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[1] Previous studies have used small numbers of ice core records of past volcanism to
represent hemispheric or global radiative forcing from volcanic stratospheric aerosols.
With the largest-ever assembly of volcanic ice core records and state-of-the-art climate
model simulations of volcanic deposition, we now have a unique opportunity to
investigate the effects of spatial variations on sulfate deposition and on estimates of
atmospheric loading. We have combined 44 ice core records, 25 from the Arctic and

19 from Antarctica, and Goddard Institute for Space Studies ModelE simulations to study
the spatial distribution of volcanic sulfate aerosols in the polar ice sheets. We extracted
volcanic deposition signals by applying a high-pass loess filter to the time series and
examining peaks that exceed twice the 31-year running median absolute deviation. Our
results suggest that the distribution of volcanic sulfate aerosol follows the general
precipitation pattern in both regions, indicating the important role precipitation has played
in affecting the deposition pattern of volcanic aerosols. We found a similar distribution
pattern for sulfate aerosols from the 1783—1784 Laki and 1815 Tambora eruptions, as well
as for the total G activity after the 1952—1954 low-latitude Northern Hemisphere and
19611962 high-latitude Northern Hemisphere atmospheric nuclear weapon tests. This
confirms the previous assumption that the transport and deposition of nuclear bomb

test debris resemble those of volcanic aerosols. We compare three techniques for
estimating stratospheric aerosol loading from ice core data: radioactive deposition from
nuclear bomb tests, Pinatubo sulfate deposition in eight Antarctic ice cores, and climate
model simulations of volcanic sulfate transport and deposition following the 1783 Laki,
1815 Tambora, 1912 Katmai, and 1991 Pinatubo eruptions. By applying the above
calibration factors to the 44 ice core records, we have estimated the stratospheric sulfate

aerosol loadings for the largest volcanic eruptions during the last millennium. These
loadings agree fairly well with estimates based on radiation, petrology, and model
simulations. We also estimate the relative magnitude of sulfate deposition compared with
the mean for Greenland and Antarctica for each ice core record, which provides a
guideline to evaluate the stratospheric volcanic sulfate aerosol loading calculated from a

single or a few ice core records.

Citation: Gao, C., L. Oman, A. Robock, and G. L. Stenchikov (2007), Atmospheric volcanic loading derived from bipolar ice cores:
Accounting for the spatial distribution of volcanic deposition, J. Geophys. Res., 112, D09109, doi:10.1029/2006JD007461.

1. Introduction

[2] Understanding natural causes of climate change is
vital to evaluate the relative impacts of human pollution and
land surface modification on climate. Of all the natural
causes, volcanic eruptions and solar variation are the two
most important. Robock [2000] reviewed the impacts of
volcanism on the Earth’s climate system and stressed the
need for a reliable record of atmospheric loading of volcanic
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sulfate aerosols to be able to evaluate the causes of climatic
change over the last couple of millennia. Acidity and actual
sulfate records from polar firn and ice cores have provided
unique details about the nature, timing, and magnitude of
volcanic eruptions on regional to global scales. In the last
decade, several studies [Robock and Free, 1995, 1996;
Zielinski, 1995; Clausen et al., 1997; Crowley, 2000] have
used one or a few ice cores to reconstruct the history of
explosive volcanism. As more ice cores became available,
studies have found large spatial variations in the volcanic
sulfate deposition among the Greenland and Antarctic ice
cores. For example, the Tambora eruption in 1815 in
Indonesia has sulfate fluxes estimated to be between
22.4 kg/km® at Plateau Remote [Cole-Dai et al., 2000]
and 133 kg/km? at Siple Station [Cole-Dai et al., 1997]; the
1783—1784 Laki deposition ranges from 79.7 kg/km?® at
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Humboldt (78.5°N) to 323 kg/km? at D3 (69.8°N) [Mosley-
Thompson et al., 2003], and from 100 kg/km2 at North C
(74.6°N) to 291 kg/km? at Milcent (70.3°N) [Clausen and
Hammer, 1988]. This large spatial variability raises the
question of the reliability of previous reconstructions of
atmospheric volcanic sulfate loadings based on a single or
only a few ice core records. It also causes problems when
comparing the relative magnitudes among different erup-
tions as well as comparing the same volcanic signal seen in
different ice sheets.

[3] The spatial variation of volcanic sulfate deposition
may be attributed to site characteristics such as surface
irregularity, temperature, wind speed, and surface elevation
that can modulate the local accumulation [Cole-Dai and
Mosley-Thompson, 1999]. The variation may also be caused
by local or regional circulation patterns before and during
the time of deposition as well as the different deposition
mechanisms [Robock and Free, 1995]. Estimations based
on the average of multiple ice core records can reduce some
of the uncertainties [Robock and Free, 1995, 1996; Free
and Robock, 1999; Mosley-Thompson et al., 2003]. How-
ever, the number of ice core records decreases as one goes
back in time and only a few ice cores are available before
1000 A.D. The uncertainty introduced by the change of ice
core availability can be reduced with knowledge of the
spatial distribution pattern of volcanic sulfate aerosols.

[4] By measuring the amount of sulfate that was depos-
ited in ice cores, in theory one could do an inverse
calculation to estimate the stratospheric loading, and then
use this information to calculate the radiative forcing of the
climate system [e.g., Stenchikov et al., 1998], one of the
ultimate goals of our research. To do this inverse calculation
one has to make simplifying assumptions about the area of
deposition of the sulfate and the representativeness of
deposition on ice for the total atmospheric loading. The
simplest assumption would be that sulfate deposition was
uniform worldwide, and one could just multiply the mass of
sulfate per unit area measured in the ice by the surface area
of the Earth (5.1 x 10% km?). However, our data from
Kuwae [Gao et al., 2006] show that the Southern Hemi-
sphere (SH) polar deposition was twice of that of the
Northern Hemisphere (NH), suggesting more total deposi-
tion in the SH. One could also assume uniform deposition in
each hemisphere and that the ice core deposition was
representative of the hemispheric average. However, our
model simulations, discussed later, show that most deposi-
tion occurs at midlatitudes (30°-60°) in each hemisphere,
in regions of tropopause folds and strong stratosphere-
troposphere transport along the jet stream and storm tracks.

[5] An alternative is to make simplifying assumptions
about the transport and deposition of the volcanic sulfate
aerosols, and use some reference event to calibrate the
stratospheric loading. Several previous studies [e.g., Clausen
and Hammer, 1988; Langway et al., 1988; Zielinski, 1995]
used factors derived from observations of radioactivity from
nuclear bomb tests to estimate stratospheric sulfate loading,
assuming a similar global distribution pattern between the
radioactivity from bomb tests and sulfate injected into the
atmosphere by violent volcanic events. Other studies [e.g.,
Cole-Dai and Mosley-Thompson, 1999] assumed a similar
global transport pattern for all of the low-latitude eruptions
and used the observed aerosol loading of the Pinatubo
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eruption and its deposition in six South Pole ice cores to
calibrate atmospheric loadings of other low-latitude erup-
tions. However, Zielinski [1995] found that the atmospheric
loadings derived in the first group of studies were 2—5 times
larger than those calculated from stratospheric observations
for recent eruptions by Sato et al. [1993]. The radioactivity
data used in these studies was based on the United Nations
Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) 1982 Report [UNSCEAR, 1982] which used
the total atmospheric loading rather than the stratospheric
portion. The up-to-date UNSCEAR 2000 Report
[UNSCEAR, 2000] includes new information that was
previously unavailable and it separates the stratosphere from
the troposphere. In this study, we recalculate the calibration
factors using the 2000 Report. In the second group of
studies the calibration was only done for the South Pole
ice cores and the result may be very different for ice cores in
other regions. In addition, the hemispheric partitioning of
volcanic clouds could be quite different than that for the
Pinatubo eruption, depending on the location of the erup-
tion, height of the plume, location of the Intertropical
Convergence Zone, phase of the Quasi-Biennial Oscillation,
and stratospheric winds when the eruption took place.
Sulfate deposition records from both polar ice cores can
help us to determine the hemispheric partitioning of these
volcanic events.

[6] In the present study, we have incorporated the volca-
nic signals derived from 44 ice cores records, 24 from
Greenland plus one from Mt. Logan and 19 from Antarc-
tica, together with NASA Goddard Institute for Space
Studies (GISS) ModelE climate model simulations to esti-
mate the spatial distribution of volcanic sulfate aerosols in
Greenland and Antarctic ice sheets and the stratospheric
mass loading of the largest volcanic eruptions in the past
1000 years. This paper is organized as follows: Section 2
describes the ice core database and the methods to extract
the volcanic signals and calculate the sulfate deposition,
section 3 summarizes the spatial aerosol distribution pat-
terns of the largest volcanic eruptions on the Greenland and
Antarctica ice sheets and their comparison with those
simulated by ModelE coupled to a sulfate chemistry
model, and calculations of stratospheric loadings for these
eruptions using new knowledge derived from bomb tests
and model results are given in section 4. As this model
explicitly simulates the stratospheric volcanic loading,
although imperfectly, comparisons with the observations
give important constraints on the validity of both the model
and the observations. Discussion and conclusions are pre-
sented in section 5. This is the first study to use ice core
records to investigate the spatial distribution patterns of
volcanic sulfate on regional to continental scales. Our
results not only provide a guideline to reconstruct a long-
term volcanic forcing index with a reduced body of ice core
records, but also serve as a reference to evaluate model
simulations of volcanic deposition.

2. Ice Core Database and Volcanic Deposition
Calculation Methodology

[7] We have selected seven major low-latitude eruptions
during the last millennium, Unknown (1259), Kuwae (1452
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Table 1. Ice Core Time Series Used in the Study®

D09109

Name Location Period Resolution Measure Type Units Reference
NGT_B20 79°N, 36.5°W 830-1993 12/yr CFA ng/g (ppb) Bigler et al. [2002]
NorthGRIP1 75.1°N, 42.3°W 190-1969 1/yr total SO4 pequiv./kg Gao et al. [2006]
GISP2® 72.6°N, 38.5°W 1-1984 0.5/yr NSS SO, ppb Zielinski [1995]
Greenland Site T 72.6°N,38.5°W 1731-1989 1/yr EXS kg/km? Mosley-Thompson et al. [1993]
Greenland Site A 70.8°N, 36°W 1715-1985 1/yr EXS kg/km? Mosley-Thompson et al. [1993]
20D° 65°N, 45°W 1767-1983 1/yr NSS SO, ng/g Mayewski et al. [1990]
Mt. Logan” 60.6°N,140.6°W 1689-1979 1/yr total SO, pequiv./l Mayewski et al. [1993]
Law Dome 66.7°S 112.8°E 1301-1995 12/yr NSS SO4 pequiv./1 Palmer et al. [2002]
Dyer 70.7°S, 65°W 1505-1989 1/yr total SO, flux kg/km? Cole-Dai et al. [1997]
G15° 71.2°S, 46°E 1210-1983 varies DEP #S/m Moore et al. [1991]
Talos Dome 72.8°S, 159.1°E 1217-1996 varies NSS SO, pequiv./1 Stenni et al. [2002]
Hercules Névé 73.1°S, 165.5°E 1774-1992 1/yr NSS SO, pequiv./l Stenni et al. [1999]
Dome C° 74.7°S, 124.2°E 1763-1973 1/yr NSS SO, pequiv./l Legrand and Delmas [1987]
DML B32 75°S, 0°W 159-1997 varies NSS SO, ng/g Traufetter et al. [2004]
Siple Station 76°S, 84.3°W 1417-1983 1/yr Total SO4 flux kg/km? Cole-Dai et al. [1997]
ITASE 01-5 77°S, 89°W 1781-2002 varies SO, g/l Dixon et al. [2004]
ITASE 00-5 77.7°S, 124°W 1708-2001 varies SO, g/l Dixon et al. [2004]
ITASE 00-4 78°S, 120°W 1799-2001 varies SO, ng/l Dixon et al. [2004]
ITASE 01-3 78.1°S, 95.6°W 1859-2002 varies SO, g/l Dixon et al. [2004]
ITASE 00-1 79.4°S, 111°W 1651-2001 varies SO, ng/l Dixon et al. [2004]
ITASE 99-1 80.6°S,122.6°W 1713-2000 varies SO, g/l Dixon et al. [2004]
Plateau Remote® 84°S, 43°E 1-1986 1/yr SO, ppb Cole-Dai et al. [2000]
pS1® 90°S 1010-1984 1/yr NSS SO, ng/g Delmas et al. [1992]
PS14° 90°S 18001984 1/yr NSS SO, ng/g Delmas et al. [1992]
SP2001 (core 1) 90°S 905-1999 1/yr Total SO4 flux kg/km? Budner and Cole-Dai [2003]
SP95 90°S 1487-1992 varies SOy ng/l Dixon et al. [2004]

“DEP, dielectric profiling; NSS SOy, non-sea-salt sulfate; CFA, continuous flow analysis; EXS, excess sulfate. Note that ng/g = ug/kg = ug/l = ppb.

®Cores used by Robock and Free [1995].

or 1453), Unknown (1809), Tambora (1815), Krakatau
(1883), Agung (1963), and Pinatubo (1991), to study the
spatial pattern of the volcanic sulfate deposition in the ice
cores. These events were chosen because all of them are
large explosive volcanic eruptions (Volcanic Explosivity
Index >5) [Newhall and Self, 1982] that have signals in
almost every available ice core record. In Greenland, we
only have six ice cores with original sulfate data and among
the six cores only three go back before 1500 A.D. We thus
decided to use the 1809 Unknown, Tambora, and Krakatau
eruptions as examples for low-latitude eruptions and added
Laki and Katmai (1912) to represent high-latitude eruptions.
Mosley-Thompson et al. [2003] calculated the sulfate depo-
sition for Laki and Tambora for six PARCA (Program for
Arctic Regional Climate Assessment) ice cores; Clausen
and Hammer [1988] (hereinafter referred to as CH88) also
computed the deposition for the same two eruptions for 12
Greenland ice cores. We combined these two analyses with
our ice core results to obtain a more comprehensive under-
standing of the spatial pattern in Greenland ice cores. Table 1
lists general information and references for the 26 ice core
records analyzed in this study. Information about the six
PARCA and 12 CHS88 Greenland ice cores can be found in
the work by Mosley-Thompson et al. [2003] and Clausen
and Hammer [1988], respectively. For our 26 records we
first extracted volcanic deposition signals by applying a
high-pass loess filter to the time series and examining peaks
that exceed twice the 31-year running median absolute
deviation [Gao et al., 2006]. Then we evaluated the sulfate
fluxes for the above nine events from the 26 cores and
adjusted the timing of the signals so that the peak deposition

of each event corresponds to the same year. After that, we
calculated the total deposition for each eruption in the
individual ice core by summing the deposition in the years
that follow the eruption. The resulting sulfate deposition,
together with those from six PARCA and 12 CH88 records,
was plotted for individual eruptions.

3. Spatial Distribution of Volcanic Sulfate
Deposition
3.1. Greenland Ice Cores

[8] Figure 1 shows the spatial distributions of the Laki,
1809 Unknown, Tambora and Krakatau volcanic sulfate
deposition in the Greenland ice cores; Figure 2 shows
the spatial patterns of the deposition interpolated into
0.5° x 0.5° grid points. The interpolation was done using
a Cressman [1959] objective analysis on the station data to
yield a gridded result representing the station data. From
Figures 1 and 2 we see that despite some local variations
among the ice cores there are some common spatial patterns
at a regional scale, which generally follows the pattern of
annual total precipitation (solid + liquid) [Box et al., 2004,
Figure 6]. For example, there is above average deposition
along the intermediate elevations on the western slope with
the maximum located near 70°N, below average deposition
on the northeast side of the Greenland ice divide with
minima found in the interior area of northern Greenland,
and large deposition on the west coast of north Greenland
above Melville Bay. We found a positive linear correlation
between volcanic deposition and annual accumulation rate
at the 95% confidence level for three (Laki, 1809 Unknown,
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Figure 1. Spatial distribution of Laki, 1809 Unknown, Tambora, and Krakatau sulfate deposition

(kg/km?) in Greenland ice cores. The colors are defined so that blue indicates smaller than average
deposition and yellow, orange, and red indicate larger than average.

and Tambora) of the four eruptions (Figure 3). The smaller
significance in the case of the Krakatau eruption (89%) was
due to the small number of data points available. This cor-
relation between volcanic deposition and annual accumula-
tion rate is in agreement with the results of Legrand and
Delmas [1987] and Mosley-Thompson et al. [2003], which
indicates that the sulfate acrosols are more or less homoge-
neous in the atmosphere and the deposition in the ice sheet
depends on the accumulation rates. No significant differ-
ence at regional scale was found between the spatial
distribution of the Laki and Tambora fallouts, which implies
that the deposition mechanism is probably the same for the
low-latitude and high-latitude eruptions in Greenland.

[v] From Figures 1 and 2 we can also see that ice cores in
northern Greenland (>72°N) usually have less than average
volcanic deposition, except for the ones on the west coast.
Thus volcanic stratospheric loadings based only on northern
Greenland ice core records (e.g., B20, Humboldt, North-
GRIP1, and North Central) may very likely have been
underestimated. The ice cores located at elevation 2000—

2500 m on the west slope of the ice sheet (e.g., NASA-U,
D2, and D3) usually receive larger than average deposition,
probably caused by precipitation enhancement due to oro-
graphic lifting. Maximum deposition was found in the cores
located between 40°W and 45°W near 70°N, such as Créte
sites B and D. Stratospheric aerosol mass loadings derived
only from these cores may thus have been overestimated.
[10] Larger spatial variations exist in deposition in the ice
cores across Greenland, and the amplitude of this variability
varies among different eruptions. For example, the spatial
variability (defined as the ratio between the spatial standard
deviation of sulfate deposition and the mean deposition)
changes from 34—46% for high-latitude eruptions such
as Katmai and Laki, to 41-48% for big low-latitude erup-
tions such as 1809 Unknown and Tambora, and further to
61—-129% for smaller equatorial eruptions such as
Krakatau and Agung. We also found that increasing the
number of ice cores did not necessarily reduce the spatial
variability. For instance, the variation of Laki and Tambora
was larger than that of Katmai and 1809 Unknown although
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The deposition was interpolated into 0.5 by 0.5 degree grid points

Figure 2. Same as Figure 1 but with the deposition interpolated into 0.5° x 0.5° grid points.

the number of cores available for Laki and Tambora was four
times and twice as large as Katmai and 1809 Unknown,
respectively. Spatial variability of the same or larger magni-
tude also exists at local scale. In the summit region of central
Greenland we found a decrease of 53% from Créte site D to
Créte in the volcanic sulfate aerosol deposition for the Laki
eruption and 55% for Tambora, and a further decrease of 60%
across the ice divide from Créte to Créte site E for Laki and
75% for Tambora. Clausen et al. [1988] also found that site E
is located in an accumulation “shadow’” area compared to the
corresponding region east of the ice divide.

3.2. Antarctic Ice Cores

[11] Figure 4 shows the spatial distributions of sulfate
deposition for the 1809 Unknown, Tambora, Krakatau, and
Agung eruptions respectively in the Antarctic ice cores.
From Figure 4 we can see a distribution pattern that is
similar in regional scale for all of the four events: large
deposition over the Antarctic Peninsula, West Antarctica
and along the coast of East Antarctica; and small values
over the plateau of East Antarctic and around Dronning

Maud Land and Victoria Land. This pattern is generally in
agreement with the long-term accumulation distribution in
Antarctica [Bromwich et al., 2004, Figure 2]. In the case of
individual ice cores, Siple Station always has the highest
deposition, followed by Dyer and the ITASE cores, all
located in West Antarctica. Reusch et al. [1999] and Dixon
et al. [2004] found that West Antarctica is the most stormy
area of the continent, affected by several large atmospheric
low-pressure systems, the Amundsen Sea Low, the Weddell
Sea Low and the Davis Sea Low, which serve as the primary
transport mechanisms for moisture and aerosols to the West
Antarctic ice sheet. This leads to more precipitation and
therefore more sulfate deposition in West Antarctica. The
deposition at the four South Pole cores is relatively stable
and is close to the continental averages. Law Dome usually
has higher than average deposition. Plateau Remote,
Dome C, DML-B32, Talos Dome and Hercules Névé
always have lower than average deposition. Among the five
sites, Plateau Remote and Dome C are located in one of the
lowest long-term accumulation zones, with annual precipi-
tation accumulation less than 50 mm/yr and elevation above
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Figure 3. Relationship between the annual snow accumulation rates and the total sulfate fluxes in

Greenland ice cores.

3000 km. These two cores also have the lowest correlation
coefficients with the other sites, which indicates that the
volcanic deposition in these sites is not representative of
other regions of Antarctica and vice versa. Cole-Dai et al.
[1997] found the important role of postdepositional redis-
tribution in regulating the volcanic signals in Plateau
Remote. On the other hand, Plateau Remote and DML B32
are the only two among these 19 cores that have records
during 0—1000 A.D. Proper adjustment is thus needed to
account for the spatial difference when using these two
records to construct volcanic forcing time series for the
early periods.

[12] Figure 5 shows the spatial distribution of sulfate
deposition for the 1259 Unknown, Kuwae, and Pinatubo
eruptions. Although the numbers of ice core records avail-
able for these events are smaller than those for the previous
four events, the spatial patterns of volcanic sulfate deposi-
tion are generally in agreement. The only exceptions are the
larger-than-average deposition in Plateau Remote and Talos
Dome for the Kuwae eruption. The reasons for these
departures of volcanic sulfate deposition from the general
pattern are yet to be investigated. It might have been caused
by postredistribution of the volcanic deposition or by
different weather conditions, such as the circulation pattern
at the time when the volcanic debris was deposited on the
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Figure 4. Spatial distribution of 1809 Unknown, Tambora, Krakatau, and Agung sulfate deposition
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deposition and yellow, orange, and red indicate larger than average.

7 of 18



D09109 GAO ET AL.: ICE CORES AND ATMOSPHERIC VOLCANIC LOADING D09109

g/\ﬁ»agi@ti{ﬂ .
T e N i of

WOO@ 15OOR’K/

o msod” 30007 [y

30005, 2500
e 42000

10005

90°W I EERg
tnitipg 1R
: 15Qam
v 80°s )
70°S
180°
20 40 60 80 100 120 140
A—LawDome  B-Dyer C—-G15 D—TalosDome E—HercNeve F—DomeC G—DMLB32

H—SipleStn [|-ITASEO15 J—ITASEOOS K—ITASEOO4 L—ITASEO13 M—ITASEOO1 N—ITASE991
O—PlateauRm P-—SP2001c1 Q-SP95 R—PS1 S—PS14

Sites J, K, P, Q, S, R are slightly relocated to avoid overlapping.
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Antarctic ice sheet. Similar to the Greenland ice cores, we
found a spatial variability of 44% and 48% for the 1809
Unknown and Tambora eruption separately across the
Antarctic ice cores. The variability increased to 49%,
54%, and 65% for the moderate eruptions as Krakatau,
Pinatubo, and Agung eruption respectively.

[13] In summary, we found that despite some local
variability in Greenland and a few discrepancies in Antarc-
tica, the volcanic sulfate deposition obtained from these
24 Greenland (six in Table 1, six PARCA, and 12 CHS8),
one Mt. Logan, and 19 Antarctic (Table 1) ice cores displays
consistent spatial distribution patterns that resemble the
general pattern of annual precipitation accumulation rates
in Greenland and Antarctica, respectively. This indicates
that the volcanic debris is more or less evenly distributed in
the atmosphere before it reaches the surface. We also found
that deposition in most of the individual ice cores is
consistent in its ratio to the Greenland or Antarctica mean
deposition for all of the eruptions listed in this paper, being
consistently smaller or larger. On the other hand, spatial
variability of about 45% was found for sulfate deposition
across both the Greenland and Antarctic ice cores for large
eruptions such as Tambora and 1809 Unknown, and this
variability increases substantially for moderate eruptions
such as Pinatubo and Agung because of lower mean
deposition. We also found site to site variations as large
as a factor of four among nearby ice cores in Greenland.
Therefore it is important to obtain good spatial coverage of
ice cores from different geographical areas to accurately
estimate atmospheric volcanic sulfate loading. Most of the
currently available ice core records are concentrated in the
areas of central Greenland, central South Greenland, West
Antarctica, and the South Pole. Future studies using ice core
records may benefit from new cores drilled in other regions.
For the early periods, when there are only a few cores
available from certain regions, the total volcanic deposition
should be carefully adjusted according to their ratios to the
Greenland or Antarctica mean [Gao et al., 2006]. Finally,
although the volcanic sulfate deposition presented here for
Greenland is from three different studies that used three
different methods to extract the volcanic peaks, the results
should be robust because for volcanic eruptions as large as
Laki, 1809 Unknown, and Tambora, the background vari-
ation should not affect the extraction of peaks and calcula-
tion of volcanic deposition no matter what method was
used.

3.3. Comparison With GISS ModelE Simulations

[14] Simulations were conducted of the volcanic aerosol
transformation and distribution following the Pinatubo,
Tambora, Katmai, and Laki eruptions using the GISS
ModelE general circulation model coupled to a sulfur
chemistry module [Oman et al., 2006]. This particular
version of the model has 4° x 5° horizontal resolution
and 23 vertical levels. The model has both dry and wet
deposition schemes coupled to climate model processes
[Koch et al., 2006]. A complete description of the model
is given by Schmidt et al. [2006]. Several ensemble runs
were conducted for each of these eruptions, and the
results used here were the ensemble averages. Approxi-
mately 10—-20% differences in sulfate deposition over
Greenland and Antarctica were found between individual
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ensemble runs. We injected the following amounts of SO,
gas for each eruption: 20 Mt for Pinatubo, 55 Mt for
Tambora, 5 Mt for Katmai, and 122 Mt for Laki.

[15] Because of the coarse horizontal resolution, the
model cannot capture details of local, small-scale variations
of sulfate deposition. However, at regional and continental
scales the model produced spatial patterns similar to those
from ice core observations. Figure 6 shows the model-
simulated volcanic sulfate deposition in both Greenland
and Antarctica and their corresponding ice core observa-
tions for the Tambora eruption. The model produces low
deposition along the east side of the ice divide as well as for
interior Northern Greenland, and high deposition in the
West and Central Greenland and coastal regions. Over
Antarctica it produces high deposition in West Antarctica
and low deposition in the east Plateau region. Different from
the ice core observations, the highest deposition in the
model is found to be over the Transantarctic Mountains.
All of the four ModelE eruptions produce a similar depo-
sition pattern in Greenland, as well as for the overall Arctic
region (Figure 7). Similar deposition patterns were also
found among individual ensemble runs. This similarity
indicates that the initial weather conditions play a relatively
minor role in the ultimate sulfate deposition pattern. The
spatial variation across both Antarctica and Greenland is
also found to be mostly explained by variations in the
precipitation rate across these regions. On the other hand,
the average deposition over the grid points where we have
ice core measurements is as much as twice as large as that
of ice core observations for Tambora (58.3 kg/km?® versus
78.4 kg/km? in Greenland, 58.8 kg/km? versus 113.3 kg/km?
in Antarctica). The difference in the magnitude of sulfate
deposition between the model simulation and ice core obser-
vations could be caused by the difference in the initial
injection of sulfur dioxide gas, the SO, to SO4 conversion
efficiency, the hemispheric partitioning of volcanic clouds,
and the transport speed and pathways of the sulfate aerosols
between the model realization and what actually happened
during each eruption. Furthermore, the model’s coarse reso-
lution and smooth topography may hinder its capability to
accurately simulate the deposition; and its lack of a proper
simulation of the Quasi-Biennual Oscillation may cause a
noticeable impact on the aerosol distribution for low-latitude
eruptions [Hitchman et al., 1994; Haynes and Shuckburgh,
2000].

4. Estimation of Stratospheric Volcanic Sulfate
Loading

[16] With the volcanic sulfate records from the ice cores,
we can do an inverse calculation of the stratospheric aerosol
loading for each individual eruption. This information can
then be used to calculate the radiative forcing of the climate
system, one of the ultimate goals of our research. To do this
calculation, we first calculated the average volcanic sulfate
deposition in the two ice caps. Then we reexamined the
bomb test calculations using the up-to-date UNSCEAR
[2000] report and updated the Pinatubo-based calibration
factor using our extended assembly of ice core observations.
After that we calculated another set of calibration factors
using the Oman et al. [2006] coupled chemistry/climate
model simulations and evaluated the sensitivity of these
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