation of post - eruption aerosols in the stratosphere. The
eruption of Agung in 1963 was apparently the next strongest after Krakatau
(1883) and was well documented observationally. The global post - eruption
distribution of aerosols can be deduced from observations of aerosol optical
effects.
To estimate approximately the effect of an increasing concentration of
stratospheric aerosols on the atmospheric temperature regime in low latitudes,
where the Mt. Agung effect was maximum, Hansen et al. (1977, 1978) used a
one-dimensional model of radiative-convective equilibrium. The case of a
"normal" atmosphere at a stratospheric aerosol optical thickness of 0.005 was
taken as a control background level. It was assumed that 20, 60, and 20% of
the post-eruption aerosols were located, respectively in the layers 20-26,
19-22, and 16-19 km, and that the aerosols were sulphuric acid. The heat
capacity of the surface layer was equilivalent to a 70 m layer of ocean water.
Comparison of calculated temperature changes with those observed in
Port Hedland, Australia, at 60 and 100 mb, showed reasonable agreement,
especially noting that part of the observed temperature increase could have
been caused by the quasi - biannual variation. Calculated tropospheric mean
temperatures in the 30°N- 30°S latitudinal belt, starting from the time of
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eruption till early 1966 also agreed with observational data - a temperature
lowering of about several tenths of a degree being observed, with a time
constant of about a year. The significant increase of temperature at 20 km in
the stratosphere was shown in F'igure 9.
Table 6 shows calculations for the cases of the sulphate aerosol which
weakly absorbs solar radiation, and the silicate aerosol which strongly
absorbs it.

TABLE 6.

Calculated Temperature changes in the stratosphere and
troposphere caused by sulphate and silicate aerosols
(T55 - stratospheric temperature at 55 mbar
Ttr - mean tropospheric temperature)

-----

I

30

60

120

180

360

540

720

T55

0.63

2.15

4.77

5.34

3.75

1.90

0.84

0.02

Ttr

- 0.01

-0.03

--0. 12

- 0.23

- 0.48

--0.54

- 0.51

-0.44

T55

3.8

8.1

12.8

13.1

10.5

7.4

5.2

2.8

Ttr

-0. 01

-0.13

--0 .22

-0.23

--0 .19

-0.13

Number of days

1000

--Sulp_hates

Silicates

0.03

0.08

The considerable difference between the results shows the need for
adequate treatment of aerosol optical properties. The properties of "real''
aerosols are probably intermediate to those of sulphates and silicates.
The results show that the sign and phase shift of temperature changes
in the troposphere and stratosphere calculated with a one-dimensional climate
model, agree well with those observed after the Agung eruption. They also
indicate the usefulness of an approximate model to evaluate the climatic
effects of changing atmospheric composition.
Oliver (1975, 1976) suggested a semi - empirical technique for
estimating mean temperature changes in the Northern hemisphere due to
stratospheric dust loading based on the observations of volcanic eruptions and
subsequent coolings. Although his study has some weak points here will be
shown his simplistic approach. Comparison of data on secular variations of
the mean - annual temperature in the Northern hemisphere for 1880 through 1963
with chronological records of volcanic eruptions and the evaluations of dust
outbreaks indicates the strong effect of these outbreaks and the existence of
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short periods of cooling after large - scale eruptions (Fig. 15). so, for
instance, after the 1883 Krakatoa eruption, the global stratosphere received
about 50-100 million tons of dust which attenuated solar radiation by 20 - 30%.
However, in the 1880 through 1930 period, a general trend was observed toward
climate warming, which occurred even in the beginning of this period when the
most powerful eruptions took place. Over several decades (about 1915- 1945)
volcanic activity was rather weak, and air temperature was higher than in the
preceeding and subsequent (current) periods. After analyzing the various
factors of climate changes, Oliver (1975 , 1976) adopted Mitchell's (1975)
conclusion that neither increasing of the co 2 concentration nor variations
in the tropospheric aerosol content considered separately could explain
temperature changes observed during the last century.
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Figure 15.

Analytical result ( -.-. ) for surface temperature anomalies
in the Northern hemisphere due to volcanic eruptions
calculated using (T- T0 )1883=- 0.5,R=l.O,c=l0
and ex =O. 227, superimposed on the climatic record ( - · - - ) .
Lower part shows estimated dust injections (106 tons).
From Oliver (1976).

He developed his approach following a suggestion by Budyko (1974) that
the earth's surface mean temperature Ts may respond to perturbations in a
simple fashion, according to the equation:
dTs
->.(Ts - TR)
dt

(6 .1)
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where t is the time, A is the relaxation parameter (climatic response
constant per year); TR is an equilibrium temperature determined from the
relationship:
TR = T0

-

QM(t)

(6.2)

where T0 is an (unknown) equilibrium temperature of the dust-free
stratosphere; Q is the cooling coefficient (°C/mln tons of dust); M(t) is
the dust mass as a function of time expressed for simplicity as:
M(t) = M0 exp[-k(t-to)]

(6.3)

where M0 represents the mass of dust in the stratosphere at the beginning
(t 0 ) of the time period in question; and k-1 represents a dust-residence
time.
It is assumed that T0 is constant for either a period of 10-20 years
or 80-100 years, and can be evaluated in the first case from the data for a
period of 5-10 years and in the second case of several decades, after weak
volcanic activity. The first case was used for the period late 19th ~ early
20th century, and the second for the whole 1883-1968 period.
Introducing the temperature anomalies: The quantities e and B are
now defined, where e is the anomaly relative to the reference line used by
Budyko, and B represents a constant difference between this reference line
and T0 , i.e,
T(t) - To

e(t)-B

(6.4)

replacing (6.4) in (6.1) and bearing in mind the above mentioned
relationships, one can easily obtain the formula:
AQM0
e=(e0 - B.)e-0(t--to)-tB- ----[e-k(t - t >-e-A(t-t )]
A-k

(6.5)

where 8 0 is the value of the temperature anomaly at the beginning of the
integration period being considered. This gives opportunity to determine e
as a function of time and of the parameters of the problem.
The value of QM0 (where M0 is = M at t = t 0 ) can be inferred from
actinometric measurements through the heat budget of the surface-atmosphere
system.
Calculations with formula
one year, with M0 determined as a
which appeared during this year.
fitting e(t) to the observational
rule, starting from 1883.

(6.1) were made with a time- step equal to
sum of all the residual dust and the dust
The constants A and Q were found from
data. Calculations were performed, as a
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Examination of the results has shown that powerful volcanic eruptions
lead to short- period climatic coolings, which then can lead t o accumulative
cooling if there are frequent subsequent eruptions . Values of the cooling
coefficient and time of reaction to stratospheric dust loading thus obtained
are consistent with the values obtained by other authors.
An interesting feature is that in the case of an initial negative
anomaly (6 0 - ~<0) corresponding to a prior-to-eruption warming, the
post-eruption cooling effect is minimum. From (6.5) also appears that the
time-integrated cooling (from t=t 0 to oo) caused by a certain eruption is
simply aM0 /K and is independent of k (which as defined in (6.1) is the
climatic response constant).
Calculations for short periods (20 years) and for the entire period
gave for the values of a(°C/Mt): 0.07-0.10; 0.16-0.21, and for c = l/k(years)
2.5-5 and 6-9 years, respectively. According to the data of numerical modelling
performed within the Climate Impact Assessment Programme (CIAP), the most
probable a range is 0.27-0.36. Oliver (1975, 1976) has pointed out that
even reliably estimated values of a, k, and k parameters are inadequate to
forecast the effect of a given volcanic eruption, since consideration of the
background trend is of great importance. This makes more complete studies of
the long-period variability of stratospheric dust-loading and other climatedetermining parameters most important.
Harshvardhan and Cess (1975, 1976, 1979) published estimates of the
climatic effects of stratospheric aerosols, assumed to be super-cooled droplets of a 75% water solution of sulphuric acid condensed as a layer at an
altitude of 20 km. The size distribution of number density, N, was determined
from the formula:
dN
dr

= a'tb

(6.6)

Here a= lo-0.474 and b = -3.82 in the interval 0.3 < r < lµm; a = 103.72
and b = 4.19 in the interval 0.1< r < 0.3µm; and a =-104~ b = 0 in the
interval 0.03 5 r 5 0.05µm.
In the solar spectrum, a constant value of 1.43 was assumed for the
refractive index (with an imaginary part of the complex refractive index
about lo-7). In this case the extinction coefficient in the visible spectrum,
~vis = 8.8x10-3km-l.
The absorption coefficient is lo-6 and therefore, shortwave radiation absorbed by stratospheric aerosols is four orders of
magnitude weaker than the absorption of longwave radiation. The background
optical thickness, 'tvis = 0.02, which corresponds to the geometric thickness
of a homogeneous aerosol layer of 2.3 km.
An estimation of the aerosol layer's reflectivity gives R=0.37'tvis
at a single-scattering albedo w0 = 1.0. Since w0 (k)<O.l in the wavelength
region k>5µm, one can neglect scattering when calculating longwave radiation
fluxes. Approximate consideration permits derivation of the following simple
formulae for emissivity and absorptivity of aerosols, respectively:
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~

0.0816 Tvis

(for T

217K)

(6.7)

and
a

0.1029 Tvis

(6.8)

The value of a/~ = 1.26 (other than unity) points to the effect of
aerosol sensitivity. For the aerosol layer temperature estimated from
radiative equilibrium conditions (the radiative heat exchange uses Newton's
approximation) the air temperature TA is found to be:
TA = 214

1 + 13.90Tvis
1 + 13.22Tvis

(6.9)

i.e. in the absence of aerosols, the temperature at 20 km is 214 K, and in the
case with background aerosol concentration (Tvis = 0.02) it rises to 216.3K.
For a purely aerosol layer (not considering the molecular absorption effect),
the temperature reaches 225K.
Therefore, it follows that the maximum possible heating of the
stratosphere due to a strong increase in the aerosol concentration would be
9K. This estimate fits the observational data after the 1963 Agung eruption,
when the temperature at 19.5 km in Australia rose by about 6K and remained at
that level for a year, then stayed 2-3K higher than the pre-Agung temperature
for the next few years. The temperature increase at lower altitudes was much
weaker, seldom exceeding 2K at 12.4 km.
After the eruption of El Chichon in 1982, a significant stratospheric
warming occurred at the altitudes and latitudes where the uppermost layer of
aerosols resided (Labitzke et al. 1982). They found a 4.5 to 5°C temperature
increase over the preceeding 18- year average for July, August, September, and
October, 1982, at the 30- mbar level at 10°N. The standard deviations for this
18-·year data set were 1.4 to 0.86 during these months. In their paper lidar
data, from an aircraft measurements between New York and the Caribbean, showed
that the main optically active layer produced by El Chichon was lying between
21 and 30 km south of about 30°N (to at least 12°N) and was peaked at 26 km.
They concluded that, even when considering the QBO, the monthly mean temperature data zonally averaged over 10° latitude bands showed for the 30 mb level
a very significant temperature increase at 10°N (3 to 4°C warmer than the 1977
record when the QBO was in a similar phase), a less significant one (but
pronounced) at 20°N, and a suggestion of a warming at 10°N and 20°N for the
50 mb level. These conclusions are all consistent with the location of the
aerosol layer as determined by the lidar data. Parker and Brownscombe (1983)
reported a warming of the equatorial lower stratosphere and likewise concluded
that this effect was a combined effect of El Chichon and the tropical stratospheric QBO. Angell (1983) also has concluded that even after allowing for the
warming associated with the given phases of the QBO, a 50 mb equatorial warming
of about 4°C is found for both the Agung and El Chichon eruptions, with the
maximum warming occurring two seasons after the eruption. In addition, he
concluded that there was an El Chichon-induced warming at 30 and 20 mbar of
about 4°C, with 95% certainty that the warming was between 2 and 6°C. At
these latter two levels he found the maximum warming in the autumn of 1982.
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The post-Agung value of 'vis increased in the Northern hemisphere
by a factor of two (47°N) or three (19°N). According to data at the Mauna Loa
Observatory, a lowered atmospheric transparency was observed for few years
after the eruption and it took about seven years to return to pre-Agung level
(see Fig. 6). The optical thickness in the Southern hemisphere (25-28°S)
increased by a factor of eight, and remained that way throughout the first
year. Though even such a heavy dust loading of the stratosphere could not
have caused the observed climatic cooling after the 1940s (according to the
calculations for the equilibrium state), it is reasonable to assume that the
volcanic activity of the 1960s contributed to maintaining the temperature
decrease which started in the 1940s. It should be emphasized that an aerosolinduced stratospheric temperature increase is a consequence of aerosol
selectivity (a>~). At a=~ the temperature would have remained practically
constant. Consideration of the radiative budget equation for the Earth's
surface-atmosphere system, and the use of the empirical relationship between
outgoing longwave emission, surface temperature and cloud amount yields the
following approximate formula for surface temperature change caused by
stratospheric aerosols:
s
dTs

= -----aF/aTs

(l-R/(1-AR)] -

~

4
TA/S

1 - ----------------------

(6.10)

1-a

where s is the solar constant; F is the outgoing longwave emission; A=0.3 is
the planetary albedo in the absence of aerosols.
At aF/aTs = 15 wm-2K-l for the 50% cloudiness, the normal (background)
stratospheric aerosol <•vis = 0.02) causes a decrease in the global
surface temperature by 0.7K. Doubling of the aerosol content should double
this temperature decrease. such a result is determined by the fact that the
effect of the aerosol-induced increase of the planetary albedo overweighs the
effect of the aerosol greenhouse effect.
The above estimates show that the solar radiation extinction caused by
stratospheric aerosols leads to cooling of the Earth's surface, while
intensification of the greenhouse effect contributes to warming. Aerosol
absorption of solar radiation causes stratospheric heating. Calculations of
such effects associated with volcanic aerosols agree satisfactorily with
observational data. However, these studies show that the effect of heating or
cooling of the Earth's surface depends critically on the size of the aerosol
particles.
Numerical Modelling of the Climatic Impact of Stratospheric Aerosols
An effective way to examine the "observed" impact of volcanic
eruptions is through the use of sophisticated climate models, making use of
observational data. Several model calculations of the effects of volcanic
dust on climate have been performed during the last ten years. These include
use of one-dimensional radiative convective models (PollacR et al., 1976a, b;
Hansen et al., 1978), zero-dimensional empirical models (Oliver, 1976),
zero-dimensional energy balance models (Schneider and Mass, 1975; Bryson and
Dittberner, 1976; Harshvardhan and Cess, 1976), a one-dimensional energy
balance model (Robock, 1978); a two-dimensional zonal model (Maccracken,
1975), and a three-dimensional general circulation model (Hunt, 1977). The
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models all concentrate on surface air temperature as the calculated climate
variable, although Hansen et al. (1978) and Pollack et al. (1976a, b) also
looked at stratospheric temperatures and Hunt also looked at circulation
effects. Other aspects of the climate system are undoubtedly affected by
volcanic eruptions but have not been included in modeling studies.
In some of the models the ash and sulfate from the eruption are
treated separately with different absorption properties. In addition, in
recent work by Bryson and Goodman (1980) ash is considered to fall out rapidly
(mean stratospheric residence time about 100 days) while sulfate is considered
to evolve with a gas-to- particle conversion time constant of 115 days and a
mean residence time of 400 days. More experimental values of these constants
are needed and can only be obtained by further direct and remote sampling of
volcanic clouds.
Both Hansen and Robeck calculated the effect of the Mount St. Helens
eruption using their climate models. They both found very small effects on
surface temperature, for example, much less than 0.1°C for the global or
hemispheric mean. Because the natural variability of the temperature is much
larger than this, it is considered an insignificant effect and will be
impossible to measure.
Although different assumptions about the details of the volcanic
forcing of the climate models, and different sets of surface temperature
records were used in the studies, all the studies agree on one point: large
volcanic eruptions cause a lowering of hemispheric or global average surface
temperature for a period of a year or two and are an important cause of
climate change on the interannual to 500- year time scale. More definitive
quantitative results await future improvements in volcanic dust chronologies,
temperature reconstructions, and climate models.
To a reasonable approximation, the lower 50 km of the atmosphere can
be modelled as a two-layer system, consisting of the troposphere in convective
equilibrium, and the stratosphere in approximate radiative equilibrium. The
general circulation of the troposphere is characterized by heat sources
located at low levels in equatorial and sub- tropical latitudes. Heat sinks
are located in the middle and upper atmosphere and in polar latitudes.
Stratospheric circulation is generated by the latitudinal gradient of
radiative heat flux divergence in the 20--50 km layer, which is equatorward in
the summer hemisphere and poleward in the winter hemisphere, but, also of
great importance, is the energy transfer from beneath. These general
features, together with boundary layer conditions, determine the static
stability and motions in the troposphere and stratosphere, and the difference
in the relative contributions of vertical and horizontal motions to the
transfer of heat, momentum and various pollutants. An important feature is
the great difference between the characteristic life- times for trace gases in
the troposphere (1-2 weeks) and in the stratosphere (1-2 years). Also, the
role of minor gaseous constituents in chemical and photochemical processes
differs considerably in the troposphere and stratosphere.
MacCracken (1975) applied these concepts in a two-dimensional zonal
model of atmospheric general circulation (ZAM --2) to estimate climate
sensitivity to variations in the ozone layer, stratospheric aerosols and water
vapour, as well as to variations in the solar constant. The fi r st stage of
the ZAM- 2 test calculations was aimed at comparing calculated fields of
meteorological elements with the obs e rved ones.
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Calculations made wi th insolation held constant during the year and
then with due regard to annual and diurnal changes showed that a persistent
climatic regime sets in much faster in the first case. Using mean- annual
insolation . calculated and observed temperature fields fit rather well, except
for the lower stratosphere at polar latitudes where the calculated
temperatures are over-estimated. Agreement between mixing ratio fields is
also satisfactory. The calculated precipitation distribution underestimates
the precipitation minimum in the subtropical belt. The fields of the total
atmospheric water vapour content and cloud amount fit rather well .
Significant differences are found in the mean- annual fields of the
zonal velocity component, but the results appear to be better when the annual
change of insolation is taken into account. The calculated meridional
ci r culation shows only one Hadley cell rather than the "observed" three cells ,
but the calculated meridional energy transfers agree well with those observed,
being primarily advection in low latitudes and macroturbulent tr a nsfer in
middle and high latitudes . In addition, ZAM--2 satisfactorily rep r oduces the
various heat budget components for the surface and in the atmosphe re.
On the whole, the version of the Maccracken (1975) model, with fixed
mean-annual insolation, appears to be useful for estimations of the
sensitivity to various climatic factors. Calculations of the effect of
aerosol variations in the 75- 150 mb layer were made for aerosol contents of 0
and 0.43 ~g cm-2 (normal content), and for values exceeding this normal
content by factors of two and four. The complex refractive index of particles
is assumed to be 1.45 ~ 0.005, which corresponds to weakly absorbing particles.
Analysis of calculated surface temperature shows that the effect of
aerosols is stronger and less regular in high latitudes. Similar conclusions
could be drawn from the analyses of observational data discussed previously.
In the case of the fourfold increase of the aerosol content (about equivalent
to a 1% decrease of the solar constant), the surface temperature is lower by
about 1° in low latitudes. There is a maximum decrease of several degrees
near latitude 70°N, which gives rise to snow cover on land, but not far from
the southern boundary of the snow. A warming effect (about 2K) is observed in
association with decreases in cloud amount and planetary albedo. The
decreases were due to lower evaporation in mid--latitudes. Precipitation also
decreases here by 3.6%. As can be concluded, consideration of varying
cloudiness may lead to some radical changes, e.g. a decrease rather than an
increase, in the planetary albedo with the dust-loading of the stratosphere.
Calculations for mean-global conditions showed that for a tripling of the
stratospheric aerosol content (apparently the maximum possible effect of
SSAs), the planetary albedo rises by 0.4-0.6% due to the increased scattering
by aerosols. The actual situation is. of course, more complicated due to the
interaction between aerosols and cloudiness.
The effect on the hydrological cycle of increasing stratospheric
aerosol content turned out to be unexpectedly strong. A decrease in the
northward transport of energy is rather significant in those latitudes where
cooling takes place. An increase in dust loading of the stratosphere lowers
evaporation from the surface and turbulent heat exchange, but raises the
surface net longwave radiation (the latter due to decreasing atmospheric
emission resulting from reduced water content of the atmosphere). It is
significant that total shortwave radiation absorbed by the surface remains
practically constant (even with decreasing solar constant) which is explained
by a decrease in humidity and cloudiness compensating aerosol attenuat i on.
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The heat budget of the atmosphere is characterized by a decrease in latent
heat and absorbed solar radiation. As far as the stratosphere is concerned,
in the case of the fourfold increase of the aerosol content, its temperature
rises by about 4K. The albedo of the planet remains practically constant.
Comparison of estimates of decreasing mean--global surface temperature,
for the case of the fourfold increase of the aerosol content (a 1% decrease of
the solar constant) with similar earlier estimates by Sellers (a semiempirical energy balance climate model without a hydrological cycle), and a
three --dimensional model of climate (with a " frozen" cloudiness), developed at
the Geophysical Fluid Dynamics Laboratory (GFDL) at Princeton University, led
to the conclusion that there is considerably lower sensitivity of climate to
stratospheric aerosols in the zonal model. The problem of sensitivity
requires further serious studies.
With the mean-global content of ozone amount decreased by 11.7%, the
Maccracken (1975) model predicted a mean surface temperature increase of 0.24K
(in mid-latitudes of the Northern hemisphere the increase was twice as high).
The stratospheric temperature decreased by 0.5-l.5K depending on latitude and
altitude, and the planetary albedo decreased somewhat due to changes in the
hydrological cycle. One is aware that since 1975 much improvements in the
ozone photochemistry took place and nowhere close to 11.7% ozone depletion is
now on site, however, here the Maccracken findings are mentioned for
completeness of the radiative part of the discussion only.
The calculations showed that the effect of increasing water vapour
content in the stratosphere is not important. An increase of the mixing ratio
above the 150 mb level by 1 ppm led to a rise in the surface mean temperature
by 0.094K and a drop in the stratospheric temperature by 0.2 K. Maccracken
(1975) emphasized that the results obtained were preliminary and further
studies are needed, particularly those incorporating processes involved in the
water cycle.
Maccracken and Potter (1975) performed simulations of climate changes
on the assumption that either the aerosol content in the global stratosphere
increased by a factor of 10 (up to 4.3 µg/cm2) (approximately the maximum
dust loading of the stratosphere after the 1963 Agung eruption), or the solar
constant decreased by 3%. The complex refractive index for aerosol particles
was again assumed to be 1.45-i0.005. Since the perturbed simulation did not
attain a stable regime, these results should be considered preliminary. In
both cases, similar climate changes took place. The mean global surface
temperature decreased from 291.5 K, in the test calculation for present
conditions, to 286.9 K, i.e. by 4.6 K. The temperature fields are similar
with a temperature decrease of 4 K in the equatorial zone and 15 K in polar
regions. The air temperature in the troposphere also is lower, but
temperature variations in the stratosphere are more complicated. When the
stratosphere becomes dust- loaded, it is strongly heated (8K), whereas when the
solar constant decreases, the lower stratosphere warms slightly and the upper
stratosphere cools.
The surface net longwave radiation increased (especially in polar
regions) due to an atmospheric emission decrease, which is combined with a
decrease in global radiation and evaporation (the latter decreases by more
than 12%). There is an increase in the planetary albedo due to increasing
cloud amount (by 2%) when the solar constant decreases, and also when the
stratosphere becomes dust - loaded. For stratospheric dust loading, the
boundary of the snow cover moves southward by 10 degrees of latitude (the zone
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of snowfalls drifts southward by 20 degrees of latitude , reaching 60°N).
the case of a solar constant decrease, there is snow accumulation in the
mountains at 60°N, and snow falls reach 50°N.

In

These numerical modelling results indicate that stratospheric
dust - loading and a solar constant decrease are not equivalent from the point
of view of their climatic impact, as some authors have suggested. This
non-equivalency arises because the feedback relationships due to the
hydrological cycle and variations in the heat budget components are more
important than the albedo feedback due to an increase in the ice or snow
cover, or vice versa). The most important interacting factors are as follows:
1.

A decrease in incoming solar radiation leads to cooling in the
troposphere, which gives more cloudiness, and in turn an increase
in albedo and a decrease in absorbed solar radiation.

2.

A decrease in solar radiation absorbed by the surface, together
with atmospheric cooling, leads to a substantial decrease of
evaporation and water content of the atmosphere.

3.

The latter determines a decrease in atmospheric thermal emission
and increase in net long-wave radiation, especially in polar
regions, where the water content is small.

4.

In connection with a decrease in the meridional energy transfer
in the form of latent heat, the meridional circulation
intensifies and the role of diabatic heating with downward fluxes
increases.

These results of Maccracken and Potter (1975) illustrate the need to allow for
various feedback mechanisms in modelling studies of climate changes.
Interesting results have been published by Batten (1974) on the
climatic impact of a homogeneous layer of aerosols in the stratosphere
uniformly distributed throughout the 25-75°N latitude belt. The calculations
are based on the Mintz-Arakawa atmospheric general circulation model. The
physical scheme of the model includes, as in the work of Maccracken, the solar
radiation absorbed and scattered by aerosols and also the effect of the
aerosols on cloud and precipitation processes. An extreme case of
stratospheric dust loading is considered, equivalent by dust volume
(4xlo-2km3) and particles' diameter (2 µm) to the 1883 Krakatau
eruption, but with the extent of the stratospheric aerosol layer about half as
much (the post-eruption dust layer had covered the 30°S--30°N latitude belt).
In the Mintz - Arakawa model solar radiation transfer was approximated
by dividing the entire shortwave radiation spectrum into two regions:
1.

the wavelength region at ~<0.9 µm (which includes 65.1% of
the solar constant S) where only Rayleigh scattering is taken
into account; and

2.

the region with ~~0.9 µm, where only absorption by a
cloudless atmosphere is considered.

It has been assumed that, for the purpose of modelling the effects of
the stratospheric dust layer, that it is sufficient to consider only the
region where scattering is important. The mean optical thickness of the layer
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is itHHUmed t.o be 0.92, which tX>rreBponds t.o it post - Krakatau persistent dust
loading of the stratosphere. Thus, solar radiation is attenuated by the dust
layer by e-0.92, i.e. by a factor of approximately 0.4, which is equivalent
to a decrease of the sub- cloud shortwave radiation flux to
0.651(1 -

e-0.92).s~0.39.

This corresponds to a 5% mean global decrease of the incoming shortwave
radiation when the dust cloud is in the Northern hemisphere, and a 15%
increase, if it is in the Southern hemisphere. For this case the decrease in
the shortwave radiation available at the surface, broadens the zone of
negative surface radiation budget in the winter period to 30°N (the effect of
the dust cloud on absorbed radiation and the radiation budget shows most
clearly in low latitudes).
It is assumed that the presence of the stratospheric dust layer
augments the precipitation intensity by 20% in the 25-75°N zone. This is
equivalent to the following changes in the three types of precipitation
considered in the Mintz--Arakawa model:
(a)

a threshold relative humidity of 99.675% (instead of 100%) at
which the rain starts, corresponds to large- scale precipitation;

(b)

the intensity of the two types of convective precipitation
increases by 2%, corresponding to the intensification of
convection.

Batten (1974) discussed the model results for the 60-day period
(31 December - 28 February), to exclude the effect of abnormally intense
precipitation that was observed in different regions in the two cases. The
under - dust-cloud air temperature and land surface temperature dropped by 2-4°
(the ocean surface temperature is held constant in the Mintz-Arakawa model),
exception for latitudes near 70°N, where the temperature remained practically
constant, owing to increasing cloud cover. The land-ocean temperature
contrasts typical of winter intensified. Figure 17 shows the results of the
calculated surface temperature variations in the dust cloud zone and beyond it.
A decrease in surface temperature should lead to a southward shift of
the snow cover boundary, and the resulting i.ncrease in albedo should decrease
the solar radiation absorbed by the surface even more. As a result, the snow
cover extending southward could have remained for a longer time (including
spring and possibly summer). Therefore, it is expected that a dust cloud
appearing in winter creates strong departures from normal in the following
spring and sununer. In the model, at that time, the surface albedo was assumed
to be constant, which precluded studying the snow/albedo effects.
Despite a 20% increase of precipitation intensity, the total amount of
precipitation has not changed very much in the latitude band considered.
However, its latitudinal distribution has been modified substantially:
precipitation in high latitudes (46 - 74°N) decreased by 19.5%, and in low
latitudes (26 - 46°N) it increased by 22.8%. Though some peculiar features of
the precipitation field can be explained by anomalies in evaporation,
variations of circulation and water flux are the main factor. So, for
instance, a decrease in precipitation in high latitudes is totally due to less
water vapour convergence into the region. As a result of the additional
attenuation of solar radiation by the dust cloud and increasi~g precipitation,
there is a decrease in baroclinicity and in the northward water vapour
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Fig. 17.

surface temperature variations 6Ts at different
latitudes depending on the stratospheric aerosol content
(as compared to a normally dust-loaded stratosphere), and
with the solar constant decreasing by 1%: (1) the
stratosphere without aerosols, (2,3) the stratosphere with
the total aerosol content exceeding the normal one by
factors 2 and 4, respectively, (4) the solar constant
decreasing by 1%. From Batten (1974).

transport in higher latitudes. An alternate situation (growing baroclinicity,
intensification of water transport) takes place in low latitudes, i.e. the
zone of baroclinicity drifts to the southern boundary of the dust cloud.
The foregoing assessments of the meteorological consequences of
volcanic eruptions must be considered as quite preliminary, since they have
been based on the assumption of a fixed aerosol layer in the stratosphere and
on simplified numerical modelling. In this connection, Hunt (1977, 1978)
undertook to model realistically the spread of volcanic eruption products from
their source in tropical latitudes (the 1883 Krakatau eruption was
considered). His three - dimensional GCM permitted the evaluation of both the
direct impact of eruption products on the radiative and thermal regimes and
the indirect effects on the temperature field through atmospheric dynamics.
It is an 18-level hemispheric model similar to those of GFDL and NOAA.
Integrations were performed for mean--annual conditions without regard
to orography and land-ocean contrasts, but taking into account the
hydrological cycle. The results have been compared to previous numerical
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modelling related to the case of the "non-perturbed" stratosphere. Since the
model does not take into account the thermal regime of oceans, it is more
sensitive to various influences than the real atmosphere. Radiative heat flux
divergences due to shortwave and longwave radiation use fixed climatological
distributions of water vapour, carbon dioxide, ozone, clouds and surface
albedo. An initial source of aerosols was fixed as a 3 degrees right-latitude
belt located at an altitude of 23 km, and encircling the equator. In this
model, with a "wall at the equator, aerosol diffusion is confined to the
southern hemisphere. It is assumed that when they reach the lower model level
(0.85 km), the aerosols are immediately washed out from the atmosphere (this
is the only aerosol sink considered).
ln accordance with the aerosol model suggested by Deirmendjian, it has
been assumed for the first post - Krakatoa eruption phase that the aerosol size
distribution consists mainly of large (2µm) particles. The initial total
number of particles, 8xlo23, determines their mixing ratio. Particles are
assumed to be silicate (purely, scattering), with the refractive index (1.56)
independent of wavelength within the shortwave radiation spectrum. This
corresponds to an attenuation coefficient of 2.9 km-1 at ~ = 0.45µm for
a particle concentration of 108 m- 3. The effect of stratospheric aerosols
on longwave radiation transfer is not considered, and in the case of shortwave
radiation it is determined only by backscattering which, for mean- annual
conditions, is about 15% of the total scattered radiation. The model's
radiation parameterization is such that it does not permit adequate consideration of the backscattering effect, since part of the backscattered radiation
results in local heating (up to 10°C at the upper level). This disadvantage
of the model may, however, have a certain merit, since observations reveal
strong heating of the stratosphere after large - scale eruptions.
The model simulations are run with a time-step of ten minutes and
radiative heat flux divergences are computed every 24 hours. A "volcanic"
experiment began on the 254-th day of the control run, and was continued for
150 days at which time volcanic aerosols were spread over all the hemisphere.
For 130 days the control and "volcanic" experiments were carried out simul taneously. The eruption effects were estimated by comparing 10-day running
mean values beginning with the first day of the "volcanic" experiment.
Additional calculations were made for 14 days with the aerosol diffusion
assumed to be that of a passive tracer (taking into account interaction with
radiative factors).
The variabtlity of the calculated values of the mean hemispheric
kinetic energy of the model atmosphere showed significant differences from the
control calculations only during the second and third weeks when there was a
high concentration of aerosols in tropical latitudes. In the absence of the
effect of radiative factors on the aerosol distribution, the values of kinetic
energy vary little from the control ones.
The effect of the volcanic aerosols on the wind field is weak.
However, the temperature field changes substantially: the mean surface
temperature of the hemisphere is about 0.3K lower, and that of the tropics by
0.7K lower. In middle and high latitudes the effect of the eruption is masked
by variations of local weather conditions (Fig. 18).
Figure 18 illustrates time series for two latitudes of the difference
between 10-day mean control and volcano model zonally averaged temperatures at
various levels. The total atmospheric mass of volcanic debris in a column of
the atmosphere is also given for each latitude. At 9° latitude the debris
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amount peaked very early and then continuously declined. In contrast, the
volcano atmosphere cooled relative to the control for the first 100 days,
reaching a peak temperature difference of about 1.5 K in the troposphere after
about 50 days. At 45° latitude the response was noisier but a distinct
cooling occurred in the troposphere, attaining a value of about 2 K after 80
days . Subsequently a recovery appeared to occur but more data are necessary
to confirm this. At 15.2 km level a marked warming existed in the volcano
model, which was directly associated with the local debris distribution, as
discussed later . Since 15.2 km at 9° latitude was in the troposphere, where
the debris amount was very small, a similar response was not obtained. Again
it should be noted that these coolings would have been smaller had the thermal
inertia of the oceans been included in the model. In higher latitudes no
clear pattern of response was discernible.

.. •... •..·.
...

g•t..ATITUDE

.·......

,.., 5.41 km

J

24

- - - - - .9-' k ...
----- ,...45.111. ....
20
••·•• • • DEBRIS

........

16 0

•···•····

.................

~

m

OJ
12 JJ

-CJ)

B

.......
0
I

4

VI

~

0

G)

.

12 ~

45.LATITUDE

I
I\)

8

. ..
40

4

..
BO

12 0

0
160

TIME {DAYS)

Fig. 18. Zonally averaged temperature differences between the control
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figure is the growth curve of the total volcanic debris in a
column of the atmosphere. From Hunt (1977 ) .
The limited reaction of this model at middle and high latitudes
apparently is due to the lack of global coverage and to the short duration of
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the experiment as compared to other model studies. Temperature variations
outside the tropical belt are caused mainly by variations of the meridional
energy transfer (especially latent heat of condensation), but not by the
direct effect of stratospheric dust loading on solar radiation fluxes. The
eruption did not seem to affect the hydrological cycle, probably because the
time period was too short. The main conclusion drawn by Hunt (1978) is that
the climatic impact of individual large - scale eruptions cannot be of long
duration. More serious effects might occur in the case of a series of
subsequent eruptions.
The possible effects of the El Chichon eruption on climate was studied
by Vupputuri and Blanchet (1984) using a coupled one-dimensional radiative
convective photochemical model in which account is taken for the interaction
of atmospheric chemistry with the vertical temperature structure. In the
model the relative humidity is kept fixed and the feedback effect between
temperature and water vapour is considered. The solar constant is assumed to
be 1365 W/m2 and the single cloud type is fixed at 6.5 km with cover of
0.446. For the surface albedo is assumed a value of 0.2. In the first
calculation they assumed a peak added optical thickness of 0.1 on a globally
averaged basis with aerosols optical properties constant with time. In the
second calculation they allow both the perturbation optical thickness and the
aerosol optical properties to vary in time in accordance to a scheme similar
to that in Fig. 2, however based on measurements after El Chichon.
The optical parameters (extinction coefficients, single scattering
albedo, asymmetry factors) are derived as a function of wavelength assuming
the aerosol particles are composed of 75% H2so 4 and 25% H2o. During the
first three months after the eruption they assume the optical properties of
the ash for the El Chichon with imaginary refractive index of 0.002 and later
switch the properties from El Chichon as to El Chichon sulfuric acid and
finally to background stratospheric aerosol properties. Since the added
aerosol concentrations and the radiative characteristics vary in time and
space in the real atmosphere the results in the second calculation are
considered to be more realistic than the first. Of course one should consider
the result of their calculations with great precaution due to the numerous
assumptions made, as in every other model.
Figure 19 shows the effect of fixed El Chichon aerosol perturbation on
vertical temperature structure and surface climate for two different chosen
optical properties. The increased stratospheric aerosol concentration with
peak optical thickness of 0.1 and aerosol composition consisting of 75%
H2so 4 and 25% H2o lead to about 0.9°C cooling near the surface while
causing roughly l.3°C heating at the altitude of peak aerosol concentration in
the stratosphere (25km). If the aerosol cloud on the other hand is composed
of silicate ash which may be the case during the first month or so after the
eruption, then it would lead to much enhanced heating in the stratosphere
(4.5°C), and reduced cooling in the troposphere and at the surface (0.7°C).
Fig. 18 also shows that the interaction of thermal radiation with aerosol
cloud has the effect of enhancing the stratospheric heating (absorption of
upwelling thermal radiation through the atmospheric window) and reducing the
tropospheric cooling (counter radiation from the aerosol cloud). It is of
particular interest to note that the stratospheric heating is completely
dominated by the absorption of upwelling thermal radiation if the cloud
consists of sulfuric acid droplets. On the other hand, if the cloud consists
of silicate dust, the absorption of solar radiation by the cloud still
dominates the stratospheric heating.
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Figure 19.

Computed changes in the atmospheric and surface
temperature due to El Chichon eruption, assuming that the
added aerosols in the stratosphere have a peak optical
thickness of 0.1 (at~= 550 nm), shown for two
different optical properties of the El Chichon cloud, with
and without the aerosol interaction in the thermal
infrared radiation in the atmospheric window region. From
Vupputuri and Blanchet (1984).

The water vapour feedback effect leads to decreased heating in the
stratosphere (IR cooling due to increased water vapour) while causing
increased cooling in the troposphere and at the surface (reduced greenhouse
effect due to decreased tropospheric water vapour). The additional cooling
due to water vapour feedback effect is nearly 30% of the total cooling at the
surface for the sulfuric acid cloud, while in the case of ash cloud, the
additional contribution is only 15%.
In order to test the sensitivity of the altitude of peak aerosol
concentration, additional calculations have been made by reducing the peak
aerosol concentration altitude from 25 km to 17 km while keeping the optical
depth of the cloud the same as before for the ash cloud and its effect. They
have shown that by reducing the peak altitude of aerosol concentration one can
expect reduced heating in the stratosphere and also reduced cooling in the
troposphere and at the surface.
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On Figure 20 are plotted the calculated El Chichon effects on the
stratospheric and surface temperatures when Vupponturi and Blanchet (1984)
allow both the aerosol optical thickness and optical properties to vary with
time. It is worth noting from Figure 20 that the stratosphere responds more
quickly to the radiative effects of the El Chichon cloud than the
troposphere. As indicated in Figure 20, one might expect a maximum heating of
about 4°C at the peek altitude of aerosol concentration (25 Km) in the
stratosphere within 5 months after the date of eruption date, while it takes
twice as long to reach the maximum cooling in the troposphere and at the
surface . The maximum cooling of about 0.9°C at the surface should be
considered as the ~ limit since the peak altitude of aerosol concentration
for the cloud may shift to a lower altitude than the 25 km specified in this
study, due to a settling effect as time lapses.
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These computed variations of stratospheric heating and surface cooling
are similar to those reported by Hansen et al . (1978) for the Agung eruption.
It is relevant to mention that Pollack and Ackerman (1983), also using a
one-dimensional, radiative convective model, have calculated that El Chichon
caused an increase in planetary albedo of 10%, a decrease in total solar
radiation of 2- 3% (at the ground on cloudless days), and an increase in
temperature of 3.5° at the 24 Km (~ 30 mb) level. These calculations are
compatible with the observations considering their respective error bars.
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Further numerical experimentations are needed to evaluate the climatic
effects of volcanic eruptions using more realistic GCMs which include ocean
effects and annual variability. Radiative transfer in the models should be
more complete and take into account the aerosol effect on longwave radiation.
Improvements are needed in the treatment of the hydrological cycle and in
surface characteristics. Also, it is important to consider the effects of
different types of volcanoes located at a variety of latitudes.
Effects of Volcanic Eruptions on Atmospheric Ozone
After volcanic eruptions, which have caused unusually large increases
in stratospheric gases and aerosol concentration, anomalies in both the total
and the vertical ozone distribution have been noted (e . g. Angell and
Korshover, 1978), and attributed to the fine ash particles and/or to effects
initiated by the volatiles. It should be emphasized that some of the effects
will contaminate the ozone measurements, others will cause real change in the
ozone amount.
The effects initiated by particles can be of two types. One type
which has received considerable attention already because of its direct
climatic implication, is the perturbation in the radiative properties of the
stratosphere by volcanic aerosols. The resulting changes in the transmission
and reflection characteristics of the lower stratosphere in the visible and
near UV may cause some perturbation in dissociation rates of important
stratospheric species including ozone.
As it was already discussed in the previous chapters the absorption by
the volcanic aerosol can cause increases of several degrees in lower
stratospheric temperatures. Temperature changes will have a direct effect on
minor constituents through temperature dependent reaction rates. The effect
of increasing temperature should lead to a decrease in ozone due to the
inverse relationship between these two variables. However, the lower
stratosphere is a region where dynamical time constants are significantly
shorter than chemical time constants for ozone, implying that indirect effects
of the temperature changes operating through dynamical perturbations may
ultimately dominate the direct chemical effects.
A further complicating factor in the evaluation of the effects of
particles from volcanic eruptions on stratospheric minor constituent chemistry
is the possibility of heterogeneous reactions on the surfaces of these
particles. Although heterogeneous reactions in the normal atmosphere seem to
be negligible compared to gas phase chemistry, the possibility of significant
effects following a large eruption cannot be dismissed.
The injection of gases such as H2o, C02, sox, HCl, co, HF, ocs,
NH3, into the stratosphere leads to a direct perturbation of minor
constituent concentrations. In accordance with the presently available models
the ozone content is most sensitive to chlorine perturbations, as first
considered by Stolarski and Cicerone (1974). The chlorine compounds, normally
HCl, are contained in gaseous volcanic eruptions in variable amounts on the
average 0.5 to 1.0 ~er cent of the total gas emitted.
Volcanic clouds may affect total ozone observations in several ways,
depending on the altitude of the injected material and the latitude location
of the volcano. First, the so 2 in the clouds causes increased absorption at
the short wavelengths of the Dobson AD pairs which produces measured total
ozone values that could be up to 20% too high (Komhyr and Evans, 1980)
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depending on S02 concentrations after an eruption. Second, the optical
properties of the volcanic aerosol, depending on their size distribution, may
cause effects on the aerosol or dust term in the total ozone equation and
affect calculated total ozone in either direction. Furthermore, the ozone
depletion process may be attributed to the enhanced ozone photodissociation
rates caused by the multiple scattering effects from the aerosol cloud and to
the feedback effect of stratospheric heating on ozone mixing ratio which has
been demonstrated in model calculations. And last but not least depletion due
to chlorine perturbations should be considered.
For Umkehr observations, the sulphur dioxide in the volcanic cloud
will introduce excess ozone in those Umkehr layers which contain the so 2 .
However, the scattering effects of the aerosol are much larger and will cause
derived ozone amounts in layer 9 (43-48 km) to be too small, while
tropospheric ozone amounts may be too large. The size of the error increases
with the optical depth. To understand the mechanism of the effect one should
recall that the Umkehr effect is produced by optical scattering and absorption
of the solar UV radiation incident on the earth's atmosphere. The Umkehr
method (Gotz, 1931) for deducing the gross features of the vertical ozone
distribution requires measurements of the ratio of zenith-sky intensities of
two wavelengths in the UV during the time when the solar zenith angle changes
from 60° to 90°. As the solar zenith angle increases, the scattering layer
appears at increasingly higher altitudes, and this produces the scanning
effect that provides information on the vertical ozone distribution. The
inversion algorithm for deducing the ozone profile from the Umkehr
measurements was developed by Mateer and Dutsch (1964) for a molecular
atmosphere only. Aerosol scattering and absorption will produce an additional
effect which introduces an error in the calculated Umkehr ozone profile
(DeLuisi 1969, 1975).
In general, haze produces an apparent decrease in ozone concentrations
above the region of the ozone maximum, and an apparent increase in ozone
concentration in the region below the ozone maximum. The magnitude of the
ozone error caused by haze depends on the amount and vertical distribution of
aerosol concentrations and their optical scattering and extinction properties
(DeLuisi, 1979). Compared to tropospheric aerosols, stratospheric aerosols
are four to five times more effective in producing errors on the deduced ozone
profiles (DeLuisi, 1979; Dave et al. 1980).
Using observational data from Aspendale (38°S) after the Mt. Agung
eruption, DeLuisi (1979) has demonstrated and further explained the effect of
volcanic aerosols on the Umkehr ozone profile. On Figure 21 are plotted the
monthly averaged ozone concentrations (solid line) for layers 5 (31.2 - 15.6
mbar) and 9 (1.96 - 0.98 mbar), as observed at Aspendale. The changes to the
ozone profiles at Aspendale are so large that it is possible to deduce
empirically the haze error effects to the Umkehr ozone profile by comparing
averages of ozone profiles observed nearly immediately after Agung with ozone
profiles observed for several years during which the stratosphere was without
serious aerosol contamination. It should be kept in mind, however, that the
apparent ozone depletion there could have been complicated by the possible
effect of massive atmospheric nuclear explosions during the previous years and
therefore, could not be attributed solely to the Agung eruption.
The dotted lines on Figure 21 labeled "Climatological Mean" represent
long - term monthly averaged values for data obtained over a period of 10 years
or longer. Shortly after the eruption of Agung, the ozone concentration in
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Observations of ozone concentrations in Umkehr layers 5
( 31.2-15.6 mbar) and 9 ( 1.96- 0.98 mbar) determined from
Umkehr observations. The solid lines represent monthly
averages, dashed lines no data, and dotted lines represent
the long-term climatological mean. From DeLuisi (1979).

layer 9 underwent a sharp decline with respect to the normally expected
concentration. A gradual recovery over a period of 2-3 years is seen to take
place . A sharp decline also took place in layer 5 but the magnitude of the
change in concentration, r elative to the normally expected concentration, is
much smaller than the change that is seen to occur in layer 9. There is
considerable measurement noise in the long- term plots mainly because of
insufficient data during some of the months, but the error signals caused by
the Mt. Agung stratospheric dust clouds are clearly evidenced .
The reason why even small stratospheric aerosol enhancement could have
an effect on the ozone calculations for the uppermost layers (30 - 50 km) is
because near a solar zenith angle of 90° the scattering layer for the long
wavelength of the C-pair (~ 1 = 311.4 ~ 2 = 332.2 nm) of the Dobson is
near 20-25 km and the sun's direct rays must pa ss tangentially through the
stratospheric dust layer which is unusually at the same altitude. This can
cause a substantial reduction in the radiation that reaches a point at the
zenith of the observation site before it is sc-attered downward towards the
surface and subsequently measured.
Using the Hunt ( 1977) three dimensional simulation of the dispersion
of the volcanic cloud of Krakatau centered at 23 km, and assuming that 1% of
the erupted gas and ash have carried Clx which spread around the whole globe

- 80 -

in 150 days, Stolarski and Butler (1979) calculated the possible ozone
depletion (in %) at 30° latitude as follows:
After
-Above 30 km
Above 15 km

10

30

70

1_50 days

0.9

4.2
4.8

6.4
6.2

7.7
6.6

1.1

Considering that more than 80 per cent of the total atmospheric ozone is
located above 15 km the depletion should have been noticeable if there had
been measurements in 1883.
Turning to the Agung 1963 eruption, which shows a factor of 10
less ash than for Krakatau, the same assumptions as above would yield about
0.5 per cent total ozone depletion on hemispheric scale and this could be
accommodated within the total ozone records of that time.
Figure 22 from DeLuisi et al. (1984) shows standard Umkehr ozone
partial pressure (in ~mb) in layers 5 - 9 observed during the time period
May 1982 to December 1983, plotted as a function of cumulative Julian days
with day 1 being January 1, 1982. The great anomaly during May - June 1982
and the slow recovery toward 1983 are obvious. The observations at Mauna Los
sta rted about one month after the eruption of El Chichon and there is no
Umkehr ozone profile climatology at Mauna Loa so the current data set cannot
be examined in the context of an unperturbed ozone profile record. However,
if the ozone changes in i ndividual of 1982 are expressed in percentage of the
ozone values of the same month in 1983 (that is, a period when the aerosol
optical depth has been decreased from about 0.27 to 0.05) as done by Komhyr et
al. (1984) , it will appear that the combined effect of stratospheric and
tropospher ic aerosols caused ozone concentrations initially to be highly
overestimated (up to 200 percent) in layers 1 to 3, and to underestimate the
ozone concentrations by up to 30 - 40% in layers 5 to 8. In layer 9, the
ozone amount in May 1982 is underestimated by 115% causing fictitious negative
ozone values to be recorded. By December 1982, however, the ozone
underestimates in layers 5 to 9 are reduced to between 5 and 15%, and remain
essentia lly unchanged through March 1983, suggesting that the aerosol effect
has substantially diminished toward the end of 1982 and that the early 1983
ozone concentrations were lower than those in early 1984.
'l'he analysis of the errors caused by the El Chichon aerosols on
the Mauna Loa Umkehr observations by DeLuisi et al. (1984) brings them to the
conclusion that the stratospheric aerosol layer co-·existence with the ozone
layer , with maximum concentrations for both between 25 and 28 km, suggest the
possibility of a real volcanic - induced ozone depletion in layers 5 - 7 (31.2 3.9 mbar). This was reproduced in broad lines by model calculations (see
Vuputuri and Blanchet, 1984). They used a coupled one - dimensional
radiati ve -convec tive photochemical model in which account is taken for the
interac tion of atmospheric chemistry with the vertical temperature structure.
The model determines the new temperature and trace constituents vertical
distribution using a step marching method. The interaction between the El
Chichon vol canic aerosols and the oxygen- hydrogen- nitrogen chemistry appears
through the alteration of photodissociation rates of o3 and No 2 . The
resu lts shown in Figure 23 indicate ozone depletion between 15 and 50 km with
a maximum of 1.5 or 5.5 percent at about 24 km depending on the assumed
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Change of ozone partial pressure ( umb, note the
different scales) vs. time (Julian days) in
Umkehr layers 5- 9 corresponding to atmospheric
pressure layers 31.3-15.6 mb, 15.6- 7.8 mb,
7.8-3.9 mb, 3.9- 1.95 mb and 1.95- 0.98 mb
respectively. Calculations are in accordance to
the standard Umkehr method. From DeLuisi et al.
(1984) .

aerosols optical properties. The integrated effect of the El Chichon aerosol
cloud according to this model calculation leads to up to 1.8% depletion of the
total ozone which is expected to recover to background values within 2 to 3
years. Although one should consider the model calculations with the necessary
precaution, due to the numerous assumptions made, the above results indicate
the magnitude of the expected effects.
An estimate of the effect of El Chichon aerosols on solar
backscattered ultraviolet radiation (SBUV) satellite measurements of ozone has
been made by Mergenthaler (1985). He found that during the summer of 1982 the
aerosols could have caused an error in the neighbourhood of - 25% in the
infrared cumulative ozone between zero and 100 mbar, if their effect is
neglected.
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Computed changes in the vertical ozone distribution
(%) due to El Chichon eruption. The assumed optical
thickness for the added stratospheric aerosols is 0.1
like on Fig. 19. The calculations are shown for two
different assumed optical properties of the El Chichon
cloud (ash or H2so 4 ). From Vupputuri and Blanchet
(1984).

Since volcanic aerosols in some way will affect practically every type
of ground or space based remote sensing inversion method for observing the
vertical ozone distribution, it seems worthwhile to make stratospheric aerosol
measurements on a more routine basis and to utilize the data for correcting
the long-term ozone profiles as suggested earlier by DeLuisi (1979)
particularly if one wishes to use the data for long-term trend analysis or to
deduce possible solar effects, etc.
7.

CONCLUDING

~EMARKS

Observational data on the products of volcanic eruptions, their
distributions and transformations, are extremely limited. Before El Chichon
there has not yet been a single powerful volcanic eruption adequately
documented with 1-_n situ measurements. The evolving satellite sets of data
after El Chichon are showing, for the first time, the advantages of global
coverage of data when the atmospheric effects are of concern.
It is clear that there is a need for further international efforts to
sttrnulate and co- ordinate on observational programmes, numerical modelling and
studies aimed at:
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regular investigations of active volcanoes and their effects on
the atmosphere;
observational alerts using both regularly operating networks and
specialized observational systems after the occurence of powerful
eruptions;
continuous development of models and studies to better understand
the role of aerosols in the radiation balance.
The first steps in this direction in the USSR have been made within the
GAAREX prograrrune. Important progress has been achieved, particularly in North
America, after the Mount St. Helens and El Chichon eruptions. Many national
and some international organizations such as WMO have supported the
observations and studies of the effects of the El Chichon eruption. The
experience provided by El Chichon, to determine both aerosol characteristics
and the validity of many model results, makes it most desirable that readiness
for a co-ordinated prograrrune be established on an international scale. The
data and their analyses would be critical to the future advancement of our
knowledge of climate processes, climate modelling and climate prediction.
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List of Some Volcanic Terms
Tephra

fragmental material of any size that is ejected from a
volcano.

Magma

a molten rock under the earth's surface and at the point of
eruption.

Pyroclast

individual particles of any size ejected by an explosive
volcanic eruption.

Phreatic
eruptions

eruptions that result from the interaction of ground water
with hot rock surrounding a magma body.

Phreatomagmatic eruptions

eruptions that result in part from the interaction of ground
water with magma.

Pumice

rock froth , usually of a light color and high silica
content.

Magmatic
eruptions

eruptions that result primarily from the escape of volcanic
gas from magma.

Plinian
eruptions

gas-rich sustained explosive eruptions with exceptionally
high (> 10 km) eruption columns: named by Pliny the Younger
who described the AD 79 Vesuvius eruption.
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