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a b s t r a c t

The timing and causes of Common Era (CE) glacier growth in the Arctic Atlantic region remain elusive.
There is mounting evidence of advances that predate the Little Ice Age (1250e1850 CE); this challenges
the view that 13th century volcanic eruptions triggered change by spurring sea-ice expansion. Recent
climate model simulations indicate this response does not require external forcing under contempora-
neous (Pre-Industrial) boundary conditions. Here, we try to reconcile these new insights by combining
regional proxy evidence of glacier and sea-ice change with a climate model experiment. Collated recently
published reconstructions demonstrate that regional climate shifted towards a colder mean state around
650e950 CE, a period marked by low radiative forcing. Unforced model simulations reproduce the time-
transgressive evolution of this response, which emerged east of Greenland and progressed towards
Svalbard. The inferred pattern is associated with sea-ice feedbacks, triggered by stochastic atmospheric
cooling. We argue that this mechanism may explain the timing and pattern of CE glacier growth in the
region.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Little Ice Age (LIA) marks the most recent and well-known
phase of Holocene climate deterioration (Liu et al., 2014), and
holds valuable insights to help understand thresholds and feed-
backs in the natural climate system. LIA change was most pro-
nounced in the Northern Hemisphere (e.g. Mann et al., 2009),
where glaciers advanced towards their post-glacial maxima.
Compilations of reconstructed mid-latitude (40e60�N) glacier
change generally propose an onset around 1300 CE, followed by ice
expansion until ~1850 CE (Solomina et al., 2016).

However, a rapidly expanding body of recent work suggests that
glaciers in the Arctic Atlantic region (65e80�N; Fig. 1) started
advancing centuries prior to the classical (1250e1850 CE; IPCC,
2001) LIA (e.g. Balascio et al., 2015; Larsen et al., 2017; Miller
et al., 2013; Philipps et al., 2017; Schweinsberg et al., 2017; Young
et al., 2015), set against a background of regional summer cooling
(Werner et al., 2018). This evidence challenges the commonly held
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view that Common Era (CE) glacier growth was driven by negative
radiative forcing from a series of volcanic eruptions during a time of
low solar activity around 1250 CE, and amplified by sea-ice feed-
backs (e.g. Hormes et al., 2006; Miller et al., 2012). Indeed, timing of
regional glacier growth is often coincident with the Medieval
Warm (and Quiet) Periods (MWP; 950e1250 CE, MQP; 725e1025
CE), a time characterized by stable radiative forcing (Bradley et al.,
2016; Mann et al., 2009).

Simulations from recent (generation CMIP5) coupled climate
models suggest that similar sea-ice feedbacks may arise sponta-
neously (unforced) under similar (Pre-Industrial) boundary condi-
tions (Drijfhout et al., 2013; Kleppin et al., 2015). In such a scenario,
stochastic sea level pressure anomalies east of Greenland initiate a
positive feedback loop of surface cooling and sea-ice expansion
across the Arctic Atlantic that could become self-sustained (Lehner
et al., 2013).

Here, we assess whether this mechanism can explain the timing
and pattern of CE Arctic Atlantic glacier growth. To do so, we
compare selected recent well-dated reconstructions of regional
glacier and sea-ice variability to climate model output. Our syn-
thesis identifies a diachronous phase of rapid glacier and sea-ice
growth that shifted Arctic Atlantic climate towards a cooler mean
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Overview map of the Arctic Atlantic region. White shading highlights average 1972e2007 CE sea-ice concentrations after Fetterer et al. (2016). Minimal (2017 CE) and
maximum (1866 CE; Divine and Dick, 2006) observed March sea-ice maxima are marked in turquoise. Blue and red lines indicate polar and Atlantic currents, respectively, marking
the Subpolar Gyre (SPG), Irminger Current (IC), East Greenland Current (EGC), West Spitsbergen Current (WSC) and Barents Sea Inflow (BSI). Circles mark discussed sediment
records, shown in matching colors in Figs. 2e3. LYL-14 and Kul-10 from the glacier-fed Ymer and Kulusuk lakes on Ammassalik archipelago (Balascio et al., 2015; van der Bilt et al.,
2018). GJP-01-14 from glacier-fed Gjøavatnet on NW Svalbard (De Wet et al., 2017), JM09-KA11-GC from the W Barents Sea margin (Berben et al., 2014), as well as JM-96-1206,
MD99-2322 and PS2641 from the E Greenland shelf (Andrews et al., 2016; Kolling et al., 2017; Perner et al., 2016; Miettinen et al., 2015). Green and red triangles, respectively,
mark sample sites of ice-entombed moss and cosmogenic moraine ages in Fig. 2. IST e Istorvet (Lowell et al., 2013; Miller et al., 2013), MT e Mittivakkat (Hasholt, 2000), WGM -W
Greenland moss chronology (Schweinsberg et al., 2017), ULV - Uigordleq Lake Valley (Young et al., 2015) and JOF e Jotunfonna (Miller et al., 2017). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

W.G.M. van der Bilt et al. / Quaternary Science Reviews 222 (2019) 1058602
state between ~650 and 950 CE. Timing of this climate deterioration
during a period with little volcanism and stable solar activity does
not favor a radiative trigger, while the time-transgressive pattern of
change is consistent with model evidence of stochastic atmo-
spheric cooling. Our findings help reconcile empirical evidence of
pre-LIA glacier growth with simulations of unforced cooling, and
underscores the importance of sea-ice feedbacks as catalysts of Late
Holocene change.

2. Methods

Our main aim is to assess whether unforced sea-ice feedbacks
could have triggered pre-LIA glacier expansion across the North
Atlantic Arctic. This coupled response has often been invoked to
explain reconstructed glacier change in the region (Cabedo-Sanz
et al., 2016; Larsen et al., 2013). We validate this conceptual
framework by correlating observations of regional summer
(melting season) temperature and sea-ice extent (Fig. 1; 60e90�N,
50�W-20�E) (Divine and Dick, 2006; Morice et al., 2012), against
proxy-based evidence of historical glacier variability. To this end,
we rely on the lake-based glacier reconstructions from Ammassalik
Archipelago on E Greenland by van der Bilt et al. (2018) and Balascio
et al. (2015) for two reasons. First, their ability to capture historical
(post-1850 CE) variability in unprecedented detail; both records
derive from highly responsive small (<1 km2) glaciers that respond
to change with a negligible lags (Bahr et al., 1998), and harness the
potential of lead (210Pb) dating to constrain this response on
decadal timescales. Secondly, the exceptional sensitivity of the
Ammassalik area to regional climate change. Situated near the
seasonal sea-ice margin and the interface of Arctic (East Greenland
Current; EGC) and Atlantic (Irminger Current; IC) waters (Fig. 1),
observations reveals record-setting changes in surface (ocean)
temperatures, sea-ice conditions and glacier extent (Andresen
et al., 2012; Bjørk et al., 2012; Straneo et al., 2010). Moreover, and
of key relevance to this study, simulated unforced cooling events
under CE (Pre-Industrial) boundary conditions consistently emerge
E of Greenland (Drijfhout et al., 2013; Kleppin et al., 2015). We
calculated correlation coefficients on evenly interpolated 5-year
moving averages using Spearman's rho (9).

To assess the timing and pattern of Arctic Atlantic glacier
expansion during the CE and its links to sea-ice change, we collate a
selection of recent regional reconstructions that resolve variability
on centennial-time scales and provide age ties for major transi-
tions. With the exception of Balascio et al. (2015), none of these
records were included in recent reviews on Late Holocene cooling
and glacier growth by McKay et al. (2018) and Solomina et al.
(2016). We combine three lines of regional paleoglaciological evi-
dence from the region (Fig. 1). First, moraine exposure dates, which
mark the culmination of glacier advances (e.g. Young et al., 2015).
Secondly, vegetation kill dates, constraining the expansion of non-
erosive ice (e.g. Miller et al., 2017). Finally, glacigenic lake sediment
input, providing snapshots of past ice margin positions (threshold
lakes; e.g. Larsen et al., 2017), or recording continuous variations of
alpine glaciers (distal glacier-fed lakes; e.g. Bakke et al., 2009). Our
synthesis only includes records that derive from small (<100 km2)
glaciers or ice caps, because of their rapid (decadal-scale) response
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to climate perturbations (Bahr et al., 1998). We exclude records
from areas with reported occurrence of carbonate-holding bedrock
(e.g. Levy et al., 2014; van der Bilt et al., 2015), which could intro-
duce chronological uncertainty because of freshwater reservoir
effects. Finally, additional analyses were performed on the LYL-14
record from Ymer Lake by van der Bilt et al. (2018) (Fig. 1). We
doubled the sampling resolution to acquire 5 cm down-core reso-
lution for the past 1.5 ka to pinpoint the onset of silt-dominated
glacigenic sedimentation (Leemann and Niessen, 1994). For this
purpose, we used a Malvern Mastersizer 3000 following removal of
organic material with 35% v/v H2O2.

To assess leads and lags between the selected sediment archives
from the Arctic Atlantic region (Fig. 1), the timing of maximum CE
proxy change was calculated after Bernhardt et al. (2017). To do so,
we remodeled all chronologies following specifications outlined in
the original publications, using the mean values and 95% confi-
dence bands of age distributions. Differences in dating resolution
were negated by interpolating time series at 1 yr intervals,
smoothing themwith a 100-yr Gaussian filter and placing data into
equidistant 50e150 yr bins using 2 yr steps. Additional statistical
analyses include the calculation of weighted mean proxy values
and their standard deviations (1s) for the Late Holocene (past 4.2
ka) to contextualize the magnitude of CE change. Finally, we used
the rcarbon R Package by Bevan et al. (2018) to calculate the cu-
mulative age distribution of sets of published vegetation kill dates
and moraine ages.

To compare collated proxy evidence with model evidence of
unforced climate deterioration under CE boundary conditions, we
use a published simulation that was run with version 2.2 of EC-
Earth 2.2 (Hazeleger et al., 2012; model description in Supple-
mentary Materials). We analyzed a pre-industrial control run,
conducted by the Irish Meteorological Service (Met �Eireann), and
previously published by Drijfhout et al. (2013). This simulation was
run for 1125 yrs and initialized using observations from the 2001
World Ocean Atlas and ERA-40 re-analysis of January 1, 1979.
Greenhouse gas and aerosol concentrations were kept at pre-
industrial (PI; 1850 CE) levels. Our analysis focuses on a cold
event that emerges 390 years into the run and culminates between
450 and 550 years. We compare Surface Air Temperature (SAT) and
Sea Ice Concentration (SIC) change to the 200e390 years reference
PI climate state defined by Drijfhout et al. (2013).

3. Results and discussion

As seen in Fig. 2, the period around 750 CE is characterized by
widespread expansion of glaciers and small ice caps on Greenland.
Additional grain size analyses allow us to refine the timing of Ymer
glacier reformation to ~810 CE (Fig. 2g), when sample grain size
distribution shifts an order of magnitude towards a mode in the silt
fraction that dominates glacigenic input (Leemann and Niessen,
1994). The probability density function of 14C ages from plants
killed by overriding ice suggests that the adjacent Mittivakkat
glacier advanced after ~650 CE (Figs.1 and 2i; Hasholt, 2000). Based
on the same approach, summed probability distributions of dated
entombed mosses indicate that small ice caps on W (WGM) and E
Greenland (Istorvet; IST) started expanding by 650 CE and 950 CE,
respectively (Figs. 1 and 2i; Miller et al., 2013; Schweinsberg et al.,
2017). A prompt increase in the terrigenous mineral content of E
Greenland shelf sediments furthermore suggests that outlet gla-
ciers had extended into coastal fjords by ~750 CE (Fig. 2c; Andrews
et al., 2016). Evidence from 10Be-dated moraines (Ugordleq; ULV;
Fig. 2i) and glacial lake sediments (Kulusuk; Kul-10; Fig. 2h) sug-
gests that other small glaciers rapidly advanced on S Greenland
~650e850 CE (Balascio et al., 2015; Young et al., 2015).

Previous studies have tentatively linked glacier variability in the
Arctic Atlantic to regional changes in surface ocean (sea-ice) con-
ditions (Cabedo-Sanz et al., 2016; Larsen et al., 2013). We corrob-
orate this by calculating significant correlations (9� 0.5, p< 0.001,
n¼ 74) between selected historical glacier reconstructions from
climatically-sensitive Ammassalik Island and observations of
regional summer temperature and sea-ice extent since 1875 CE
(Suppl. Fig. 1; Balascio et al., 2015; Divine and Dick, 2006; Morice
et al., 2012; van der Bilt et al., 2018). To assess whether this
coupling operated around the time of glacier reformation ~810 CE,
we compare our reconstruction to well-constrained records of sea-
ice and surface ocean change E of Greenland. Fig. 2def shows that
glacier growth is coincident with rapid ocean surface cooling and
the establishment of more severe seasonal sea ice conditions on the
E Greenland shelf (Kolling et al., 2017; Miettinen et al., 2015; Perner
et al., 2016). The magnitude of all these changes is unprecedented
during the Late Holocene (past 4.2 ka) period (see stippled mean
and 95% limits in Fig. 2). In keeping with the Ymer and Kulusuk
glacier reconstructions, these records suggest that climate condi-
tions tipped towards a colder mean state following rapid change
(Fig. 2). By insulating the atmosphere from the exchange of Atlantic
Ocean heat (Screen and Simmonds, 2010), sea ice expansion greatly
amplifies surface cooling in the Arctic. We thus argue that sea-ice
feedbacks best explain the magnitude and duration of Greenland
climate deterioration between ~650 and 850 CE.

To assess whether the inferred coupled ocean-atmosphere-sea
ice response exhibits a broader spatio-temporal pattern, we
compare our findings to strategically located records of Late Ho-
locene surface change in the Svalbard-Barents region; an area also
located at the dynamic interface of Atlantic and Arctic waters near
the seasonal sea-ice edge (Fig. 1). Long-term observations highlight
the large amplitude of Barents sea ice variability and its substantial
impact on the Arctic's surface energy budget by inhibiting heat
transfer from warm Atlantic water (Smedsrud et al., 2013). More-
over, model sensitivity experiments indicate that the main conduit
of Atlantic heat, the Barents Sea Inflow (BSI; Fig. 1), can shut down
under CE boundary conditions in case of sea ice expansion (Lehner
et al., 2013). To investigate these climate responses, we examine the
only IP25-based seasonal sea-ice reconstruction from theW Barents
Sea that covers the entire CE (Berben et al., 2014), taken from an
area near the BSI (Fig. 1). The data presented in Fig. 2b indicate that
seasonal sea-ice conditions were established around 1050 CE. As on
Greenland, this shift occurred in tandem with abrupt glacier
growth; the XRF Ti-based reconstruction of Annabreen indicates
near-synchronous reformation of the small (0.87 km2) thus
responsive Annabreen glacier on NW Spitsbergen (Fig. 2a; De Wet
et al., 2017). The past years have seen many new lacustrine glacier
reconstructions from Svalbard that show glacier (re)-growth ~950
CE (Bakke et al., 2018). This evidence is supported by a sharp con-
current increase in angular (glacially-derived) Ice Rafted Debris
(IRD) on the western Svalbard margin (Werner et al., 2015). We
specifically include the Gjøavatnet record in our compilation as the
onset of glacier regrowth is constrained by a terrestrial plant-
derived 14C age, and decadal sampling resolution (Fig. 2a). Sup-
porting lake-based evidence, vegetation kill dates from C Spits-
bergen indicate glaciers advances after 850 CE (Humlum et al.,
2005), and snowlines lowered by 60me1100 CE (Fig. 2i - top;
Miller et al., 2017).

Combined, the collated evidence reveals a pattern of dia-
chronous surface cooling and glacier growth ~650e950 CE from
Greenland to Svalbard, which exceeded themagnitude of other Late
Holocene cold events (Fig. 3). The expression and timing of this
threshold response raises questions about its cause(s). We favor an
atmospheric origin for the discussed shift as stable deep water flow
(Thornalley et al., 2013), strengthening Sub Polar Gyre (SPG; Fig. 1)
circulation (Moffa-S�anchez and Hall, 2017), and above-average
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regional Sea Surface Temperatures (SSTs; Sicre et al., 2011;
Spielhagen et al., 2011) indicate strong contemporaneous Atlantic
Meridional Overturning Circulation (AMOC). Moreover, despite
dating uncertainties and local disparities, the presented proxy
compilation shows that regional climate deterioration preceded the
clustered volcanic eruptions and solar minima associated with the
Little Ice Age (LIA; 1250e1850 CE; Miller et al., 2012), in line with
the recent composite temperature reconstruction of Werner et al.
(2018). Indeed, most assessed records suggest that (maximum)
change occurred during the Medieval Quiet Period (MQP;
725e1025 CE) (Fig. 2), a phase of stable radiative (volcanic, solar)
forcing (Bradley et al., 2016).

The spatio-temporal signature of reconstructed change also
discounts radiative forcing as the most plausible explanation. Ob-
servations and simulations both indicate that the impact of volcanic
eruptions and solar minima affects surface conditions synchro-
nously across the North Atlantic Arctic (Moffa-S�anchez et al., 2014;
Slawinska and Robock, 2017). In contrast, the presented proxy ev-
idence reveals a diachronous pattern. For example, based on the
computed timing of maximum change (methods), cooling on
Svalbard lags by at least ~20 yrs, but most likely ~230 yrs (Fig. 2).
Following from the above, we argue that the timing and pattern of
reconstructed change preclude two often invoked external forcings
of CE cooling - volcanic eruptions and solar minima.

Recent climate model experiments indicate that abrupt coupled
Arctic Atlantic surface temperature and sea ice shifts may arise
without forcing under CE (pre-industrial) conditions (Drijfhout
et al., 2013; Kleppin et al., 2015). Could the investigated threshold
response have emerged spontaneously (unforced)? To examine this
hypothesis, we analyze a pre-industrial control run from the
coupled EC-Earth 2.2 climate model (Methods; Hazeleger et al.,
2012). This simulation replicates key features of our proxy syn-
thesis by revealing a rapid surface cooling pattern that emerges
over SE Greenland between 390 and 410 years into the run (Fig. 3a),
before extending towards Svalbard.

It also provides a mechanism of abrupt change by showing that
the onset of surface cooling over Greenland is coincident with the
establishment of a positive Sea Level Pressure (SLP) anomaly over
the eastern Subpolar Gyre (SPG) (Fig. 3a). This anti-cyclonic circu-
lation pattern is not persistent, but the integrated result of an
increased number of blocking highs as outlined by Drijfhout et al.
(2013). Such events enhance surface heat loss by suppressing
cloud formation and weakening westerly winds over Greenland,
Fig. 2. Collated proxy evidence for CE Arctic Atlantic glacier-climate change (locations
in Fig. 1 with matching colors). A: The Ti-based Annabreen glacier reconstruction from
Gjøavatnet on NW Spitsbergen (De Wet et al., 2017), showing raw values (light) and
30-year averages (dark). B: IP25-derived seasonal sea ice conditions on the W Barents
Sea (Berben et al., 2014). C: Glacier-derived mineral fraction in E Greenland fjords
(Andrews et al., 2016). D: IP25-derived seasonal sea ice conditions on the E Greenland
shelf (Kolling et al., 2017). E: Cold foraminifera abundances on the E Greenland shelf
(Perner et al., 2016). F: Raw (grey) and 5-point averages (red) of Fragilariopsis diatom-
derived sea ice severity (melt rates) on the SE Greenland shelf (Miettinen et al., 2015).
G: Non-glacial (yellow) and glacigenic (blue) grain size signatures in E Greenland Ymer
Lake sediments (van der Bilt et al., 2018). H: Raw (grey) and 30-year averages (black) of
the XRF PC1-based reconstruction from Kulusuk glacier (Balascio et al., 2015). I: Cu-
mulative (n samples) vegetation kill (green) and moraine (red) ages that date glacier
advances in S Greenland. Sources: W Greenland (WGM; Schweinsberg et al., 2017),
Mittivakkat (MT; Hasholt, 2000), Istorvet (IST; Lowell et al., 2013; Miller et al., 2013),
Uigordleq Lake Valley (ULV; Young et al., 2015), and Jotunfonna (JOF; Miller et al.,
2017). For all sediment records, we show mean values (black stippled) and standard
deviations (red stippled) of data from the foregoing Late Holocene period (4.2e1.5 ka
BP). We highlight the calibrated distribution of dates closest to periods of maximum
change (methods). These intervals are marked by vertical bars, as well as dashed (95%)
and solid (means) lines. Mild (MQP; Medieval Quiet Period, MWP; Medieval Warm
Period, 825e1025 CE) and cold (LIA; Little Ice Age, 1250e1850 CE) events are accen-
tuated with red and blue bars. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)



Fig. 3. Modeled unforced PI change. Anomalies in Surface Air Temperature (SAT; �C), Sea Level Pressure (SLP; Pa isobars), and Sea Ice Concentrations (SIC), between the onset
(390e410 years) (A, B), and culmination (450e550 years) of the analyzed cold event (C, D). We express anomalies against a reference climate state (200e390 years) after Drijfhout
et al. (2013). For context, we highlight discussed proxy records with colors matching Figs. 1e2. The sea-ice margin (min. 50% annual coverage) is delineated in grey (reference
climate) and black (cold event). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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while drawing in Arctic air. Surface Air Temperatures (SAT) there-
upon decline as Sea Ice Concentrations (SIC) increase (Fig. 3b). As
the prime control on regional ocean to atmosphere heat exchange
(Screen and Simmonds, 2010), sea ice expansion enables positive
SAT and SLP anomalies to expand by cooling and compressing
overlying air, respectively. Within 40 run years, this feedback
mechanism allowed coupled SAT-SIC-SLP anomalies to strengthen
and expand across the Arctic Atlantic towards Svalbard, culmi-
nating between 450 and 550 years into the run (Fig. 3c and d). The
findings of Kleppin et al. (2015) bolster the robustness of the out-
lined mechanism by detecting the same atmospheric trigger in a
pre-industrial control run of another recent coupled climate model
(CCSM 4). In conclusion, we contend that stochastic atmospheric
change, excited by sea-ice feedbacks, tipped Arctic Atlantic climate
towards a colder mean state around 650e950 CE.
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