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The 1452 or 1453 A.D. Kuwae eruption signal derived
from multiple ice core records:
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[11 We combined 33 ice core records, 13 from the Northern Hemisphere and 20 from the
Southern Hemisphere, to determine the timing and magnitude of the great Kuwae eruption
in the mid-15th century. 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. By accounting for the dating uncertainties associated
with each record, these ice core records together reveal a large volcanogenic acid
deposition event during 1453—1457 A.D. The results suggest only one major stratospheric
injection from the Kuwae eruption and confirm previous findings that the Kuwae eruption
took place in late 1452 or early 1453, which may serve as a reference to evaluate and
improve the dating of ice core records. The average total sulfate deposition from the
Kuwae eruption was 93 kg SO4/km? in Antarctica and 25 kg SO4/km? in Greenland. The
deposition in Greenland was probably underestimated since it was the average value of

only two northern Greenland sites with very low accumulation rates. After taking the
spatial variation into consideration, the average Kuwae deposition in Greenland was
estimated to be 45 kg SO4/km?>. By applying the same technique to the other major
eruptions of the past 700 years our result suggests that the Kuwae eruption was the largest
stratospheric sulfate event of that period, probably surpassing the total sulfate deposition
of the Tambora eruption of 1815, which produced 59 kg SO4/km? in Antarctica and

50 kg SO4/km? in Greenland.
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1. Introduction

[2] The Kuwae volcano in Vanuatu (16.83°S, 168.54°F)
erupted in the middle of the 15th century A.D. [Pang,
1993; Briffa et al., 1998], expelling 32-39 km® of dense
rock equivalent [Monzier et al., 1994]. This volume of
expelled matter is more than six times larger that of the
1991 Pinatubo eruption and left “unmistakable marks in
world climate records” [Pang, 1993]. While records of
unusual weather and atmospheric optical phenomena and
severe damage on agriculture [Pang, 1993], as well as the
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anomalously low tree ring densities [Briffa et al., 1998],
point to the year 1452 as the time of the eruption, dating
of the Kuwae signal derived from individual ice core
record ranges from 1450 to 1464. For example, Cole-
Dai et al. [1997] found an acid “spike” that lasted for four
years from 1454 to 1457 in the Siple Station ice core.
Palmer et al. [2002] reported deposition of a large
volcanic eruption during 1459-1461 in the Law Dome
record, which was also found to be the largest volcanic
signal in the last seven centuries in this record. Castellano
et al. [2005] assigned the Kuwae signal to the year 1460
in their EPICA Dome C core. Another Antarctic ice core,
PS1 [Delmas et al., 1992], displays a prominent acid peak
which they determined to be about 1450. Similarly, in the
Northern Hemisphere (NH), Zielinski et al. [1994] and
Zielinski [1995] found a large volcanic signal at 1460—
1461 in the GISP2 record. Fisher and Koerner [1994]
discovered a volcanic deposition in 1455 in the A84 ice
core. Bigler et al. [2002] found a large peak lasting several
years in the early 1450s in the NGT-B20 ice core. In
several of these cores Kuwae is a major if not a dominant

D12107 1 of 11



D12107

Table 1. Ice Core Time Series Used in the Study®
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Annual
Accumulation

Name Location Period Resolution  Rate, mwe/yr Measure Type Units Reference
A84° 80.7°N, 73.1°W  1223-1961 1/yr 0.098 ECM pA Fisher et al. [1995]
AT77° 80.7°N, 73.1°W 4531853 1/yr 0.175 ECM pA Fisher et al. [1995]
NGT B20 79°N, 36.5°W  830-1993 12/yr 0.098 CFA ng/g (ppb) Bigler et al. [2002]
NorthGRIP1.ECM  75.1°N, 42.3°W  190-1969 2/yr 0.152 ECM this paper
NorthGRIP1.SO,  75.1°N, 42.3°W 1901969 l/yr 0.152 total SO, peq/kg this paper
GISP2® 72.6°N, 38.5°W 1-1984 0.5/yr 0.420 NSS SO, ppb Zielinski [1995]
Dye3 deep 72.6°N, 37.6°W 1-1768 4/yr 0.500 ECM this paper
Greenland Site T 72.6°N,38.5 W 1731-1989 1/yr 0.224 EXS kg/km? Mosley-Thompson et al. [1993]
GRIP main 71.3°N, 26.7°W 1-1642 4/yr 0.212 ECM this paper
Créte 71.1°N, 37.3°W  553-1778 4/yr 0.267 ECM this paper
Greenland Site A 70.8°N, 36°W  1715-1985 1/yr 0.267 EXS kg/km? Mosley-Thompson et al. [1993]
Renland 70.6°N, 35.8°W 10001984 1/yr 0.319 ECM this paper
20D" 65°N, 45°W 1767-1983 1/yr 0.410 NSS SO4 ng/g Mayewski et al. [1990]
Mount Logan® 60.6°N, 141°W  1689-1979 l/yr 0.330 total SO4 peq/L Mayewski et al. [1993]
Law Dome 66.7°S 112.8°E  1301-1995 12/yr 0.644 NSS SO, peq/L Palmer et al. [2002]
Dyer 70.7°S, 65°W  1505-1989 1/yr 0.450 total SO, flux kg/km? Cole-Dai et al. [1997]
G15° 71.2°S, 46°E 1210-1983 varies 0.130 DEP pS/m Moore et al. [1991]
Talos Dome 72.8°S, 159.1°E  1217-1996 varies 0.081 NSS SO, peq/L Stenni et al. [2002]
Dome C° 74.7°S, 124.2°E 1763-1973 1/yr 0.031 NSS SO4 peq/L Legrand and Delmas [1987]
DML B32.S04 75°S, 0°W 159-1997 varies 0.061 NSS SO, ng/g Traufetter et al. [2004]
DML_B32.ECM 75°S, 0°W 159-1997 12/yr 0.061 NSS-conductivity pS/cm Sommer et al. [2000a]
DML B33 75.2°S, 6.5°W 1-1996 12/yr 0.063 NSS-conductivity pnS/cm Sommer et al. [2000a]
DML B3l 75.6°S, 3.5°W 463-1994 12/yr 0.044 NSS-conductivity uS/ecm Sommer et al. [2000a]
Siple Station 76°S, 843°W  1417-1983 1/yr 0.550 Total SO4 flux kg/km? Cole-Dai et al. [1997]
ITASE 01-5 77°S, 89°W 1781-2002 varies 0.389 SO, ng/L Dixon et al. [2004]
ITASE 00-5 77.7°S, 124°W  1708-2001 varies 0.136 SO, pg/L Dixon et al. [2004]
ITASE 00-4 78°S, 120°W 1799-2001 varies 0.190 SO4 pg/L Dixon et al. [2004]
ITASE 01-3 78.1°S, 95.6°W  1859-2002 varies 0.326 SOy4 ng/L Dixon et al. [2004]
ITASE 00-1 79.4°S, 111°W 16512001 varies 0.218 SO, pg/L Dixon et al. [2004]
ITASE 99-1 80.6°S,122.6°W  1713-2000 varies 0.130 SO, pg/L Dixon et al. [2004]
Plateau Remote® 84°S, 43°E 1-1986 1/yr 0.040 SO, ppb Cole-Dai et al. [2000]
ps1® 90°S 1010-1984 1/yr 0.080 NSS SO, ng/g Delmas et al. [1992]
PS14° 90°S 18001984 1/yr 0.080 NSS SO4 ng/g Delmas et al. [1992]
SP2001cl 90°S 905-1999 1/yr 0.080 Total SO4 flux kg/km® Budner and Cole-Dai [2003]
SP95 90°S 1487-1992 varies 0.078 SO4 pg/L Dixon et al. [2004]

“ECM, electrical conductivity measurement; DEP, dielectric profiling; NSS SO4, non-sea-salt sulfate; CFA, continuous flow analysis; NSS-conductivity,

non-sea-salt conductivity; EXS, excess sulfate; mwe, meters of liquid water equivalent.

®Ice cores used by Robock and Free [1995].

volcanic signal. For example, the sulfate flux of the
Kuwae eruption derived from Plateau Remote is five times
that of the Tambora [Cole-Dai et al., 2000], which raises
the question about the relative magnitude of the Kuwae
and other large volcanic eruptions during the past 2000
years. Because of different site characteristics, such as the
relative contribution of different air-to-snow mass transfer
mechanisms (wet and dry deposition, riming, and vapor
transfer) of sulfate aerosols as well as the surface elevation
and irregularities, temperatures, wind speed that affect the
flux of sulfate aerosols [Cole-Dai et al., 1997] and thus
the magnitude of volcanic signals, studies based on mul-
tiple ice cores from both Antarctic and Greenland are
required to better understand this problem, as suggested by
previous studies [Robock and Free, 1995; Free and
Robock, 1999; Mosley-Thompson et al., 2003].

[3] In our study, we have incorporated the volcanic
signals derived from 33 ice core records from both hemi-
spheres to determine the timing and magnitude of the
Kuwae eruption. Results obtained from these multiple ice
cores reevaluate and complement the previous geological,
historical and proxy data. The estimated timing of the
eruption not only provides a tool to evaluate the dating of
existing ice core records but serves as a volcanic reference

horizon for future ice core dating and important case study
for the effects of volcanic eruptions on climate change.

2. Ice Core Database and Volcanic Signal
Extraction Methods

[4] After large explosive volcanic eruptions, a portion of
emitted sulfate aerosols is embedded and preserved in
certain glaciers and ice sheets, in the snow and ice by
precipitation or by dry deposition. Thus measurement of the
total acidity or the actual sulfate content in the ice cores
from those areas allows relatively precise computation of a
volcanic time series [Robock and Free, 1995, 1996; Robock,
2000]. While no individual ice core record is representative
of past volcanism due to the large spatial variation of
volcanic deposition on ice sheets [Zielinski et al., 1997],
previous studies [Robock and Free, 1995; Free and Robock,
1999] suggested that results compiled from multiple ice
cores can reduce the errors associated with individual
records and provide a more reliable index of past volcanism.
In our study, we used 33 ice cores, 13 in the NH and 20 in
the Southern Hemisphere (SH). Table 1 lists the names and
general information about these 33 ice cores, among which
19 ice cores, 10 in the SH and nine in the NH, contain data
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Figure 1.

beginning in or before the 15th century. From Table 1 we
also see that 24 ice cores, 17 in the SH and seven in the NH,
have sulfate records. Among the 24 sulfate ice core records,
only nine (7 SH, 2 NH) have records that go back to the
15th century. In this study, we used all available ice cores
(i.e., the 19 records with Kuwae signals) to determine the
timing of the Kuwae eruption, but only the sulfate records
(i.e., the nine cores with Kuwae sulfate records) to estimate
the deposition of the eruption on the Antarctic and Green-
land ice sheets. The estimated deposition was evaluated and
adjusted with the 24 total ice core sulfate records. The
reason we choose not to use electrical conductivity mea-
surement (ECM) records in calculating the volcanic depo-
sition is that ECM measures acidity caused not only by
sulfuric acid (H,SO,), but also by nitric (HNO3), hydro-
chloric (HCl), and hydrofluoric (HF) acids, can be reduced
by deposition of basic (as contrasted with acidic) aerosol
particles, and depends on the temperature at the time when
the measurement was taken. Figures 1 and 2 show the
locations of these 33 sites, except the Mount Logan ice core
which is far away from Greenland. We can see from
Figures 1 and 2 that the 19 sites with Kuwae signals are
relatively evenly distributed in both regions, especially for
the 10 ice cores in Antarctica.

3 of

Locations of the 20 Southern Hemisphere ice core sites (see Table 1).

[s] To extract the volcanic signals from the annual
average time series of each ice core we used the following
procedures: (1) convert the sulfate concentration time series
into fluxes (see Appendix A), (2) remove the trend and the
background variation with a high-pass loess filter, a
locally weighted least squares quadratic estimate [Cleveland
and Devlin, 1988], to remove signals longer than 31 years,
(3) calculate the 31 year running median absolute deviation
(MAD) of the residuals and select the potential volcanic
peaks if they exceed the baseline plus 2 running MAD,
(4) replace the selected peak values with the median of
the original time series, (5) repeat step 2 using the time
series with the peaks removed, and (6) repeat step 3 to
extract the volcanic peaks. We use the loess filter and
MAD because they provide robust estimates for a wide
range of population distributions, and do not require a
normal distribution, which is the underlying assumption
for the automatic extraction method [Naveau et al., 2003]
and other methods [e.g., Robock and Free, 1995, 1996]
that extract peaks above a certain standard deviation limit.
We chose an appropriate window length and extraction
threshold by examining the properties of the detrended,
peak-removed residuals such as normality, constant vari-
ance, and minimum autocorrelation. On the basis of
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