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Volcanic eruptions impact climate through 
the injection of large amounts of ash and 
sulfur gas into the atmosphere (Fig. 1a). This 
gas is converted to sulfate aerosols, which 
reflect solar radiation in the stratosphere, 
decreasing the amount of solar radiation 
reaching the Earth’s surface. The primary 
result is a cooling of the Earth’s surface. 
Volcanic sulfate is mixed and transported 
within the stratosphere, and eventually trav-
els downward into the troposphere, where 
it is finally deposited to the surface of the 
Earth. Sulfate deposition over the ice sheets 
is preserved in annually accumulating ice lay-
ers, allowing for reconstruction of the magni-
tude and timing of past volcanic events with 
the help of ice cores (Fig. 1b-d). The impact 
of volcanic eruptions is also clearly seen in 
other paleoclimate records. Temperature re-
constructions predominantly obtained from 
tree-ring chronologies (Fig. 1e,f; Fig. 2) span-
ning previous centuries show the influence 
of a number of volcanic events (D’Arrigo et 
al. 2001; PAGES2k Consortium 2013; Salzer 
et al. 2014); however, a number of apparent 
mismatches between paleoclimate recon-
structions and previously reconstructed 
volcanic forcing records have been noted 
(e.g. Mann et al. 2012). Striving towards 
better agreement between proxy-based 
climate reconstructions and model simula-
tions is an important component of current 
climate research (Toohey et al. 2013). The 
paleoclimate record – i.e. reconstructions of 
past climate variables such as temperature 
and precipitation, produced from analysis of 
proxies such as tree rings, ice cores, and ma-
rine sediments – is essential for understand-
ing the Earth system’s response to various 
forcing agents. 

Sulfate measurements in ice cores
Because a major driver of climate variabil-
ity over the past centuries is the impact of 
volcanic eruptions, the ability of climate 
model simulations to accurately recreate 
past climate is tied directly to the accuracy of 
the volcanic forcing time series used in the 
simulations. Presently, all volcanic forcing 
estimates used in paleoclimate model 
simulations is derived from ice cores. Time 
series of sulfate deposition from ice cores 
are translated into estimates of atmospheric 
sulfate aerosol loading, and correspond-
ing estimates of radiative forcing. Volcanic 
forcing sets typically used in modern paleo-
climate simulations span the years 500/800-
2000 CE (Crowley and Unterman 2013; Gao 

et al. 2008), although the limited number of 
ice cores used to derive the forcing in the 
early years of the data set limits the accuracy 
of the estimated forcing (Sigl et al. 2014). 
The limited number of records currently 
included in volcanic forcing sets is explained 
by the time-intensive discrete measurement 
techniques that are often used to measure 
sulfate in ice. Newly developed state-of-the-
art analytical techniques allow for a variety 

of elements (including sulfur) and chemical 
species to be analyzed simultaneously in real 
time while slowly melting the ice on a heated 
melter plate (McConnell et al. 2014; Fig. 1d). 
Further, the high measurement resolution of 
these analyses also allowed some ice cores 
from Antarctica with high annual snowfall 
rates to be dated by counting annual cycles 
in the impurity content of the snow and ice 
(Sigl et al. 2013).

We discuss the timing of volcanic eruptions and quantify atmospheric sulfate loading using an array of ice cores from 
Greenland and Antarctica. We demonstrate that throughout the Common Era volcanic activity was the main driver for 
abrupt summer cooling in Europe.
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Figure 1: (A) Injection of ash and aerosols into the atmosphere; (B) ice core section from WAIS Divide (Antarctica) 
sticking out of the core barrel. High annual snowfall at this site enables individual annual layers to be identified and 
counted; (C) ice core section from TUNU (Greenland) that contains a record of volcanic sulfate aerosols; (D) the ice 
is slowly melted and a variety of elements and chemical species are simultaneously analyzed; (E) bristlecone pine 
ring-width minima indicate that summer cooling often occurred when major volcanic eruptions dimmed the Earth’s 
surface; (F) frost rings from a Siberian pine in Mongolia. The narrow, distorted rings for 536 and 537 CE indicate 
a drastic cooling in the northern hemisphere which was caused by a large volcanic eruption. Image credits, A-F: 
NASA, M. Twickler, M. Sigl, S. Masclin, M. Sigl, D. Breger (Micrographic Arts).
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A comprehensive array of ice 
cores from Antarctica
Methodological advances have enabled 
much more accurate reconstructions of 
the history of volcanic sulfate deposition 
in Antarctica over the last 2,000 years (Sigl 
et al. 2014). This has become possible by 
combining a number of new ice core sulfate 
records with pre-existing ones to provide 
better sampling over Antarctica, impor-
tant due to the high spatial variability in 
sulfate deposition. The number of long-
term records reaching back approximately 
2,000 years has therefore been significantly 
increased compared with past compilations 
and this has meant a composite deposition 
index could be based on a quasi-static 
ensemble size over the length of the record. 
Also, the new record benefits from an im-
proved timescale and better synchronization 
of the different ice core records; conse-
quences of the very high temporal sampling 
resolution of the newly drilled West Antarctic 
Ice Sheet Divide Ice Core (WDC).

The new record of Antarctic sulfate dep-
osition (Sigl et al. 2014) shows a number 
of improvements compared with previous 
reconstructions (Crowley and Unterman 
2013; Gao et al. 2008). Firstly, the magnitude 
of a number of events is significantly ad-
justed, including a lessened estimate of the 
magnitude of the 1257 CE Samalas eruption. 
Secondly, the history of volcanism in the 
earliest centuries of the record is drastically 
altered, with updated dates and magnitudes 
of eruptions often differing greatly from 
prior estimates. 

Revised ice-core chronologies
During the first millennium, inconsistencies 
were identified between the reconstructed 
timing of sulfate deposition on the ice-sheets 
and tree-ring records indicating widespread 
cooling. It was suggested that the ice-core 

chronologies were biased towards ages that 
were too old during that time, potentially 
caused by an incorrect link of the ice-core 
chronologies to the historic Vesuvian erup-
tion in the year 79 CE (Baillie and Anneny 
2015). By using a multi-disciplinary approach 
that integrates state-of-the-art continuous 
ice core aerosol measurements, automated 
objective ice-core layer counting (Winstrup 
et al. 2012), tephra and radioisotope (beryl-
lium-10) analyses, and detailed examination 
of historical archives, we revised the ice-core 
chronologies for Greenland (NEEM-2011-S1) 
and Antarctica (WDC) and thus resolved 
these inconsistencies back into Roman times 
(Sigl et al. 2015). Other existing long-term 
sulfate records (e.g. those from NGRIP, 
GISP2, TUNU, DFS10, B40, NUS8-5) can 
be synchronized to the new timescales by 
matching their sulfate profiles (Fig. 2). This 
way, robust estimates of the ice-sheet mean 
deposition can be achieved (yellow circles 
in Fig. 2), allowing volcanic forcing to be 
estimated. 

Post-volcanic summer cooling 
With these revised ice-core chronologies, 
major volcanic eruption dates are in agree-
ment with tree-ring reconstructed cooling 
extremes that occurred in the immediate 
aftermath of large volcanic eruptions 
throughout the Common Era (Fig. 2). The 
exceptionally cold summers reconstructed 
in parts of Europe (and other regions) in the 
years 1816, 1601, 1453, 1109, 574, and 541 
CE all followed major volcanic eruptions, 
thus confirming that volcanic activity is an 
important driver of natural climate variability 
on inter-annual timescales. Strong summer 
cooling is not limited to tropical eruptions 
but is also observed frequently following 
eruptions located in the high latitudes of 
the northern hemisphere, as in the years 
940, 800, and 536 CE. The largest volcanic 
eruption in terms of atmospheric sulfate 

loading (Samalas, 1257 CE) did not, however, 
appear to induce strong cooling in Europe. 
This confirms that for individual eruptions 
the temperature response to the forcing is 
spatially heterogeneous and may also be 
dependent on background conditions of the 
climate system such as the state of ENSO. 
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Figure 2: Ice-core records of sulfur from two ice cores in Greenland and two ice cores in Antarctica (Sigl et al. 2013, 2014), used among others to infer atmospheric 
deposition (yellow circles). More than 100 individual eruptions are reconstructed and attributed to either mid-to high latitude eruptions (e.g. Iceland, Alaska) and low-latitude 
eruptions (underlined for selected events) based on the timing of sulfate deposition over the ice-sheets. Reconstructed dates are given for some large volcanic eruptions (Sigl 
et al. 2015) as are time periods of strong summer cooling in Europe indicated by tree-ring reconstructions (black curve, PAGES-2k Consortium 2013). 
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