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Abstract. Recently, a record of large, mostly unknown vol-
canic eruptions occurring during the younger half of the last
glacial period (12-60ka) has been compiled from ice-core
records. In both Greenland and Antarctica these eruptions
led to significant deposition of sulfate aerosols, which were
likely transported in the stratosphere, thereby inducing a cli-
mate response. Here we report the first attempt to identify
the climatic impact of volcanic eruptions in the last glacial
period from ice cores. Average negative anomalies in high-
resolution Greenland and Antarctic oxygen isotope records
suggest a multi-annual volcanic cooling. Due to internal cli-
mate variability, glaciological noise, and uncertainties in the
eruption age, the high-frequency noise level often exceeds
the cooling induced by individual eruptions. Thus, cooling
estimates for individual eruptions cannot be determined reli-
ably. The average isotopic anomaly at the time of deposition
also remains uncertain, since the signal degrades over time
as a result of layer thinning and diffusion, which act to lower
the resolution of both the oxygen isotope and sulfur records.

Regardless of these quantitative uncertainties, there is a
clear relationship of the magnitude of isotopic anomaly and
sulfur deposition. Further, the isotopic signal during the cold
stadial periods is larger in Greenland and smaller in Antarc-
tica than during the milder interstadial periods for eruptions
of equal sulfur deposition magnitude. In contrast, the largest
reductions in snow accumulation associated with the erup-
tions occur during the interstadial periods. This may be the
result of a state-dependent climate sensitivity, but we cannot
rule out the possibility that changes in the sensitivity of the
isotope thermometer or in the radiative forcing of eruptions
of a given sulfur ejection may play a role as well.

1 Introduction

Several studies on ice-core and tree-ring records, as well as
climate models, show that volcanism plays a major role in
generating the climate variability observed in the Common
Era (PAGES 2k Consortium, 2019). During this period, all
of the most pronounced episodes of reduced tree growth in
composite tree-ring records can be associated with large vol-
canic eruptions and their tropospheric cooling effect due to
the ejection of sulfur aerosols (Sigl et al., 2015). This sug-
gests that volcanic eruptions are responsible for the strongest
multi-annual summer temperature decreases in middle- to
high-latitude regions of the Northern Hemisphere. On longer
timescales, clusters of large eruptions coincide with centen-
nial cold periods during the Holocene similar to the Little
Ice Age, as shown in tree-ring (Helama et al., 2021) and ice-
core records (Kobashi et al., 2017). In climate model sim-
ulations of the past millennium, the temperature variability
due to volcanic forcing exceeds the variability due to solar
forcing (Schurer et al., 2014), as well as the internal multi-
decadal variability (Mann et al., 2021).

Large future eruptions are unpredictable hazardous per-
turbations, which may compound the increasing climate ex-
tremes that stress ecosystems and societies and which may
increase risks of potential tipping points (Lenton et al., 2008).
However, the impact of very large eruptions on the climate
is not understood in detail, and it may change with the av-
erage state of the climate. In particular, the climatic im-
pact may differ from glacial to interglacial conditions or the
warmer world of the next centuries. Modeling studies inves-
tigating eruptions under future warming scenarios have re-
ported both an enhanced (Fasullo et al., 2017) and a reduced
(Hopfcroft et al., 2018) volcanic cooling or a change in cool-
ing that depends on the eruption magnitude (Aubry et al.,
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2021). Another modeling study found no evidence for a dif-
ference in the global temperature response during the Last
Glacial Maximum and present-day conditions Ellerhoff et al.
(2022). These contrasting results may be due to different bi-
ases in feedbacks or missing physics that could be responsi-
ble for a potential real-world state dependency. Detailed and
direct observations are needed to complement modeling re-
sults. But even the largest eruptions of the satellite era are not
large compared to eruptions that eventually occur over time
spans of a hundred years or more. Thus, the impact of such
eruptions needs to be reconstructed by paleoclimate proxy
records that go beyond the observational period. It is chal-
lenging to obtain such records with sufficient temporal res-
olution and accurate dating. Ice cores arguably provide the
most detailed records covering timescales of years up to sev-
eral hundred millennia. This is because the temporal reso-
lution of the material is large compared to other common
stratigraphic archives, which often allows for a layer-counted
timescale.

The ejection of sulfate aerosols into the stratosphere by
large volcanic eruptions leads to a sharp peak in polar ice-
core sulfate records with a delay of roughly 1-2 years (Burke
et al., 2019). Based on the integrated sulfate concentration
in Greenland and Antarctic ice cores, continuous records of
volcanic eruptions along with rough estimates of the mag-
nitude of the eruptions can be constructed (Zielinski et al.,
1997; Castellano et al., 2004; Gao et al., 2007; Sigl et al.,
2015, 2022). Here we use two recently compiled datasets:
first, a record of volcanic eruptions in the period 12-60ka
with sulfate peaks detected simultaneously in Greenland and
Antarctica (Svensson et al., 2020), and second, continuous
records of volcanic eruptions detected in either Greenland
or Antarctic ice cores (Lin et al., 2022). The former repre-
sents significant volcanic eruptions, which most likely dis-
tributed sulfate aerosols globally in the stratosphere and are
thus expected to have a global climatic impact. The latter is
a much larger set that also includes eruptions with more re-
gional aerosol distribution.

By analyzing eruptions during the time interval 12-60 ka
and comparing them to large historic eruptions, we provide
a first attempt of using ice-core data to quantify the cooling
effect of very large eruptions with return periods of hundreds
of years and more. To this end, sulfate-derived records of
volcanic eruptions are combined with high-resolution §'30
records from the same ice cores. §'80 is a widely used proxy
for surface temperature at the accumulation site, which can
be measured with up to sub-annual time resolution. The vari-
ability at such short timescales may not represent reliable
climatic information, however, because the original tempera-
ture signal is altered by post-depositional processes (Miinch
etal., 2016). These result in high-frequency noise, referred to
as stratigraphic or glaciological noise, as well as a smooth-
ing of short-term anomalies. It is unknown how much cli-
matic information remains at sub-decadal timescales in the
glacial ice-core record (Vinther et al., 2010). Here we com-
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pare the average short-term cooling signal of a large num-
ber of volcanic eruptions to the non-volcanic proxy variabil-
ity. This provides insights into the signal preservation of the
8180 proxy that are useful for future studies on ice-core data
of increasingly high resolution. There are large quantitative
uncertainties in the calibration of the 8'30 temperature proxy
in the glacial period, which make it difficult to estimate the
volcanic cooling in absolute terms. Thus, we complement our
analysis with direct ice-core observations of changes in (an-
nual) snow—water accumulation following the detected erup-
tions, which are not subjected to an unknown calibration.
Snow accumulation is known as a climate-sensitive parame-
ter on large ice sheets, and reductions in precipitation are ex-
pected after large volcanic eruptions (Robock and Liu, 1994;
Bala et al., 2008).

The glacial volcanic record also allows us to assess a po-
tential state dependency of the climate response, since it fea-
tures the so-called Dansgaard—Oeschger (DO) cycles. These
are abrupt regime shifts between quasi-stable colder and
milder Northern Hemisphere climate conditions, known as
Greenland stadials (GSs) and Greenland interstadials (GIs).
The glacial climate resides in these quasi-stable states for
centuries up to several millennia. Using different subsets of
eruptions, we investigate how the volcanic §'80 anomaly de-
pends on the climate background state, as well as the sulfate
deposition magnitude of the eruptions. This yields observa-
tional evidence that complements ongoing investigations into
the state dependency of climate sensitivity (Caballero and
Huber, 2013; Kohler et al., 2015; von der Heydt et al., 2016;
Ashwin and von der Heydt, 2020).

2 Methods and materials

2.1 Records of volcanism

We investigate two records of volcanic eruptions. First, we
study the 82 volcanic eruptions identified simultaneously in
Greenland and Antarctic ice cores by Svensson et al. (2020)
in the period 12-60 ka. These are referred to as bipolar erup-
tions hereafter. Due to difficulties in matching Greenland and
Antarctic ice cores around the time of the Last Glacial Max-
imum, this dataset has a gap from 16.5-24.5 ka. Further, in
Svensson et al. (2020) not all eruptions could be identified
with a sulfate spike in all ice cores under consideration. It is
unknown whether in these cases the eruption did not yield
any sulfate deposition at the ice-core site, whether the sul-
fate deposition was wiped away by snow redistribution, or
whether the missing eruption is due to limitations in data
resolution and the synchronization procedure. It is likely that
highly localized phenomena strongly influence the amount of
sulfate deposition that is preserved. A previous study showed
that even large events such as the 1815 CE Tambora eruption
can be entirely missing in several of a handful of very nearby
replicate cores (Gautier et al., 2016). Since for our study a
precise alignment of the 8'80 records to the sulfate spikes is
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crucial, only those ice cores enter our analysis where a given
eruption has been identified.

The second dataset is a record of volcanic sulfate deposi-
tions in either Greenland or Antarctic ice cores in the pe-
riod 9-60ka compiled by Lin et al. (2022), which we re-
strict to the glacial period 11.7-60ka. This dataset consists
of the depth of several hundred eruptions in the NGRIP (N =
780), NEEM (N =311), GISP2 (N =282), EDC (N =
211), WAIS (N =470), and EDML (N =470) ice cores,
along with estimated magnitudes derived from the integrated
sulfate deposition in the respective cores. Due to differences
in resolution and quality of the underlying sulfate records
(see Sects. 2.2 and S1), some ice cores allow for the identi-
fication of a larger number of eruptions with smaller average
sulfate peaks compared to other cores (Fig. S3). Thus, for
instance, the NGRIP dataset contains many more small erup-
tions compared to NEEM.

There are also large differences in the estimated sulfate
deposition of different cores for the same eruptions. Reasons
for this include actual differences in deposition quantity due
to the different locations on the ice sheet, local relative dif-
ferences in wet and dry deposition, differences in the sulfate
measurement method and resolution, post-depositional snow
redistribution, and potential biases in the thinning function
used for the different ice cores. Lin et al. (2022) give one
composite volcanic record for Greenland and one for Antarc-
tica with 1019 and 691 eruptions, respectively. Therein, the
Greenland Ice Core Chronology 2005 (GICCO0S) age has
been derived from the sulfate spikes in one or more ice cores,
and a large subset of eruptions has been matched within cores
of the same hemisphere. In this dataset, the sulfate deposition
estimate is given individually for all cores where the eruption
has been identified and as an average over the cores.

In the subset of eruptions that were matched in two or
more cores of one hemisphere the scatter of deposition values
for individual eruptions in different cores is large (Fig. S4),
and the mean deposition values can differ significantly. For
instance, on average, the same eruptions in NEEM and
GISP2 have a larger estimated sulfate deposition compared
to NGRIP. As a result, when cores with larger sulfate depo-
sition only occasionally contribute to the calculation of the
average deposition values given by Lin et al. (2022), a cer-
tain degree of statistical noise is introduced. But since the
differences in the mean deposition of cores are much smaller
than the scatter of deposition values among the same erup-
tions in different cores (Fig. S4), we use the average deposi-
tion in our analysis, unless noted otherwise. This is supported
by the abovementioned observation that even large eruptions
can be entirely missing in individual cores, which underlines
the fact that the deposition values of individual cores are of-
ten not reliable.

Most of the eruptions in the dataset of Lin et al. (2022)
are not matched across Greenland and Antarctica. But the
dataset does include the bipolar eruptions previously identi-
fied by Svensson et al. (2020). Importantly, this dataset will
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be referred to as unipolar hereafter, even though the erup-
tions from Svensson et al. (2020) are still included.

2.2 Fine tuning and calibration of the eruption ages

The depths of the eruptions are not known with arbitrary pre-
cision, especially in ice cores where the underlying sulfur
datasets are of low resolution and/or very noisy. Here we use
the nominal depths reported in Lin et al. (2022) when in-
vestigating the unipolar dataset and the nominal depths from
Svensson et al. (2020) when analyzing the bipolar eruptions.
These depths are then transferred to the common age scale
(see next section), followed by a slight recalibration of the
eruption ages, as explained in the following. First, there are
slight systematic average offsets of the nominal depths com-
pared to the sulfate maxima. This is a result of the detec-
tion of individual eruptions from noisy data combined with
a slight asymmetry of the sulfate peaks, as well as the usage
of multiple proxies in Svensson et al. (2020). In Fig. S1, the
average sulfate peaks over bipolar and unipolar eruptions in
all cores are shown, and one can see slight offsets of up to
2 years with respect to the nominal ages. Here we choose to
correct these offsets and shift the eruption ages such that in
each core the sulfate peaks on the age scales are aligned on
average (see Sect. S1 for more details).

Second, we further shift the ages slightly by a fixed
amount to account for the fact that the maximum sulfate
peak in the ice core is delayed with respect to the eruption
age. For large historic eruptions comparable in size to the
bipolar eruptions investigated here, this delay is estimated to
be around 1.5 years (Burke et al., 2019). We shift all erup-
tion ages back in time by 1.5 years relative to the time of
maximum sulfate deposition. Ideally, one would do this indi-
vidually for each eruption by determining the start depth of
the sulfate peak as an estimate of the actual starting year of
the eruption. However, an individual age adjustment would
only increase the jitter along the time axis, since the sulfate
records are noisy due to intermittent deposition and snow re-
distribution and since the peaks of volcanic origin are sub-
jected to smoothing by diffusion and different measurement
techniques and resolution, which leads to peak widths that
vary greatly across cores and time periods (Figs. S1 and S2).
Thus, when interpreting our reported §'30 anomalies aver-
aged over different eruptions, it should be kept in mind that
the events are aligned using the maximum sulfur deposition
shifted by 1.5 years toward older ages and not using the un-
known, true time of the eruption start. In the plots where
we report the time before eruption along the horizontal axis,
the year O indicates our estimate of the starting time of the
eruptions as described here.

2.3 High-resolution oxygen isotopes

To quantify the climatic impact of the eruptions, we use
high-resolution §'80 records from four Greenland ice cores
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Table 1. Median time resolution of 8180 records (in years). The WAIS data were measured by a different technique, leading to a very high
sample resolution. The true time resolution of the § 180 signal is lower (see main text).

Icecore 11.7-20ka 20-30ka 30-40ka 40-50ka 50-60ka
NGRIP 1.8 2.8 2.6 2.8 3.0
NEEM 2.6 4.8 4.8 5.3 5.6
GRIP 4.6 4.0 4.4 4.8 5.2
GISP2 4.3 11.3 12.7 13.8 154
WAIS 0.06 0.15 0.21 0.26 0.36
EDC 6.1 9.7 9.7 10.0 9.3
EDML 14.3 22.6 27.6 30.0 31.0

(NGRIP — NGRIP Members, 2004; Gkinis et al., 2014,
GRIP - Johnsen et al., 1997; GISP2 — Stuiver and Grootes,
2000; NEEM — Rasmussen et al., 2013) on the annual layer-
counted GICCO5 timescale (Svensson et al., 2006, 2008;
Rasmussen et al., 2013; Seierstad et al., 2014), as well as
from three Antarctic ice cores (WAIS — Buizert et al., 2015;
Jones et al., 2018; EDC - Jouzel et al., 2007; EDML -
EPICA Community Members, 2006) that have been matched
to GICCOS at the bipolar volcanic eruptions (Svensson et al.,
2020). All records cover the period from 11700 years b2k
(years before 2000 AD) to 60 000 years b2k.

Since the records were measured at different depth reso-
lutions and were taken at sites with different accumulation
and thinning rates, their time resolution varies (see Table 1).
The WALIS record was measured with continuous-flow anal-
ysis (CFA), yielding a dataset with high depth resolution of
5 mm, which results in the sub-annual time resolution given
in Table 1. Note, however, that the effective measurement
resolution is slightly lower due to mixing of material within
the CFA apparatus (Jones et al., 2017). Perhaps apart from
the low-resolution EDML dataset, in all records the true §'80
time resolution, i.e., the degree of preservation of the tempo-
ral isotopic variability that was originally deposited on the
ice sheet, is lower than given in Table 1. This is because of
diffusion of the water molecules in firn and ice, which highly
attenuates any variability below multi-annual timescales for
ice of the last glacial period, also in the high-resolution WAIS
record (Cuffey and Steig, 1998; Jones et al., 2017, 2018).

For all time series used here, each data point consists of
the average §'30 value of bulk material in contiguous depth
intervals. The data are thus not point samples but averages
over contiguous intervals. For our study the 8'80 records
are processed in the following way. The midpoints of the
depth intervals are interpolated linearly to the GICCOS time—
depth scale, yielding an unequally spaced time series. Next,
this series is oversampled to a 1-year equidistant grid us-
ing nearest-neighbor interpolation. An exception is the sub-
annual WAIS record, which is first averaged to 1-year res-
olution. Like this, the nature of the measurements as con-
tiguous depth averages and the original measurement values
are preserved, and all records are placed on the same equidis-
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tant time grid. We furthermore construct a stacked Greenland
record in time slices around the bipolar volcanic eruptions.
For a given eruption all individual cores where a depth has
been recorded in Svensson et al. (2020) are centered around
the eruption depth and averaged.

For comparison with known historic eruptions we con-
sider high-resolution Holocene §'30 records from four dif-
ferent Greenland ice cores (NGRIP, GRIP, GISP2, and Dye-
3; Vinther et al., 2006), covering the last 2000 years. The time
resolution in this period varies from monthly (Dye-3, GRIP)
to biennial (GISP2). All four records have annual or higher
resolution from 0-1.2ka, and for the period > 1.2ka this is
still the case for all cores except GISP2. The measured data
on the depth scale are processed by interpolating the mid-
points of the depth intervals linearly to the GICCOS time—
depth scale, yielding an unequally spaced time series. Then,
this series is oversampled to a monthly equidistant grid using
nearest-neighbor interpolation. Only the Dye-3 record fea-
tures a seasonal cycle, which is removed by a running yearly
average. Subsequently, the records are stacked and a time se-
ries without trends and centennial or millennial variability
is obtained via high-pass-filtering the record by removing a
Gaussian kernel smoother with 150-year standard deviation.

2.4 Records of layer thickness

The NGRIP and WAIS cores have been layer-counted up to
a certain depth. Subsequent depths of counted layers com-
prise an annual record of the layer thickness, which we use to
study post-eruptive changes in accumulation rate. In NGRIP
the layer counting was performed until 60.2 ka BP, and thus
the resulting record of annual layer thickness (Rasmussen
et al., 2023) covers the entire investigated period. The count-
ing includes certain and uncertain layers. For the certain lay-
ers, the depth increment corresponds to a 1-year time incre-
ment. In uncertain layers, which make up 10.1 % of all lay-
ers, subsequent depths are defined as a half-year time incre-
ment (Andersen et al., 2006). To obtain the layer thickness
record, we first convert the depth—age pairs of the GICCO05
chronology to thickness—age pairs by taking the increments
of subsequent depths. Then, to homogenize the record of full
and half-years, we linearly interpolate the record to a 0.1-
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Figure 1. (a) Average NGRIP 8180 anomaly centered at the bipolar eruptions, defined with respect to the mean of the period 10-50 years
prior to the eruption. The average signal is shown in blue, and the gray bands are the 16th to 84th percentiles of detrended time slices
covering individual eruptions. In orange (green) we show the mean signal of eruptions during GI (GS). (b) Same for the Greenland stack,
where detrended slices of all cores for every eruption are averaged, using only cores where a depth is identified — 49 eruptions with four
cores, 14 (10) with three (two) cores, and nine represented by NGRIP only. (¢) Distribution of 6-year average anomalies of the Greenland
8180 stack around the eruptions (blue) compared to a bootstrap of randomly chosen 6-year anomalies from the stack using all four cores
on the GICCOS5 synchronization (gray). The dashed black line is the 16th percentile of the bootstrap distribution, and the blue line is the
mean of the volcanic anomalies. Dashed orange (green) lines show individual eruptions during GI (GS). Red lines are eruptions preceding
the onsets of Dansgaard—Oeschger events within less than 50 years, as identified in Lohmann and Svensson (2022). (d) Anomalies of the
Holocene Greenland stack (see “Methods and materials™). Shown is the cooling amplitude of several major Common Era eruptions, as well
as the bootstrap distribution of random segments from the past 2 kyr. The historic eruptions are 1815 CE Tambora, 1258 CE Samalas, and
43 BCE Okmok, as well as the 536-540 CE doublet. For the latter we chose the age of 536. In most & 180 records the doublet is merged due
to diffusion. GICCO5 ages are taken from McConnell et al. (2020) and Sigl et al. (2015).

year grid. The WAIS core was layer-counted until 31.2 ka BP
(Sigl et al., 2016), thus only covering the younger part of the
glacial. Here we use the layer-counted WD2014 chronology,
which does not include half-years for uncertain layers. Oth-
erwise, it is processed in the same way as for NGRIP.

3 Results

3.1 Volcanic cooling observed in Greenland after bipolar

eruptions

We first consider the Greenland 8'80 signal following the
bipolar eruptions. For each eruption, the §'80 records are
centered around the estimated time of eruption, and a seg-
ment of 50 years before and after the eruption is chosen
and detrended linearly. To obtain anomalies we subtract the
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mean value of the detrended signal in the interval 10 to
50 years before the eruption. Finally, we extract the mean
cooling anomaly from the non-volcanic variability by av-
eraging these 100-year anomaly time slices over all erup-
tions. In Fig. 1a, the results are shown for the NGRIP core,
which has the best temporal resolution. A negative multi-
annual anomaly is seen, which clearly exceeds the variabil-
ity in the mean signal leading up to the eruption. However,
the mean anomaly is only approximately half the size of the
high-frequency isotope variability around individual erup-
tions (gray bands). The other Greenland ice cores show the
same qualitative behavior, but the signals are less sharp due
to the lower resolution (Fig. S5).

We attempt to remove non-climatic noise by averaging
across all Greenland cores, as shown in Fig. 1b. Here the av-
erage isotopic cooling anomaly begins significantly prior to
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the estimated eruption age. This is due to diffusion of water
molecules in firn and ice, as well as the averaging introduced
by the isotope measurement on bulk material at multi-annual
to decadal resolution. In addition, since the eruptions are
aligned at the sulfate maxima and a constant 1.5-year shift
towards older ages was applied to estimate the true eruption
ages (see Sect. 2.2), for many eruptions we can expect the
true age to be older than our estimate. This especially holds
for larger eruptions with longer-lasting sulfate deposition, as
well as for records with poor resolution and wider sulfate
peaks (Fig. S1).

To quantify the isotopic cooling, we use the average sig-
nal (Fig. 1b) to define a time period corresponding to the
most pronounced anomaly. This period consists of the esti-
mated year of the eruption as well as the following 5 years
(green shading in Fig. 1b). The average anomaly over this
time period gives a scalar estimate of the volcanic cooling
for each eruption, which we call the cooling amplitude here-
after. There is a rather weak correlation of this scalar cool-
ing estimate of the individual eruptions among the Green-
land cores (Fig. S6), suggesting large non-climatic noise in
the high-resolution records. From the distribution of ampli-
tudes in individual eruptions (Fig. 1c) it is clear that a non-
negligible number of eruptions are followed by a positive
8180 anomaly, i.e., a potential warming associated with the
eruption. For the Greenland stack, 23 out of the 82 bipo-
lar eruptions feature a positive §'80 anomaly. It is unclear
whether these eruptions indeed induced no volcanic cooling
in Greenland or whether it is masked by positive anomalies
in the non-climatic noise and multi-annual climate variabil-
ity. We construct a bootstrap distribution of 6-year anomalies
of randomly chosen segments from the Greenland §'30 stack
for the entire 12-60ka period (gray distribution in Fig. 1c),
which shows that natural fluctuations in 880 anomalies of
up to 1 %o are common. Using present-day calibrations of the
8180 thermometer of 0.69 %o K~! t0 0.8 %o K~ ! (Sjolte et al.,
2011; Buizert et al., 2014), this would correspond to 6-year
mean temperature anomalies of up to 1.25-1.45K, which
would have the potential to mask the volcanic cooling of even
very significant eruptions. Due to this large uncertainty, one
cannot interpret the amplitude of individual eruptions as a
quantitative estimate of the volcanic cooling. Nevertheless,
the distribution of amplitudes is clearly shifted towards neg-
ative values, unlike the bootstrap distribution, which is sym-
metric and centered at 0.

We define a signal-to-noise ratio (SNR) of the volcanic
signal by dividing the mean volcanic anomaly (blue line
in Fig. 1c) by the 16th percentile of the bootstrap distribu-
tion (as a measure of standard deviation, dashed black line
in Fig. 1c). This is not an SNR of the record as a temper-
ature proxy in absolute terms. We consider only the vol-
canic cooling anomaly to be a signal, while internal tem-
perature variability not caused by volcanism is considered
noise, alongside actual proxy noise from intermittent precip-
itation and post-depositional processes. Thus, what we de-
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fine as SNR measures the strength of the multi-annual vol-
canic cooling signal relative to the multi-annual climatic and
non-climatic proxy variability. For the Greenland stack this
yields SNR = 0.66, and for NGRIP we find SNR = 0.48.
Thus, stacking improves the SNR, but the average anomaly
still does not exceed the non-volcanic variability. While noise
in the vertical axis of Fig. 1b is reduced when stacking differ-
ent cores, additional noise is introduced in the horizontal axis
since not all cores have an equally good alignment of the iso-
tope record relative to the true eruption age. This is because
the precise eruption depth is less certain in some cores due to
low resolution of the underlying sulfate records (Figs. S1 and
S2). Further, there are small systematic offsets in the depth
scale of 8130 and sulfate measurements of the same ice core,
as they are not obtained from the same samples.

The average 6-year cooling amplitude is 0.48 %o in the
stack and 0.63 %o in NGRIP. This may be compared to the
largest eruptions in the Common Era. These are much better
constrained since most of them have an identified source, a
well-quantified magnitude, and a precise date, allowing them
to be matched to other paleoclimate proxies, such as from
tree rings (Sigl et al., 2015). In Fig. 1d we show a distribution
of anomalies from randomly chosen segments of a Greenland
8180 stack covering the last 2000 years (“Methods and mate-
rials”), together with the cooling amplitude of four major his-
toric eruptions that have been estimated to be among the five
largest eruptions during this time interval (Sigl et al., 2015).
These feature an average negative 830 anomaly of 0.73 %o.
The average isotopic anomaly of the bipolar eruptions during
the glacial is thus slightly weaker by comparison. However,
the calculated glacial §'80 anomalies are likely underesti-
mated compared to the Common Era eruptions due to several
factors discussed in Sect. 3.3.

3.2 Volcanic cooling observed in Antarctica after bipolar
eruptions

The average volcanic isotopic anomaly in Antarctica is more
subdued, which may be expected as Antarctica is climat-
ically relatively isolated and more volcanos are located in
the Northern Hemisphere. The WAIS record is a priori best
suited to show a clear volcanic cooling signal due to its high
accumulation rate and measurement resolution. A roughly 4-
year-long average negative §'30 anomaly is found (Fig. 2a),
but it is only marginally significant as it is not much larger
than the variations in the mean anomaly before and after
the eruption. The average 6'80 cooling anomaly in EDC
is much less sharp (Fig. 2b) because of the low accumula-
tion rate. This yields an average 8'30 resolution of almost
10 years, along with pronounced diffusion and non-climatic
noise (Miinch et al., 2016). The EDML core does not show
any cooling signal for the bipolar dataset (Fig. S5d), partly
because its isotopic resolution is too low. In addition, s180
records close to coastal regions have been found to cap-
ture only very little local temperature variability on short
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Figure 2. Same as Fig. 1b—c, but for the Antarctic cores WAIS (a, ¢) and EDC (b, d). For EDC, only 78 out of 82 bipolar eruptions were

detected in Svensson et al. (2020).

timescales (Vega et al., 2016; Goursaud et al., 2019). Never-
theless, by averaging over many eruptions from the unipolar
dataset a slight cooling anomaly can be discerned (not shown
here).

We again define a period of most pronounced cooling
based on the average anomaly curves. For WAIS this cor-
responds to the estimated eruption year, as well as the year
before and the 2 after. Figure 2c¢ shows that the cooling am-
plitudes associated with bipolar eruptions, which average
—0.20 %o, are only shifted slightly towards negative values
compared to randomly selected periods of the record. For
EDC we choose an almost symmetric period with 7 years be-
fore and 6 years after the estimated eruption year. This also
yields an average anomaly of —0.20 %o and a slight nega-
tive shift of the distribution of individual anomalies (Fig. 2d).
Since the EDC record has a much lower sample resolution
and thus more pronounced smoothing due to averaging, the
original peak anomaly would be clearly larger in absolute
terms compared to WAIS. Still, compared to the proxy back-
ground variability, the average volcanic signal is similar for
the two cores. The SNR derived from the distributions in
Fig. 2c and d is SNR = 0.30 for WAIS and SNR = 0.28 for
EDC. These low values highlight the fact that the volcanic
cooling signals are weaker in the Antarctic cores compared
to Greenland, which may be in part due to a more muted or
variable Antarctic climate response, but also due to poorer
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performance of the §'80 proxy. Indeed, cooling amplitudes
of individual eruptions in WAIS and EDC are not signifi-
cantly correlated, and the amplitudes of both Antarctic cores
are also not correlated with the amplitudes from the Green-
land stack (Fig. S7).

3.3 Preservation of the cooling signal in the isotope
record

The above estimates of the average multi-annual isotopic
cooling anomaly are a compound of young eruptions and
older ones, for which the signal is degraded due to several
effects. First, multi-annual §!30 anomalies are smoothed out
by diffusion of water molecules in the ice. The older the ice
the more time has elapsed for the diffusion to act. Addition-
ally, deeper annual layers become thinner due to ice flow,
which leads to increasing ice diffusion length (in years) with
depth (and thus age). Second, there is additional smoothing
due to the measurement of 8'80 on contiguous pieces of
the ice core at constant depth intervals. For thinning annual
layers with age, this smoothing by averaging is more pro-
nounced the older the eruption. Third, the effective tempo-
ral resolution of the underlying sulfate records typically de-
creases with age (Table S1). As a result the eruption age can
be determined less accurately for older eruptions (Fig. S2a),
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Figure 3. (a, b) Average 8180 anomalies in the Greenland stack (a) and the WAIS record (b) aligned to the bipolar eruptions. The gray
shading and blue curve are the same as in Figs. 1b and 2a. The red (yellow) curves correspond to the average § 180 anomaly of the younger
(older) half of the bipolar dataset. (c) Average 8180 anomalies in the NGRIP record aligned to the unipolar eruptions. The average signal is
shown in black, and the gray bands are the 16th to 84th percentiles of detrended time slices covering individual eruptions. The colored curves
are the average signals of four equally sized subsets of eruptions divided according to age.

@ | o : 0!
s 24 &
x © - — al
= -2
g 4@ 20, 0 20 ° -
£ Time (yr) Jpttes 0.8
= s 14
g -6 - - z
£ - .- »
2 - g 0.6
s v
8 87 .
© e 0.4
g -10 4 -~ ) A A
£ T T T T T T T T 1
20 30 40 50 20 30 40 50 60

Center of time window (kyr b2k) Time (kyr b2k)

Figure 4. (a) Average integrated s180 anomaly in NGRIP for the unipolar dataset, where the eruptions are separated according to age in
consecutive bins with an equal number of eruptions (10 bins with 78 eruptions each). The 8180 time slice around each eruption in a bin is
detrended as described in the main text. The detrended slices of eruptions in a bin are then averaged to yield the mean s180 anomaly, from
which the integrated anomaly is defined as the area above the consistently negative signal around the time of the eruption (yellow shading in
the inset). The red square corresponds to the value for the youngest bin of eruptions, occurring from 15 685 to 12 022 years BP, and it is a thus
far unexplained deviation from the roughly linear decrease in the anomaly over time, as indicated by the linear fit. (b) Signal-to-noise ratio
in the NGRIP record estimated in a 12 kyr moving window. The method, explained in Sect. 3.1, is applied here to the unipolar dataset using
4-year average anomalies starting with the year of the eruptions. Shown are curves for all eruptions, as well as for the GI and GS subsets.

The GI curve is interrupted from 20-28 ka, as there are too few eruptions (fewer than 20 per 12 kyr) for a robust SNR estimation.

which again leads to a smearing-out of the average cooling
anomaly.

Consequently, while the average magnitude of the erup-
tions measured by their sulfate deposition does not appear
to change over the course of the glacial (see Figs. S8 and
S9, as well as Lin et al., 2022), younger eruptions show a
more pronounced cooling anomaly compared to older ones
(Figs. 3a, b, and S10 for all other cores). In the Green-
land stack, the younger half of eruptions show a minimum
anomaly of —0.75 %o in the year after the eruption. With the
abovementioned present-day calibrations of the §'80 ther-
mometer of 0.69%cK~! to 0.8%cK~! (Sjolte et al., 2011;
Buizert et al., 2014), this yields a peak cooling of 0.94—
1.09 K, which comes close to the 1.24 K summer NH cooling
estimated from tree rings for the four largest eruptions of the
Common Era (Sigl et al., 2015).

Clim. Past, 20, 313-333, 2024

The evolution over time of the §'80 cooling anomaly can
be investigated more precisely using the NGRIP core in iso-
lation, which has the highest 8180 and sulfate resolution, as
well as the best dating. Here, in the younger half of the bipo-
lar eruptions the 6-year mean isotope amplitude is —0.77 %o
and the peak cooling amplitude is —0.90 %o. Using the unipo-
lar eruption record, which features many more eruptions and
thus a less noisy mean signal, we find that eruptions occur-
ring in the period 12-32ka feature a minimum anomaly of
—1.7%o 2 years after the estimated eruption age (Fig. 3c).
Thus, despite a return period of only 65 years, the cooling
anomaly of the youngest glacial eruptions clearly exceeds the
anomaly after the largest eruptions in the Common Era. For
the older eruptions, the minimum anomaly is attenuated by
roughly a factor of 2.
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The amplitude of the isotopic cooling signal at the time of of the decreasing precision of the eruption alignment going
deposition is expected to be even larger because (a) the §'30 further back in time.
records are not perfectly aligned to the true eruption year,
and (b) the smoothing effect of diffusion has not been ac-
counted for in our study. There are techniques to achieve the
latter if the diffusion length in ice and firn is known (Johnsen

3.4 Correlation of cooling signal with volcanic
magnitude and hemispheric sulfur deposition

et al., 2000). Here we refrain from doing so because the vari- We next investigate whether eruptions that were large
ations over time of the cooling anomalies do not appear to in terms of their sulfate deposition also led to a more
follow a simple diffusion process. While the peak cooling  pronounced isotopic cooling. Considering the total sulfur
anomalies in Fig. 3¢ decrease over time, the anomaly does aerosol loading, which is a combined metric of the Greenland
not get visibly smeared out further in time. The area under  and Antarctic sulfate deposition (Lin et al., 2022), the bipolar
the curve corresponding to the negative anomalies does not  dataset is divided into two, depending on whether an eruption
stay constant, as expected for a simple diffusion of tempera- was larger or smaller compared to the median. The larger
ture fluctuations over time, but decreases over time (Fig. 4a). eruptions feature a much more pronounced § 180 anomaly, as
Further, in contrast to a constant SNR due to a roughly equal shown for the Greenland stack and EDC in Fig. 5a and b. For
diffusive attenuation of the noise background and volcanic individual eruptions there is only a weak correlation of §'30
signal, the SNR decreases over time (Fig. 4b). This may re- anomaly and aerosol loading (Fig. S11). This is because of
flect the additional attenuation effect on the volcanic signal the high noise levels in the records, which, together with the

relatively small size of the bipolar sample, limit our ability
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Figure 7. Mean §130 anomalies (per mill) in response to the bipolar eruptions in the Greenland stack (a) and EDC (b) records. The black
curve and gray shading are as in Figs. 1b and 2b, and the colored curves are the average anomalies of the subsets of eruptions classified by
Lin et al. (2022) as Northern Hemisphere (NH, above 40° N) and low-latitude Southern Hemisphere (LL/SH, below 40° N) based on the

relative sulfur deposition measured in Greenland versus Antarctica.

to quantify the dependence of the §'30 anomaly on the sul-
fate deposition. For this purpose the larger unipolar dataset is
used in the following, with the caveat that only the unipolar
deposition is available and not the total aerosol loading.
Also, in the unipolar dataset eruptions with a larger sulfate
deposition show a more pronounced average §'80 anomaly.
The WAIS core, for instance, which showed only a weak
average anomaly after bipolar eruptions, features a much
stronger cooling signal for the eruptions with largest unipolar
sulfate deposition (Fig. 5c). We next define a scalar metric for
the cooling associated with eruptions of a certain size cate-
gory. To this end we separate the eruptions from the unipolar
dataset of a given core into bins according to their unipolar
sulfate deposition. Here we consider the two cases: (a) the
deposition values are only taken from one core, or (b) the
deposition values are averaged over all cores where a given
eruption was identified (see Sect. 2.1). We then calculate the
average 8'80 anomalies of all eruptions in one bin and in-
tegrate the resulting mean signal over the years around the
eruption where a negative anomaly is found (yellow area in
inset of Fig. 6a, see also Fig. S12). For all cores, this in-
tegrated isotopic anomaly shows a clear relation with the
unipolar deposition magnitude (Figs. 6a and S13). A linear
fit to the data seems justified in most cases, but we cannot
rule out a nonlinear relation. For most cores the linear fit in-
dicates that there are still significant negative isotopic cool-
ing anomalies when extrapolating to zero sulfate deposition.
We speculate this could be because (a) the linear relationship
breaks down for the smallest eruptions that still have a global
cooling effect but no polar sulfate deposition or because (b)
the largest sulfate deposition values are inflated due to a sig-
nificant proportion of local or regional eruptions with a large
tropospheric sulfate transport and polar deposition. There is
generally a better correlation of the anomaly with the depo-
sition in the individual core and not the deposition averaged
over multiple cores (Fig. S13). This may be surprising since
the latter should be a more reliable estimate for the magni-
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tude (Sect. 2.1). A reason for this may be that the eruptions
with a large depositional sulfate peak in the respective core
feature a more precise depth estimate, leading to a better av-
erage alignment of the isotopic cooling anomaly to the true
age of the eruption.

Based on the relative deposition of bipolar eruptions in
Greenland and Antarctica, the source latitudes have been
classified in binary categories with Northern Hemisphere
(NH above 40° N) or Southern Hemisphere and low-latitude
(SH/LL) eruptions (Lin et al., 2022). Since there is a corre-
lation of the isotopic anomaly with the unipolar deposition
magnitude in all cores, we see an according stronger Green-
land (Antarctic) isotopic response for NH (SH/LL) eruptions
(Fig. 7). For eruptions with a larger Greenland sulfate deposi-
tion (classified as NH) there is no significant EDC § 180 cool-
ing anomaly. It may be that a non-negligible number of these
eruptions even feature a warming anomaly, which might be
reflected in the positive §'80 excursion in the confidence
bands for the lower-resolution Antarctic cores (Figs. 2b, S5d
and 7b) and in the slight indication of a bimodal distribu-
tion in Fig. 2d. Note, however, that a certain widening of the
confidence bands is expected in the low-resolution records
due to the detrending and nudging of the anomaly to the pe-
riod prior to the eruption. Moreover, since there are relatively
more NH classified eruptions in GS compared to GI, we can-
not clearly separate the effect of the estimated eruption lati-
tude on the §'%0 anomaly from the even more pronounced
GI-GS contrast (see next section). Larger bipolar datasets
would be required to resolve this, and at this stage we be-
lieve that neither the determination of the eruption latitude
nor the inferred volcanic cooling from the 8'80 proxy is pre-
cise enough to warrant much speculation on the dependence
of the climate response as a function of the eruption site.
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Figure 8. Average & 180 anomaly in the NGRIP (a—c) and EDC (d-f) core, obtained by aligning the records at the volcanic eruptions from
the (a, b) bipolar and (¢, d) unipolar datasets, as well as a subset of the unipolar dataset representing a time period with an equal proportion
of GS and GI conditions (e, f). The eruptions are separated into subsets occurring during GI (GS), and the average 8180 anomaly is shown in
black (red). The dashed blue lines show the anomaly curves obtained when resampling the GS subset in the NGRIP and the GI subset in EDC
such that the distribution of the associated magnitudes of sulfur deposition matches the distribution of the eruptions in the corresponding GI
subset for the NGRIP and the GS subset for EDC (see main text for more detail).

3.5 State dependency of the climate response

In Sect. 3.3 we found that the younger, best-preserved glacial
eruptions in NGRIP feature a significantly stronger isotopic
cooling compared to the largest eruptions during the Com-
mon FEra. This indicates a state dependency of the volcanic
8180 anomaly, which could reflect a state dependency of cli-
mate sensitivity, i.e., of the response of the global average
surface temperature to the radiative forcing of the volcanic
eruption. Instead of global climate sensitivity, there could
also be a state dependency in regional climate sensitivity,
i.e., a difference in the spatial pattern of the temperature
change. Here we use the term climate sensitivity to describe
the temporary temperature change following the relatively
short-lived volcanic perturbation. This differs from the con-
cept of equilibrium climate sensitivity, which describes the
long-term increase in global temperature as a response to an
instantaneous, permanent doubling of atmospheric CO;. The
response to short-term volcanic forcing involves fast compo-
nents of the climate sensitivity, but longer-term climate feed-
backs and changes in deep-ocean heat content are limited.
Accordingly, modeling studies have found difficulties in us-
ing observations of volcanic cooling to constrain equilibrium
climate sensitivity (Boer et al., 2007; Bender et al., 2010;
Merlis et al., 2014).

It is also possible that the temperature response is essen-
tially independent of the background climate state and that
instead there is a state dependency of the proxy sensitivity,
i.e., of the magnitude of 8'80 change for a given volcanic
temperature change. Compared to the present-day proxy
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sensitivity, previous work suggests that the §'30 proxy in
Greenland reacts more sensitively to the temperature changes
across glacial regime shifts, such as the last deglaciation and
DO events (Guillevic et al., 2013; Buizert et al., 2014), while
the opposite is the case for Antarctic §'%0 (Uemara et al.,
2012; Buizert et al., 2021). This is due to a combination of
changes in accumulation seasonality, moisture source, and
ice sheet topography associated with the regime shifts. But
the sensitivity of the proxy to short-term temperature changes
without major regime shifts is unknown, and its dependence
on the background climate state remains an active subject of
research (Liu et al., 2023; Cauquoin et al., 2023). Comparing
the mean volcanic §'80 anomaly to the baseline §'80 val-
ues at which the corresponding eruptions occurred, we find
a nonlinear dependence of the anomaly on the background
state (Fig. 6b). This could be interpreted as a state depen-
dency of the proxy or climate response, but it partly reflects
the better signal preservation for the predominantly young
eruptions occurring at low 8'80 baseline values as a result of
the gradual decrease in §'80 values throughout the glacial.
A more conclusive picture of the state dependency for both
Greenland and Antarctica can be obtained by dividing the
datasets into eruptions occurring during the cold (GS) and
mild (GI) periods of DO cycles. While changes in Antarctic
climate over DO cycles are much weaker compared to Green-
land, the DO cycles are nevertheless the most pronounced
large-scale climate regime shifts of the last glacial. Thus, di-
viding the data into GI and GS periods indicates which part
of the DO cycle the global climate state occupies. This seems
a reasonable target to test the climate state dependency for
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occurring during GS and GIL.

both Greenland and Antarctica. Eruptions occurring during
GS show a more pronounced isotope anomaly in Greenland
compared to eruptions during GI, while the opposite is the
case for the Antarctic EDC core (colored lines in Figs. la,
b and 2b). The response pattern in WAIS seems similar to
Greenland (Fig. 2a), but it is inconclusive since the signals
are not larger than the variability before the eruptions. Fig-
ure 8a and b show the mean anomaly signals in NGRIP and
EDC in more detail. The stronger Greenland GS response is
surprising because we would a priori expect a sharper vol-
canic cooling response in GI due to the higher accumula-
tion rate resulting in a higher resolution and less pronounced
non-climatic noise. Further, the higher accumulation rate also
leads to a higher-resolution sulfate record and thus a sharper
estimate of the eruption depth.

Using the much larger unipolar datasets, the difference
in response is also seen clearly (Fig. 8c, d). However, this
dataset (unlike the bipolar one) contains the Last Glacial
Maximum, which features almost exclusively stadial condi-
tions and which occurs during the younger part of the glacial
where the signal preservation is better (Sect. 3.3). For a more
fair comparison, we choose the interval 32-47.5ka in the
middle of our time period, which features an equal number
of years with GI and GS conditions (Fig. S14). Even though
reduced in NGRIP, the contrasting isotopic response is still
significant in this interval (Fig. 8e, f). This difference in GI
versus GS could be due to several factors.

1. There is a different global or regional climate sensitivity
to identical radiative forcing.
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2. The effective radiative forcing of (identical) sulfur-rich
eruptions is different.

. The global or regional volcanic activity was different in
GS versus GI.

The dependence of 880 on annual mean surface tem-
perature in Greenland and Antarctica varied for GS and
GL

The influence of factors other than annual mean temper-
ature on 880 anomalies is different in GS and GI.

Since the SNR in GI and GS is similar for most parts of
the record (Fig. 4b), the increase in inferred volcanic cool-
ing during GS compared to GI equals the increase in non-
volcanic proxy variability, which is consistent with a state
dependency of both climate and proxy sensitivity. A state de-
pendence of climate sensitivity (point 1) would be an intrigu-
ing finding, but it is hard to rule out the confounding factors
(points 2-5). Since the state dependency of the §'80 anomaly
is opposite in Greenland and Antarctica, the potential state
dependency is more likely in the regional climate sensitivity,
i.e., the spatial pattern of the volcanic cooling, rather than
in global average temperature. In the next section, we ana-
lyze differences in the volcanic forcing between GS and GI
(point 3 and to some extent 2). In the section thereafter we
employ records of relative snow accumulation rate in an at-
tempt to gather more evidence for state dependency of the
8180—temperature relationship (point 4), as well as for in-
fluences of relative accumulation rate changes on the §'30
signal (as part of point 5).
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Figure 10. (a, b) Average layer thickness change after the volcanic eruptions of the unipolar dataset during GI and GS in the NGRIP (a) and
WALIS (b) core. The anomalies are defined with respect to the 50-year period before the individual eruptions. (¢) Same as (a), but in addition
the average signal is shown in blue, and the gray bands show the 16th to 84th percentiles of detrended time slices covering individual

eruptions.

3.6 State dependency of volcanic forcing

There is generally a higher frequency of eruptions detected in
Greenland during GS (Fig. 9a and see also Lin et al., 2022).
To some degree, this may be an artifact of the automatic de-
tection of eruptions because the estimated eruption magni-
tudes could depend on the background noise level in the sul-
fate records, which is very different in GS and GI (Lin et al.,
2022). But for the average climate impact of eruptions only
the relative distribution of the magnitudes counts and not the
absolute frequency of the eruptions. The distribution of sul-
fate deposition in Greenland is skewed towards larger values
during GS (Fig. 9b, ¢), whereas in Antarctica the distribution
of GI eruptions is skewed to larger values (Fig. 9d, e).

This gives a consistent pattern with larger eruptions and
more pronounced isotopic cooling in Greenland during GS
and conversely larger eruptions and more cooling during GI
in Antarctica. But in the following we show by resampling
that the differences in sulfur deposition magnitude cannot ex-
plain the contrasting 8'30 response. In particular, we resam-
ple the subset of eruptions with a larger average deposition
(i.e., the GS eruptions for Greenland and the GI eruptions
for Antarctica) with replacement such that they match the
deposition magnitude distribution of the other subset with
lower average deposition. From this resampled set of erup-
tions we calculate the average §'30 response and compare it
to the subsets before resampling. The resampling method is
explained in the Appendix of Lohmann and Svensson (2022),
and it is similar to established Monte Carlo methods such as
importance sampling, which aim to generate samples from a
particular distribution, when only having observed samples
from another distribution. The sulfur deposition distributions
before and after resampling are shown in Fig. S15, and the
resulting resampled average §'30 anomaly is shown by the
dashed lines in Fig. 8a—b and e—f. In Greenland, the average
isotopic anomaly is still more pronounced for the GS erup-
tions, and the same holds true for the GI eruptions in Antarc-
tica. The results also hold for the other Greenland cores (see
Fig. S16 for NEEM). Thus, the contrasting isotopic response
in GI versus GS cannot be explained by the observed dif-
ferences in the distribution of sulfate depositions. It may be
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that the latter is due to differences in sulfur transport and not
the amount of sulfur ejected. There could be GI-GS differ-
ences in wind speeds and circulation patterns, which may or
may not influence the aerosol climate forcing. Differences
in atmospheric moisture may also modulate the lifetime and
climate forcing of sulfur aerosols. A longer sulfate lifetime
in the drier GS may be visible in broader Greenland sulfate
peaks (Fig. S2c), but we cannot distinguish this from a broad-
ening of the peaks due to the lower resolution during GS.

3.7 State-dependent volcanic impact on accumulation
rate

Due to the unknown and potentially varying sensitivity o
of the 880 proxy to temperature changes, the implicated
state dependency of the volcanic cooling may be spurious. To
get additional evidence, we reconstruct changes in precipita-
tion after the eruptions. Precipitation changes are expected
to follow radiatively induced changes in temperature, since
the atmospheric moisture capacity varies exponentially with
temperature (Clausius—Clapeyron relation, CC). Indeed, vol-
canic cooling leads to a reduction in precipitation due to a
weakened hydrological cycle (Robock and Liu, 1994; Bala
et al., 2008). In the polar regions, short-term relative changes
in snow accumulation rates A can be almost directly mon-
itored in layer-counted ice cores by comparing the average
layer thickness (implied by the depths of the counted annual
layers) of nearby time intervals. Unlike §'80, this is a di-
rect measurement and its annual resolution is only slightly
blurred by the imprecisions of the layer identification. We
follow CC by assuming a change in A with temperature,

A
aT
and obtain A o< T, where y is the accumulation sensitivity.
Thus, the logarithm of the ratio of A before and after a tem-
perature change AT =T — Ty is linearly related to AT and
by extension to the measured 80 change for a given isotope
sensitivity o:

AMT)

A(To)

YA, (D

Alog) =log

:yAngA(SlSO. )
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Figure 11. (a) Scatter plot of the layer thickness change and 8180 anomaly in NGRIP for the unipolar dataset. The blue dots show the
eruptions where both a negative 8180 anomaly and a layer thickness reduction are found. The red line and associated 95 % confidence
interval are given by exponentiating the linear Deming regression line of Alogi and s180. A corresponding exponential CC relationship
assuming o = 0.8 is shown in green (see main text for more details). (b) Alogi and 8180 anomalies averaged in bins, which are given by
every Sth percentile of the 8180 data. A linear regression without (with) intercept is shown in blue (red).

ycc = 0.073 would be found when deriving Eq. (1) from a
linearized Clausius—Clapeyron equation, assuming that the
total precipitation amount is proportional to water vapor
pressure. But the true value of y for the climate system is
lower and varies with location and 7y (Allen and Ingram,
2002).

We now consider anomalies with respect to the average
state (Tp, A(Tp) = Ag) during the 50 years prior to the erup-
tion. Figure 10a and b show the percentage change anomalies
of A, defined as (;‘—0 —1)-100, for the NGRIP and WAIS unipo-
lar datasets. Indeed, there are reduced accumulation rates in
NGRIP associated with the eruptions in both GI and GS. The
reduction is clearly more pronounced in GI. For WAIS, while
the reduction in GS is not significant compared to the vari-
ability of the mean, there seems to be a more pronounced
reduction in GI. However, the signal-to-noise ratio is low be-
cause the layer thickness is strongly affected by surface snow
redistribution, and thus an average over a large number of
eruptions is needed to extract the signal (compare mean sig-
nal and gray band in Fig. 10c). The seemingly delayed peak
reduction in WAIS for GI eruptions might thus only be a ran-
dom feature of the variability in the mean due to the small
sample size of GI eruptions.

Focusing on NGRIP, the maximum layer thickness change
averaged over all eruptions is 5.6 & 0.9 %. The error is esti-
mated by the standard deviation of the mean before the erup-
tions (fluctuations of the mean curve in Fig. 10c). This is
larger than the 3 % global precipitation reduction inferred
via sea level changes after five major eruptions during the
last century (Grinsted et al., 2007) or the modeled reductions
of 1 %-2 % for the same eruptions (Iles and Hegerl, 2014).
This could be due to an amplified polar response, but it also
reflects the shorter return time of the eruptions in question
compared to our unipolar dataset (20 vs. 65 years). The corre-
sponding maximum §'30 anomaly is 1.54 4 0.09 %o, derived
from the youngest quarter of eruptions (Fig. 3¢) to minimize

Clim. Past, 20, 313-333, 2024

the effect of diffusion. This yields g = 0.037 [0.030, 0.046]
(confidence band via the above standard deviations). Assum-
ing the present-day value of o = 0.8, this would correspond
to an accumulation sensitivity of 2.9 [2.3, 3.6] % K~!.

An alternative estimate is obtained by regression of the
anomalies of individual eruptions. This is shown in Fig. 11a,
where a 4-year average accumulation anomaly (period of sig-
nificant volcanic anomaly as determined from Fig. 10c) was
used, along with a 10-year average isotopic cooling anomaly
(period of significant anomaly determined from Fig. 3c). The
exponential CC relationship assuming o = 0.8 is shown in
green. Clearly, the large data scatter may permit a variety
of functional relationships. Nevertheless, we perform a fit
to Eq. (2), where we take into account noise in both vari-
ables. The noise levels can be estimated via the SNR, as ex-
plained in Sect. 3.1. We find SNR = 0.24 and SNR = 0.44
for Alogi and A8'30, respectively. With the ratio of SNRs
we can perform so-called Deming regression on the normal-
ized data, which avoids underestimating the slope as in reg-
ular linear regression (attenuation bias). This yields y /o =
0.029 £0.004, and assuming o = 0.8 the accumulation sen-
sitivity is 2.4 [2.0, 2.7] % K1, in agreement with a model-
derived global sensitivity of 2.4 % K~! (Bala et al., 2008).
Note, however, that our given confidence interval does not
reflect the significant freedom of choice in defining the aver-
age anomalies and performing the linear regression.

This accumulation sensitivity derived for the whole glacial
ignores the clearly different accumulation reductions in GI
and GS, where GI eruptions lead to a more pronounced re-
duction (Fig. 10a, b). In contrast, if our § 180 analysis reflects
a genuine state dependency of the regional temperature re-
sponse, we expect the stronger Greenland cooling in GS to
yield a larger accumulation reduction. In NGRIP, the peak
accumulation reduction is 4.3+ 1.0% in GS and 8.5 £ 1.5 %
in GI, while the peak §'80 anomaly is 1.8 +0.1%¢ and
0.78 = 0.23 %o, respectively (Fig. S17). If A were perfectly
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proportional to AT at constant y, this would imply a GS—
GI contrast of the isotopic sensitivity of ‘;% =4.5[2.2,9.8].
This large difference may be unrealistic, indicating that the
accumulation sensitivity may also not be constant over time,
as suggested by a previous analysis of the WAIS core (Fudge
et al., 2016).

In all above estimates of the sensitivity we assumed that
a vanishing 8'80 anomaly is accompanied by a vanish-
ing A anomaly (as in Eq. 2). However, when reducing the
noise level by averaging the data in §'80 bins we can see
that the linear relationship does not pass through the origin
(Fig. 11b). Thus, the response of either of the proxies in-
cludes one or more processes that are not directly dependent
on the underlying temperature change. This underlines the
fact that the true values and state dependencies of y and «
cannot be revealed here. Nevertheless, on a qualitative level,
the state dependency of AX in GI versus GS, which is op-
posite to the state dependency of A§'30, strongly suggests
a state-dependent climate response to volcanic eruptions, al-
beit of a more complicated nature than simple differences
in the annual (regional or global) temperature response. The
state-dependent accumulation rate reduction also makes it
plausible that the seasonality of precipitation after volcanic
eruptions may be altered in a different way for GI and GS,
which could in turn partly explain the differences in annual
mean 8'80 anomalies.

4 Discussion and conclusions

Here we attempt for the first time to quantify the volcanic
cooling following large eruptions during the last glacial pe-
riod from ice-core data. This is done by precise alignment
of two recent datasets of volcanism to high-resolution §'30
records from the same ice cores. Going back in time far be-
yond the observational and historical periods enables us to in-
vestigate the impact of eruptions with very large return times.
We find that the volcanic cooling signal is preserved in the
ice-core records (Sect. 3.1 and 3.2), highlighting their poten-
tial to constrain the climatic impact of past volcanic erup-
tions in addition to tree-ring and lake sediment records (Sigl
et al., 2015; Tejedor et al., 2021). However, the preservation
depends critically on a high measurement resolution of the
8180 records, a high accumulation rate at the ice-core site,
and a moderate thinning of the annual layers (Sect. 3.3). Fur-
ther, detecting a sharp multi-annual cooling relies on high-
resolution sulfur and conductivity records, which are used
to define the precise depths of the volcanic eruptions in the
ice cores. Not all cores used here fulfill these criteria. Given
these limitations, we find that the observed isotopic anomaly
after individual eruptions with centennial return periods is
smaller than the high-frequency variability of the proxies
(Figs. 1 and 2). The latter comprises multi-annual internal
climate variability and non-climatic noise. As a result, we
cannot give reliable estimates for the isotopic anomaly as-
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sociated with individual eruptions and therefore also cannot
estimate the cooling effect. Even the average anomaly at the
time of deposition cannot be fully reconstructed since the sig-
nal degrades over time in a way that is not well-understood
(Figs. 3, 4a and S10).

With this caveat in mind, the amplitude of the Greenland
isotopic response to bipolar eruptions during the younger half
of the investigated time interval is consistent with their ob-
served return period of 500 years, since the four largest erup-
tions of the last 2000 years show roughly the same isotopic
anomaly (Sect. 3.3). On the other hand, as the glacial records
feature more diffusion, lower resolution, and less accurate
alignment to the eruptions, the true isotopic anomaly should
be larger. Indeed, the youngest glacial eruptions in the larger
unipolar dataset show a clearly larger isotopic signal com-
pared to the largest Common Era eruptions, despite a much
lower return time of approximately 65 years (Fig. 3c). To
better understand these differences, an in-depth comparison
to eruptions of similar sulfate deposition covering the entire
Holocene (Sigl et al., 2022) may be helpful in a future study.

Eruptions with larger sulfate deposition magnitude also
lead to increased §'80 cooling anomalies (Figs. 5 and 6a).
Due to the large noise levels, we cannot determine with con-
fidence whether this relationship is linear. Future studies with
larger datasets covering longer periods should be able to re-
veal whether eruptions with increasing return times simply
have a linearly increasing amplitude and/or duration of vol-
canic cooling or whether this relationship could be nonlin-
ear and potentially have effects beyond a short-term cooling
by compounding climatic regime shifts (tipping points). To
do this it may be necessary to complement our methodology
with idealized modeling of the proxy degradation over time.

By separating the data into eruptions occurring during the
cold GS and milder GI periods, we find that the Green-
land §'80 anomaly is larger during GS, while, on the other
hand, the anomaly in the Antarctic EDC core is larger in GI
(Fig. 8). This suggests a state-dependent climate response
with more pronounced Greenland (Antarctic) cooling follow-
ing eruptions during GS (GI). If the state dependency is in-
deed robust, the pronounced Greenland cooling during GS
eruptions may play a role in the apparent influence of bipo-
lar eruptions on the transitions from GS to GI (Lohmann
and Svensson, 2022). But our results are also compatible
with a more complicated difference in the climate response
that is encoded in different sensitivities of the §'30 proxy to
the volcanic cooling. In addition, the volcanic forcing could
be state-dependent as a result of differences in atmospheric
moisture and circulation or of a modulation of the volcanic
activity by the climate state (Cooper et al., 2018; Swindles
et al., 2018; Farquharson and Amelung, 2022). We indeed
find slightly larger sulfur deposition estimates in Greenland
(Antarctica) during GS (GI) (Fig. 9). However, this cannot
explain the state-dependent §'80 anomalies, as shown in
Sect. 3.6 by resampling the data such that the samples of
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eruptions during GI and GS have an equivalent distribution
of sulfur deposition magnitudes.

It remains possible that the differences in §'80 arise de-
spite an identical climate response in GI and GS, for instance
due to a fixed seasonality of the volcanic cooling (Robock,
2000) in combination with different seasonalities of precipi-
tation for GS and GI (Steig et al., 1994; Werner et al., 2000;
Li et al., 2005; Andersen et al., 2006). In particular, if there
is less winter precipitation in GS compared to GI, a less
pronounced volcanic cooling (or even a warming) in winter
compared to summer (equally in GI and GS) would give a
more depleted annual mean §'30 signal in GS relative to GI.
A similar situation could arise if there are different average
precipitation source areas in GI and GS, for instance due to
the differences in sea ice extent. If there is a latitudinal gra-
dient in the volcanic cooling (Pausata et al., 2020), this could
mean that the change in temperature gradient from source
to sink after an eruption would be higher in GS, which also
results in more depleted §'20.

Due to the shortcoming of unknown glacial §'80 sensi-
tivity we also analyzed changes in accumulation rate after
the eruptions (Sect. 3.7). While precipitation is generally be-
lieved to decrease proportionally to atmospheric cooling, we
find that accumulation decreases in WAIS and NGRIP are
clearly larger during GI eruptions, in contrast to the larger
GS cooling suggested by Greenland §'30. This reinforces
the idea that there is a kind of state dependency, but the op-
posing tendencies cast doubt on whether the larger GS §'30
anomaly reflects more pronounced Greenland volcanic cool-
ing. Since a vanishing volcanic §'30 anomaly does not coin-
cide with a vanishing accumulation anomaly (Fig. 11b), it is
clear that at least one of the two does not depend on temper-
ature in a simple way. Just like §'80, the local accumulation
rate can be influenced by many factors apart from local tem-
perature. Our analysis cannot reveal these factors, leaving the
sensitivities of the 880 proxy and of the accumulation rate to
temperature unknown. An extension of our analysis to other
ice-core proxies may give further insights into the climate
response. Besides the response, the actual climate forcing of
large volcanic eruptions can be much more varied compared
to the simple surface cooling and drying assumed here, as ev-
idenced by the recent Hunga—Tonga Hunga eruption (Milldn
et al., 2022).

Nevertheless, we provide a proof of concept to use ice-core
proxy records in assessing the multi-annual climate response
to volcanic eruptions, as well as its change with time and cli-
mate background state. The provided observational evidence
of a state-dependent response of §'80 and accumulation rate
may be tested in studies with comprehensive climate mod-
els. Previous modeling argues both for and against a state
dependency of the global climate response to volcanic erup-
tions (Zanchettin et al., 2013; Berdahl and Robock, 2013;
Muthers et al., 2015; Ellerhoff et al., 2022), as well as for
state dependencies with opposite sign in a future warm cli-
mate (Fasullo et al., 2017; Hopfcroft et al., 2018). A state de-
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pendency with respect to DO cycles has not been investigated
yet. Studies considering volcanic eruptions in models that
can simulate glacial DO-like switches between GI and GS
states (Vettoretti and Peltier, 2016; Klockmann et al., 2020;
Zhang et al., 2021; Kuniyoshi et al., 2022; Armstrong et al.,
2023) would be helpful. To test our results, direct compar-
isons with oxygen-isotope-enabled climate models (Schmidt
et al., 2007; LeGrande and Schmidt, 2009) should be per-
formed, especially by extending previous studies on volcanic
eruptions (Colose et al., 2016) to other climate background
states. Understanding the spatial patterns of the precipitation
and temperature response to volcanic perturbations at differ-
ent latitudes (Colose et al., 2016), as well as the seasonality
of the response (Zambri et al., 2017), may help explain our
results. Further, comparisons of our results with data from
non-ice-core archives are needed. Tree-ring records, for in-
stance, are beginning to reach into the last glacial (Reinig
et al., 2018; Pauly et al., 2020; Reinig et al., 2021) and may
thus be used to assess the state dependency of the climate
response to volcanic eruptions in future studies.

The presented methodology may also foster studies on cli-
mate variability and signal preservation in proxy records. To-
gether with constraints on the strength of volcanic forcing,
variability in climate records could be calibrated by the aver-
age volcanic climate response signal. Our preliminary anal-
ysis based on the signal-to-noise ratio suggests that the in-
crease in the volcanic Greenland §'80 response during GS
compared to GI is roughly the same as the increase in the
non-volcanic proxy variability (Fig. 4b). Assuming equal
volcanic forcing, one might thus speculate that the much-
discussed state dependency of climate variability inferred
from Greenland ice cores (Ditlevsen et al., 1996; Rehfeld
et al., 2018) is due to a state-dependent proxy sensitivity.
But more detailed modeling of the proxy evolution over time
is required to make a fair comparison between GI and GS
states, as well as glacial and interglacial periods. Specifically,
it would be insightful to model the post-depositional alter-
ation and subsequent diffusion of an idealized volcanic cool-
ing signal and compare this to the observed average signals
reported here.

In summary, we show that multi-annual cooling after
major volcanic eruptions is preserved in high-resolution
8180 records of polar ice cores. The inferred average §'30
anomaly remains smaller than the proxy variability, however.
This may suggest that volcanism is not the main driver of
multi-annual and decadal temperature variability during the
last glacial, as opposed to what has been found from tree-ring
records during the Common Era (Sigl et al., 2015). However,
the temperature change at the time of eruption is uncertain
due to attenuation of the volcanic §'80 signal over time and
an unknown sensitivity of the proxy. In addition, the glacial
8180 variability is inflated by non-climatic noise resulting
from low accumulation rates. The Greenland §'30 cooling
anomaly during the cold GS periods is larger than during the
milder GI. The opposite holds for Antarctica. This may indi-
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cate that the climate response to the radiative cooling of the
eruptions is state-dependent. But due to other effects, such
as precipitation seasonality, it may also be the sensitivity
of annual mean 8'30 to the volcanic cooling that is state-
dependent. Post-eruptive cooling is accompanied by a reduc-
tion in ice-core accumulation rates. In contrast to the pattern
observed in 8'80, GI periods feature a larger volcanic ac-
cumulation reduction than GS. The mechanisms behind this
complicated state dependency of the post-eruptive ice-core
signals cannot be revealed here. This may be achieved in fu-
ture studies that test our observations in climate models or
analyze the volcanic signals in additional proxies. Further us-
age of the volcanic cooling signal to understand the climate
variability implied by the §'80 proxy may also be fruitful,
especially as larger volcanic datasets become available.

Code and data availability. The bipolar volcanic record is
available in the Supplement of Svensson et al. (2020), and
the unipolar records are available in the Supplement of Lin
et al. (2022). The high-resolution oxygen ice-core records of
the individual cores are publicly available in the following
online resources. NGRIP: http://iceandclimate.nbi.ku.dk/data/
NGRIP_d180_and_dust_5cm.xls (NGRIP Members, 2004);
GISP2:  https://doi.org/10.5065/D6JW8COF  (White, 2009);
NEEM: https://doi.org/10.1594/PANGAEA.925552 (Gkinis et al.,
2020); EDML: https://doi.org/10.1594/PANGAEA.754444
(EPICA Community Members, 2010); EDC:
https://doi.org/10.1594/PANGAEA.683655 (Jouzel and Masson-
Delmotte, 2007); WAIS: https://doi.org/10.15784/601274 (White
et al, 2019). The GRIP record is available upon request
from the corresponding author. The high-resolution sulfate
records shown in the Supplement are available in the fol-
lowing online resources. NGRIP: Supplement of Lin et al.
(2022); WAIS: https://doi.org/10.15784/601008 (McConnell,
2017); NEEM: Supplement of Schiipbach et al. (2018); GISP2:
https://doi.org/10.1594/PANGAEA.55537  (Mayewski, 1999);
EDC:  https://doi.org/10.25921/kgv8-cn35  (Severi,  2020).
Code created for the statistical analyses can be found at
https://github.com/johannes-lohmann/climpast_2023/ (last access:
31 January 2024; DOI: https://doi.org/10.5281/zenodo.10580771,
Lohmann, 2024).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/cp-20-313-2024-supplement.
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