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Paradoxical cold conditions during
the medieval climate anomaly in
the Western Arctic
Vincent Jomelli1, Timothy Lane1,2, Vincent Favier3,4, Valerie Masson-Delmotte5,
Didier Swingedouw6, Vincent Rinterknecht1, Irene Schimmelpfennig7, Daniel Brunstein1,
Deborah Verfaillie4, Kathryn Adamson8, Laëtitia Leanni7, Fatima Mokadem1 & ASTER Team*
In the Northern Hemisphere, most mountain glaciers experienced their largest extent in the last
millennium during the Little Ice Age (1450 to 1850 CE, LIA), a period marked by colder hemispheric
temperatures than the Medieval Climate Anomaly (950 to 1250 CE, MCA), a period which coincided
with glacier retreat. Here, we present a new moraine chronology based on 36Cl surface exposure dating
from Lyngmarksbræen glacier, West Greenland. Consistent with other glaciers in the western Arctic,
Lyngmarksbræen glacier experienced several advances during the last millennium, the first one at
the end of the MCA, in ~1200 CE, was of similar amplitude to two other advances during the LIA. In
the absence of any significant changes in accumulation records from South Greenland ice cores, we
attribute this expansion to multi-decadal summer cooling likely driven by volcanic and/or solar forcing,
and associated regional sea-ice feedbacks. Such regional multi-decadal cold conditions at the end of the
MCA are neither resolved in temperature reconstructions from other parts of the Northern Hemisphere,
nor captured in last millennium climate simulations.
During the last millennium, the Northern Hemisphere experienced mild temperatures during the Medieval
Climate Anomaly (MCA, ~950 to 1250 CE) and about 0.5 °C cooler temperatures during the Little Ice Age (LIA,
~1450 to 1850 CE)1. Due to their sensitivity to summer temperature, mid-latitude mountain glaciers such as in
the Alps retreated during the MCA and experienced major advances during the LIA, the largest advances of the
past few millennia2,3 due to a multi-millennial cooling trend1,4,5.
In Greenland however, the fluctuations of the ice sheet and its peripheral glaciers remain poorly constrained.
Recent studies of the Greenland ice sheet (GrIS), based on terrestrial cosmic-ray exposure (CRE) moraine dating
and lake sediment analyses, revealed asynchronous advances during the LIA2, that are thought to be attributable
to long ice sheet response time, regional variation in ocean and atmosphere temperature patterns6–8, and different termini types (terrestrial or marine)9,10. For instance, in West Greeland, the marine-terminating Jakobshavn
Isbræ advanced at 1800 CE, and had retreated by 1850 CE9,11. A 19th century maximum extent is also reported
from the Qajuuttap Sermia land margin of the southern GrIS12. However, land-based sectors of the GrIS north
of Jakobshavn advanced at 1400–1700 CE, and retreated after 1820 CE13. The land-terminating portion of GrIS
south of Jakobshavn reached its maximum position during the twentieth century10.
Fluctuations of Greenland mountain glaciers from the end of the 19th century have been largely documented
from drawings and expedition photographs14,15. Studies covering the whole LIA period are limited. Absolute dating records are rare, and largely derived from Scoresby Sund, East Greenland. One moraine of Gurrenholm Dal
glacier has been dated to c. 1200–1700 CE using four CRE ages16. In this part of East Greenland region, another
study focused on an unweathered and unvegetated moraine in front of the Bregne ice cap. The CRE ages of the
9 samples range from 0.74–9.60 kyr. The authors suggest that the youngest age 0.74 kyr (1250 CE) may represent
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Figure 1. The Lyngmarksbræen glacier and studied sites. (a) Location of existing 10Be moraine chronologies
in Baffin and Greenland spanning the MCA (black circles)19 and our new 36Cl moraine record (black triangle).
(b) Zoom on the location of the Lyngmarksbræen glacier valley on Disko Island (black triangle), and the
Uigordleq valley moraine in west Greenland19 (black circle). (c) Map of the Lyngmarksbræen glacier, showing
dated moraines (see Methods) and the location of 36Cl samples (white circles). The reported age uncertainties
account for standard deviation, analytical and production rate uncertainties. Satellite image by DigitalGlobe,
Inc. Copyright© 201X DigitalGlobe, Inc. www.digitalglobe.com. The figure was created and ArcGis 10.2 Arcinfo
single use. http://www.esri.com and Adobe Illustrator CS5 V.15.0.2.
the timing of moraine formation17. Close to Bregne ice cap, ref. 18 interpret the recently exposed fossil vegetation
(radiocarbon ages) record as representing warm times and suggested that the Istorvet ice cap expanded prior to
1150 CE and subsequently retreated after 1660 CE. Recently, a moraine of Uigordleq Lake valley, West Greenland
was dated based on four 10Be ages to 1130 ±  40 CE19.
Collectively, these studies show contrasted glacier advances. Unfortunately, moraine chronologies are
scarce and it is not possible to unequivocally identify the LIA signal or determine any climatic drivers of glacier
change16–19 mainly due to widespread isotopic inheritance that makes it hard to interpret those records.
Here, we present a new cosmic-ray exposure moraine chronology of an outlet glacier of the Lyngmarksbræen
ice cap (69.36°N; 53.51°W; 32 km2 in 2015), Disko Island, West Greenland (Fig. 1), which flows northeast from a
high altitude basalt plateau (up to 995 m above sea level a.s.l.). This land-terminating glacier is not influenced by
calving processes induced by oceanic feedbacks, and variations are driven by summer temperature and accumulation making it well-suited to reconstruct past climate conditions.
Combining our new chronology with other West Arctic records (90–50°W; 60–80°N), we investigate the following questions: (i) when did maximum glacial extents occur during the last millennium? (ii) which climate
factors drove these advances? Through comparison of our results with an ensemble of ocean-atmosphere general
circulation model (OAGCM) simulations from the Paleoclimate Modelling Intercomparison Project PMIP320,21,
new external forcing22 and temperature reconstructions1,4,5, we then investigate the consistency of glacier-inferred
West Arctic climatic changes with Northern Hemisphere temperature reconstructions and ensemble simulations
spanning the last millennium.
Four moraines (hereafter M1–4) were mapped in the field and deemed suitable for CRE dating. Samples were
taken from the upper surfaces of boulders (n = 14) on the crests of each moraine (Method and extended data
Table S1). Whole rock samples were prepared for in situ 36Cl dating at CEREGE, France (Methods). Moraine ages
were calculated following ref. 23, using the 36Cl production parameters outlined below (Methods and extended
data Tables S1–S4) and the time-invariant scaling method by ref. 24. Applying other scaling models yields insignificant age differences due to the high latitude of the study site (<5%). Individual ages refer to the sampling
year 2013. Uncertainties are reported at 1σlevel and were calculated through full propagation of analytical and
production rate errors. The moraine ages are reported as arithmetic means of the respective population of boulder ages and their uncertainties include the standard deviation and the mean of the individual age uncertainties
(including analytical and production rate errors), added by propagation in quadrature. All but the oldest ages are
reported in years CE. Ages from M1, M2, and M3 are all internally consistent based on Chauvenet’s criterion test.

Results

The maximum extent of Lyngmarksbræen glacier is indicated by a 30 m long, 5 m high moraine remnant (M1)
located 1.7 km from the present ice margin at 416 m a.s.l. (Fig. 1). Ages from M1 (n = 3) range from 10.5 ± 1.3 kyr
to 13.4 ± 1.6 kyr, and yield a mean 36Cl age of 11.9 ± 1.7 kyr. Moraines M2, M3 and M4 are distinct moraine
ridges, found ~50 m upslope of M1 (Fig. 1; Extended data Fig. S1; Tables S1–4). M2 forms a distinct lateral arcuate ridge of about 20 m high and about 60 m long. M3 and M4 form longer nested ridges. The frontal vallum is
formed by the nesting of M2 and M3 and possibly on the right side of the valley by the nesting of M2 and M4.
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Two other small (<2 m high) discontinuous ridges were identified between M2 and M4 and upslope from M4
but were judged to be too small and fragmentary to be robustly dated. Four samples collected on the lateral part
on M2 yield 36Cl ages between 660 ± 80 yr and 960 ± 170 yr with a mean age of 1200 ± 130 CE. Two samples
collected on the left lateral part of moraine M3 result in 36Cl ages of 540 ± 90 yr and 580 ± 80 yr with a mean of
1450 ± 90 CE. The 36Cl ages of four samples collected from M4 range from 280 ± 50 yr to 340 ± 60 yr with a mean
age of 1720 ± 60 CE. One age was rejected from the M4 dataset as an outlier based on the Chauvenet’s criterion
test: DIS-M4-01: 4.67 ± 0.54 kyr. This moraine boulder likely has been pre-exposed to cosmic radiation and was
reworked during the last glacier advance. Excluding this one outlier, each boulder age population is internally
consistent, and all mean moraine ages agree with the stratigraphic order of moraine depositions, i.e. the oldest
moraines are located furthest from the present day ice margin (Fig. 1; extended Fig. S1). This substantially supports the precision of our moraine chronology, which represents one of the first datasets to produce such young
ages from 36Cl surface exposure dating.
Our moraine chronology indicates that following the deposition of M1 during the Late Glacial/Holocene transition around 11.9 kyr, Lyngmarksbræen glacier reached similar extents during the last millennium. The advance
recorded by M2 occurred at the end of the MCA, prior to ~1200 CE (M2). Moraines that might have been deposited after ~1200 CE were wiped out by LIA glacier advances, and only the M2 MCA moraine segment survived.
During the LIA, the glacier margin experienced extensive re-advances or re-stabilizations similar to the ~1200
CE extent at ~1450 CE (M3) and ~1720 CE (M4), before beginning the 1 km retreat toward its present margin.
A major glacier advance during the warm MCA appears paradoxical. We therefore review the published 10Be
moraine chronologies in West Arctic regions above 60°N. In Baffin Bay19, at least three moraine remnants were
recently dated to the MCA (Figs 1 and 2). The 36Cl age of the Lyngmarksbræen M2 moraine (1200 ±  130 CE)
overlaps with the 10Be ages of these three Baffin Bay moraines (1040 ± 60 yr CE, 1130 ± 30 yr CE, 1220 ±  30 yr
CE). Another moraine in Uigordleq valley in West Greenland (Fig. 1) was also dated to 1130 ± 40 yr CE19. In the
same study, 10Be ages of two LIA moraines (1570 ± 20 CE, 1740 ± 40 CE) are very similar to our two 36Cl moraine
ages coinciding with the LIA (1450 ± 90 CE and 1720 ± 60 CE). We conclude that West Arctic glaciers experienced substantial glacier advances during the MCA to LIA period with MCA glacier extents similar to that of the
ensuing LIA. This contrasts with patterns of glacier behaviour observed in mid-latitude mountains e.g. the Alps
and Scandinavia2,3.

Discussion

The results from the recent study in Baffin Bay and ours are in remarkable agreement, implying that in total four
mountain glaciers in the Baffin Bay region experienced near-synchronous large glacier advance during the Late
Holocene. This suggests that these four glaciers responded to a common regional climate forcing rather than to
local climatic or non-climatic drivers.
Mountain glaciers are sensitive to both summer temperature and precipitation changes. Even if they may
not be representative of variations in coastal north-western Greenland25, snow accumulation records from
Greenlandic ice cores26 show multi-decadal variations during the last millennium (Fig. 2). However, given the
small magnitude (<10%) and the asynchrony of these accumulation changes between ice core records, we attribute variations in glacier extent to summer temperature variations. This is in agreement with the physical processes
driving glacier ablation in West Greenland today27.
The moraine records in Disko and Baffin Bay are therefore interpreted to indicate several cool multi-decadal
summer episodes during the MCA that were possibly as cold as the cold peaks of the LIA, leading to MCA glacier
advances close to those of the LIA. This pattern is consistent with evidence of a cold interval from 1150 to 1220
CE identified in reconstruction of lake water summer temperatures south of the Disko region28; sea surface temperatures from Disko Bugt29 (Fig. 2) and regional sea ice concentration30. At a larger scale, temperature-sensitive
Greenland ice core records show coherently milder episodes during the MCA (from the 9th to the 12th centuries)
than during the LIA, with nonetheless contradictory results for the timing of the warmest and coldest phases,
and contrasting patterns for summer versus winter signals31,32. Cold conditions during the MCA contrast with
evidence for mild conditions in the late 13th century both at lower latitudes and to the east of Greenland2,33 and
highlights the complex spatio-temporal structure of the late MCA, which so far has not been documented in the
circum-Arctic nor the Northern Hemisphere reconstructions1,4,5.
Multi-decadal climatic variations during the last millennium may arise either from internal climate variability, linked to ocean-atmosphere-sea ice interactions, or from climatic response to volcanic and/or solar forcing.
Because MCA temperature variations at the hemispheric scale do not coincide with regional climate variations
(Fig. 2), these regional changes may be due to internal variability34. A long-lasting, indirect impact of volcanic
eruptions on regional climate variability has been suggested through increased bidecadal variations in the North
Atlantic gyre, with Labrador/Baffin Bay sea ice feedbacks35. Such oceanic circulation variations can drive reverse
sea ice patterns in the Disko region compared to south-eastern Greenland/Iceland. In Disko30, a gradual decline
in sea ice concentration is documented during the last millennium, acting as a positive feedback on atmospheric
temperature. Conversely, in south-eastern Greenland and Iceland a maximum sea ice concentration is recorded
during the LIA30,33,36. Several recent studies have identified solar and volcanic forcing as important triggers for
sea-ice variability over the last millennium36,37.
However, exploring the synchronicity of external forcings and the Disko moraine record, we show a good
correspondence between both records, suggesting that internal variability is combined with other factors. Indeed,
we show that M2 (~1200 CE) is contemporaneous with a 50-year period of high volcanic activity with repeated
large eruptions, including the 1257 Samalas event (Fig. 2). M3 (~1450 CE) is concomitant with both a major
nameless volcanic eruption (1458 CE) and the Spörer Minimum. By contrast, M4 formed towards the end of the
LIA (~1720 CE), is associated with low volcanic activity (Fig. 2), but may correspond to the Maunder Minimum
(1645–1715 CE). MCA moraines from Baffin Bay19 are also associated with the Oort Minimum and with a
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Figure 2. Changes in the Lyngmarksbræen glacier compared with information on past climate variability
from proxy records. (a) Volcanic forcing (W/m2) estimated from polar ice core sulfate aerosol deposition
records used in PMIP21 (extended Table S5) updated with data from ref. 22. (b) Total solar irradiance21.
(c) 10Be moraine ages (circles) from Baffin Island and West Greenland19 and 36Cl moraine ages (density
functions) from this study. The density functions are generated from the individual boulder ages with their
analytical errors. Vertical lines represent arithmetic means, and colored bands are the age uncertainty
accounting for standard deviation, analytical and production rate uncertainties. (d) Alkenone-based lake water
temperature reconstruction from near Kangerlussuaq, West Greenland28. (e) Arctic reconstructed summer
temperatures4. (f) Summer d18O from Greenland ice cores31. (g) Mean northern Hemisphere reconstructed
temperature1. (h) Mean snow accumulation stack from DYE-3, Crete, GRIP, and NGRIP25. The periods of the
Medieval Climate Anomaly (MCA: 950–1250 CE) and the Little Ice Age (LIA: 1300–1850 CE) are shown with
grey bands and limited with the red and blue vertical lines, respectively. The figure was generated with Adobe
Illustrator CS5 V.15.0.2.

cluster of several successive volcanic eruptions in the first two centuries of the last millennium (Figs 2 and 3).
LIA moraines also coincide with volcanic eruptions or solar minima, except for a moraine deposited in 1570 ±  20
yr CE.
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Figure 3. Volcanic forcing, simulated Greenland annual temperature anomaly, and moraine records.
Upper panel: Northern Hemisphere volcanic sulfate fluxes 5 year running mean; red after ref. 22; black after
sup ref 51 (extended data Table S5). Middle panel: Red, PMIP-3 ensemble mean temperature over Greenland
(65–15° W, 60–83° N) (extended Table S5); CCSM4 =  blue; Fgoals =  pink; IPSL =  green; GISS =  black:
MPI =  grey BCC = orange. Anomalies are with respect to the 1000–1850 CE period. Lower panel: Red circles
are the moraine record at Disko; Black circles are the moraine record in Baffin Bay19. Error bars are moraine
age uncertainties related to standard deviation, analytical and production rate uncertainties. The figure was
generated with Grapher 11, Golden Software. www.goldensoftxware.com.

We now investigate simulated temperature changes from the PMIP-3 ensemble (Extended data Table 5). In
response to solar and volcanic forcing, the ensemble results display mild conditions in the region during the MCA
until 1250 CE and cold multi-decadal periods during the LIA (Fig. 3). The coherence between external forcing,
climate simulations and the formation of M3 and M4 moraines suggests that LIA glacier advances are likely a
response to externally-forced temperature minima at 1450 CE and 1700 CE, respectively (Fig. 3). However, the
PMIP-3 simulations are not consistent with the moraine record during the MCA, and the compelling evidence
for cool conditions during the MCA. While PMIP-3 ensemble simulations depict 0.5 °C post-Samalas regional
cooling after 1250 CE with quite large differences between models, (Fig. 3), the mechanisms of glacier advance
following a positive mass balance requires an earlier occurrence of colder conditions to explain the formation of
M2 at Disko and MCA moraines in Baffin Bay.
We finally explore the reasons for such model-data discrepancy. A recent study38 revealed that microphysical
processes are crucial for correctly simulating the relationship between volcanic aerosols and their radiative forcing, and their subsequent climate impact. PMIP-3 models likely overestimate the radiative forcing and climatic
responses of large eruptions, due to simplistic parameterization of aerosol optical depth. As a result, several successive mid-intensity volcanic eruptions may have stronger climatic impacts than a single very large eruption.
New ice core data show more occurrences of volcanic eruptions between 1000 and 1200 CE24 than previously
considered in PMIP-3 simulations21 (Fig. 3). The model-data mismatch may therefore result from inadequate
representation of volcanic forcing, or inadequate excitation of regional climate responses affecting specifically
the west Arctic in coupled climate models (including ocean and sea ice processes), or from a dominant role of
(unpredictable) internal variability. Assimilating information from Western Arctic glacier fluctuation in climate
simulations with more realistic volcanic forcing would help to understand the moraine record. Altogether, our
moraine data suggests that West “Green land” evolved towards an “ice land” at the end of the MCA, with similar
extents to that of the ensuing LIA.

Methods

The chronology of Lyngmarksbræen glacier fluctuations. The moraines from a small (1.75 km2) out-

let of Lyngmarksbræen ice cap, Disko Island, West Greenland were used to estimate past glacial extents. Preserved
moraines represent the minimum number of fluctuations of the glacier in the past. The behaviour of the glacier

Scientific Reports | 6:32984 | DOI: 10.1038/srep32984

5

www.nature.com/scientificreports/
between two successive moraine ridges is unknown. The glacier may have strongly retreated between two successive moraines. We assume that moraine ridges were formed at the time when the glacier is in, or close to, equilibrium with the prevailing climate. The response time of the glacier is assumed to be less than the uncertainty of
the dates provided in this paper due to the small size and the steep slope. The ages provided by 36Cl of boulders on
moraine ridges represent the onset of the retreat.
Samples (n = 14) were taken from boulders on the top of moraine and moraine remnants. All samples were
collected with a manual jackhammer from broadly horizontal or sub-horizontal surfaces. Sample locations and
elevations were recorded using a handheld GPS, sample thickness and topographic shielding (horizon line) were
measured using a clinometer (Table S1).
The physical and chemical sample preparation for 36 Cl extraction was performed at CEREGE
(Aix-en-Provence, France). Whole rock samples were crushed and sieved. A split of bulk rock was kept aside
for major and trace element analysis performed at the Service d’Analyse des Roches et des Minéraux (SARM,
Nancy, France) (Table S2). The 0.25–0.50 mm grain size fraction was leached in a dilute HF/HNO3 acid mixture
to remove about 20% of the initial sample mass in order to decontaminate from atmospheric 36Cl and from
potentially Cl-rich groundmass23. After this pretreatment, 2 g aliquots of the remaining solid sample grains were
taken to quantify the concentrations of the target elements for spallogenic/muogenic production of 36Cl (Ca, K,
Ti, Fe) by ICP-OES at SARM (Table S3). The 36Cl extraction then follows the protocol outlined in ref. 39. Before
total dissolution, a 35Cl-enriched spike (~99%) was added to each sample for isotope dilution39. Two procedural
blanks were performed. Concentrations of 36Cl and Cl were determined by isotope dilution AMS measurements
at ASTER-CEREGE (Table S4). 36Cl/35Cl ratios were determined by normalizing to a 36Cl standard prepared by
K. Nishiizumi41. The stable ratio 35Cl/37Cl was also normalized to this standard, assuming a natural ratio of 3.127.
Final exposure ages were calculated using the Excel 36Cl age calculation spreadsheet by ref. 23 based on
sample compositions, corrections for sample thickness, and topographic shielding. Calculations were done
with the time-invariant “St” scaling24 and two alternative production rate sets from refs 40 and 42 (hereafter
“Schimmelpfennig” production rate set) and from ref. 43 (“Marrero” production rate set), respectively, with the
results from both being presented in the Extended data Table S4.
In case of the “Schimmelpfennig” production rate set, the parameters, referenced to sea level and high latitude
(SLHL), are: 42.2 ±  4.8 atoms 36Cl (g Ca)−1 yr−1 for spallation of Ca40, 148.1 ±  7.8 atoms 36Cl (g K)−1 yr−1 for spallation of K42, 13 ±  3 atoms 36Cl (g Ti)−1 yr−1 for spallation of Ti44, 1.9 ±  0.2 atoms 36Cl (g Fe)−1 yr−1 for spallation
of Fe45, and 626 neutrons (g air)−1 yr−1 for the production rate of epithermal neutrons from fast neutrons in the
atmosphere at the land/atmosphere interface46.
In case of the “Marrero” production rate set, the SLHL parameters are 52.2 ±  5.2 atoms 36Cl (g Ca)−1 yr−1 for
spallation of Ca43, 150 ±  15 atoms 36Cl (g K)−1 yr−1 for spallation of K43, 3.8 atoms 36Cl (g Ti)−1 yr−1 for spallation
of Ti43,47 1.9 ±  0.2 atoms 36Cl (g Fe)−1 yr−1 for spallation of Fe45, and 696 ± 185 neutrons (g air)−1 yr−1 for the
production rate of epithermal neutrons from fast neutrons in the atmosphere at the land/atmosphere interface43.
In both cases, the high-energy neutron attenuation length 160 g cm−2 was applied. Parameters for 36Cl production from slow muon capture by Ca and K were not changed in the originally published Excel spreadsheet23.
The ages presented in the main text are based on the “Schimmelpfennig” production rate set. Our conclusions
are robust with respect to discrepancies in production rates causing ages younger by ~12% or less, when using
the “Marrero” production rate set. These differences are within the global errors of the moraine ages. Using the
recently published CRONUScalc program48 for the 36Cl age calculations, yields results that are insignificantly
different from the ages presented here (~2%).
No corrections for erosion were applied to the ages, because little field evidence was found for weathering of
the sampled boulder surfaces. In addition, due to the short exposure duration of the boulders that were deposited
during the last millennium, the correction for a hypothetical erosion rate of 1 mm yr−1 would have an insignificant impact on those moraine ages (ages would be older by <1%). A potential effect from snow cover on the
presented ages was not accounted for in concert with the 10Be ages from Baffin Bay19, which we compare our 36Cl
ages to.

References

1. PAGES 2K Consortium. Continental-scale temperature variability during the past two millennia. Nature Geoscience 6, 339–346, doi:
10.1038/NGEO1797 (2013).
2. Solomina, O. et al. Holocene glacier fluctuations. Quaternary Science Reviews 111, 9–34 (2015).
3. Solomina, O. et al. Glacier fluctuations in the last 2000 years. QSR, accepted.
4. Kaufman, D. S. et al. Recent warming reverses long-term Arctic cooling. Science, 325, 1236–1239 (2009).
5. Wilson, R. et al. Last millennium northern hemisphere summer temperatures from tree rings: Part I: The long term context.
Quaternary Science Reviews 134, 1–18 (2016).
6. Masson‐Delmotte, V. et al. Greenland climate change from the past to the future. Advanced review. WIREs Clim Change, doi:
10.1002/wcc.186 (2012).
7. Andresen, C. S. et al. Rapid response of Helheim Glacier in Greenland to climate variability over the past century. Nature Geoscience
5, 37–41 (2012).
8. Lea, J. et al. Fluctuations of a Greenlandic tidewater glacier driven by changes in atmospheric forcing: observations and modelling
of Kangiata Nunaata Sermia, 1859–present. The Cryosphere 8, 2031–2045 (2014).
9. Briner, J. P. et al. Using proglacial-threshold lakes to constrain fluctuations of the Jakobshavn Isbræ ice margin, western Greenland,
during the Holocene. Quaternary Science Reviews 29, 3861–3874 (2010).
10. Kelley, S. E. et al. Maximum late Holocene extent of the western Greenland Ice Sheet during the late 20th century. Quaternary Science
Reviews 56, 89–98 (2012).
11. Briner, J. P. et al. Varve and radiocarbon dating support the rapid advance of Jakobshavn Isbrae during the Little Ice Age. Quaternary
Science Reviews 30, 2476–2486 (2011).
12. Weidick, A., Kelly, M. & Bennike, O. Late Quaternary development of the southern sector of the Greenland Ice Sheet, with particular
reference to the Qassimiut lobe. Boreas 33, 284–299 (2004).

Scientific Reports | 6:32984 | DOI: 10.1038/srep32984

6

www.nature.com/scientificreports/
13. Håkansson, L. et al. Slow retreat of a land based sector of the West Greenland Ice Sheet during the Holocene Thermal Maximum:
evidence from threshold lakes at Paakitsoq. Quaternary Science Reviews 98, 74–83 (2014).
14. Weidick, A. Observations on some Holocene glacier fluctuations in west Greenland. Meddelelser om Grønland 165, 1–202 (1968).
15. Bjørk, A. et al. An aerial view of 80 years of climate-related glacier fluctuations in southeast Greenland. Nature Geoscience 5, 427–432 (2012).
16. Kelly, M. A. et al. A Be-10 chronology of lateglacial and Holocene mountain glaciation in the Scoresby Sund region, east Greenland:
implications for seasonality during lateglacial time. Quaternary Science Reviews, 27, 2273–2282 (2008).
17. Levy, L. B. et al. Holocene fluctuations of Bregne ice cap, Scoresby Sund, east Greenland: a proxy for climate along the Greenland Ice
Sheet margin. Quaternary Science Reviews 92, 357–368 (2014).
18. Lowell, T. V. et al. Late Holocene expansion of Istorvet ice cap, Liverpool Land, east Greenland. Quaternary Science Reviews 63,
128–140 (2013).
19. Young, N. E., Schweinsberg, A. D., Briner, J. P. & Schaefer, J. M. Glacier maxima in Baffin Bay during the Medieval Warm Period
coeval with Norse settlement. Science Advances, 10.1126/sciadv.1500806 (2015).
20. Braconnot, P. et al. Evaluation of climate models using palaeoclimatic data. Nature Climate Change 6, 417–424 (2012).
21. Schmidt, G. A. et al. Climate forcing reconstructions for use in PMIP simulations of the last millennium (v1.0). Geosci. Model Dev.
4, 33–45, doi: 10.5194/gmd-4-33-2011 (2011).
22. Sigl, M. et al. Timing and climate forcing of volcanic eruptions for the past 2,500 years. Nature 523, 543–549 (2015).
23. Schimmelpfennig, I. et al. Sources of in-situ 36Cl in basaltic rocks. Implications for calibration of production rates. Quaternary
Geochronology 4, 441–461 (2009).
24. Stone, J. O. Air pressure and cosmogenic isotope production. Journal of Geophysical Research 105 (B10), 23753–23759 (2000).
25. Andersen, K. K., Ditlevsen, P. D., Rasmussen, S. O., Clausen, H. B. & Vinther, B. M. Retrieving a common accumulation record from
greenland ice cores for the past 1800 years. J Geophys. Res 111, D15106, doi:10.1029/2005JD006765. (2006).
26. Masson-Delmotte, V. et al. Recent changes in north-west Greenland climate documented by NEEM shallow ice core data and
simulations, and implications for past-temperature reconstructions. The Cryosphere 9, 1481–1504, doi: 10.5194/tc-9-1481-2015 (2015).
27. Braithwaite, R. J. Positive degree-day factors for ablation on the Greenland ice sheet studied by energy-balance modelling. Journal
of Glaciology 41, 153–160 (1995).
28. D’Andrea, W. J., Huang, Y., Fritz, S. C. & Anderson N. J. Abrupt Holocene climate change as an important factor for human
migration in West Greenland. Proc. Natl. Acad. Sci. USA 108, 9765–9769, doi: 10.1073/pnas.1101708108 (2011).
29. Moros, M. et al. Surface and sub-surface multi-proxy reconstruction of middle to late Holocene palaeoceanographic changes in
Disko Bugt, West Greenland. Quaternary Science Reviews 132, 146–160 (2016).
30. Gibb, O. T., Steinhauer, S., Fréchette, B., de Vernal, A. & Hillaire-Marcel, C. Diachronous evolution of sea surface conditions in the
Labrador Sea and Baffin Bay since the last deglaciation. The Holocene 1–16, doi: 10.1177/0959683615591352 (2015).
31. Vinther, B. M. et al. Climatic signals in multiple highly resolved stable isotope records from Greenland. Quat Sci Rev 29, 522–538 (2009).
32. Kobashi, T. et al. High variability of Greenland surface temperature over the past 4000 years estimated from trapped air in an ice
core. Geophys, Res., Lett. 38, L21501, doi: 10.1029/2011GL049444 (2011).
33. Moffa-Sánchez, P., Hall, I. R., Barker, S., Thornalley, D. J. & Yashayaev, I. Surface changes in the eastern Labrador Sea around the
onset of the Little Ice Age. Paleoceanography 29, 160–175, doi: 10.1002/2013PA002523 (2014).
34. Moreno-Chamarro, E., Zanchettin, D., Lohmann, K. & Jungclaus J. H. Internally generated decadal cold events in the northern
North Atlantic and their possible implications for the demise of the Norse settlements in Greenland. Geophys. Res. Lett. 42, 908–915,
doi: 10.1002/2014GL062741 (2015).
35. Swingedouw, D. et al. Bidecadal North Atlantic ocean circulation variability controlled by timing of volcanic eruptions. Nature Com,
doi: 10.1038/ncomms7545 (2015).
36. Sha, L. et al. Solar forcing as an important trigger for West Greenland sea-ice variability over the last millennium. Quaternary Science
Reviews 131, 148–156 (2016).
37. Miller, G. H. et al. Abrupt onset of the Little Ice Age triggered by volcanism and sustained by sea-ice/ocean feedbacks. Geophys. Res.
Lett. 39, L02708, doi: 10.1029/2011GL050168 (2012).
38. Stoffel, M. et al. Estimates of volcanic-induced cooling in the Northern Hemisphere over the past 1,500 years. Nature Geoscience, doi:
10.1038/NGEO2526 (2015).
39. Schimmelpfennig, I. et al. Calibration of cosmogenic 36Cl production rates from Ca and K spallation in lava flows from Mt. Etna
(38°N, Italy) and Payun Matru (36°S, Argentina). Geochimica et Cosmochimica Acta 75, 2611–2632 (2011).
40. Ivy-Ochs, S. et al. Initial results from isotope dilution for Cl and 36Cl measurements at the PSI/ETH Zurich AMS facility. Nuclear
Instruments and Methods in Physics Research Section B 223, 623–627 (2004).
41. Sharma, P. et al. Development of 36Cl standards for AMS. Nuclear Instruments and Methods in Physics Research Section B 52,
410–415 (1990).
42. Schimmelpfennig, I. et al. 36Cl production rate from K‐spallation in the European Alps (Chironico landslide, Switzerland). Journal
of Quaternary Science 29, 407–413 (2014).
43. Marrero, S. M., Phillips, F. M., Caffee, M. W. & Gosse, J. C. CRONUS-Earth cosmogenic 36Cl calibration. Quaternary Geochronology
31, 199–219 (2016).
44. Fink, D., Vogt, S. & Hotchkis, M. Cross-sections for 36Cl from Ti at Ep = 35–150 MeV: applications to in-situ exposure dating. Nucl.
Instrum. Meth. Phys. Res. Sect. B 172, 861–866 (2000).
45. Stone, J. O., Fifield, K. & Vasconcelos, P. Terrestrial chlorine-36 production from spallation of iron. Abstract of 10th International
Conference on Accelerator Mass Spectrometry. September 5–10 2005, Berkeley, USA. http://llnl.confex.com/llnl/ams10/
techprogram/P1397.HTM (2005).
46. Phillips, F. M., Stone, W. D. & Fabryka-Martin, J. T. An improved approach to calculating low-energy cosmic-ray neutron fluxes near
the land/atmosphere interface. Chem. Geol. 175, 689–701 (2001).
47. Masarik, J. Numerical simulation of in-situ produced cosmogenic nuclides. Geochimica Cosmochimica Acta 66, A491 (2002).
48. Marrero, S. M. et al. Cosmogenic nuclide systematics and the CRONUScalc program. Quaternary Geochronology 31, 160–187
(2016).

Acknowledgements

This paper was supported by the French ANR CEPS GREEN GREENLAND project (grant ANR-10-CEPL-0008),
and by funding from INTERACT (grant agreement No. 262693) under the European Community’s Seventh
Framework Programme. Measurements were performed at the ASTER AMS national facility (CEREGE, Aix
en Provence) which is supported by the INSU/CNRS, the ANR through the “Projets thématiques d’excellence”
program for the “Equipements d’excellence” ASTER-CEREGE action, IRD and CEA. We thank the staff at SARMCRPG for the compositional analysis.

Scientific Reports | 6:32984 | DOI: 10.1038/srep32984

7

www.nature.com/scientificreports/

Author Contributions

V.J., V.R. and V.F. conducted the field work on Lyngmarksbræen glacier; D.S. performed the GCM simulations;
I.S., F.M., L.L., T.L. and V.R. participated in producing the cosmogenic data, ASTER TEAM performed AMS
measurements; I.S., V.M.-D., V.R., T.L. and V.J. interpreted the cosmogenic ages; D.B., T.L. and V.J. prepared
figures and V.J., V.F., V.M.-D., D.S., V.R., D.V., I.S., T.L. and K.A. contributed to writing the paper.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jomelli, V. et al. Paradoxical cold conditions during the medieval climate anomaly in
the Western Arctic. Sci. Rep. 6, 32984; doi: 10.1038/srep32984 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:32984 | DOI: 10.1038/srep32984

8

www.nature.com/scientificreports/

Consortia

ASTER Team
Georges Aumaître7, Didier L. Bourlès7, Karim Keddadouche7.

Scientific Reports | 6:32984 | DOI: 10.1038/srep32984

9

