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A general feedback between volcanism and climate at times of
transition in the Quaternary climate record is suggested, exempli-
fied by events accompanying the Toba eruption (~74,000 yr ago),
the largest known late Quaternary explosive volcanic eruption.
The Toba paroxysm occurred during the 8'%0 stage 5a-4 transi-
tion, a period of rapid ice growth and falling global sea level,
which may have been a factor in creating stresses that triggered
the volcanic event. Toba is estimated to have produced between
10" and 10"® g of fine ash and sulfur gases lofted in co-ignimbrite
ash clouds to heights of at least 32 + 5 km, which may have led
to dense stratospheric dust and sulfuric acid aerosol clouds. These
conditions could have created a brief, dramatic cooling or “vol-
canic winter,” followed by estimated annual Northern Hemi-
sphere surface-temperature decreases of ~3° to 5°C caused by the
longer-lived aerosols. Summer temperature decreases of =10°C at
high northern latitudes, adjacent to regions already covered by
snow and ice, might have increased snow cover and sea-ice extent,
accelerating the global cooling already in progress. Evidence for
such climate—volcanic feedback, following Milankovitch period-
icities, is found at several climatic transitions.
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INTRODUCTION

The largest explosive volcanic events are those that
produce voluminous ignimbrites (extensive silicic pyro-
clastic flow deposits). The ~74,000-yr-old Toba eruption,
which is represented by the Younger Toba Tuff (YTT)
rhyolitic ignimbrite deposits of Sumatra, Indonesia, and a
very widespread co-ignimbrite ashfall in the Indian
Ocean, is one of the greatest known volcanic events in
the geologic record (Ninokovich et al., 1978; Rose and
Chesner, 1987; Chesner ef al., 1991). Considerable vol-
umes of fine ash and perhaps a significant volume of the
released gases are dispersed by so-called co-ignimbrite
(or “‘phoenix’’) ash clouds (Sparks and Walker, 1977; Do-
bran ef al., 1992), which rise above collapsing eruption

columns and the active pyroclastic flows, Recent quan-
titative models for co-ignimbrite clouds (Sparks et al.,
1986; Carey et al., 1989; Woods and Wohletz, 1991) sug-
gest that these clouds can be an effective means of in-
jecting large volumes of volcanic volatiles and fine dust
well into the stratosphere, with possible substantial
short-term global climatic impact. It is notable that in
several of the largest recent historic eruptions that have
caused atmospheric perturbations, for instance, Tambora
1815, Krakatau 1883, and Pinatubo 1991, a significant
amount of the material injected high into the atmosphere
was in co-ignimbrite ash clouds.

The question of whether volcani¢c eruptions can con-
tribute to long-term changes in climate, such as glacia-
tion, has long been a subject of debate. The exceptional
size of the Toba eruption (Fig. 1), and its occurrence at a
time of well-documented global climatic change, makes it
an important test case of the possible contribution of ex-
plosive volcanism to the inception of glaciation and to
abrupt climatic transitions. In this paper, we summarize
recent information relating to the Toba eruption and use
these data to estimate the resulting major perturbation of
the global atmosphere. Comparison of these data with
proxy climate data, and recent climate model results, al-
lows an assessment of the likelihood that the eruption
was a contributing factor to the major transition from
warm to cold climates in the last glacial cycle and sug-
gests a possible general feedback coupling between erup-
tions and climatic change.

THE TOBA ERUPTION AND ITS WIDESPREAD
ASH DEPOSIT

The Toba YTT ignimbrite has earlier been dated by the
K/Ar method at 73,500 = 3500 yr old (Ninkovich et al.,
1978). New “°Ar/*®Ar age determinations give 73,000 +
4000 yr while new K/Ar determinations give 75,000 =
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FIG. 1. Comparison of volumes of well-known historic eruptions

and a typical flood basalt with the erupted volume of Toba. Note that at
the scale shown, Mount St. Helens and El Chichén do not even show on
the plot (various sources).

12,000 and 74,000 = 3000 yr vielding a weighted mean age
of 74,000 = 2000 yr {(Chesner et al., 1991). The Toba ash
layer occurs in deep-sea cores from the Indian Ocean
coincident with the oxygen-isotope stage 3a-4 transition
(Dehn ef al., 1991), estimated by SPECMAP (Martinson
et al., 1987) methods to be 73,910 = 2590 yr old (Fig. 2).
It has also recently been identified and correlated over
wide areas of the Indian subcontinent (Acharyya, 1993)
and has been tentatively identified in Malaysia (see
Chesner et al., 1991). The Toba eruption is so much larger
than other known historic eruptions (Fig. 1) that the label
supereruption may be appropriate (Rampino and Self,
1992).

The eruption apparently produced little or no plinian
(sustained eruption column) fallout (Caress, 1985; Rose
and Chesner, 1987) and all of the associated widespread
fallout is thought to be co-ignimbrite ash. This ash blan-
ket is >12 cm thick in cores from the Bay of Bengal,
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FIG. 2. Piston core RC14-37, Indian Ocean, showing position of the
15-cm-thick Toba co-ignimbrite ash layer at the oxygen-isotope stage
Sa-4 boundary. Vertical scale is depth in core (Ninkovich er al., 1978).
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~1500 km from the volcano, and according to Rose and
Chesner (1987, 1990) has a dense rock equivalent volume
(DRE) of about 800 km®. Using the available ash thick-
ness data, which are less than the original thicknesses
due to erosion, to compute a likely minimum ash fall
volume assuming an exponential decrease in thickness
(Fierstein and Nathanson, 1992) vields values of between
475 and 1150 km® bulk volume, depending on the slope of
the exponential function, which is controlied by the most
distal ash thicknesses. These amounts convert to about
310-750 km® DRE, in general agreement with Rose and
Chesner’s estimate of a truly great ash fall volume. The
ignimbrite deposits on Sumatra consist of a few thick
flow units and have a volume of about 2000 km*® DRE.
The estimated average crystal concentration in the ign-
imbrite (1.5 times; Caress, 1985) agrees well with the
ratio of the volumes of co-ignimbrite ash fall to total ig-
nimbrite.

The ignimbrite was emplaced by several massive and
widespread but sluggish pyroclastic flows at tempera-
tures of about 750°C (Rose and Chesner, 1990). Caress
(1985) suggests that the bulk of the co-ignimbrite ash was
generated above the collapsing eruption column, due to
the lack of elutriation features in the ignimbrite, and this
represents one possible scenario. However, even slowly
moving pyroclastic flows generate significant co-
ignimbrite ash clouds well away from the vent, as re-
cently observed at Redoubt volcano in 1990 (Woods and
Kienle, in press) and Mt. Pinatubo in 1991 (Koyaguchi
and Tokuno, in press), and it is possible that much of the
Toba ash cloud lifted off from the surface of the pyroclas-
tic flows. Areas covered by individual flows are esti-
mated to be on the order of 10° km?, and each flow could
have generated a large co-ignimbrite ash cloud. A mea-
sure of the duration of continuous fallout of Toba ash over
the Indian Ocean suggests an eruption period of 2 weeks
or less (Ledbetter and Sparks, 1979).

Analog experiments and theoretical models of the gen-
eration of co-ignimbrite ash clouds indicate that entrain-
ment and heating of ambient air, and the sedimentation of
ash particles, produce extremely vigorous convection
above pyroclastic flows. Contraction of the convective
cloud as it rises may lead to an increase in upward ve-
locity (Woods and Wohletz, 1991; Sparks et al., 1986),
and the buovancy flux can carry the clouds to elevations
in excess of 20 km. Clouds will overshoot their neutral
buoyancy height with subsequent momentum-driven rise
well into the stratosphere. The top of the cloud then ex-
pands and spreads rapidly to produce the characteristic
“‘umbrella’" or *‘mushroom™ shape. The optimum condi-
tions for co-ignimbrite cloud rise into the stratosphere are
likely to be met above moderate- to large-volume pyro-
clastic flows (tens to hundreds of km®), culminating in
eruptions such as Toba.

The Toba eruption mass flux is estimated to have been
7-8 x 10° kg/sec (Rose and Chesner, 1990; Woods and
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Wohietz, 1991), implying co-ignimbrite cloud heights of
32 + 5 km, although the Woods and Wohletz model used
an entrainment assumption more appropriate for a plinian
column (Woods, 1988} than for an extremely wide co-
ignimbrite column. Thus, the model underestimates the
height for any eruption rate, and heights up to 40 km may
be reasonable for mass eruption rates approaching 10"
kg/sec. If a significant proportion of the co-ignimbrite ash
was lofted above the vent, as suggested by Caress (1985),
a plinian model would be more appropriate to estimate
the column height, which would also be in the order of 40
km (Woods and Wohletz, 1991). In summary, for all plau-
sible cases, co-ignimbrite eruption cloud heights well
above the tropical tropopause (17 km) are suggested for
Toba.

TOBA AEROSOLS AND CLIMATE

Release of sulfur volatiles is especially important for
the climatic impact of an eruption, as these form sulfuric
acid aerosols in the stratosphere. By phase equilibria,
Rose and Chesner (1990) estimated a water content for
the YTT rhyolite of about 3 wt% and an H,S content of
0.05 wt%. Predicting that H,S would have been the dom-
inant sulfur phase in the Toba magma, they estimate that
3 x 10'% g of H,S, equivalent to ~1 x 10'® g of H,SO,
aerosols, could have been released from the erupted
magma (see also Chesner er al., 1991). Although the in-
trinsic sulfur content of rhyolite magmas is low, efficient
degassing of the sulfur phase may be attained as it ac-
companies the water that exsolves from the melt. In the
Toba case, the large volume of magma erupted is suffi-
cient to give an enormous volatile release. Furthermore,
it cannot be ruled out that a separate sulfur-volatile phase
may have been present in the magma, as seems to be true
in the case of Mt. Pinatubo (Westrich and Gerlach, 1992),
which could make the above sulfur-emission estimate for
Toba a minimum.

Physical and chemical processes in dense aerosol
clouds may act in a *‘self-limiting’” manner, significantly
reducing the amount of long-lived H,50, acrosols (Ram-
pino and Self, 1982). Using one-dimensional aerosol mi-
crophysical and photochemical models, Pinto et al.
(1989) showed that for an aerosol cloud of ~10" g of $O,,
caondensation and coagulation are important in producing
larger-sized particles, which have a smaller optical depth
per unit mass, and settle out of the stratosphere faster
than smaller particles. Optical depth (1) is defined as the
negative natural logarithm of the attenuation of incident
sunlight, 1 = —In (f/Io), where fo and [ are the initial and
final light intensity, respectively. In the case of volcanic
H,S0, aerosols, T = 6.5 X 107'* M, where M is the
global aerosol loading in grams (Stothers, 1984a,b). For
volcanic aerosols and dust, 7 is largely dependent on the
single scattering albedo (w) of the cloud, whereas for soot
(smoke) clouds, the absorption optical depth 7, is primar-
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ily a function of the high absorptivity of the soot particles
in the visible (fluffy soot is also highly absorptive in the
infrared). For volcanic H,SO, aerosols and dust, w is
about 1, and therefore, formally, 7, is ~0.

In the 10 g SO, simulation of Pinto et al. (1989), aero-
sol optical depth (1) reaches a peak of 1.3 within 5
months, with a lifetime of about 2 yr, in good agreement
with observations for aerosols from the 1815 A.D.
Tambora eruption, However, the maximum sulfur-
volatile emission that they modeled was 2 X 10'* g of SO,,
so at present there are no data on the behavier of H,S0,
aerosols in much denser clouds.

The amount of water in the stratosphere is a possible
limitation on aerosol loading. Stothers et al. (1986) cal-
culated that, ignoring any water injected into the strato-
sphere by the eruption itself, about 4 x 10'° g of water
might be available in the form of H,O (and CH,) to con-
vert SO, to H,80,. From indirect measurements, Hof-
mann (1987) concluded that the smaller 1982 El Chichén
eruption increased stratospheric water, and so a total re-
lease of as much as 5.4 x 10'" g H,O from Toba is pos-
sible (Rose and Chesner, 1990); in this case, more than
enough water may have been present in the stratosphere
to convert the estimated 3 x 10*° g of sulfur gases emitted
by Toba into ~1 % 10'® g of H,S0, aerosols. To be con-
servative, however, and also in agreement with aerosol
values extrapolated from historic eruptions, we here infer
that only 10% of the total amount of aerosols possible
was actually formed in the Toba cloud, or ~1 X 10'* g of
H,S0, aerosols.

The 1815 A.D. Tambora eruption (estimated ~2 x 10'*
g of stratospheric acrosols) may be related to an observed
Northern Hemisphere surface temperature decrease of
~0.7°C in the year following the eruption (Stothers
1984a). If we infer that the relationship between Northern
Hemisphere cooling and aerosol loading from large erup-
tions is approximately linear, a 1 X 10'° g aerosol loading
would lead to a 3.5°C hemispheric cooling. However,
Devine et al. (1984) developed an empirical formula that
relates Northern Hemisphere temperature decreases to
estimates of sulfuric acid aerosol yield from historic vol-
canic eruptions. In their estimate (Devine et al., 1984;
Palais and Sigurdsson, 1989), temperature decreases ap-
pear to vary approximately in proportion to the 5 power
of measures of sulfuric acid vield. Extending this empir-
ical relationship to eruptions producing ~1 X 10!° g of
stratospheric aerosols suggests a possible hemispheric
surface-temperature decrease resulting from Toba aero-
sols of about 4 = 1°C.

VOLCANIC WINTER

A stratospheric acrosol burden estimate for Toba of 1 X
10" g yields a global aerosol optical depth (1) of about 10
(Rampino and Self, 1992). If one considers the injection
into the stratosphere of 10% of the estimated fine dust
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generated, then a short-term (a few months) dust cloud of
optical depth ~10 is also produced. Since Toba is located
at low latitudes, dust and volatiles could have been in-
jected efficiently into both Northern and Southern Hemi-
spheres (Rampino et al., 1988). These estimated acrosol
optical depths (+ = 10 to 20) are roughly equivalent in
visible opacity to smoke-cloud absorption optical depths,
7, of ~2 (Rampino and Self, 1992). Local and regional
optical depth perturbations may have been even greater,
especially for the first few months after the eruption,
when significant amounts of silicate dust were present in
the atmosphere.

Nuclear winter model simulations (Turco et al., 1990)
predict average absorption optical depths {(t,) of up to 2
to 3 on hemispheric scales, and climate models (General
Circulation Models; GCMs) predict that (for a worst-case
July smoke injection) land temperatures in the 30° to 70°N
zone could drop from ~5° to ~15°C, with freezing events
in midlatitudes during the first months. During the next 1
to 3 years, global average 7, of ~0.5 could persist, with
significant cooling in areas covered by the smoke cloud,
and ocean-surface cooling of ~2° to 6°C that may extend
for several years. Longer term (decadal) climatic cooling
might arise primarily through climate feedbacks including
increased snow cover and sea ice and perturbed sea-
surface temperatures.

The injection of ~10'3 g of volcanic dust into the
stratosphere by an eruption such as Toba, capable of pro-
ducing aerosol optical depths of ~10, might be expected
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to lead to similar immediate surface cooling, creating a
so-called “‘volcanic winter’’ (Rampino et al., 1988; Ram-
pino and Self, 1992), although volcanic dust probably has
a shorter residence time in the atmosphere (3 to 6
months) than possibly self-lofting soot (Turco ef al.,
1990). The associated stratospheric injection of ~10'° g
of sulfur volatiles, and the time required for the formation
and spread of volcanic H,SO, aerosols in the strato-
sphere, however, should lead to an extended period of
increased atmospheric opacity and surface cooling after
the largest eruptions (Rampino and Self, 1992).

CLIMATE CHANGE AT THE TIME OF THE
TOBA ERUPTIONS

The Toba eruption occurred during the oxygen-isotope
stage Sa-4 transition recognized in deep-sea cores (Nink-
ovich et al., 1978; Dehn et al., 1991) (Fig. 3). This tran-
sition represents the episode of most rapid ice accumu-
lation, and the main Northern Hemisphere warm-cold
climatic transition, during the last glacial cycle (Fig. 3).
At the time, sea level is estimated to have dropped by
some 40 m in less than 7000 yr (Ruddiman, 1977a,b). The
first significant peak in ice-rafted detritus in the mid-
North Atlantic during the last glacial cycle occurred at
the same time (Heinrich, 1988), suggesting a rapid expan-
sion of ice sheets. Summer and winter sea-surface tem-
peratures in the North Atlantic (Sancetta et al., 1972)
decreased by about 10°C in less than 5000 yr (Fig. 3), the
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FIG. 3. Climatic indicators for the last 140,000 yr, showing climate conditions at the isotope stage 5a-4 boundary (a) Climatic states during the

last interglacial—glacial - interglacial cycle (Ruddiman, 1977). (b) Reconstructed summer sea-surface temperatures from planktonic foraminiferal
faunal assemblage data, deep-sea core V23-82, North Atlantic (Sancetta et al., 1972). Dated horizons: Ash Zone 1 (3500 yr), Ash Zone 2 (65,000
yr), Barbados 1 Terrace (~85,000 yr}, Barbados 2 Terrace (~110,000 yr), and Barbados 3 Terrace (~ 125,000 yr ago). (c) Palaeobioclimatic Operator
(PBO), a measure of the ‘‘best possible’ climate profile based on multivariate siatistical analysis of fossil vegetation changes. Time series
reconstructed from Les Echets, France pollen records. Higher PBO values indicate warmer climate. Note that vertical scale (expressed as 10° yr
B.FP.) is nonlinear (Guoit ef al., 1989), {d) Stacked, smoothed oxygen-isotope record of deep-sea cores, using the SPECMAP scale. Oxygen-isotope
stages and ages of boundaries (10° yr B.P.) are shown to the right (Martinson ez al., 1987). {e) Percentage of ice-rafted debris, North Atlantic
deep-sea core Me69-17. Vertical scale is meters depth in core (Heinrich, 1988). Straight bold line is the best estimated age of the Toba eruption,

74,000 = 2000 yr ago.
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greatest decrease of the last glacial cycle, with salinities
showing evidence of a strong polar water advance during
isotope stage 4 (Koerner and Fisher, 1985). Ocean cool-
ing lagged behind ice expansion by about 4000 to 5000 yr.
The subpolar North Atlantic at the midpoint of ice accu-
mulation during the stage 5a-4 transition seems to have
been only 1° to 2°C cooler than present (Fig. 3). Much of
the large increase in ice volume seems to have occurred
adjacent to this warm subpolar ocean, as indicated by the
abundance of ice-rafted debris late in the transition., By
stage 4, ice volume reached more than 60% of the stage 2
fuil-glacial maximum, implying that snow and ice fields
probably spread southward in eastern Canada to about
50°N (Ruddiman and Mclntyre, 1979).

European pollen records suggest that the cooling began
very abruptly (Woillard and Mook, 1982; Guiot, 1990} at
~75,000 yr B.P. (Fig. 3). Abrupt changes in ocean bot-
tom-water circulation in the Atlantic may account for
shifts in benthic fauna at about 115,000 and 75,000 yr B.P.
that apparently took place in about 1200 yr, close to the
mixing time of the oceans (Streeter and Shackleton,
1979). These may have involved a shut-down of North
Atlantic Deep-Water formation after a brief episode dur-
ing isotope substage 5a.

The conditions described above could be interpreted as
supporting the concept of rapid ‘‘glacierization’ devel-
oped by Barry et al. (1975). In this view, summer cooling
leads to permanent snowfields (Bray, 1977), which would
induce snow-albedo feedback. Freshly fallen snow has an
albedo (o) of 75 10 95%, and several-day-old snow about
40 to 70%, versus coniferous forest with an « of 5 to 15%,
tundra with an o of 15 to 20%%, or bare soil with an o of 5
to 35%. The increased snow cover is proposed to lead to
a cooler climate, which may lead to further snow and ice
accumulation, rapidly leading into a glaciation.

A warm ocean source of moisture might provide in-
creased precipitation. Loewe (1971}, for example, sug-
gested that glacierization would occur with a 6°C summer
cooling plus increased precipitation or with >6°C cooling
alone. It has been estimated that glaciation of now-empty
cirques on Baffin Island would require either an 80% in-
crease in snowfall or some combination of increased
snowfall, lower summer temperature, and increased
cloudiness. Glaciation of eastern Baffin Island is pre-
dicted for summer temperatures averaging 4.5°C lower
than the 1963-1972 average (Ives et al., 1975). Williams
(1975), using a GCM, concluded that a cooling of spring
and summer temperatures by up to 10 to 12°C was re-
quired to cause extensive glaciation over Quebec and La-
brador under present insolation conditions. These early
GCM experiments with specified July snowcover were
able to reproduce many of the Northern Hemisphere fea-
tures of atmospheric circulation thought to be associated
with the inception of glaciation during the summer sea-
son. However, all of these studies begin with ice-free
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conditions, whereas the Toba eruption occurred at a time
when ice sheets probably already covered >25% of the
area of the late glacial (~18,000 yr B.P.}) maximum ice
advance,

Summer half-year insolation at 65°N was well above
modern levels prior to the stage 5a-4 boundary; it had
decreased to values lower than those at present by the
stage 4 minimum. Within the last interglacial-to-glacial
cycle, this drop was exceeded only by the decline during
the first phase of glaciation at the substage 5e-5d bound-
ary (~115,000 yr B.P.; Berger, 1978a,b).

Variations in CO, seem to have lagged climatic change
at the S5a-4 stage boundary, and the average atmospheric
pCO, apparently remained relatively constant at around
74,000 yr B.P., even though the Vostok ice core shows
cooling. The atmospheric CO, decrease in isotope stage
4, from ~245 to ~195 ppm, seems to have occurred only
during the final phase of the cooling, dated in the Vostok
core from about 71,000 to 62,000 yr B.P. (Jouzel et al.,
1987). Atmospheric methane, by contrast, does exhibit a
decrease at the 5a-4 boundary from about 600 to 400 ppb,
but this would produce only a minor climatic effect (Bar-
nola et al., 1978). Increased atmospheric dust content
during glacial stages (DeAngelis et al., 1987) has been
suggested to cause global cooling of up to 2° to 3°C, and
we note that the Vostok ice core shows a significant dust
peak at ~71,000 yr B.P. An increase in non-sea-salt sulfur
in the Vostok core at the isotope stage 5a-4 boundary
suggests possible additional cooling from increased cloud
cover, estimated at ~0.6°C (Legrand er al., 1988).

VOLCANIC AEROSOLS AND GROWTH OF GLACIERS

It has been suggested that a period of lower than
present mean daily summer temperatures over the central
plateau of Quebec and Labrador, perhaps accompanied
by increased snowiall, would favor the formation of pe-
rennial snow cover (Williams, 1979). Some have pro-
posed that these conditions could lead to ‘‘instantaneous
glacierization™ of the high plateaus of the Canadian Arc-
tic within a few hundred years, starting from ice-free con-
ditions (e.g., Loewe, 1971). Several lines of evidence sug-
gest that the atmospheric effects of large volcanic erup-
tions can cause significant reductions in summer
temperatures at the sensitive latitudes for a few years,
and that the reduced temperatures might lead to signifi-
cant short-term changes in ice ablation/accumulation
rates. For example, analyses of tree-ring data from north-
ern Quebec show mean summer temperatures for the last
250 years of 9.5°C, with a lowering of 3.5°C (to ~6°C) in
1816 A.D. after the Tambora eruption (Jacoby erf al.,
1988). From sparse instrumental records, Stothers
(1984a) calculated a Northern Hemisphere temperature
decrease of about 0.7°C in the year after Tambora, so that
summer temperature decline in Quebec in 1816 showed
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an ~5 times amplification of the estimated Northern
Hemisphere cooling (although this may have been partly
a dynamic effect). Based on these studies, if Toba caused
a minimum 3°C Northern Hemisphere cooling, then Que-
bec summer temperatures following the Toba eruption
could have been as much as 15°C colder than those at
present for 2 or 3 years.

Studies utilizing GCMs also suggest that a hemispheric
cooling would have been amplified at high latitudes. In
coupled atmosphere/ocean GCM experiments, Manabe
and Bryan (1985) showed that, in going from 2 x CO, to
1 X CO, atmospheres, zonal mean temperatures at 55°N
in North America increased by about 20°C, while the
average global climate warmed by about 3°C. In the 2 x
CO, model, sea ice extended to middle latitudes, increas-
ing global albedo, and the weakened ocean-thermohaline
circulation in the model was largely confined to an area
between the sea-ice margin and the equator. If a similar
high-latitude amplification for cooling largely through
sea-ice albedo also operated at 74,000 B.P., then these
GCM results suggest that an ~3°C global cooling after the
Toba eruption could have led to a significantly amplified
mean annual cooling in the region of expected Northern
Hemisphere ice growth.

Lowering of the freezing line should have a direct ef-
fect on annual snow accumulation. July temperatures on
the east shore of Hudson Bay now average 10.6°C (C.
Wilsen, personal communication), and the freezing alti-
tude (0° isotherm) averages about 2500 m. Therefore, a
summertime cooling of only about 10°C would be re-
quired to bring the 0°C isotherm to the ground. In July
1965, a lowering of —~500 to 600 m occurred relative to the
average freezing altitude for the decade (Bradley and En-
gland, 1978a), and this may have been related to the 1963
eruption of the Agung volcano in Indonesia (or other
eruptions). In July 1816, the —6°C summer anomaly
seems to have produced a 1000-m drop in the freezing
altitude (Wilson, 1985). We note that there were only 5
weeks without measurable snowfall at sites along eastern
Hudson Bay in 1816.

The Toba aerosol cloud, predicted to tause a summer
temperature anomaly of the order of —12° to 15°C, would
bring the atmospheric freezing altitude in July down to
ground level under present climate conditions. Under
conditions in which snow and ice already cover a signif-
icant area in North America, and with greater extent of
sea ice, as seems to have been the case when Toba
erupted, we infer that a smaller reduction in summer tem-
peratures would have been sufficient to tip the balance
toward annual snow accumulation in areas adjacent to
those of established ice cover.

In a recent simulation using the Goddard Institute for
Space Studies (GISS) GCM, volcanic aerosols causing an
optical-depth perturbation of 0.1 for 5 yr led to a global
surface cooling of about 0.5°C, with a reduction in sum-
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mer temperatures in Canada at ~55°N of about 2°C, or 4
times the global average (Rampino and Seif, 1992). If
high-latitude seasonal amplification is roughly linear with
the magnitude of the temperature decrease, then these
results predict that a possible 3°C global cooling after the
Toba eruption could have led to an ~12°C reduction in
summer temperatures for ~2 to 3 years in the areas of
growth of the Laurentide ice sheet, in good agreement
with the empirical estimates discussed above,

Evidence exists that volcanic aerosol perturbations
can lead to reductions in ice-ablation rates and may be an
important forcing mechanism for glacial variations on
decadal time scales. Bradley and England (1978a) have
shown that periods with reduced summer temperatures,
such as that which followed the Agung eruption in 1963,
are also periods of significantly reduced ice ablation. For
the Devon Island ice cap, ablation losses during an inter-
val free of volcanic aerosols were a factor of 10 greater
than losses during the period affected by the 1963 acrosol
event (Bradley and England, $978b).

Porter (1986) has suggested that mean annual temper-
ature reductions related to historic volcanic eruptions
(~0.2° 10 0.7°C for the Northern Hemisphere, but ampli-
fied by about a factor of ~4 to 5 at high northern lati-
tudes) may be sufficient to significantly depress the equi-
librium-line altitudes of alpine glaciers and to cause gla-
cier advances. A consistent correlation between periods
of mountain glacier advance and intervals of increased
volcanic aerosols (as evidenced by higher acidity levels in
ice cores) suggests that volcanism may have been an im-
portant control on glacier movements during the last 1500
yr (Porter, 1986}. In a quantitative test of Porter's pro-
posed relationship, using a simple climate—-glacier model,
volcanic forcing (the Greenland ice-acidity record and
Dust Veil Index values) and recent CO,-induced warming
produced glacier variations in good agreement with his-
torical observations (Oerlemans, 1988). In contrast, how-
ever, both Wigley (1991) and Rind (1991} suggest that
ice-core acidity data preclude volcanic aerosol optical
depths capable of forcing known Holocene glacier ad-
vances.

MODELS OF ICE-SHEET GROWTH AND THE STAGE
5a-4 BOUNDARY

Recent mode! simulations of ice-sheet evolution sug-
gest that the rapid growth of ice sheets at the 5a-4 bound-
ary could have been accomplished without any additional
forcing from volcanic aerosols. For example, Fichefet ez
al. (1989) used a two-dimensional zonally averaged cli-
mate model coupled with an ice-sheet model to investi-
gate the evolution of Northern Hemisphere ice sheets
over the last glacial/interglacial cycle. Using the seasonal
insolation cycle (with no trace-gas forcing), new ice sheet
growth was initiated in a latitudinal belt whenever the
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annual snow-mass balance was positive in the seasonal
climate model. The coupled model gives ~8 x 10° km® of
ice at the isotope substage 5a peak and rapidly produces
an additional 15 x 10° km® of ice (mostly in North Amer-
ica) in isotope stage 4, in excellent agreement with the
inferred isotope and sea-level changes at the time (Chap-
pell and Shackleton, 1986). A two-dimensional, one-level
seasonal climate model coupled to ice-flow models gave
similar results (Deblonde and Peltier, 1990}.

These models take about 15,000 yr (~80,000 to
~65,000 yr B.P.) to simulate the entire 5a-4 interglacial -
glacial transition, in general agreement with the observa-
tions, although the most rapid part of the actual ice-
growth transition may have taken place in much less
time. The results of the models are quite good, although
it should be remembered that they are simplified and con-
tain many parameterizations of physical processes. The
results suggest that additional climate forcings from in-
creased stratospheric aerosols may not be required to
produce the growth of ice sheets at the stage 5a-4 bound-
ary, but they do not rule out a contribution from volcanic
cooling.

Recent studies of ice-sheet growth using more sophis-
ticated GCMs, however, give conflicting results. These
experiments, in general, have attempted to grow ice
sheets starting from ice-free or almost ice-free condi-
tions. For example, using one version of the NCAR Com-
munity Climate Model, Oglesby {1990} has found that an
initial imposition of 1 m of snow over the Northern Hemi-
sphere under present conditions results in retention and
increase in snow depth, in some glaciation-sensitive areas
such as Alaska, western Canada, Siberia, and the Tibetan
Plateau. When atmospheric CO, was reduced to 200 ppm
in the model, glaciation-sensitive areas appeared in all
regions in which late Pleistocene ice sheets actually grew
(the Vostok Ice Core suggests atmospheric pCQO, of 240
ppm at ~74,000 yr B.P.). These results suggest that an
initial increase in snow cover under today’s climate could
lead to glaciation in some ‘‘sensitive’’ areas. The results
also argue that model runs using the cooler initial climate
and favorable orbital forcing of ~74,000 yr B.P. would
result in improved retention and increase in ice cover for
these and other critical regions.

By contrast, experiments using the GISS GCM were
unable to initiate the growth of Northern Hemisphere ice
sheets even with the low-summer insolation fields of
116,000 and 106,000 yr B.P. and also times of rapid
growth of ice sheets (Rind ef al., 1989). The model could
not maintain snow cover through the summer, The GISS
model experiments also failed to maintain a 10-m-thick
ice cover that was inserted in areas in which continental
ice existed during the last glaciation, even with an addi-
tional forcing from reduced atmospheric CO,.

Taken at face value, these results suggest that, starting
from ice-free or near ice-free conditions, snow and ice
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accumulated during a few years of decreased summer
temperatures, as in a volcanic winter, would be lost to
ablation in the normal summers that followed. However,
experiments with realistic ice-cover conditions at
~74,000 yr B.P. have not been run, so we cannot directly
determine the effects of considerable preexisting land-
and sea-ice on further ice accumulation. Furthermore,
the mixed GCM results suggest important differences in
individual model sensitivity to factors involved in ice ac-
cumulation, and until these factors are better understood,
no firm conclusions should be drawn regarding the con-
ditions under which ice sheets will begin to grow.

EXPLOSIVE VOLCANISM AND GLACIATION:
PROPOSED FEEDBACK MECHANISMS

The relationship between historical volcanic aerosol
perturbations and short-term climate changes is well-
supported by empirical studies and theoretical models
(Rampino et al., 1988}, Moreover, many studies over the
years have argued for a possible relationship between
volcanic eruptions and glaciations (e.g., Kennett and
Thunell, 1975). In recent years, the success of Milanko-
vitch orbital parameters and related changes in atmo-
spheric chemistry in explaining the timing of Quaternary
climate variations have largely superseded any general
volcanic explanation (Berger, 1984). The question re-
mains, however, as to the effects of the largest eruptions
on long-term global climate.

The empirical analyses and model experiments sum-
marized here provide some support for the idea that sev-
cral years of cool summers at high northern latitudes pre-
dicted in the aftermath of Toba might have contributed to
the acceleration of ice-sheet growth and global cooling at
~74,000 yr B.P. Empirical results suggest that the Toba
aerosol perturbation could have produced climatic con-
ditions conducive to snow and ice accumulation in glaci-
ation-sensitive regions. Simplified coupled models of cli-
mate and ice-sheet growth at least do not rule out a con-
tribution from volcanic aerosol cooling, and the success
of GCMs in growing ice sheets using insolation and CO,
forcings has thus far been mixed. Of critical importance is
the fact that Toba erupted at a sensitive time in the Mi-
lankovitch insolation cycle, and at a time when signifi-
cant ice cover already existed, during the isotope stage
Sa-4 transition. This timing might be ¢rucial to the effec-
tiveness of a brief volcanic winter in affecting long-term
climate.

Although the very short-term climatic effects of Toba
cannot be seen at the present resolution of available
proxy climate data, the eruption may have left a signature
on global climate through possible feedback effect. The
detailed climate record of the stage 5a-4 transition (Rud-
diman er al., 1980) reveals that sca-level lowering was
underway at the time of the Toba eruption, but that North
Atlantic surface-ocean temperatures remained warm
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(Fig. 4). Coincident with the Toba eruption, North Atlan-
tic surface temperatures and global sea level dropped pre-
cipitously. Smit et al. (1991) found evidence that the lyso-
cline in the eastern Indian Ocean became shallower
rather suddenly at the time of the Toba ash deposition,
and they attributed this to the effects of the eruption.
Regionally, the effect on ocean biota of the fallout of ~4
g/cm? of Toba ash over an area of § x 10% km? of the
Indian Ocean must have been considerable. Deposition
rates of nitrogen, organic carbon, and CaCO; all rise
sharply in the first few centimeters of the Toba ash layer,
indicating that the ash fallout swept the water column of
most of its particulate organic carbon and calcium car-
bonate (Gilmour et al., 1990).

Other large eruptions during abrupt coolings show a
similar timing. For example, the isotope substage 7¢-7b
boundary (230,000 yr B.P.), a time of reduced high-
latitude summer insolation and possibly the most rapid
accumulation of ice in the late Pleistocene (Ruddiman
and Mclntyre, 1979), is marked by a widespread ash Jayer
(Layer ‘L") in eastern equatorial Pacific sediment cores
(Ninkovich and Shackleton, 1975). However, the ash
layer occurs more than half-way through the isotopic
transition, so that although the eruption was apparently
not a factor in the initial build-up of glacier ice, it could
have contributed to the rapid growth of ice sheets.

Volcanism and Milankovitch Parameters

Dated eruptions of Toba have occurred at ~74,000,
450,000, 840,000, and 1.2 million yr B.P. (Chesner et al.,
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1991), giving a mean interval of 375,000 yr with a stan-
dard deviation of only 15,000 yr (Dehn et al., 1991),
These authors also recently found that major (>1 ¢m
thick) volcanic ash layers from Indonesian eruptions (in-
cluding Toba) recorded in Indian Ocean cores occur ap-
proximately every 414,000 yr with the most recent group-
ing of ashes beginning about 2.4 myr. The ~400,000-yr
mean interval in Indonesian volcanism is close to the
413,000-yr cycle of the earth’s eccentricity, and the initi-
ation of the last grouping at ~2.4 myr B.P. correlates with
the beginning of severe Northern Hemisphere glaciation.
The Toba eruption at 840,000 yr B.P. also correlates with
the mid-Pleistocene shift in dominance from a 40,000-yr
early Pleistocene thythm to the 100,000-yr late Pleisto-
cene rhythm (Ruddiman er al., 1980).

Are these correlations merely coincidences? Milanko-
vitch band cycles have been detected in records of vol-
canism from other areas. Late Quaternary ash layers in
deep-sea cores from the Mediterranean (Paterne et al.,
1990), and from Crozet Island (Paterne ¢t al., 1991) in the
Indian Ocean, have been found to show a ~23,000-yr
periodicity, similar to the earth’s precessional period.
Icelandic (Sicholm et al., 1991) and Japanese eruptions
(Caldeira and Rampino, 1992) during the Quaternary
show an apparent ~100,000-yr cycle. These findings sug-
gest that volcanic activity itself might be related to Mi-
lankovitch parameters, perhaps through stress changes
by water loading and unloading on magma chambers dur-
ing sea-level fluctuations (see Matthews, 1969; Rampino
et al., 1979) or, in the case of Iceland, direct isostatic
effects of fluctuating ice sheets (Sigvaldason et al., 1992).
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FIG. 4. Schematic representation of the changes in parameters critical to Northern Hemisphere glaciation at the stage 5a-4 boundary (Rud-
diman et al., 1980). Ocean-core data are precisely intercorrelated, but have a dating uncertainty of about 2500 to 3000 yr. Dotted line indicates
different correlation of radiation curve (Berger, 1978) with ocean-core data if the stage 5a-4 boundary is 2500 yr younger than the commonly
assumed value of 75,000 yr B.P. The timing of the Toba eruption is formally 74,000 = 2000 yr ago, and it may malch the timing of rapid sea-surface
temperature decline, increase in ice rafting, and steepening of the sea-level fall curve.
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Recently, Nakada and Yokose (1992) have shown that the
vertical gradient of horizontal stress difference in the lith-
osphere for loadings of + 130 m of sea level reaches ~8
bar/km, enough to cause propagation of magma-filled
cracks. The total change in stress difference during an
~10,000-yr glacial/interglacial transition is ~130 bars,
which is ~50% of the tectonic stresses in Japan.

A possible volcanic triggering mechanism in which a
24,000 yr periodicity was detected in geochemical varia-
tions in Mediterranean eruptions, possibly caused by in-
jection of deeper-derived magma into shallow magma
chambers, is suggested by the study of Paterne and Gui-
chard (1993). This magma-mixing trigger mechanism is
commonly recognized 1o operate (the 1991 Mt Pinatubo
eruption is a recent example; Pallister et al., 1992), and
was earlier suggested by us as a potential trigger in cli-
mate-modulated volcanism (Rampino et al., 1979). It has
been noted elsewhere that very small pressure variations
(~1 bar) in magma chambers can lead to transitions in
eruption regime (e.g., Jaupart and Allégre, 1991).

Clusters of eruptions seem to take place during some
rapid climatic transitions. For example, North Atlantic
ash zone I contains at least four Icelandic tephra horizons
dated at ~10,800, 10,600 (Skogar Tephra), 9300 and 8900
yr B.P,, spanning the glacial-interglacial transition and
the Younger Dryas cool interval (Sejrup et al., 1989;
Bjork er al., 1972). Increased volcanism during the
Younger Dryas, in general, is summarized by Dawson
(1991). The Skogar Tephra is correlated with the wide-
spread Vedde Ash in western Norway and the North Sea
(Mangerud et al., 1984; Norddahl and Haflidason, 1992)
and marks the Younger Dryas interval of very rapid cli-
matic change. In southern Alaska, the Mount
Edgecumbe Tephra deposits were erupted within less
than 1000 yr at 11,000-10,600 yr B.P. (Richle et al.,
1992), and in the Cascades, Glacier Park eruptions dated
at 11,200 yr (Busacca et al., 1992) occurred at about the
same time.

1t has been proposed that abrupt jumps from one stable
climate mode to another characterize glacial-to-
interglacial transitions (e.g., at ~115,000 and ~74,000 yr
B.P.), and these abrupt changes could involve major re-
organizations of the ocean-atmosphere system (Broecker
and Denton, 1990). The climate of the late Pleistocene,
and especially the dominant 100,000-yr periodicity, has
been modeled as a bistable system, where the response to
external orbital forcing is amplified by normal ‘‘weather’’
fluctuations, internal to the climate system, through the
mechanism of stochastic resonance. Thus, glacial and in-
terglacial climates might represent two stable end states,
with stochastic noise driving the climate system from one
end to another, and with abrupt transitions between them
(Saltzman, 1982). Stochastic noise usually reflects the
natural variability of the climate system (Matteucci,
1989), but the climatic conditions of a volcanic winter,
especially if it occurred at a critical time in the orbitally
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paced insolation/greenhouse-gas cycle, could provide the
kind of random forcing event needed to flip the system
from an interglacial to a glacial mode.

CONCLUSIONS

The great Toba ignimbrite eruption of ~74,000 yr B.P.
has provided evidence for possible general connections
between volcanic eruptions and climate change. The
“‘volcanic winter”’ predicted in the aftermath of Toba
may have accelerated an interval of global cooling. Toba
occurred during a major climatic transition and might
have been triggered by stresses caused by changes in sea
level. There may be a general correlation of large erup-
tions or clusters of eruptions at climate transitions, and
these could provide important feedbacks to the climatic
change: positive feedback during warm-cold transitions
and negative feedback during cold—warm transitions.
The detection of Milankovitch band periodicities in the
frequency, and possibly in the composition, of volcanic
eruptions suggests that the climate and volcanic systems
may be coupled in a way that might explain the correla-
tion between eruptions and periods of climate change so
often noted in the literature.
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