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Emissions from volcanoes

Christiane Textor, Hans-F. Graf, Claudia Timmreck, Alan Robock

1. GLOBAL VOLCANISM

Around 380 volcanoes were active during the last century, with around 50
volcanoes active per year (Andres and Kasgnoc 1998). Volcanic activity is
not randomly distributed over the Earth, but is linked to the active zones of
plate tectonics, as shown in figure 1. More than 2/3 of the world’s volcanoes
are located in the northern hemisphere, and in tropical regions. The emission
of volcanic gases depends on the thermodynamic conditions (pressure,
temperature) and on the magma type (i.e., its chemical composition, which in
turn depends on the tectonic environment).

Globally, most of the magma mass erupted is of basaltic composition.
Basaltic volcanoes erupt most frequently along mid-oceanic ridges in deep
ocean water, where magma rises along the oceanic plate boundaries. On very
rare locations, these volcanoes erupt into the atmosphere (called subaerial
eruptions), such as in Iceland and the Azores, where the eruption rate is so
large that volcanic islands have been formed along the mid-Atlantic ridge.
Their basaltic magmas are primitive melts from the Earth’s mantle. Basaltic
magma is rich in magnesium and iron, and poor in silicate. In general, this
magma type is characterized by low viscosity and low gas content, and
eruptions are mostly effusive. They consist of a high portion of CO, and
sulfur in the gas fraction. Long lasting basaltic lava streams can cover large
areas (e.g., the Deccan traps in India, Yellowstone in North America, and the
Laki fissure in Iceland). Basaltic magmas are also typical for intra-plate
volcanoes that evolve over very hot regions in the Earth's mantle at around
100 km depth. The island chain of Hawaii is an example of this volcano type.
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Basaltic magma contributes only a minor fraction to the volcanic sulfur
emissions into the atmosphere and only in rare cases reaches the stratosphere.
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Figure 1: Active volcanoes from 1975-1985 (solid triangles) and sites with volcanic activity
during the last 10,000 years (open triangles). Taken from Graf et al. (1997), based on
McClelland et al. (1989), adapted by permission of Prentice Hall.

Felsic magma stems from differentiation processes (i.e., chemical alteration)
in the magma chamber, or from melting of earth crust material. This highly
differentiated magma is rich in silicate and alkali. It contains a higher content
of dissolved gases, especially water. It is highly viscous and eruptions are
generally more explosive. In the petrological nomenclature, magma of this
type is called rhyolite, dacite, or phonolite, depending on the specific
chemical composition. Magmas of intermediate silicate content are andesitic
magmas, and are typical for volcanoes at convergent plate boundaries.
Subduction zone volcanoes develop in regions where the continental plate
overrides the oceanic plate, such as in the Andes. When oceanic plates
converge, island arc volcanoes evolve (e.g., Indonesia). Felsic and andesitic
volcanoes erupt less frequently than basaltic volcanoes. They can release
high amounts of magma and energy on short time scales, however,
sometimes injecting ashes and gases directly into the stratosphere. In
addition, many permanently emit gases during non-explosive phases.
Subduction zone volcanoes contribute the largest part to the total global
volcanic sulfur emission.



2. CHEMICAL SPECIES EMITTED BY VOLCANOES

The composition of volcanic gases at the volcanic vent is in general
controlled by the equilibrium between a hydrous fluid (exsolved gas) at the
top and the silicate melt in the magma chamber below (Symonds et al. 1994).
It varies widely between volcanoes depending on the magma type, and is also
dependent on the individual volcano’s state of activity. An overview is given
in table 1.

Table 1: Characteristic composition of volcanic gases at the vent (e.g., Symonds et al. 1988,
Cadle 1980, Symonds et al. 1994, and Chin and Davis 1993, see also table 2).

Species H,0 | CO, | SO, | H,S | COS CS, HCl | HBr HF
7
%/vol 50-90 | 1-40 | 1-25 | 1-10 1100,2' 104102 | 1-10 ? <10?
1.5- 0.006- | 0.007- | 0.4- | 0.0078-
9 _ -
Tg/year ' | so |12 o 009 | 11 | o1 |06

Water vapor (H,0O) is the most prevalent volcanic gas, contributing between
50 and 90% by volume, however the contribution to the global H,O
inventory is negligible in comparison to the atmospheric concentration. The
second important volcanic gas is carbon dioxide (CO,), which ranges from 1
to 40% by volume. Volcanic emissions contribute less than 1% to the total
global CO, emission (Cadle 1980, Gerlach 1991). Anthropogenic annual CO,
emissions are by a factor of 100 higher than total natural degassing of the
Earth (Schmincke 1993).

Sulfur gases contribute typically 2 to 35%/vol of volcanic gas emissions.
They are the most relevant species concerning the climatic impact of
volcanic events. The dominant sulfur component is sulfur dioxide (SO,), with
yearly emissions ranging from 1.5 to 50 Tg SO,. These data are discussed in
more detail below in section 5. The second important S-species is hydrogen
sulfide (H,S), which is only observed by direct sampling. It is often co-
emitted and subsequently converted to SO, in the atmosphere (e.g., Bluth et
al. 1995). The H,S fraction increases with increasing pressure (i.e., depth of
the magma chamber) and with decreasing temperature and oxygen
concentration of the magma (Gerlach et al. 1986). Stoiber et al. (1987) have
estimated that the amount of H,S and SO, is commonly less than 1%/vol,
although it may reach 10% in some cases. Berresheim and Jaeschke (1983)
estimated total sulfur emissions (H,S plus SO,%) to be about 4.2 Tg S per
year, but these figures are highly variable and uncertain. In the case of the El
Chichén eruption, possibly most of the ~3.5 Tg S was emitted as H,S.
Considering all emitted sulfur as SO, will not lead to a big error, however,
since H,S oxidizes to SO, within a few days. Other sulfur species add minor
portions. Carbonyl sulfide (COS) and its precursor carbon disulfide (CS,)



contribute a small fraction of 10* to 10%/vol. However, COS has a resi-
dence time of several years in the atmosphere (e.g., Kjellstrdm et al. 1998).
Because of its high stability it is an important source for the sulfate aerosol
layer in the stratosphere. Volcanoes contribute less than 1% to the total
global atmospheric COS emission (Cadle 1980, Andres and Kasgnoc 1998).
The data suggest that volcanoes contribute insignificant amounts of COS and
CS, to the atmosphere, but the exact quantity has not yet been determined.

The main halogen component of volcanic emissions is hydrogen chloride
(HCI), with 1-10 %/vol (Symonds et al. 1988). The volcanic contribution of
0.4-11 Tg HCI per year (Symonds et al. 1988, Cadle 1980) to the total
chlorine budget is approximately equal to the anthropogenic emissions, but
the emissions from oceans are orders of magnitudes higher. HCI is highly
soluble and is therefore rapidly washed out of the atmosphere. Hence, small
eruptions and silent degassing will not be of importance for atmospheric
composition. Hydrogen bromide (HBr) contributes a small proportion in the
range of 10 parts per volume. Quantification of global annual emissions
needs to be improved, in particular because of its enormous ozone depletion
potential, which is higher than that of chlorine (e.g., McElroy et al. 1992).
Estimates for HBr range from 0.0078 Tg to 0.1 Tg per year (Cadle 1980,
Bureau et al. 2000). Its fate in the atmosphere is similar to that of HCI. Only
under very specific conditions can its lifetime be significant, as discussed in
section 4.

Very little information is available on hydrogen fluoride (HF). Its fraction in
volcanic gas emissions is less than 1 ppm; the annual global emission is 0.06-
6 Tg (Symonds et al. 1988). HF is not of importance in general, but during
specific events (e.g., Laki 1783, Mt. Hudson 1990) HF emissions may be
extreme and lead to severe environmental contamination with hazards to
plants and livestock.

A variety of other gaseous components is erupted by volcanoes. Volcanic
emissions can be detrimental for the local environment. However, this paper
focuses on impacts on the atmosphere on larger scales in time and space.

3. OBSERVATIONAL TECHNIQUES

The determination of gas and particle concentrations in a plume is extremely
difficult because of the cloud’s opaqueness and the inherent risks of directly
observing and sampling the volcanic cloud. Volcanic emissions can be
studied remotely by airborne and ground-based instruments and by satellite
observations.



Among the most abundant volcanic gases, SO, is the species that has been
mainly measured remotely, because its concentration in a plume exceeds
atmospheric ~ background  concentration.  Ultraviolet  (Correlation
Spectrometer, COSPEC) and infrared (Fourier Transform Infrared
Spectrometer, FTIR) spectroscopy have been employed (e.g., Symonds et al.
1988, Andres and Rose 1995). These techniques are most important for the
detection of injections into the troposphere.

In recent years, the launches of new satellites and new developments in
remote-sensing techniques have expanded the capability to monitor
volcanoes from space (Rose et al. 2000). Satellite observations (e.g., by
TOMS (Total Ozone Mapping Spectrometer), AVHRR (Advanced Very
High Resolution Radiometer), GOME (Global Ozone Monitoring
Experiment), SCIAMACHY (SCanning Imaging Absorption SpectroMeter
for Atmospheric CHartographY)) for SO, and ash particles are only useful
for strong sources (Bluth et al. 1993). SO, is the only volcanic gas so far
monitored operationally by satellite. Since the first TOMS data in 1979,
which could only measure the presence of SO, from larger eruptions,
improved instruments and retrieval algorithms today can detect SO, gas from
smaller eruptions and from the passive degassing of some volcanoes if the
detection limit of 5-20 kt SO, is exceeded. Satellites have even detected SO,
from several eruptions not known from ground observations.

SO, emission rates cannot be measured directly, but have to be inferred from
a multitude of other data. The errors vary with the volcanic plume mass and
area, and they depend on the quality of the estimation of the plume’s
trajectory and dilution. Since these instruments only measure the SO, abun-
dance in a vertical (satellites) and/or horizontal/slant (COSPEC and FTIR)
path, the flux must be estimated using information on the wind field. This is
not always available with the necessary accuracy. In addition, the results are
disturbed by meteorological clouds and affected by the high optical depth of
the plume and the reflectivity of the underlying surface. For example, the
error of the total SO, mass retrieved from TOMS data ranges from 15 to 30%
(Krueger et al. 1995). In addition, most of the techniques mentioned above
work only during the day.

The petrologic method is employed to estimate magmatic gas content by
comparing pre- and post-eruptive volatile concentrations trapped in ash
deposits. One compares the gas content of matrix glass inclusions
(representative of the primitive magma) to that in the degassed magma. This
technique works better for sulfur for volcanoes erupting along spreading
ridges, such as the Icelandic volcanoes, where the erupted material comes



directly from primitive magma, as compared to volcanoes along subduction
zones, such as El Chichon or Pinatubo, where there is a relatively high
concentration in the atmospheric plumes but little sulfur in the inclusions,
which come from reprocessed material. Palais and Sigurdsson (1989)
compared petrological data to ice core estimates of volatile emissions for
several major eruptions. They found that the atmospheric yield of sulfur,
chlorine and fluorine is not only dependent on total erupted mass, but largely
determined by the composition of the erupting magmas. The “excess sulfur”
found in satellite data after Pinatubo was explained by a separate SO,-rich
fluid phase which coexists with the magma (Gerlach et al. 1996). This means
that gases can dissolve from un-erupted magma, and form a separate fluid in
the magma chamber which is emitted co-eruptive, or by fuming (non-steady
degassing during phases of higher activity, but not highly explosive) and
fumarole (steady degassing) activity.

The enormous differences in the observational data are due to uncertainties in
each individual measuring technique, but they also result from the fact that
the plume is investigated at different distances from the crater and during
different states of volcanic activity or of the eruption. Changes in sulfur
emissions at (and between) single sources over orders of magnitude can take
place depending on the state of activity (e.g., Augustine or Etna) and magma
type. Only a few of the about 560 potential sources have ever been measured,
and only a handful of these were observed more than episodically. For im-
portant regions (e.g., Kamchatka) there are no published data at all. In some
cases (e.g., Etna), the emission at the single volcano can reach mean values
of highly polluted industrial areas (Langmann and Graf 1997, Graf et al.
1998).

Seasonal and annual variations of stratospheric aerosols have been observed
by satellite instruments (Hitchman et al. 1994), by balloon-borne particle
counters (Hofmann et al. 1983), and by lidars (Menzies and Tratt 1995).
Each of these techniques, however, has problems. The Stratospheric Aerosol
and Gas Experiment (SAGE) and Stratospheric Aerosol Measurement
(SAM) projects (McCormick et al. 1979, Mauldin et al. 1985, McCormick
1987, Thomason 1991, Veiga 1993) have provided more than 20 years of
three-dimensional data of stratospheric aerosol spectral extinctions, the
longest such record. Hitchman et al. (1994) and Stevermer et al. (2000) used
these data to study the zonal mean aerosol climatology. However, a
significant level of uncertainty exists in aerosol characterization during the
period of SAGE observations from 1978 to present. For example, because of
the “saturation” effect, SAGE II fails to measure aerosols in a large part of
the most important equatorial region for almost a year after the Mt. Pinatubo
eruption. The eruption of El Chichén in 1982 was not covered by SAGE ob-



servations because the SAGE I instrument failed in 1981, and SAGE II was
only launched in 1984. Therefore, to produce a data set of stratospheric
aerosols, SAGE observations would have to be enhanced and blended with
other available satellite and ground-based measurements. For example, An-
tufia et al. (2002) used lidar data to fill gaps in SAGE II observations after
the Mt. Pinatubo eruption. After Pinatubo, 29 balloon flights carrying aerosol
counting instruments were made at Laramie, Wyoming (41.3°N, 105.6°W) by
Deshler et al. (1992, 1993), but there were no observations from other lati-
tudes. Lidars give excellent vertical distribution of aerosols, but until
recently they could only operate under clear sky conditions and during
the night. The distribution of lidar observatories is uneven, with none
between 19°N and 23°S, with the exception of the one in Bandung, Indonesia
(6.9°S, 107.6°E), which is plagued by bad weather. There are at least three
lidar networks worldwide, one in Asia (Uchino et al. 1992) and two in
Europe (Fiocco et al. 1996, Bosenberg et al. 1998), but none of these
operates using standardized instruments and processing software. A data
assimilation system, incorporating all these different observations in the
context of a model of stratospheric dynamics is needed to produce a uniform
aerosol data set for use in climate studies.

4. PROCESSES IN THE ERUPTION COLUMN

Little is known about the processes in volcanic plumes that determine the
amount and specification of emissions into the atmosphere due to the
difficulties with observations described in the previous section. Many
eruptions are accompanied by a water cloud. Hydrometeors and ash particles
are able to scavenge volcanic emissions (e.g, Turco et al. 1983). Emissions
are altered by chemical reactions if the plume is not too opaque to prevent
photochemical activity (Textor et al. 2002). For explosive eruptions, the time
for the rise from the crater to the stratosphere is less than 10 min. Hence, the
residence time in the plume is comparatively much too short for chemical
transformations of the volcanic gases to take place before the reaching the
stratosphere.

Sulfur species (SO, and H,S) are only slightly soluble in liquid water; hence,
they are only slightly removed by cloud and rain drops at lower heights. HCI,
on the other hand, is highly soluble in liquid water. Volcanic gases can also
be scavenged by frozen hydrometeors via direct gas incorporation during
diffusional growth of ice as proposed by Textor et al. (2002, 2003). The
mechanism of gas trapping in ice within a volcanic plume is supported by
observational evidence of eruptions, where a lot of water was present in the
plume due to interaction with sea water. For example, in one observation



extremely high amounts of ice were accompanied by unusually low SO,
concentrations (Rose et al. 1995).

The scavenging of volcanic gases in a plume has been investigated through
numerical simulations by Tabazadeh et al. (1993), who used a one-
dimensional plume model (Wilson 1976; Woods 1988, 1993) without ice
microphysics, and by Textor et al. (2002, 2003), who worked with a more
complex model (Oberhuber et al. 1998, Herzog et al. 1998) including ice
microphysics and ash aggregation. The results of the two studies are in
general accordance, however, the latter authors showed that scavenging
efficiency is determined by the amount of condensed water or ice, which in
turn depends on the volcanic conditions (composition of the magma, strength
of the eruption) and on the meteorological conditions (stability of the
atmosphere, wind shear) in the ambient atmosphere (Graf et al. 1999). These
simulations showed that a large portion of gaseous SO, and H,S reaches the
umbrella region of the plume. The scavenging efficiency for HCl is much
higher, but it might not be completely removed from the gas phase under dry
conditions (Textor et al. 2002, 2003). Furthermore, the simulations showed
that hydrometeors containing dissolved volcanic gases can reach the
stratosphere where sublimation is possible, releasing them into the
stratosphere.

5. VOLCANIC SULFUR EMISSIONS INTO THE
TROPOSPHERE

The total amount of volcanic tropospheric sulfur emissions per year was
estimated by several authors (table 2). There is a large range in estimates,
from 0.75 Tg (Kellogg et al. 1972) to 25 Tg (Lambert et al. 1988) sulfur per
year. Lambert et al. (1988) have employed the atmospheric concentration of
the polonium isotope *'°Po to estimate the volcanic output of SO,. The other
authors used emission data from monitored volcanoes to extrapolate to global
volcanic emissions. The contribution of silent degassing to volcanic sulfur
input into the troposphere is still under discussion, the numbers vary between
1% (Andres and Kasgnoc 1998) and 95% (Berresheim and Jaeschke 1983).
This great uncertainty is due to the poor database, the suspicious
consideration of silent degassing, and to different extrapolation techniques to
include non-monitored volcanoes. Graf et al. (1997) estimated 14 + 6 Tg S
per year, which is in the upper level among other recent estimates. Halmer et
al. (2002) have performed a comprehensive literature survey on volcanic
activity of the last century. Based on volcanological parameters and on the
volcanic SO, index (VSI) (see section 8), the information about 50 monitored



volcanoes was extrapolated to include 310 unmonitored active subaerial
volcanoes.

Table 2: Annual global volcanic sulfur emission fluxes into the atmosphere by different
authors.

Authors S (in 10" g/yr)
Kellogg et al. (1972) 0.75
excluded silent degassing (0.5% gas content) )
Bartels (1972) 17.0
Friend (1973) 2.0
Stoiber and Jepsen (1973) 5.0
based on only 5 central and south American volcanoes )
Cadle (1975) 38
excluded silent degassing, but used higher magma gas content (2.5%) )
Naughton et al. (1976) 23.5
Granat et al. (1976) 3.0
Le Guern (1982) 5.0
Berresheim and Jaeschke (1983) 76
95% from silent, 5% from explosive, incl. H,S + SO, ’
Stoiber et al. (1987) 93

35 volcanoes, short time (1 year) 35% silent, 65% explosive

Lambert et al. (1988)
uses *'’Po (50% of all from volcanic sources), but only for very few 25.0
volcanoes 2'°Po/SO, ratio

Andres and Krasgnoc (1998)

mainly explosive, only 1% silent 104

Graf et al. (1997)

includes silent (fumaroles (5£2) post and extra-eruptive) (fuming 140+6
(5+2) pre- and intra-eruption) and explosive T
(4£2 Mt S), incl. H,S + SO,

Halmer et al. (2002) 90+1.5

Volcanoes contribute about 36% to the tropospheric sulfur burden (Graf et al.
1997). The proportion of H,S in sulfur emissions is still under discussion.
However, H,S is quickly oxidized to SO, in about two days in the
troposphere (e.g., Seinfeld and Pandis 1998). SO, in the atmosphere is
transferred to sulfate by chemical reactions — promoted by the presence of
water drops — within some days in the troposphere. Although a variety of SO,
oxidation rates have been determined, an agreement on the correct rate has
still not been found (Bluth et al. 1992, Facchini et al. 1992, Rani et al. 1992,



Fung et al. 1991, Grgi et al. 1991, Hansen et al. 1991, Joos and Baltensperger
1991, Gallagher et al. 1990, Oppenheimer et al. 1998). The difficulties are
due to various conditions that volcanic SO, encounters in the atmosphere.
Sulfate, which is highly water soluble, is removed from the troposphere
within less than a week by wet and dry deposition, but in dry conditions can
remain longer, especially if it reaches higher tropospheric levels.

Sulfate aerosols in the atmosphere have effects altering the Earth’s radiation
balance and cloud microphysics, discussed in section 7. In addition,
tropospheric sulfate aerosols have an impact on atmospheric chemistry. Acid
rain, caused by scavenging of sulfate aerosols and damaging the vegetation,
has been a problem for many years.

6. VOLCANIC EMISSIONS INTO THE STRATOSPHERE

Volcanic injections of sulfur into the stratosphere are sporadic and
unpredictable. Explosive volcanic eruptions reach the stratosphere in general
at least once every two years (Simkin et al. 1993). Toba 71-73 kyr ago is the
largest eruption believed to have occurred since the beginning of the Quater-
nary period, ca. 2 million years ago. Rose and Chesner (1990) analyzed the
deposits and with simple assumptions estimated that Toba released about
6000 Tg of SO, into the atmosphere, but Zielinski et al. (1995, 1996) used
ice core data to estimate a release of 1000-2000 Tg SO, and Scaillet et al.
(1998) using experimental petrology methods estimated only about 70 Tg
SO, (Oppenheimer 2002).

Volcanic sulfur is not only directly injected into the stratosphere from
explosive eruptions, but also from emissions of continuously degassing non-
eruptive volcanoes and from small eruptive events (Graf et al. 1998).
Volcanoes substantially contribute to the stratospheric sulfur burden (e.g.,
Bluth et al. 1997). The average input of volcanic sulfur over the last 200
years has been estimated as 1 Tg per year ranging from 0.3-3 Tg per year
(Pyle et al. 1996). A minimum flux of 0.5-1.0 Tg S for the past 9000 years
has been derived from ice core sulfate data. This mean flux, however, is
highly variable due to singular explosive events. During periods of little
volcanic activity, the background stratospheric load of sulfate is in the order
of 0.15 Tg S (Kent and McCormick 1984). In case of cataclysmic volcanic
eruptions, this stratospheric sulfate mass can be increased for short periods of
time by one to two orders of magnitude.
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Table 3: The largest volcanic eruptions of the last 250 years. The Volcanic Explosivity Index
(VEI) is a measure of explosivity (Newhall and Self 1982, see section 8). Opacity is
normalized to the Krakatau eruption and derived from geological data. The SO, data marked
with a * are derived from the petrologic method, which gives a lower limit of the possible
emission (see section 8). Table modified from Robock (2000).

Volcano Year VEI Opacity SO, [Tg]
Laki fissure, Iceland 1783 4 2.3 100*
Tambora, Indonesia 1815 7 3.0 130%*
Cosiguina, Nicaragua 1835 5 4.0

Askja, Iceland 1875 5 1.0

Krakatau, Indonesia 1883 6 1.0 32%
Tarawera, New Zealand 1886 5 0.8

Santa Maria, Guatemala 1902 6 0.6 13*
Ksudach, Kamchatka 1907 5 0.5

Katmai, Alaska, USA 1912 6 0.5 12*
Agung, Indonesia 1963 4 0.8 5-13*
St. Helens, USA 1980 5 0.5 1

El Chichén, Mexico 1982 5 0.8 7
Pinatubo, Philippines 1991 6 1.0 17

Volcanic sulfur is emitted in the form of SO, and H,S. H,S is oxidized to
SO, in the stratosphere, and H,S has a chemical lifetime of only about three
days (McKeen et al. 1984). From stoichiometric considerations it can be
assumed that during oxidation one molecule of H,O per H,S is produced.
This could be an important source for water in the stratosphere after volcanic
eruptions. The effect of H,S oxidation on the HO, balance has been
discussed by McKeen et al. (1984) and is still not known. SO, is transferred
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to sulfate by chemical reactions with an e-folding time of approximately 35
days in the dry stratosphere (Bluth et al. 1992). It is assumed that no net gain
or loss of HO, results from SO, oxidation (Read et al. 1993, McKeen et al.
1984). Two-dimensional model simulations of the Toba eruption (Bekki et
al. 1996) showed that the injection of 200 Mt SO, could dehydrate the
stratosphere, because approximately three molecules of H,O are needed to
convert SO, to sulfate, strongly reducing the HO,-concentration.

Sulfate has residence times of a few years in the stratosphere. New particles
are formed due to binary homogenous nucleation of sulfuric acid and water
vapor. After the eruption of Mt. Pinatubo, 98% of the observed stratospheric
aerosol was volatile (Deshler et al. 1992, Sheridan et al. 1992), which indi-
cates that homogeneous nucleation is the most important process for
stratospheric aerosol formation in the disturbed atmosphere. Deshler et al.
(1993) found an increase of 1-2 orders of magnitude in the concentration of
condensation nuclei in the volcanic layers. The aerosol size distribution is
shifted to greater radii due to condensation of the vapor on existing aerosol
particles. Model calculations that successfully reproduced Pinatubo sulfate
aerosol (Weisenstein et al. 1997, Timmreck and Graf 2000) were based on
homogeneous nucleation.

Observations (Russell et al. 1996) and model studies (Zhao et al. 1995,
Stenchikov et al. 1998, Timmreck and Graf 2000) show that it takes about
three months to build up the sulfate peak after big volcanic injections of SO,
in the stratosphere. A volcanically enhanced stratospheric aerosol layer can
be observed for about four years. Measurements of peak backscatter and
mass, and columnar quantities (mass, backscatter and optical depth) indicate
that the volcanic aerosol is removed with an e-folding time of approximately
1+0.2 years (Jager et al.1995, Ansmann et al. 1997, Deshler et al. 1997). The
decay rates of vertical integrated quantities are strongly influenced by
variations in the tropopause height and stratosphere-troposphere exchange
processes, while the decay of peak parameters is smoother and primarily
reflects gravitational removal by sedimentation. The relatively faster
sedimentation of larger particles from the stratosphere leads to a rapid
decrease in mass, but not in surface area (Ansmann et al. 1998). The e-
folding time of surface area concentration is about 20 to 30% larger (16-17
months) than the decay of the aerosol backscatter and mass, since the ratio of
surface area to mass increases with decreasing particle size. Similar decay
rates have been observed after the eruption of Mt. Pinatubo and El Chichén
(Rosen et al. 1994, Barnes and Hoffmann 1997). Chazette et al. (1995),
however, found for the eruption of El Chichon a 25% slower decay of inte-
grated backscatter in the lower stratosphere than for Pinatubo. This was
possibly caused by the lofting of the particles to higher altitudes.
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7. ATMOSPHERIC EFFECTS OF VOLCANIC EMISSIONS

Sulfate aerosols in the atmosphere have radiative effects that alter the Earth’s
radiation balance (e.g., Franklin 1784; Charlson et al. 1991, 1992). While
their optical depth is higher in visible wavelengths and the net effect in
general is cooling, sulfate aerosols also absorb and emit in the longwave,
heating the layer where they are and increasing the downward flux of
radiation at the surface (for a review see Robock 2000). The scattering of
incoming solar radiation (direct effect) leads to cooling at the surface.

Sulfate aerosols in the troposphere act as cloud condensation nuclei and
modify the radiative properties and the lifetime of clouds (indirect, or
Twomey effect) (Twomey 1974). The increase of the number of cloud
droplets due to an increased number of condensation nuclei increases the
albedo of clouds, enhancing surface cooling. It may also lead to changes in
precipitation rate or rain suppression in deep convective clouds, thus
changing the spatial and temporal distribution of latent heat release. This
could have a significant effect on the global circulation, as was shown for
aerosols in general by Nober et al. (2002).

Volcanic sulfur emissions in the troposphere have a disproportionate effect
on the atmosphere, as shown by numerical experiments with an atmospheric
general circulation model including a simplified sulfur cycle (Graf et al.
1997). Active volcanoes generally reach considerable elevations and most of
their emissions, even during non-explosive events, are injected into the free
troposphere, well above the planetary boundary layer. At this height, removal
processes are slower and volcanic sulfur has longer atmospheric residence
times than anthropogenic sulfur emitted from low elevations. In the mean,
volcanic sulfur dominates the sulfate concentration in the middle and upper
troposphere while anthropogenic emissions control the boundary layer (Graf
et al. 1998). Table 4 shows the global sulfur budget and the radiative effect
of different sulfur sources taken from Graf et al. (1997), who used a
particular climate model for their calculations. Volcanoes contribute about
4.5 times less to the global sulfur emissions than anthropogenic emissions.
But the atmospheric SO, burden is only 1.3 times less, and the the global
tropospheric sulfate burden is of the similar size as the anthropogenic one.
Hence, due to the longer life time of their sulfur emissions, volcanoes have a
much higher relative radiative effect on global climate. Since the treatment of
sulfur species, especially their vertical transport and cloud interactions, is not
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very realistic in current climate models, these results may be highly model-
dependent. This is especially true for the transfer of troposphere sulfur to the
stratosphere, which is discussed next.

Table 4: Global annual mean sulfur budget in Tg sulfur per year (from Graf et al. 1997) and
top-of-the-atmosphere (TOA) radiative forcing in percentage of the total (101.8 Tg S/yr
emission, 0.52 Tg S SO, burden, 0.78 Tg S SO, burden, -0.65 W/m? total direct global
forcing). The efficiency is the relative sulfate burden divided by the relative source strength
(i.e., column 4/column 2).

Source Sulfur SO, burden | SO,* burden Efficienc Direct TOA
emission [%] | [%] [%] Y| forcing [%]

Anthropogenic 65.6 46.1 37.1 0.56 40

Biomass Burning 2.5 1.2 1.6 0.64 2

Dimethyl sulfide

(DMS), mainly 18.2 17.8 25.3 1.39 26

from oceans

Volcanoes 13.7 349 36.0 2.63 33

The injection of large quantities of gases (SO,, H,O, H,S, CO,, HCI) and
volcanic ash (mainly silicate particles) into the stratosphere can have an
important impact on the global climate. In recent years, the understanding of
the global volcanism-climate system has improved significantly, as the very
detailed summaries by Robock (2000) and Zielinski (2000) show. But there
is still more to be learned about the factors controlling the chemical, physical
and optical properties of the volcanic aerosol, its radiative forcing and its role
in the global climate system. A schematic representation of the atmospheric
effects of volcanic eruptions is shown in figure 2.

Fine volcanic ash injected into the stratosphere is characterized by grain sizes
in the micrometer range. They are efficiently removed by sedimentation from
the stratosphere within about a month after the eruption (e.g., Pinto et al.
1989) and therefore have only a limited local impact on the climate system.

Sulfur-containing volcanic gases, rather than ash, are responsible for the
climatic effects of explosive volcanic eruptions. Sulfate aerosols in the
stratosphere have radiative effects altering the Earth’s radiation balance
(Stenchikov et al. 1998). The scattering of incoming solar radiation (direct
effect) leads to cooling at the surface and counteracts the greenhouse effect.
The additional aerosol loading increases the temperature in the lower
stratosphere through the absorption of near infrared and long wave radiation.
According to the 1995 IPCC report (Schimel et al. 1996), the decadal mean
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radiative forcing due to volcanic aerosols has varied by as much as 1.5 W/m?
since 1850, which can be large compared to the decadal-scale variation in
any other known forcing. Volcanoes are therefore an important part of the
global climate system that substantially contribute to the observed natural
variability.

Stratospheric aerosols
(Lifetime ~ 1-3 years)

Tropospheric aerosols
(Lifetime ~ 1-3 weeks)

Figure 2: Schematic diagram of volcanic inputs to the atmosphere and their effects.
Reproduced with permission from Alan Robock, Volcanic eruptions and climate, Reviews of
Geophysics, 38, 2, 191-219, 2000. Copyright 2000 American Geophysical Union.

Stratospheric warming due to the presence of the volcanic aerosol in the
stratosphere increases the pole-to-equator temperature gradient (e.g., Quiroz
1984, Parker and Brownscombe 1983, Angell 1997a). This has a dynamical
feedback on the tropospheric circulation, leading to abnormally warm win-
ters over the northern hemisphere continents in years following the eruption
(Groisman 1985, Robock and Mao 1992). The mechanism, including the
production of stronger westerly winds in the lower stratosphere and their
effect on tropospheric planetary waves was explained first by Graf et al.
(1993, 1994) and Kodera (1996) to work via exaggeration of the North
Atlantic Oscillation.

The effect of the geographical location of an explosive volcanic eruption on
its climatic impact has not yet been quantified. Tropical volcanoes have the
capability to affect the global climate system, because the cloud can be
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spread into both hemispheres. Mid to high latitude eruptions will primarily
affect their own hemisphere (Graf and Timmreck 2001). The dispersal of the
volcanic cloud is also strongly dependent on the time of the year, and the
eruption height. The location of the intertropical convergence zone and the
phase of the Quasi Biennial Oscillation (QBO) play an important role for the
transport of volcanic clouds.

The eruption of halogen species at the crater is rather significant (e.g.,
Varekamp et al. 1984, Westrich et al. 1992, Bureau et al. 2000). Their direct
injection by explosive volcanic eruptions into the stratosphere could lead to
catastrophic ozone loss (Prather 1992). No severe increase of halogens was
observed in the stratosphere after the eruption of Mt. Pinatubo (e.g., Mankin
et al. 1992, Wallace and Livingston 1992), however, after the eruption of El
Chichén in 1982 a clear increased chlorine concentration was detected
(Mankin and Coffey 1984, Woods et al. 1985). The fraction of direct
injection of halogen compounds depends on the magma composition and on
the processes in the eruption column, as discussed in section 4.

Volcanic hydrated sulfate aerosols in the stratosphere can serve as sites for
heterogeneous reactions which convert passive chlorine compounds (HCI,
HOCI, CINOs) into active ones (ClO, Cl) (chlorine activation). After the
Pinatubo eruption, the surface layer of the stratospheric sulfate aerosol was
about 300 times higher than the usual value with peak concentrations of
>3x107 cm*/em’ (Jager et al. 1995, Thomason et al. 1997). The critical value
for ozone destruction of 107 cm%cm’® was reached (Jiger et al. 1995,
Ansmann et al. 1993) for more than one year in northern hemisphere
midlatitudes. Heterogeneous reactions deplete ozone in the presence of
halogens like chlorine or bromine (e.g., Michelangeli et al. 1989, Hofmann
and Solomon 1989, Granier and Brasseur 1992, Solomon et al. 1996). Since
the human-induced increase of chlorine concentration in the stratosphere has
peaked, the effect of ozone destruction at volcanic aerosol will probably
decrease in the next few decades.

Column ozone reduction after the Mt. Pinatubo eruption ranged from about
2% in the tropics to about 7% in mid latitudes (Angell 1997b, Solomon et al.
1998). Very large ozone losses were observed in high northern latitudes in
February and in March. Randel et al (1995) found losses of 10% in total
column ozone in 1992 northward of 60°N and of 10-12% in 1993.
Ozonesonde profiles show that the gas did not decrease uniformly at all
altitudes. Hofmann et al. (1993) found at 20°N an ozone decrease below 20-
24 km and an ozone increase about 26 km. Vertical profiles from the tropics
(Grant et al. 1994) showed 10% losses of ozone below the peak and roughly
6% increases compared with SAGE data.
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The observed ozone changes are a combined effect of heterogeneous
chemistry and of perturbations in the heating rates and in the photolysis rates.
The chemical composition of the atmosphere during the post-Pinatubo period
has been analyzed in several publications (e.g., Solomon et al. 1998, Toohey
et al. 1995). Model studies, in particular for the Pinatubo episode, were
carried out to investigate the impact of the volcanic aerosol contribution to
stratospheric trace gas concentrations (e.g., Pitari and Rizzi 1993, Bekki and
Pyle 1994, Kinnison et al. 1994, Solomon et al. 1996, Rosenfeld et al. 1997).
A systematic analysis of the contribution of several components to strato-
spheric ozone destruction after the Pinatubo eruption was carried out by Tie
et al. (1994) with a 2-dimensional radiative chemical model, which suggests
that in the first year after the eruption the radiative-dynamical effects and in
the second year the chemical effects were dominant. Rosenfeld et al (1997)
found with a 2-d interactive radiative-dynamical-chemical model, that 1-2%
of the ozone depletion in the low latitudes after the Pinatubo eruption was
due to the altered circulation (perturbation in the heating rate), and about
0.5% due to heterogeneous chemistry and perturbation in the photolysis rate
each. However, global model studies considering the various interactions
between aerosol microphysics, radiation, chemistry and dynamics, which are
necessary to completely analyze the climate impact of a volcanic eruption,
are still missing.

In the tropics and during tropopause folds in the midlatitudes, volcanic
sulfate aerosol particles can be transported vertically across the tropopause.
Important lidar data by Ansmann et al. (1993) showed that in more than 50%
of the observations the stratospheric aerosol layer penetrated the tropopause
and influenced the formation and maintenance of cirrus clouds in the upper
troposphere. Graf et al. (1997) suggested the importance of volcanic sulfate
aerosol in the upper troposphere for cirrus formation. Unusual high cloud
particle number concentration (600 L™, and extremely supercooled drops at
223-223 K have been observed in the year after the Mt. Pinatubo eruption
(Sassen 1992, Sassen et al. 1995). Song et al. (1996) suggested that the
interannual variability of global high level clouds is related to explosive
volcanism. The amount and persistence of such clouds increased by up to
10% after the eruptions of El Chichén and Pinatubo mainly in midlatitudes.
These anomalies lasted for several years. Thus, violent volcanic eruptions
lead to a change in radiative properties of cirrus clouds. Their impact on the
climate is still not known, as it depends on changes in cloud microphysics.
Scattering of solar radiation would lead to enhanced cooling, while
absorption of terrestrial radiation would lead to warming.

17



8. VOLCANIC ACTIVITY INDICES

Multiple efforts have been made to compile a quantitative record of climatic
impact of historical volcanic eruptions. When studying the effects of volcanic
eruptions on climate, it is important to separate the volcanic forcing from the
climatic response. Proxy records of past climate, such as tree rings and
corals, measure climate change, not volcanism. Only if one already
understands the climatic response, can these records be used to indicate past
volcanism. Therefore, these records will be discussed in the next section as
data to validate theories of the impact of eruptions on climate. Robock and
Free (1995, 1996) described indices of past volcanism in detail and compare
them, and Robock (2000) summarized their work. Here we even more briefly
describe these indices. A perfect index would convey the radiative forcing
associated with each explosive eruption. The radiative forcing is most
directly related to the sulfur content of emissions that reach into the
stratosphere, and not to the explosivity of the eruption. For all the indices, the
problem of missing volcanoes and their associated dust veils becomes
increasingly important the farther back in time they go. Even today, some
indices may miss some southern hemisphere eruptions, as they may not be
reported. Even in the 1980s, the December 1981 aerosols from the eruption
of Nyamuragira were observed with lidar but were reported as the “mystery
cloud” for several years until the source was identified by reexamining the
TOMS satellite record (Krueger et al. 1996). The problem of missing an
eruption does not exist for ice core records, except that associating acidity or
sulfate peaks with particular eruptions may not be possible if the particular
eruption is not known.

The first compilation of past volcanic eruptions, the dust veil index (DVI),
was made by Lamb (1970, 1977, 1983). The methods used to create the DVI
include historical reports of eruptions, optical phenomena, radiation
measurements (for the period 1883 onward), temperature information, and
estimates of the volume of ejecta. While the DVI has been criticized because
of the circular reasoning used by including reports of temperature variations,
for only a few eruptions between 1763 and 1882 was the northern
hemisphere averaged DVI calculated based solely on temperature
information. Robock (1981a) created a modified version of Lamb’s DVI
which excluded temperature information, and found that this had minor
impacts on climate model simulations.

A second compilation is the volcanic explosivity index (VEI) (Newhall and
Self 1982). As the VEI is based only on volcanological data (Simkin et al.
1981, Simkin and Siebert 1994), and included no atmospheric data, it cannot
be used to estimate the height of the eruption columns. “Stratospheric injec-
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tion” was the least reliable of 11 criteria for estimating VEI, and was never
intended as a description of the eruption which had a VEI assigned from
more reliable evidence. Therefore, “Since the abundance of sulfate aerosol is
important in climate problems, VEI’s must be combined with a
compositional factor before use in such studies.” (Newhall and Self 1982).
An example of a recent eruption for which VEI would be misleading, is the
1980 Mt. St. Helens eruption, with a large VEI of 5, but little stratosphere
injection of sulfur and virtually no climatic impact (Robock 1981b).

Despite its weakness, the VEI provides the most comprehensive geological
record of past volcanism. Schnetzler et al. (1997) developed a volcanic SO,
index (VSI) based on the VEI and 15-year satellite samplings of volcanic
eruptions. These authors distinguished between subduction zone volcanoes
and others, but they excluded silent degassing like fuming, fumarolic activity
and dissipative emissions at the volcano flanks. Halmer et al. (2002)
extended Schnetzler et al.'s work by including more published observations
of sulfur emissions and reports of volcanic activity, also including silent
degassing. Observed activity reports were compared with available sulfur
measurements. This information was projected to include unmonitored active
sub-aerial volcanoes. Halmer et al.’s modified VSI shows the contribution of
different volcano types to the injection of sulfur into the atmosphere at
different altitudes. Basaltic magmas can be important local sources, but only
subduction zone volcanoes have the potential to significantly directly
contribute to the stratospheric sulfur budget, because of their higher
explosivities and source altitudes. In spite of the careful data review, the
range of order of magnitudes of SO, emission “typical” for a specific
geological and ambient setting shows big uncertainties. These do not only
result from too sporadic and inaccurate measurements, but also to a large
degree from the large variability of the processes involved.

A zonally averaged time series of the optical depth due to volcanic eruptions
from 1850 on was compiled by Sato et al. (1993), and updated by Stothers et
al. (1996). This record is based on optical data, since 1979 satellite
measurements have been included. Based on the Sato et al. data and on
radiative forcing calculations for the Pinatubo aerosol, Stenchikov et al.
(1998) and Andronova et al. (1999) provided a data set of the instantaneous
and adjusted radiative forcing by volcanic aerosol from 1850-1994.

Acidity in ice cores from the deposition of volcanic sulfate on glacial ice in
the years following an eruption has been used to construct a record of past
volcanism. However, each ice core record is extremely noisy and may have
other problems (Robock and Free 1995). For example, smaller local erup-
tions may have the same signal as distant larger eruptions, so estimating the
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global stratospheric aerosol loading from high latitude ice cores is
problematic. Hammer et al. (1980) produced a 10,000 year data set using the
Crete and Camp Century ice cores from Greenland. Crowley et al. (1993)
reanalyzed the Crete ice core data and constructed a 1420 year record of
volcanic activity. The GISP2 ice core has been used to create a 2100 year
estimate of stratospheric loading and optical depth, and a 110,000 record of
explosive volcanism (Zielinski et al. 1995, 1996). Using multiple ices from
both northern hemisphere ice sheets in Greenland and Ellesmere Island, and
from Antarctica in the southern hemisphere, Robock and Free (1995)
constructed a new Ice core Volcanic Index (IVI). Robock and Free (1996)
extended this analysis back to 435 A.D., but the farther back one goes, the
fewer ice core records are available. More cores are being drilled and
analyzed as time goes on, and they will provide valuable new information.
The IVI, which correlates well with the VEI but to a lesser extent with the
DVI, was used in energy balance model simulations of the past six centuries
(Crowley and Kim 1999, Free and Robock 1999).

Recently a new ice core volcanic index, the Volcanic Aerosol Index VAI,
was introduced by Robertson et al. (2001). It combines historical
observations, ice core data from both hemispheres and satellite data to obtain
an estimation of the stratospheric optical depth for the past 500 years. The
VAI is latitude dependent, with a variable zonal band width of the
stratospheric volcanic aerosol.

Proxy data suggest an increase in the frequency of volcanic eruptions on
secular time scales. However, the number of highly explosive eruptions
shows no such trend and the increase seems to be related to historical events
and the number of observers.

9. CONCLUDING REMARKS

Volcanic emissions are highly variable in space and time. To better quantify
the impacts of volcanic eruptions on climate, there is a need to better
constrain their sulfur emissions. Important future investigations that are
needed include exemplary long-term measurements at the sources, better
satellite observations, and improved volcanic plume models that simulate the
transformation rates of SO, into SO, in warm moist plumes and the
contribution of H,S, SO,> and SO, associated with plume particles, since
these species are not measured by the conventional methods. The fate of
volcanic aerosols in the stratosphere and their influence on chemistry,
microphysics and dynamics are still under discussion.
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