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Abstract Diatom inferred 2900 year long records of August sea surface temperature (aSST) and April
sea ice concentration (aSIC) are generated from a marine sediment core from the SE Greenland shelf with
a special focus on the interval ca. 870–1910 Common Era (C.E.) reconstructed in subdecadal temporal
resolution. The Medieval Climate Anomaly (MCA) between 1000 and 1200 C.E. represents the warmest ocean
surface conditions of the SE Greenland shelf over the late Holocene (880 B.C.E. (before the Common Era) to
1910 C.E.). It was characterized by abrupt, decadal to multidecadal changes, such as an abrupt warming of
~2.4°C in 55 years around 1000 C.E. Temperature changes of these magnitudes are rare on the North Atlantic
proxy data. Compared to regional air temperature reconstructions, our results indicate a lag of about 50 years
in ocean surface warming either due to increased freshwater discharge from the Greenland ice sheet or
intensified sea ice export from the Arctic as a response to atmospheric warming at the beginning of the MCA.
A cool phase, from 1200–1890 C.E., associated with the Little Ice Age, ends with the rapid warming of
aSST and diminished aSIC in the early twentieth century. The results show that the periods of warm aSST and
aSIC minima are coupled with solar minima suggesting that solar forcing possibly amplified by atmospheric
forcing have been behind the variability of surface conditions on the SE Greenland over the last millennium.
The results indicate that the SE Greenland shelf is a climatologically sensitive area where extremely rapid
changes are possible and highlights the importance of the area under the present warming conditions.

1. Introduction

Both freshwater and sea ice export from the Arctic Ocean by the cold East Greenland Current (EGC) as well as
freshwater discharge from the Greenland ice sheet (GIS) affect sea surface temperature (SST) in the North
Atlantic. This affects in turn the surface circulation in the North Atlantic subpolar gyre, and the intensity of
the North Atlantic Deep Water formation both in the Greenland and Labrador Seas with major implications
for the Atlantic Meridional Overturning Circulation (AMOC) and the North Atlantic climate [e.g., Blaschek
et al., 2015; Yu et al., 2015].

Despite the potential climatic impacts of changes in freshwater balance from the SE Greenland area, very few
geological proxy records of ocean surface conditions covering the last millennium exist from this area.
Studies at a low temporal resolution indicate that the Neoglacial interval from ca. 3.0 to 0.2 cal ka B.P. was cold
and variable with increased freshwater forcing from the Arctic Ocean [Andersen et al., 2004a, 2004b; Jennings
et al., 2011] though characterized by a slow warming trend [Jennings et al., 2011]. Andresen et al. [2012] found
from cores Fox04G/05R near Sermilik Fjord that the area was dominated by cold low-salinity water masses
from 1.5 cal ka B.P., until the subsurface conditions turned warmer at 0.7 cal ka B.P. Lithofacies and benthic
foraminiferal analyses from Nansen Fjord, eastern Greenland, suggest that the climate in the area was
warmer and more stable than today during the MCA ca. 730–1100 Common Era (C.E.), whereas variable
climatic conditions with frequent intervals of severe cold characterize a Little Ice Age (LIA)-type interval ca.
1630–1900 C.E. [Jennings and Weiner, 1996]. Only one SST study from the SE Greenland shelf has focused
on decadal- to centennial-scale variability of the last millennium. In the diatom-based study on the core
MD99-2322 for the time interval 1150–1740 Common Era (C.E.), Justwan et al. [2009] did not observe any clear
warm or cold phases associated with the known climate anomalies of the last millennium. Farther to the
southwest, in the ca. 1500 yearlong record from Igaliku Fjord, SSW Greenland [Jensen et al., 2004], a cold
climate regime changed to the warm Medieval Climate Anomaly (MCA) observed between 800 and 1250
C.E. and characterized by cooling events between 960 and 1140 C.E. The MCA was followed by a variable
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transitional period, and cold conditions during the Little Ice Age (LIA) prevailed for 1580–1850 C.E. Overall, no
clear MCA signal of warm sea surface conditions have not been reported in the SE Greenland shelf area
according to previous studies.

The climate of the last millennium featured distinct centennial- to decadal-scale variability with well-
documented societal impacts. As future climate changes will be a result of an interaction between the natural
and anthropogenic forcing, better understanding of the mechanisms behind recent natural climate anomalies
will improve predictions of future variability. TheMCA and the LIA are commonly considered to occupy the time
periods of ca. 950–1250 C.E. and 1400–1900 C.E. in the North Atlantic region [e.g., Lamb, 1965; Grove, 1988;
Mann et al., 2009; Berner et al., 2011; Graham et al., 2011; Goosse et al., 2012]. Many regional aspects of these
anomalies require further investigations, such as the timing of the anomalies in the Holocene climatic context,
the spatial extent and local expression, associated forcing factors, and their relative magnitudes compared with
the modern instrumental temperature records and the twentieth century warming [e.g., Xoplaki et al., 2011].

Although several marine high-resolution SST proxy records have been published from the northern North
Atlantic during the last few years [e.g., Berner et al., 2008, 2011; Miettinen et al., 2011, 2012; Ran et al., 2011;
Sicre et al., 2011, 2014; Jiang et al., 2015], these records are still too sparse for inferring the decadal- to
multidecadal-scale spatial manifestation of the MCA and LIA in the northern North Atlantic realm. The situa-
tion is even worse with sea ice proxy data as few quantitative high-resolution records exist [e.g., Justwan and
Koç, 2008; Masse et al., 2008; Sha et al., 2014]. Therefore, we have reconstructed August sea surface tempera-
ture (aSST) and April sea ice concentration (aSIC) at subdecadal temporal resolution based on diatom
assemblages from sediment core MD99-2322 from the Kangerlussuaq Trough, SE Greenland shelf in order
to investigate the variability of summer sea surface conditions along with possible forcing factors on the
climatologically sensitive SE Greenland shelf during the last 1130 years (Figure 1). While several climate
proxies have already been published from the core, e.g., ice-rafted detritus (IRD), biogenic calcium carbonate,
benthic and planktonic foraminiferal assemblages and δ18O, planktonic foraminiferal derived summer
subsurface temperatures for the Holocene [Jennings et al., 2011; Andrews and Jennings, 2014], and diatom-
derived SST reconstruction for interval 1150–1740 C.E. [Justwan et al., 2009], this is the first effort to quantita-
tively reconstruct surface conditions in the area over the two major climate anomalies of the last millennium
with subdecadal-scale time resolution.

2. Oceanographic Setting

The studied core site in the Kangerlussuaq Trough is located on the SE Greenland shelf, adjacent to Denmark
Strait, and is primarily influenced at the sea surface by the cold East Greenland Current (EGC) (Figure 1). The
EGC is an important link between the Arctic Ocean and the North Atlantic Ocean. It is the major southward
flowing cold surface ocean current in the Greenland Sea and North Atlantic. It transports Arctic Ocean water
masses, recirculating Atlantic Water, and>90% of the ice exported from the Arctic Ocean [Rudels et al., 1999;
Woodgate et al., 1999]. The EGC flows southward along the eastern coast of Greenland from Fram Strait to
Cape Farewell through the Greenland Sea and the Denmark Strait [Woodgate et al., 1999]. Part of the EGC
branches toward the east in the north of Iceland forming the East Iceland Current (EIC). Within the
Denmark Strait, the EGC converges with the southwest flowing Irminger Current (IC) forming the marine
Polar Front. The IC is the continuation of the western branch of the North Atlantic Current (NAC) and a part
of the North Atlantic subpolar gyre. It is composed of warm and saline Atlantic waters from the eastern North
Atlantic. These Atlantic waters enter the Kangerlussuaq Trough as Irminger Atlantic Water (IAW), an inter-
mediate layer between the Polar Water and Atlantic Intermediate Water of the EGC [Jennings and
Helgadottir, 1994]. The IAW is a distinctly warmer and more saline water mass than the return Atlantic
Water of the EGC [Jennings et al., 2011]. South of Greenland, the waters of the EGC and IC are incorporated
into the West Greenland Current (WGC) which finally enters the Labrador Sea. Variability in fresh water export
with WGC has further implications for the strength of deep water formation in the Greenland and Labrador
Seas and thus exerts a general influence on climate through the associated changes in the vigor of the AMOC.

Modern climate conditions at the core site were assessed using NOAA’s Extended Reconstruction SST archive
for 1854–2014 (ERSSTv3b) [Smith et al., 2008] and the satellite-based SSM/I sea ice concentrations for
1979–2014 [Cavalieri et al., 1996]. Proximity of the oceanographic frontal zone (polar front) associated with
large spatial temperature gradient together with the site location on the border of the four grid cells in the
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ERSST domain conditions highly variable estimates of modern August SST over the period of 1854–2009 with
a median SST of 5.5(1.7)°C (Figure S1a in the supporting information). A bimodality of the aSST probability
density for the area results from insufficient spatial resolution of the ERSST archive. Modern median April
sea ice concentration of 84% was for consistency, estimated for the same geographical area of 4° by 4°
latitude/longitude as for the aSST. The result is very similar even if only one 25 kmpixel of the SSMI grid is
used (Figure S1b). Note that in both cases the median values are used instead of sample means to account
for the non-Gaussian distributions of the analyzed variables.

3. Material and Methods
3.1. Material

Core MD99-2322 was recovered from the SE Greenland shelf (67°08.18′N, 30°49.67′W) from the deepest part
of the Kangerlussuaq Trough from a water depth of 714m during the IMAGES cruise, Leg 4, in 1999 by R/V
Marion Dufresne. The core was sampled for diatoms in the uppermost 316 cm representing the last
~2900 years. The interval 155–316 cm was subsampled at ca. 4.0 cm intervals. In this work, we primarily focus
on the uppermost 155 cm of the core representing the last ~1100 years. This core segment was subsampled
continuously at 0.5 cm intervals for the uppermost 20 cm and at 1.0 cm intervals between 20 and 155 cm.

Figure 1. Location of the core site MD99-2322 on the SE Greenland shelf and the other sites mentioned in the text. The
major surface currents in the North Atlantic and Nordic Seas: East Greenland Current (EGC), East Icelandic Current (EIC),
Irminger Current (IC), west Greenland Current (WGC), Norwegian Atlantic Current (NwAC), North Atlantic Current (NAC).
IF = Igaliku Fjord, NF = Nansen Fjord.

Paleoceanography 10.1002/2015PA002849

MIETTINEN ET AL. THE MCA ON THE SE GREENLAND SHELF 1659



3.2. Chronology

The agemodel for the topmost section of coreMD99-2322 is based on five acceleratormass spectrometry (AMS)
14C datings on benthic foraminifers and mollusks [see Stoner et al., 2007; Jennings et al., 2011] (Table 1). Due to
calcification in Atlantic Water, benthic foraminifera and mollusks are suitable for dating on the SE Greenland
shelf as the problems with radiocarbon dating from the deep sea sediments showing very old ages for benthic
foraminifera do not appear in this area. The age control was further improved by including seven dates from
core MD99-2269 retrieved from the north Iceland shelf. These AMS dates comprise a subset of dates from
Stoner et al. [2007] used for the construction of the entire 2617 cm long commingled core chronology via
synchronization of the respective paleomagnetic secular variation series for the two sediment cores [Stoner
et al., 2007]. Note, however, that here the uppermost date C5734 from 2.5 cm core depth was discarded from
the analysis as providing unrealistically high sedimentation rate for the most recent 300 years. The age model
is supplemented by a tephra layer at 154.5 cm core depth associated with a Vatnaöldur eruption (Settlement
tephra) and dated to 871±2 C.E. [Jennings et al., 2014].

We applied the OxCal 4.2 [Bronk Ramsey, 2008, 2009] software for raw AMS dates calibration using the radiocar-
bon calibration curve IntCal13 [Reimer et al., 2013] and calculation of the age-depth model. A marine reservoir
correction of 400 years was assumed for coreMD99-2322. The agemodel provides a goodmatch in age between
the known age settlement tephra and the neighboring AMS date. OxCal was initiated with a Poisson process
deposition model [Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013] with k parameter of the model set to
k=1, to allow for fluctuations in the sedimentation rate at a characteristic scale of 1 cm and the core top age
set to U(1850,1950) corresponding to any arbitrary date within the interval of 1850–1950 C.E. The age distribu-
tions for points between the dated horizons were also generated with a regular depth interval of 0.5 cm.

Previous studies from a nearby area north of Iceland affected by polar water indicate that reservoir ages of
these waters can be even up to 450 years older than the standard model ocean [Eiríksson et al., 2004,
2011]. The dated foraminifera and mollusks of this study have been calcified in well-equilibrated Atlantic
Water that originates from the NAC. Since they have not dwelled in the “old” polar water, we did not intro-
duce any additional reservoir correction, i.e., set ΔR= 0. We however admit that a higher and variable ΔR
might have occurred through time also in our data. Since this cannot be inferred explicitly from the available
data, a common reservoir correction of 400 years was used consistently in the MD99-2322 age model
throughout the entire Holocene section of the core [Jennings et al., 2006; Stoner et al., 2007]. The use of this
marine reservoir correction is further supported by three tephra layers: 12,000 year old Vedde Ash, the 10,200
year old early Holocene Saksunarvatn tephra [Grönvold et al., 1995; Jennings et al., 2002], and the Settlement
tephra (871 ± 2 C.E.) [Jennings et al., 2014]. We note, however, that the regional variability of ΔR is large. For
example, a larger ΔR was used in the northern Denmark Strait [Jennings et al., 2002, 2006] to account for a
stronger influence of Polar Water in the area.

The resulting age model for the core MD99-2232 features a smooth almost linear sedimentation throughout
the last 3800 years with an average sedimentation rate for this period of ~0.1 cmyr�1 (Figure 2).

Table 1. Accelerator Mass Spectrometer Radiocarbon Measurements, Tephra, and Calibrated Calendar Dates for Core MD99-2232, Including Depth-Correlated
Dates From Core MD99-2269

Depth
(cm)

Core
ID

Radiocarbon
Laboratory Number

Material
Dated

14C Age
(year B.P.)

Med. Calibr. Date
(year A.D.)

Sigma
(years)

Modeled 95% CI
(A.D. from)

Modeled 95% CI
(A.D. to)

0 (top) 2322 1917 26 1863 1951
34 2322 AA40050 Colus turgidulus 693 ± 38 1649 25 1591 1693
101.5 2322 AA49380 Mixed forams 1267 ± 44 1191 29 1132 1251
154.5 2322 Settlement tephra 870 2 865 874
160 2269 AA47785 Macoma sp. 1693 ± 42 765 29 701 825
187 2269 AA57895 cf. Yoldia glacialis 1978 ± 35 427 37 356 511
227 2269 AA54590 cf. Macoma balthica 2396 ± 47 �30 33 �96 36
232.5 2322 CURL-15479 Mixed benthic forams 2415 ± 20 �85 30 �148 �29
258 2269 AA38586 Yoldia cf. myalis 2578 ± 48 �326 36 �389 �247
310 2269 AA57896 Yoldia sp. 3017 ± 39 �828 33 �898 �772
360 2269 AA54592 Mixed benthic forams 3375 ± 80 �1303 41 �1380 �1219
368 2322 AA49382 bivalve 3451 ± 39 �1380 39 �1451 �1296
415 2269 AA57897b Arca glacialis 3840 ± 33 �1822 48 �1917 �1732
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3.3. Diatom Analysis

Planktonic diatoms are good indicators of surface
water conditions (e.g., SST, sea ice) in the Nordic
Seas [e.g., Koç-Karpuz and Schrader, 1990;
Andersen et al., 2004a; Jiang et al., 2005, 2015],
because they show good analogue relations to
modern oceanic conditions, live in the uppermost
surface waters (0–50m), and are abundant in polar
to temperate, nutrient-rich regions. Core MD99-
2322 was analyzed for diatoms continuously at a
temporal resolution of ~3 years for the period of
1750–1910 C.E. according to our age-depth model
and at a resolution of 5–8 years for the period of
870–1750 C.E. The period 880 B.C.E. to 870 C.E.
was analyzed at the lower resolution of 40 years.
In this study, we focus on the high-resolution
interval 870–1910 C.E., which enables us to recon-
struct the climate changes on the SE Greenland
shelf at the highest resolution to date. The diatom
samples were prepared using the method
described by Koç et al. [1993] consisting of HCl
and H2O2 treatment, clay separation, and prepara-
tion of quantitative slides. A Leica Orthoplan
microscope with 1000X magnification was used
for identification and counting of diatoms. The
counting procedure described by Schrader and
Gersonde [1978] was followed and ≥300 diatom
frustules (excluding Chaetoceros resting spores)
were identified from each sample. Chaetoceros
resting spores were excluded because they show
negligible sensitivity to SST, and they can domi-
nate the diatom assemblage biasing the recon-
structions [Koç-Karpuz and Schrader, 1990].

3.3.1. Reconstruction of Paleo SST
An extended calibration data set consisting of 184 surface sediment samples from the North Atlantic, the
Labrador Sea, the Nordic Seas, and Baffin Bay with 52 diatom species was utilized to convert diatom counts
to aSSTs using the weighted averaging partial least squares (WA-PLS) transfer function method [Ter-Braak
and Juggins, 1993]. The previous diatom SST calibration data set of Andersen et al. [2004a] including 139
surface samples with 52 diatom species from the North Atlantic and the Nordic Seas has been successfully
used in quantitative diatom-based SST reconstructions from the high-latitude oceans [Andersen et al.,
2004a, 2004b; Berner et al., 2008, 2010, 2011; Justwan et al., 2009; Miettinen et al., 2011, 2012]. In order to
improve its temperature range for colder SST, the data set was extended by 23 new surface sediment samples
recovered from the East Greenland and West Spitsbergen margins, Greenland Basin, and Fram Strait during
WARMPAST cruises by the R/V Jan Mayen in 2006, 2007, and 2008 (Figure S2). In addition, 13 samples were
taken from Baffin Bay by the R/V CCGS Hudson and 10 samples from the Labrador Sea by R/V Maria S.
Merian in 2008. The data set provides a good fit for observed aSST in WOA01 data [Stephens et al., 2002]
versus reconstructed aSST (Figure S3). Extending the calibration set with samples collected from the areas
associated with generally cold (1–6°C) summer SST made it into a tool of high potential for quantitative
SST reconstructions also in the Arctic regions. August was chosen as a target month for the reconstruction
procedure, because for diatom transfer functions the August SST gives the best match with respect to
observed sea surface temperatures [cf. Berner et al., 2008]. The updated WA-PLS diatom transfer function
has a root-mean-square error (RMSE) of 0.80°C, a coefficient of determination between observed and inferred
values (r2) of 0.96, and a maximum bias of 0.60°C.

Figure 2. The OxCal age model for the topmost section of the
core MD99-2232 based on 11 AMS dates and one tephra layer.
The reported 14C ages in years B.P. with the respective 1 σ
uncertainty for the dates used are given in parenthesis. Dark and
light blue envelops outline the 68% and 95% probability density
ranges for the depth agemodel. Light grey shows the probability
distributions (likelihoods) for single calibrated dates; their
marginal posterior distributions which take into account the
constructed depth age model are shown in dark grey.
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3.3.2. Reconstruction of Paleo Sea Ice Conditions
A subset of the main calibration set comprising 89 surface sediment samples from the northern North
Atlantic, the Nordic Seas, Baffin Bay, and northwestern Labrador Sea was created for a quantitative
reconstruction of April sea ice concentrations in the study area. For calibration we used modern satellite-
based sea ice concentrations from the sampling locations and the WA-PLS transfer function method. In total,
19 surface sediment samples were selected from the East Greenland and West Spitsbergen margins,
Greenland Basin, and Fram Strait, 13 samples from Baffin Bay, and 8 samples from the Labrador Sea
(Figure S4). The remaining 49 samples from the Nordic Seas were adopted from the data set published earlier
by Andersen et al. [2004a]. Some of these samples were also used by Justwan and Koç, [2008] in their sea ice
transfer function built using a different modern sea ice training data set (based on surface samples taken
prior to 2004 and May sea ice concentration from 1998 as a modern environmental variable) and a different
reconstruction technique (maximum likelihood). In our data set, modernmonthly sea ice concentrations from
1979 to 2012 were obtained from the National Snow and Ice Data Center (NSIDC, www.nsidc.com) [Cavalieri
et al., 1996]. Compilations of monthly sea ice data were made for interval 1979–1999 for the sites in the data
set of Andersen et al. [2004a], for intervals of 1979–2006, 1979–2007, and 1979–2008 for the surface samples
taken in 2006, 2007, and 2008, respectively. A five-component WA-PLS model was selected for the transfer
function. The novel WA-PLS diatom sea ice transfer function has a RMSE of 13.1%, r2 of 0.86, and a maximum
bias of 13.1% with respect to observed sea ice concentrations. The sea ice data set provides a good fit for
observed April sea ice data versus reconstructed aSIC (Figure S5).

In addition, the occurrence of two sea-ice-related diatom species Fragilariopsis cylindrus and F. oceanica
(hereafter Fragilariopsis spp.) was qualitatively used in order to get more information about sea ice
conditions. Fragilariopsis spp. are common species in the pack ice and in the water column near the ice edge,
especially during Arctic spring blooms, often associated with the onset of melting sea ice [e.g., von Quillfeldt,
2001]. They appear to have the strongest loadings in sea-ice-associated assemblages among diatoms in this
region [e.g., Jiang et al., 2001; Ran et al., 2011].

3.4. Other Statistical Analysis

The wavelet-transform-based technique was applied for the bandpass filtering and visualization of the
quasiperiodic behavior in the analyzed data series [Torrence and Compo, 1998]. We used the Morlet wavelet
as a basis function which is believed to be an optimal choice to provide a good balance between time and
frequency localization for features in wavelet spectra. Prior to analysis, the data series were resampled using
the time interval of 10 years; the gaps in the resampled series were filled using spline interpolation for
creating a time scale with a regular time increment.

Wavelet coherence analysis [Grinsted et al., 2004] was also used to examine relationships between the pairs of
records on different time scales. The method shows how coherent two wavelet spectra being analyzed are
and can be thought of as a localized correlation coefficient in time frequency space.

4. Results and Discussion

The low-resolution data for interval 880 B.C.E. to 870 C.E. are briefly presented here in order to put the SST
variability of the last millennium to a longer late Holocene context. This interval shows cool conditions and
the August sea surface temperature (aSST) range from 4.0 to 6.7°C including the cold period between
~500 B.C.E. and 600 C.E., and warmer periods for intervals ~880–500 B.C.E. and ~600–800 C.E. (Figure 3a).
The results for sea ice indicate a pronounced influence of the sea ice for this low-resolution interval
with the exception of the short periods ~750–500 B.C.E., ~300 C.E., and 600–900 C.E., respectively.

The aSST reconstruction for the high-resolution interval 870–1910 C.E., shows a total aSST range from 4.5 to
7.2°C (Figure 4) which is in line with the modern estimates for the area (Figure S1). We divide the record into
six periods based on the reconstructed temperatures above or below the mean SST of 5.5°C of the record;
cold period 870–1000 C.E., warm 1000–1200 C.E., cool 1200–1600 C.E., relatively warm 1600–1820 C.E., cold
1820–1890 C.E., and warm period 1890–1910 C.E. The aSST record shows some abrupt changes and clear
centennial-bicentennial variability for this interval which is apparent from the bandpass-filtered series shown
in Figure 5.
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For the last millennium, the results for
sea ice first indicate persistently high
aSIC for the long interval between 1200
and 1600 C.E., followed by shorter
multidecadal to centennial periods
of variable sea ice conditions until 1910
C.E. (Figure 4). A strong influence of sea
ice in the area is in line with the modern
situation as today: Kangerlussuaq Trough
sea ice covered some 6.5–9.5months a
year [Jennings et al., 2011, see also
Figure S1b]. Sea-ice-related diatom spe-
cies (Fragilariopsis spp.) show higher
proportions for the interval 870–1200
C.E. (especially 870–980 C.E. > 20%)
while they remain at a relatively low
level (<10%) in the subsequent period
until the very top of the record.

4.1. The Medieval Climate Anomaly

A cold period between 870 and 1000 C.E.
represents the coldest interval of the
high-resolution reconstruction over the
considered time interval (Figure 4).
The average aSST of the period is ~5°C
and the coldest aSST observation (4.5°C)
of the record is dated to ~920 C.E. The
diatoms indicate a high sea ice concen-
tration for this period; both aSIC and spe-
cific sea ice indicators (Fragilariopsis spp.)
show high levels reaching their maxi-
mum ~980 C.E., after which they start to
decline rapidly.

Around 1000 C.E., aSST rises as much as
~2.4°C from 4.8°C (~995 C.E.) to the
absolute record maximum of 7.2°C
(~1050 C.E.) in the time span of only

~55 years, indicating a forceful onset of the warm conditions in the area. The clearly discernible warm period
~1000–1200 C.E. with the mean aSST of 6°C represents the warmest interval of the 2900 year long record
(though the existence of decadal-scale warming events during the interval of lower temporal resolution
880 B.C.E. to 870 C.E. cannot be ruled out), and it can be associated with the local expression of the MCA.
Climate conditions in the area during the MCA, however, remain unstable featuring pronounced decadal
to multidecadal-scale variability. In particular, the warmest aSST phase of the MCA is punctuated by a 10 year
long cooling episode with high aSIC ~1060 CE. The latter temperature peak is again (~1100 C.E.) followed by a
cooling of a similar magnitude (~2°C) as the warming some 100 years earlier. The prominent warm double
SST peak is the most significant feature in this aSST record. Temperature changes of this magnitude are rare
in the North Atlantic proxy data, though a pronounced temperature maximumwas also detected in the lower
resolution subsurface temperature record from this site at ~0.8 cal ka B.P. [Jennings et al., 2011]. After the
double aSST peak around 1100 C.E., despite the aSST cooling, the aSIC decreases to the lowest level of the
last millennium for the interval 1100–1200 C.E., still Fragilariopsis spp. shows again a higher level. This cooling
does not yet indicate the local termination of the MCA as after this short ca. 50 year long cooler phase, a
second warm aSST peak (aSSTs ~6.5°C) follows between 1150 and 1190 C.E. simultaneously with the aSIC
minimum of the MCA. Until finally, an abrupt cooling of 1.5°C over 40 years marks the termination of the

Figure 3. Paleoproxy reconstructions for core MD99-2322 for interval
880 BCE–1910 CE. (a) aSST reconstructions, (b) aSIC reconstruction, and
(c) Fragilariopsis spp. Red lines indicate smoothed records (5 points) and
green dotted lines show linear trends. The shaded area shows the
interval 870–1910 CE with reconstructions on a subdecadal temporal
scale shown on Figure 4.
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warm MCA around 1200 C.E. At the same time, the aSIC rises rapidly to a high level. Fragilariopsis spp. do
not follow the robust rise of the aSIC. Instead, they show a rapid decline in parallel with the termination
of the warm period and remain at a considerably lower level than was seen during the MCA until the
end of record.

Based on the Northern Hemisphere spatial surface air temperature (SAT) reconstruction, Mann et al. [2009]
identify the MCA as a 300 year long interval from 950 to 1250 C.E. with the warmest phase between 950
and 1100 C.E. In the Arctic SAT reconstruction [Kaufman et al., 2009], the MCA spans the same interval as
the Northern Hemisphere SAT 950–1250, but the highest Arctic temperatures are reconstructed for the

Figure 4. High-resolution paleoceanographic reconstructions for core MD99-2322 for the interval 870–1910 CE. (a) aSST
reconstruction, (b) aSIC reconstruction, and (c) Fragilariopsis spp. Red lines indicate smoothed records (5 points). Shaded
areas show warm periods inferred from the aSST record.
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relatively short interval 920–980 C.E. (Figure 6). More locally, the summer Greenland Ice Core Project (GRIP)
18O data [Vinther et al., 2010], shows high values around 950 C.E. indicating warmer temperatures for this time
interval in Greenland (Figure 6). Generally, the observed ~200 year long warm oceanic MCA on the SE
Greenland shelf between 1000 and 1200 C.E. agrees well with the spatial SAT reconstruction by Mann et al.
[2009] (not shown). In contrast, the reconstructed MD99-2322 aSSTs were still cold with severe sea ice
conditions including the highest percentages of Fragilariopsis spp. at the beginning of the warmest stage
of the SAT anomaly during 950–1000 C.E. The observed lag of about 50 years in the reconstructed aSST
relative to SATs and Greenland ice core data indicate a delayed onset of ocean surface warming on the SE
Greenland shelf at the beginning of the MCA in 950–1000 C.E. The end of the prominent SST peak on the
SE Greenland shelf is synchronous with a subtle cooling in SAT reconstructions around 1100 C.E. However,
again the onset of termination of the warm marine stage on the SE Greenland shelf around 1200 C.E. leads
by ~50 years the termination of the MCA in the Northern Hemisphere and the Arctic demonstrated in
previous studies [e.g.. Jensen et al., 2004; Kaufman et al., 2009: Mann et al., 2009].

Interestingly, the summer GRIP 18O maxima of the MCA occurred at ~950 and ~1200 C.E. corresponding to
the cold phases in the ocean surface conditions on the SE Greenland shelf. One can hypothesize that high
temperatures in Greenland presumably led to an intensified melting of the GIS and thus an increased fresh
water flux to the ocean on the eastern Greenland coast. On the SE Greenland shelf, sea ice can form both
locally and be transported by the EGC from the north. Our results might suggest that the increased fresh
water flux from Greenland caused a gradual freshening of the surface waters of the EGC in the Denmark
Strait, promoting the formation of sea ice and further cooling of the surface water especially in the early
MCA ~950–1000 C.E. This view is supported by a high occurrence of Fragilariopsis spp. at this interval as they
are usually associated with onset of melting sea ice [e.g., von Quillfeldt, 2001]. The increased concentration of
these diatom species can be due to both more intense seeding from melting sea ice in the more intense sea
ice export conditions, and/or prolonged and intensified pelagic blooms. Also, the latter is associated with the
sea ice as the blooms of these species occur in the area of seasonal ice zone. As Fragilariopsis spp. can be
associated with melting sea ice, we hypothesize that sea ice with high Fragilariopsis abundance might indicate
a higher fraction of the first-year ice in the area, which tended to melt faster in warm climate conditions.

Analysis of cores Fox 04G/05R recovered from the area close to the Sermilik Fjord [Andresen et al., 2012] to the
southwest of the MD99-2322 core site (see Figure 1) revealed that the interval of 1.5–0.7 cal. ka B.P. covering
the MCA was dominated by low-salinity water masses characterized by sea ice, which was formed locally or
transported by the EGC. They suggest that an extensive surfacemelting of Greenland glaciers during theMCA
produced large amounts of fresh water significantly adding to the polar water component of the EGC and
simultaneously favoring the formation of sea ice in the coastal area. A comparable development was
observed in Igaliku Fjord, SSW Greenland, where the warm MCA prevailed for interval 800–1250 C.E., but
was punctuated by cooling episodes between 960 and 1140 C.E. [Jensen et al., 2004].

We speculate that the extremely rapid change to warm conditions ~1050 C.E. might represent the crossing of
a critical climatic threshold, triggered by a change of some internal or external forcing factor. In this event, as

Figure 5. The aSST reconstruction (grey) and the bandpassed aSST variability in the bandwidths of 100–250 years (blue) for
core MD99-2322.
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Figure 6. (a) aSST for interval 870–1910 CE from the SE Greenland shelf, (b) April sea ice concentration, (c) Fragilariopsis
spp., (d) Arctic SAT anomaly [Kaufman et al., 2009], and (e) Summer GRIP 18O [Vinther et al., 2010]. Warm aSST periods
are shaded.
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the amount of melting sea ice decreased on the SE Greenland shelf after the most prominent SAT peak
around 1000 C.E., the oceanic factor (i.e., the warmer EGC) was finally able to overcome the sea ice influence
and initiated a rapid warming of surface water.

Historically, the MCA represents the well-known period of human expansion in the North Atlantic sector;
Norse colonized the North Atlantic islands and eastern North America from 800 to 1000 C.E., Iceland was
settled ~874 C.E., and Greenland ~985 C.E. [Arneborg, 2000]. Interestingly, the Norse settled areas in the
Southern and Western Greenland but not areas in the SE Greenland though it is located closer to Iceland.
We speculate that this has been due to the sea ice conditions in the area. A pronounced variation in sea
ice conditions inferred from MD99-2322 during the onset and termination of MCA agrees well with
historical evidence from Iceland, specifically a timing of maxima/minima of annual temperatures estimated
from the occurrence of drift ice in the area [Bergthorsson, 1969]. A few centuries later, around 1350–1400
C.E., the Norse left southern Greenland [Pringle, 1997]. According to Kuijpers et al. [2014], this was due to
the colder climate and increased sea ice in the Southern and Western Greenland since ~1200 C.E. Hence,
our results on the transition to the cooler conditions on the SE Greenland shelf correspond well with the
depopulation of Greenland.

4.2. The Little Ice Age

A shift to persistently colder conditions ~1200 C.E. when aSST dropped rapidly almost to the temperature
level that prevailed before the MCA signifies a transition to the cold LIA on the SE Greenland shelf. For the
period 1200–1600 C.E., aSST points to cool (the mean aSST ~5.4°C) and variable conditions with decadal-scale
variability of relatively high magnitude associated with the LIA. The interval 1200–1260 C.E. initiating the LIA
is the second coldest one (with a mean of 5.2°C) over the entire cool climate anomaly indicating a substantial
change in ocean surface conditions on the SE Greenland shelf at the transition stage to the LIA. However,
aSSTs do not generally decrease to the level that prevailed prior to the MCA. The cool period 1200–1600 is
punctuated by two short-term warm phases around 1300 C.E. and ~1440–1510 C.E. After the end of the first
warm phase ~1300 C.E., the record shows (sub)decadal variability until 1600 C.E. The second warmer phase
(maximum aSST > 6°C) between ~1440 and 1510 C.E. features a pronounced (sub)decadal aSST variability
with magnitude exceeding 1°C. At the same time the aSIC indicates a relatively high (sub)decadal variability
and increasing sea ice conditions toward the end of the cool period ~1600 C.E. excluding the warmer periods
shown by aSST (e.g., ~1300 C.E.). A relatively high climate variability at the shorter time scales in the first part
of the LIA was also recorded in the historical Icelandic sources via a more frequent occurrence of both severe
and mild seasons in the area [Ogilvie et al., 2000], although a consistency of this relationship throughout the
whole period is not apparent.

The time interval of 1600–1820 C.E. was relatively warm with aSST being at the same level as the latter half of
the MCA with several superimposed peaks on the decadal to multidecadal time scale. The period is charac-
terized by a high-temperature variability as aSST varies between 4.9°C (~1750 C.E.) and 6.5°C (1670 C.E.). The
aSIC shows that sea ice conditions were less severe during this period, except for a short period between
1700 and 1750 C.E. Although also this interval is commonly associated with the LIA between 1400 and
1900 C.E. [e.g., Grove, 1988; Kaufman et al., 2009], several studies indicate warmer conditions for this interval,
e.g., warmer spell 1700–1800 C.E. [Mann et al., 2009; Zorita et al., 2010]. However, this warm phase on the SE
Greenland shelf does not indicate the lasting shift to the warm conditions as the following interval from
1820–1890 C.E. was the second coldest of the last millennium with the mean 5.2°C. The coldest aSSTs of
the LIA prevailed at the end of this cold anomaly, between 1840 and 1880 C.E. with the coldest aSST value
(~4.6°C ~1850 C.E.) since 920 C.E. Also, the aSIC attains its highest levels throughout the late Holocene record
~1850 C.E. The record ends on rapidly rising aSST and diminishing of sea ice that can be associated with a
recovery from the LIA and the onset of contemporary warming that commenced in the beginning of the
twentieth century. During this Warm period ~1890–1910 C.E., the aSST reaches 6.2°C, with an average of
5.8°C for the period.

From the historical perspective, relatively mild sea ice conditions during the extended periods in the 1600s
and 1700s are much in line with a lack of sea ice observations around Iceland as was recorded in various
written accounts of that period [Ogilvie, 1996]. A sea ice maximum during interval 1850–1890 C.E. followed
by a strongly diminished sea ice is in agreement with Divine and Dick [2006] and Alonso-García et al.,
[2013], who suggest predominantly perennial sea ice conditions for the SE Greenland shelf between
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1850 and 1910 C.E., followed by more open water conditions. The high sea ice period is a manifestation
of the salinity anomaly (GSA) of the early twentieth century, because there was a clearly registered
increased fresh water export from the Arctic at this time [Divine and Dick, 2006]. Its magnitude was similar
to (if not higher than) the GSA of the 1960s and the 1970s [Belkin et al., 1998]. The origin of these GSAs
has been thought to be the increased outflow of sea ice and freshwater from the Arctic that propagate
downstream through the anticlockwise circulation system around the North Atlantic [Dickson et al.,
1988; Belkin, 2004].

4.3. Forcing Factors Behind the Surface Conditions on the SE Greenland Shelf Over the
Last Millennium

The climatological conditions on the SE Greenland shelf are driven by a large number of factors, such as the
strength and temperature of the EGC and IC, sea ice formation, fresh water input via iceberg calving,
discharge from the Greenland ice sheet, sea ice export from the Arctic, and variable atmospheric and external
forcing making the area challenging for paleoceanographic studies [e.g., Alonso-García et al., 2013]. Here we
assess the possible contribution/influence of the different factors on the reconstructed surface condition in
the study area.
4.3.1. Atmospheric Forcing
Several proxy records indicate that globally the MCA was characterized by coherent shifts in large-scale
Northern Hemisphere atmospheric circulation patterns [e.g., Graham et al., 2011]. The positive phase of the
Arctic Oscillation (AO)/North Atlantic Oscillation (NAO) has been proposed to play a strong role in the
observed changes during the MCA [Shindell et al., 2001, 2003; Seidenkrantz et al., 2007; Mann et al., 2009;
Trouet et al., 2009; Sicre et al., 2014]. Goosse et al. [2012] found significant changes in the oceanic near-surface
circulation between the MCA and the LIA, e.g., a clear intensification and the northward shift of the subpolar
gyre and the Gulf Stream system occurred during the MCA. They also suggested that only a weak forcing was
needed to trigger the shift from the MCA to the LIA, with changes in the AMOC playing a relatively minor role
in the transition between these two climate anomalies.

Over the last millennium, it is believed that the NAO system has been variable, with a strongly positive NAO
mode during the MCA and a neutral to slightly negative mode during the LIA [Trouet et al., 2009]. The positive
mode is associated with the increased sea ice export in the East Greenland Current through Fram Strait [e.g.,
Dickson et al., 2000; Wanner et al., 2001; Olsen et al., 2012; Andrews and Jennings, 2014; Sicre et al., 2014]. The
atmospheric forcing might at least partly explain the observed combination of the aSST and the aSIC on the
SE Greenland shelf, as under the influence of northerly winds, the cold polar waters and sea ice advance
southward freshening the surface water layer, increasing its stratification, and favoring the local sea ice
formation [Justwan et al., 2009]. As the increased sea ice export by the +NAO is usually associated with
stronger northerly winds and cooling of the surface waters in the Greenland Sea, it is remarkable that the
warm aSST period of 1000–1200 C.E. on the SE Greenland shelf partly coincides with the positive NAO mode.
However, it is noteworthy that the double-peaked aSST event ends ~1090, i.e., at the same time when the
NAO reaches the high positive phase. Thus, the NAO might be behind the cooling of surface waters on the
SE Greenland shelf after 1100 C.E.
4.3.2. Ocean Circulation
The range of aSST variability between the aSST maxima of the MCA and the coldest aSST registered during
the LIA is considerably high, ~2.7°C. Yet the corresponding difference between the longer-term averages
for the two periods is relatively low, ~0.5°C, indicating a relatively mild summer climate during the LIA in
the area. The latter can be clearly seen in a longer ~2900 year long context; the LIA cannot be qualified as
an exceptionally cold period on the SE Greenland shelf. The ~1100 year long period (500 B.C.E. to 600 C.E.)
preceding the MCA was considerably colder than the LIA in the area (Figure 3). This might indicate the
influence of the warm Irminger waters on the SE Greenland shelf during the LIA or some other regional factor
behind the aSST variability. According to Miettinen et al. [2012], the Irminger waters in the south of Iceland
were relatively warm during the LIA due to the intensified subpolar gyre. Also, Andresen et al. [2012] suggest
that the warm LIA conditions farther southwest on the SE Greenland shelf were caused by the intensified IC,
most likely related to the subpolar gyre variability. A hypothesis of abrupt intensification of the SPG at the
MCA/LIA transition in response to intensified volcanic forcing was recently supported by modeling results
of Schleussner et al. [2015].
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4.3.3. Linkages of the Sea Ice Export and Formation and Fresh Water Discharge
For the last millennium, the results for sea ice indicate the highest reconstructed aSIC for the LIA, i.e., for the
long interval between 1200 and 1600 C.E. and for shorter multidecadal periods around 1750 and 1850 C.E.
This high-LIA sea ice concentration is a dominant feature also in the longer 2900 year long context. This is
surprising in the context of a generally higher aSST during the LIA than the time prior to MCA. This inconsis-
tency might be linked to a different source or/andmechanism for the sea ice formation in the area during the
LIA and the time before that anomaly. A high aSIC might be due to the combination of the subpolar gyre
variability (which was supposed to be behind the warm aSST) and the intensified EGC polar water transport
during the LIA as suggested by Andresen et al. [2012]. Near the Greenland coast, this combination would
result in stronger stratification favoring sea ice formation as opposed to previous colder aSST periods.

Large variations in the polar planktonic foraminifera Neogloboquadrina pachyderma sinistral δ18O in core
MD99-2322 after 6 cal ka B.P. suggest inconsistent temperature and salinity conditions at the pycnocline
[Jennings et al., 2011]. This may reflect a local freshening of the upper water column by themixing of IAWwith
Polar Water in the Kangerlussuaq Trough or with an overall increase in Polar Water as δ18O values of benthic
foraminifera show cooling trend for this interval, indicating a progressively increased water column stratifica-
tion through the Neoglacial interval.

Sea ice diatom species Fragilariopsis spp. show higher abundance for the interval 880 B.C.E. to 1200 C.E., i.e.,
before and during the MCA, whereas its abundance dramatically decreases with the onset of the LIA and never
recovers. This observation might indicate a higher fraction of first-year ice (with faster melting rate) during the
MCA, whereas the very low abundance of Fragilariopsis spp. during the LIA indicates a clearly lower melting rate
associated with preferentially thicker multiyear sea ice. This hypothesis is supported by IRD data from the core
[Andrews and Jennings, 2014]. The quartz wt % reaches its maximum ~1200 C.E. and has a distinct low during
the LIA. This may indicate that the IRD export of sediment from the quartz-rich areas of East Greenland
(Figure 1) was restricted either by pervasive landfast sea ice [Reeh et al., 2001; Andrews and Jennings, 2014] or
that the increased sea ice in the EGC originated from the Arctic Ocean during the LIA [Andresen et al., 2012].

The proposed hypothesis linking GIS, aSIC, and aSST in the area might be appropriate also for the 1200 year
long interval preceding the MCA showing cool aSST and fairly severe aSIC conditions for the interval between
500 B.C.E. and 600 C.E. although temperatures were relatively high in Greenland at this time [Kobashi et al.,
2011]. High and intense local ice production was behind the cool surface conditions on the SE Greenland
shelf also at this time. This could explain the late Holocene warming trend on the SE Greenland shelf which
is an opposite pattern compared with the regular cooling trend of the Atlantic SST pattern that started at the
termination of the Holocene thermal optimum around 6000 years ago [e.g., Andersen et al., 2004a].

We cannot rule out the possibility that the warming of the area is due to the overall warming of the northern
subpolar Atlantic [Berner et al., 2008; Miettinen et al., 2012; Schleussner et al., 2015] associated with long-term
late Holocene changes of the subpolar gyre extent and strength. Yet with the data available at hand, assess-
ment of the relative roles of the freshwater flux from the north and the Irminger waters in the variability of
surface conditions on the SE Greenland shelf at different time scales remains difficult.
4.3.4. External Forcing
Both solar variability and volcanism have been considered the primary external forcing factors behind the LIA
cooling [e.g., Crowley, 2000; Shindell et al., 2003; Jiang et al., 2005, 2015; Miller et al., 2012; Schleussner et al.,
2015] though their relative roles are still under discussion [e.g., Hegerl et al., 2003; Otterå et al., 2010:
Moffa-Sánchez et al., 2014]. Shindell et al. [2003] suggest that the global mean LIA signal can be attributed
to both volcanic and solar forcing, but while volcanic forcing may have played a major role in global-scale
cooling, the much larger regional changes and probable changes in the frequency of extreme cold events
were likely driven primarily by solar variability. Hegerl et al. [2003] indicate that volcanism is substantially
more important explaining 40% of the decadal-scale variability during the LIA. However, our aSST data do
not demonstrate any apparent agreement with known volcanic eruptions.

The aSST and the aSIC reconstructions for core MD99-2322 have been compared to total solar irradiance (TSI)
[Steinhilber et al., 2012] and to the known solar maximum and minima of the last millennium; the Oort mini-
mum (1010–1050 C.E.), the Medieval solar maximum (1075–1240 C.E.), the Wolf minimum (1280–1350 C.E.),
the Spörer minimum (1460–1550 C.E.), the Maunder minimum (1645–1715 C.E.), and the Dalton minimum
(1790–1820 C.E.) [Eddy, 1978; Schröder, 2005] (Figure 7).
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Our ocean surface data agree with the known solar minima, yet this correlation is the opposite to what might
be expected from a direct insolation to temperature causal link. For example, the positive correlation
between sea iceminima and TSI maxima has been observed in the previous sea ice reconstructions fromwest
of Greenland and the Northern Iceland shelf [Sha et al., 2014]. Our data suggest that most of the warmest
multidecadal periods of the aSST record actually match the solar minima. This antiphased relationship is even
more clearly visible in the aSIC data, where the wavelet coherence results show a positive coherence between
aSIC and TSI in the relatively narrow centennial to bicentennial band of 100–250 years (Figure 8). This
suggests that the observed centennial-bicentennial variability of the ocean surface records is at least partly
driven by solar forcing.

Figure 7. The reconstructions of (a) aSST and (b) aSIC for the interval 880–1910 CE, and (c) TSI anomalies and the known
solar maximum (shaded yellow) and minima (shaded blue) of the last millennium.
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Onemight speculate that the solar forcing even trig-
gered the substantial warming of the topmost aSST
on the SE Greenland shelf around 1050 C.E., during
the MCA. However, it was not the medieval solar
maximum behind the initial aSST warming, because
the warming started already ~1000 C.E., i.e., some
~80years before the solar maximum, already during
the Oort solar minimum. Thus, it might be possible
that it was actually the Oort minimum which locally
triggered the rapid warming by decreasing the
melting rate of the GIS which further decreased
the sea ice formation in our research area. We want
to note here that the age control of our data for the
early MCA is very accurate due to the identified vol-
canic tephra marker. Also, during the medieval solar
maximum, aSST shows a generally cooling trend
until the end of this solar period, though we
hypothesize that this cooling is primarily due to
the NAO forcing as previously mentioned.
However, the long-lasting solar maximum probably
also had a warming effect on the surface conditions
in the area shown by aminimumaSIC between 1100
and 1200 and simultaneous Fragilariopsis spp. peak
indicating a higher melting rate for this period.
Hence, our results might suggest that over the last
millennium, solar forcing, possibly amplified by
atmospheric forcing, has been behind the variability
of the surface conditions on the SE Greenland shelf.

5. Conclusions

The aSST and the aSIC records from the SE Greenland shelf for the last millennium show two major
climate anomalies, including abrupt changes and clear centennial-bicentennial variability. The clear
warming associated with the local expression of MCA is in an abrupt ~2.4°C warming between 1000
and 1050 C.E., whereas the rapid cooling ~1200 C.E. indicated the transition to the colder LIA conditions.
We note that temperature changes of these magnitudes are rare in the North Atlantic proxy data over
the last millennium. The reconstructed MCA August sea surface temperatures (up to 7.2°C) represent
the highest values reconstructed on the SE Greenland shelf over the late Holocene, between ~870 B.C.E.
and 1910 C.E.

The cold ocean surface conditions that prevailed on the SE Greenland shelf during 870–1000 C.E. concurrent
with the highest reconstructed air temperatures of the early MCA [Mann et al., 2009; Kaufman et al., 2009]
suggest a delayed onset of ocean surface warming on the SE Greenland shelf. This was either due to the
influence of the GIS or intensified sea ice export from the Arctic as a response to the atmospheric warming
at the beginning of the MCA.

For the interval 1200–1600 C.E., the reconstructed aSST values point to cool and variable conditions with
decadal-scale variability of relatively high magnitude associated with the LIA. The period of 1600–1820 C.E.
was relatively warm, but it was followed by the coldest interval of the last millennium extending the timing
of the LIA on the SE Greenland shelf until ca. 1890 C.E. The difference in the mean values of aSST between
MCA and the LIA is, however, only ~0.5°C indicative of relatively mild climate for the LIA due to the influence
of warm Irminger waters or different regimes of the sea ice formation during this climate anomaly. The aSST
record ends with the rapid warming of aSST in the early twentieth century.

The results show that the phases of warm aSST and aSIC minima on the SE Greenland shelf and the solar
minima of the last millennium are antiphased, suggesting that solar forcing possibly amplified by

Figure 8. Squared wavelet coherence [Grinsted et al., 2004]
between the annually interpolated MD99-2322 aSIC and TSI
series. Since the wavelet decomposition requires that the
data are evenly sampled, the aSIC series was spline interpo-
lated to the annual time scale prior to analysis. Thick contours
enclose the areas with correlations statistically significant at
95% confidence level against red noise. The AR1 autocorre-
lation coefficients of 0.51 and 0.8 of the aSIC and TSI series
were estimated from the original data using RedFit [Schulz
andMudelsee, 2002] technique that can analyze the unevenly
spaced time series directly. White areas shade the “cone of
influence”where the edge effects become important and the
results should be interpreted with caution. The relative phase
relationship is shown as arrows, with in-phase pointing right
and antiphase pointing left.
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atmospheric forcing has been behind the aSST variability on the SE Greenland over the last millennium. The
results might indicate decreased sea ice formation on the SE Greenland shelf due to diminished freshwater
input from the GIS during the cold climate periods.

The composition of surface water is climatically an important factor because the exchange of heat between
the ocean and atmosphere takes place on the ocean surface. The results show that the SE Greenland shelf is a
climatologically sensitive area where extremely rapid changes are possible. The regional influence of the
Greenland ice sheet can be prominent in specific conditions, as seen during the early MCA. Because these
oceanic changes can have a global impact through their potential influence on the AMOC, this highlights
the importance of Greenland ice sheet and the neighboring ocean with its major surface current, the East
Greenland Current, under the present warming conditions.
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