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Abstract: We present a new reconstruction of summer sea-surface temperature (SST) variations
over the past 5000 years based on a diatom record from gravity core DA06-139G, from Vaigat Strait
in Disko Bugt, West Greenland. Summer SST varied from 1.4 to 5 ◦C, and the record exhibits
an overall decreasing temperature trend. Relatively high summer SST occurred prior to 3000 cal. a BP,
representing the end of the Holocene Thermal Maximum. After the beginning of the “Neoglaciation”
at approximately 3000 cal. a BP, Vaigat Strait experienced several hydrographical changes that were
closely related to the general climatic and oceanographic evolution of the North Atlantic region.
Distinct increases in summer SST in Vaigat Strait occurred from 2000 to 1600 cal. a BP and from
1200 to 630 cal. a BP, and are consistent with the “Roman Warm Period” and the “Mediaeval Warm
Period” in the North Atlantic region. The summer SST decreased significantly during 1500~1200 cal.
a BP and 630~50 cal. a BP, corresponding, respectively, to the Northeast Atlantic cooling episodes
known as the “European Dark Ages” and “Little Ice Age”. Spectral and cross-correlation analyses
indicate that centennial-scale oscillations in summer SST are superimposed on the long-term trend.
The dominant periodicities are centered at 529, 410, and 191 years, which are close to the ubiquitous
512 and 206-year 14C cycle, suggesting that solar forcing may play an important role in summer SST
variability in Disko Bugt.
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1. Introduction

The Disko Bugt area in central West Greenland has attracted considerable research attention
in recent years, and there have been studies of both oceanic variability [1–4] and fluctuations in
tidewater-based ice streams such as Jakobshavns Isbrae [5–9]. In addition, special attention has been
paid to the variation of the ice sheet and the deglaciation during the late Quaternary, and to the
nearshore-to-offshore ocean circulation during the Holocene. The hydrography of the coastal waters
of West Greenland is linked to the large-scale North Atlantic circulation system via the combined
effects of the East Greenland Current (EGC) and the Irminger Current (IC), which merge to form
the West Greenland Current (WGC; Figure 1). Thus, summer sea-surface temperatures (SSTs) off
West Greenland are largely determined by the relative flow of Polar and Atlantic water masses
within the WGC. Multi-proxy reconstructions of SST along West Greenland have so far mainly been
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qualitative [2,4,10,11]. However, quantitative SST reconstructions on a long timescale are necessary to
help understand the dynamics of the ocean-climate system.

Various proxies have been used to reconstruct palaeoclimatic and palaeoceanographic changes in
the northern North Atlantic [12–24]. Among these, diatoms are a common and abundant component
of Arctic phytoplankton communities, and their distribution is strongly influenced by surface water
temperature and sea ice cover [25–27]. In the North Atlantic region, diatoms have been used as
a tool for quantitative reconstructions of summer SST and sea ice concentration (SIC) during the
Holocene using the transfer function method [22–24,28–30]. However, except for the reconstructions
of SIC by Sha et al. [17] and of SST and SIC by Krawczyk et al. [31], there is a dearth of diatom-based
reconstructions from West Greenland.

The Sun is the main driver of Earth’s climate [32], and several studies have demonstrated that
the effect of solar changes on regional modes of atmospheric variability is evident in the instrumental
record [33–35]. Solar activity has been proposed to influence variability in various components of the
climate system, such as temperature, winds, precipitation, and drift ice [15,18,36–41]. For example,
Bond et al. [41] found that Holocene drift ice in the North Atlantic and records of the cosmogenic
nuclides 10Be and 14C are correlated, and concluded that variations in solar activity may have played
a significant role in iceberg production and drift. Holzhauser et al. [42] found that glacier advances
and lake level changes are correlative with increased 14C production rate (reduced solar activity).
Furthermore, changes in SST reconstructions also exhibit very similar patterns to variations in solar
activity. The strong correlation of the Norwegian Sea temperature with solar activity over the last
millennium indicates that variations in solar activity affect regional atmospheric variability, which in
turn controls the poleward transport and temperature of warm Atlantic surface waters [43].

Here, we present a diatom-based summer SST record from a marine sediment core (gravity core
DA06-139G) from Vaigat Strait, Disko Bugt, central West Greenland. Our objectives are twofold: firstly,
to quantitatively reconstruct summer SSTs over the past 5000 years in Vaigat Strait; and secondly,
to assess potential forcing mechanisms of summer SST variability.

2. Oceanographic Setting

Disko Bugt is a large marine embayment (68◦30′–69◦15′N, 50◦00′–54◦00′W; Figure 1) in central
West Greenland. Water depths generally range from 200 to 400 m, but reach 990 m in the deep
submarine valley Egedesminde Dyb, which extends in a south-westerly direction [44].

Vaigat Strait is situated to the north of Disko Bugt (Figure 1B), and is bound by Disko Island to
the southwest and by the Greenland mainland to the northeast. It acts as a major exit pathway for
the WGC waters entering Disko Bugt, as well as for meltwater and icebergs generated by the major
tidewater glaciers, including the Jacobshavn Isbræ, northwards into Baffin Bay [44,45]. The strait is
ca. 130 km long and 20–25 km wide, and has a maximum water depth of ~600 m [45]. It is suggested
that the passage acted as a northern conduit of an ice lobe extending to the mouth of the strait during
the last glaciation [46].

The surface circulation to the west of Greenland and adjacent areas is dominated by two
major currents: the WGC, which flows northwards along the west coast of Greenland, and the
Baffin–Labrador Current (BLC) which flows southwards along the east coast of Baffin Island and
Labrador (Figure 1A). The WGC consists of a combination of (i) Arctic-sourced cold, low-salinity water
from the EGC (at 0–200 m water depth), designated Polar water [47]; and (ii) relatively warm and
saline Atlantic-sourced water from the IC (>200 m water depth), a branch of the North Atlantic Current
(NAC, [47,48]). The two components mix continuously as the WGC flows northwards, but can still be
distinguished to the southwest of Disko Bugt [49].
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Figure 1. (A) Surface circulation in the NW Atlantic and locations of diatom samples in the study area. 
(B) Enlargement of the study area, indicated by the square in Figure 1A. Filled circles indicate new 
samples from off West Greenland. Filled squares represent samples from off East Greenland and 
Iceland previously published by Jiang et al. [15]. Figure modified from Sha et al. [17]. 

3. Materials and Methods 

3.1. Palaeo-Records: Sediment Cores and Diatom Samples 

A 446-cm-long gravity core, DA06-139G (Figure 1B), was collected from Vaigat Strait in Disko 
Bugt at 70°05.486′N, 52°53.585′W (water depth 384 m) during a cruise of the Danish research vessel 
“Dana” in 2006 [50]. Further information about the core is given in Andresen et al. [45]. A total of 90 
samples (a 1-cm sediment sample taken every 5 cm) from core DA06-139G were analysed for their 
diatom content.  

Sample preparation following the methods of Håkansson [51] and Sha et al. [17]. A minimum of 
300 diatom valves were counted in random transects for each sample (excluding Chaetoceros resting 
spores, cf. [52,53]). Diatom percentages were calculated based on the diatom sum, excluding 
Chaetoceros resting spores. 

3.2. Age Model for the Sediment Core 

The chronology for core DA06-139G is based on 10 AMS (Accelerator Mass Spectrometry) 14C 
dates from molluscs, marine plant (sea grass) fragments, and one sample of mixed benthic 
foraminifera. All 14C ages are calibrated with the OxCal 4.1 software [54] using theMarine09 
calibration data set [55] with a local marine reservoir age ΔR of 140 ± 30 [56,57]. An age model was 
obtained using the depositional model option in OxCal with a k value of 100, which produced Amodel 
= 52.0% (Figure 2). 

Figure 1. (A) Surface circulation in the NW Atlantic and locations of diatom samples in the study
area. (B) Enlargement of the study area, indicated by the square in Figure 1A. Filled circles indicate
new samples from off West Greenland. Filled squares represent samples from off East Greenland and
Iceland previously published by Jiang et al. [15]. Figure modified from Sha et al. [17].

3. Materials and Methods

3.1. Palaeo-Records: Sediment Cores and Diatom Samples

A 446-cm-long gravity core, DA06-139G (Figure 1B), was collected from Vaigat Strait in Disko
Bugt at 70◦05.486′N, 52◦53.585′W (water depth 384 m) during a cruise of the Danish research vessel
“Dana” in 2006 [50]. Further information about the core is given in Andresen et al. [45]. A total of
90 samples (a 1-cm sediment sample taken every 5 cm) from core DA06-139G were analysed for their
diatom content.

Sample preparation following the methods of Håkansson [51] and Sha et al. [17]. A minimum of
300 diatom valves were counted in random transects for each sample (excluding Chaetoceros resting
spores, cf. [52,53]). Diatom percentages were calculated based on the diatom sum, excluding Chaetoceros
resting spores.

3.2. Age Model for the Sediment Core

The chronology for core DA06-139G is based on 10 AMS (Accelerator Mass Spectrometry)
14C dates from molluscs, marine plant (sea grass) fragments, and one sample of mixed benthic
foraminifera. All 14C ages are calibrated with the OxCal 4.1 software [54] using theMarine09 calibration
data set [55] with a local marine reservoir age ∆R of 140 ± 30 [56,57]. An age model was obtained
using the depositional model option in OxCal with a k value of 100, which produced Amodel = 52.0%
(Figure 2).
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Figure 2. Age–depth model for gravity core DA06–139G from Vaigat Strait, Disko Bugt, West 
Greenland. 

3.3. Modern Diatom Data Set and Diatom-Based Transfer Function 

A modern enlarged data set of diatoms and environmental variables—mainly from coastal 
waters around Iceland, with some sites from off Greenland—was used to produce a diatom-based 
transfer function for quantitative reconstruction of summer SST. The data set includes 30 surface 
samples taken from West Greenland during a cruise of the Danish research vessel “Porsild” in 1999 
and the German research vessel “Maria S. Merian” in 2008. To increase the temperature range, 50 
surface samples from east of Greenland and from around Iceland which have been successfully used 
in quantitative diatom-based summer SST reconstruction from the northern North Atlantic [15,16,19] 
were also included in the modern data set [28]. In total, surface sediment diatom data from 80 surface 
samples were used in the new modern data set (see Supplementary Table S1). 

The computer program C2 [58] was used to quantitatively reconstruct summer SST. Seven 
numerical reconstruction methods were assessed to define the optimal diatom-based summer SST 
transfer function (Table 1). The weighted averaging partial least squares (WA-PLS) method with two 
components resulted in a low root-mean-squared error of prediction (RMSEP(Jack)) (1.393), a low 
maximum bias (2.047), and a high squared correlation (R2(Jack)) (0.853) (Table 1). In addition, a plot of 
jack-knife-inferred SST versus observed SST exhibits a strong linear correlation (Figure 3A), and the 
residuals are randomly scattered (Figure 3B). Thus, the WA-PLS with two components was used to 
estimate summer SST variability in Disko Bugt, West Greenland. The prediction error for each fossil 
sample—which combines the standard error of estimates for each sample with the error in the 
calibration function—was calculated using the program C2. 

Table 1. Results of testing the methodology for constructing the transfer function. Root-mean squared 
errors (RMSE), root mean squared error of prediction based on leave-one out jack-knifing 
(RMSEP(Jack)), Max_Bias and R2 for reconstructed summer sea-surface temperature (SST, °C) in seven 
reconstruction procedures. WA = weighted averaging, WA(tol) = weighted averaging with tolerance 
down-weighting, PLS = partial least squares, WA-PLS = weighted averaging partial least squares, and 
MAT = modern analogue technique. Both inverse and classical deshrinking regression were used in 
WA and WA(tol) reconstruction procedures. The results demonstrated that WA-PLS with two 
components is the most reliable (values in bold). 

  Max_Bias R2(Jack) RMSEP(Jack) 
WA Inverse 2.539 0.836 1.471 

WA(tol) Inverse 3.420 0.796 1.638 
WA Classical 1.932 0.837 1.538 

WA(tol) Classical 2.942 0.797 1.716 
PLS 1 component 2.376 0.641 2.173 

Figure 2. Age–depth model for gravity core DA06–139G from Vaigat Strait, Disko Bugt, West Greenland.

3.3. Modern Diatom Data Set and Diatom-Based Transfer Function

A modern enlarged data set of diatoms and environmental variables—mainly from coastal waters
around Iceland, with some sites from off Greenland—was used to produce a diatom-based transfer
function for quantitative reconstruction of summer SST. The data set includes 30 surface samples
taken from West Greenland during a cruise of the Danish research vessel “Porsild” in 1999 and the
German research vessel “Maria S. Merian” in 2008. To increase the temperature range, 50 surface
samples from east of Greenland and from around Iceland which have been successfully used in
quantitative diatom-based summer SST reconstruction from the northern North Atlantic [15,16,19]
were also included in the modern data set [28]. In total, surface sediment diatom data from 80 surface
samples were used in the new modern data set (see Supplementary Table S1).

The computer program C2 [58] was used to quantitatively reconstruct summer SST.
Seven numerical reconstruction methods were assessed to define the optimal diatom-based summer
SST transfer function (Table 1). The weighted averaging partial least squares (WA-PLS) method with
two components resulted in a low root-mean-squared error of prediction (RMSEP(Jack)) (1.393), a low
maximum bias (2.047), and a high squared correlation (R2

(Jack)) (0.853) (Table 1). In addition, a plot of
jack-knife-inferred SST versus observed SST exhibits a strong linear correlation (Figure 3A), and the
residuals are randomly scattered (Figure 3B). Thus, the WA-PLS with two components was used
to estimate summer SST variability in Disko Bugt, West Greenland. The prediction error for each
fossil sample—which combines the standard error of estimates for each sample with the error in the
calibration function—was calculated using the program C2.

Table 1. Results of testing the methodology for constructing the transfer function. Root-mean squared
errors (RMSE), root mean squared error of prediction based on leave-one out jack-knifing (RMSEP(Jack)),
Max_Bias and R2 for reconstructed summer sea-surface temperature (SST, ◦C) in seven reconstruction
procedures. WA = weighted averaging, WA(tol) = weighted averaging with tolerance down-weighting,
PLS = partial least squares, WA-PLS = weighted averaging partial least squares, and MAT = modern
analogue technique. Both inverse and classical deshrinking regression were used in WA and WA(tol)

reconstruction procedures. The results demonstrated that WA-PLS with two components is the most
reliable (values in bold).

Max_Bias R2
(Jack) RMSEP(Jack)

WA Inverse 2.539 0.836 1.471
WA(tol) Inverse 3.420 0.796 1.638

WA Classical 1.932 0.837 1.538
WA(tol) Classical 2.942 0.797 1.716
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Table 1. Cont.

Max_Bias R2
(Jack) RMSEP(Jack)

PLS 1 component 2.376 0.641 2.173
PLS 2 components 2.904 0.765 1.759
PLS 3 components 2.897 0.796 1.641
PLS 4 components 2.694 0.819 1.543
PLS 5 components 2.412 0.841 1.444

WA-PLS 1 component 2.540 0.836 1.470
WA-PLS 2 components 2.047 0.853 1.393
WA-PLS 3 components 2.201 0.860 1.355
WA-PLS 4 components 2.072 0.862 1.346
WA-PLS 5 components 2.084 0.855 1.383

MAT 1 analogue 2.740 0.816 1.610
MAT 2 analogues 1.720 0.852 1.443
MAT 3 analogues 2.280 0.845 1.467
MAT 4 analogues 2.555 0.849 1.452
MAT 5 analogues 2.460 0.841 1.489
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Figure 3. Plots of (A) jack-knife-inferred SST using WA-PLS (two components) versus observed SST (◦C)
and (B) of the differences between jack-knife inferred and observed SSTs versus observed SST (◦C).

3.4. Statistical Analysis

The power spectrum of the reconstructed summer SST record was calculated using the
publicly available REDFIT software [59], which applies the Lomb–Scargle Fourier transform [59].
The Lomb–Scargle method is based on a least-squares fit of sinusoids to the time series data.
The univariate spectra were bias-corrected using 1000 Monte-Carlo simulations. REDFIT automatically
produces first-order autoregressive (AR1) time series with sampling times and characteristic time scales
that match those of the actual climate data. To test the statistical significance of an individual spectral
peak, REDFIT estimates the upper confidence interval of the AR1 noise for various significance levels
based on a x2 distribution. To reveal the general physical-phase correlations between the reconstructed
summer SST record and total solar irradiance (TSI), cross-correlation analysis of the two records was
undertaken using the Arand software package [60].
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4. Results

The reconstructed summer SSTs ranged from 1.4 to 5 ◦C, with a mean of 3.1 ◦C; in addition,
a long-term cooling trend of the water masses in Vaigat Strait is evident during the past 5000 years
(Figure 4A). The summer SSTs were generally higher than the mean value before 3000 cal. a BP,
except for short intervals of somewhat low summer SST between 4800 and 5000 cal. a BP. Subsequently,
there was a gradual decrease in the reconstructed summer SST after 3000 cal. a BP which continued
until about 2000 cal. a BP. A warm interval, centered at about 1700 cal. a BP was succeeded by
decreasing SSTs, which reached their lowest values at about 1500 cal. a BP. There was a gradual
increase in reconstructed summer SST during the interval from 1200 to 630 cal. a BP, followed by
a distinct decrease after 630 cal. a BP. The prediction error for each sample ranges between 0.278 and
1.727 ◦C.
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Figure 4. (A) Diatom-based reconstructed summer SST record for core DA06-139G. (B) Temperature
records based on alkenone unsaturation from Lake E in Kangerlussuaq, West Greenland [61]
(C) Temperature reconstruction from the GISP2 ice core, Summit, Greenland [62]. Actual data are
shown as grey lines; smoothed records (three-point running means) are denoted by coloured lines.
The dashed line is the mean value. Historical NE Atlantic climate events are indicated at the bottom of
the diagram. Arrows indicate intervals with decreased reconstructed temperature.

Spectral analysis of the record reveals statistically significant (above the 90% confidence level),
centennial-scale periodicities centered at 529, 410, 191, 131, 124, and 114 years (Figure 5). The 529, 410,
and 191-year periodicities are close to the ubiquitous 512 and 206-year 14C cycles [63], which indicates
that solar modulation may play a role in driving centennial-scale variations in SST in Vaigat Strait.
However, the periodicities of ~114–131 years should be regarded as uncertain, because they are too
close to the Nyquist frequency.
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The summer SST record of the last 5000 years from core DA06-139G reflects the interactions of 
different water masses, each with its own physical characteristics. High reconstructed summer SSTs 
prior to 3000 cal. a BP—especially between 4800 and 3000 cal. a BP, indicating warm conditions in 
Vaigat Strait—represent the strong influence of Atlantic water, and can be regarded as a local 
expression of the Late-Holocene Thermal Maximum (HTM). The exact timing of the HTM varies 
spatially across Greenland and the North Atlantic region, ending as late as ca. 3000 cal. a BP in West 
Greenland and Baffin Bay [64,65]. Thalassionema nitzschioides—the main diatom species in warmer 
Atlantic waters [28,52]—reached relatively high numbers during 4800–3860 cal. a BP (Supplementary 
Figure S1), suggesting the relatively strong influence of Atlantic water [17]. Diatom and lithological 
analyses from sediment core DA00-03, from the southwestern entrance of Disko Bugt, indicate a 
termination of the Late-HTM between 3500 and 3100 cal. a BP [2]. 

Temperature records based on alkenone unsaturation from the sediments of two lakes in 
Kangerlussuaq, West Greenland, indicate a warm interval from 5000 to 2800 cal. a BP (Figure 4B, 
[61]). The Greenland Ice Sheet Project Two (GISP2) ice core from Greenland Summit also depicts a 
general warming from 5000 to 3500 cal. a BP (Figure 4C, [62]). Based on archaeological data, 
Meldgaard [66] speculates that there was a change from subarctic to arctic conditions between 4200 
and 3500 cal. a BP that significantly affected the availability of human food resources. The change 
adversely affected the living conditions for open water hunters, and led to the demise of the Saqqaq 
culture in the Disko Bugt area.  

Figure 5. Results of spectral analysis of the reconstructed summer SST record from core DA06-139G.
The black lines indicate the 95% (red), and 90% (blue) red-noise false-alarm levels. Notable peaks occur
at 529, 410, 191, 131, 124, and 114 years. Peaks at ~114–131 years and below are too close to the Nyquist
frequency to be reliable.

5. Discussion

5.1. 5000–3000 cal. a BP: Late-Holocene Thermal Maximum

The summer SST record of the last 5000 years from core DA06-139G reflects the interactions of
different water masses, each with its own physical characteristics. High reconstructed summer SSTs
prior to 3000 cal. a BP—especially between 4800 and 3000 cal. a BP, indicating warm conditions in
Vaigat Strait—represent the strong influence of Atlantic water, and can be regarded as a local expression
of the Late-Holocene Thermal Maximum (HTM). The exact timing of the HTM varies spatially across
Greenland and the North Atlantic region, ending as late as ca. 3000 cal. a BP in West Greenland
and Baffin Bay [64,65]. Thalassionema nitzschioides—the main diatom species in warmer Atlantic
waters [28,52]—reached relatively high numbers during 4800–3860 cal. a BP (Supplementary Figure S1),
suggesting the relatively strong influence of Atlantic water [17]. Diatom and lithological analyses from
sediment core DA00-03, from the southwestern entrance of Disko Bugt, indicate a termination of the
Late-HTM between 3500 and 3100 cal. a BP [2].

Temperature records based on alkenone unsaturation from the sediments of two lakes in
Kangerlussuaq, West Greenland, indicate a warm interval from 5000 to 2800 cal. a BP (Figure 4B, [61]).
The Greenland Ice Sheet Project Two (GISP2) ice core from Greenland Summit also depicts a general
warming from 5000 to 3500 cal. a BP (Figure 4C, [62]). Based on archaeological data, Meldgaard [66]
speculates that there was a change from subarctic to arctic conditions between 4200 and 3500 cal. a BP
that significantly affected the availability of human food resources. The change adversely affected the
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living conditions for open water hunters, and led to the demise of the Saqqaq culture in the Disko
Bugt area.

A benthic foraminiferal record from offshore of East Greenland suggests the strong influence of
Atlantic Intermediate Water during the mid-Holocene, which lasted until at least 4000 cal. a BP [67].
In addition, the North Iceland shelf was strongly influenced by the IC from 4600 to 3600 cal. a BP [68].
A significant warming (ca. 3 ◦C) is indicated in diatom-based SST records from off the North Iceland
shelf between 4300 and 4000 cal. a BP [29], and from the inner North Icelandic Shelf from 4600 to
3800 cal. a BP [68]. The strong influence of Atlantic water in the East Greenland and Icelandic regions
probably also reflected an active North Atlantic Current and increased advection of IC water into
the WGC system, which may in turn have influenced the hydrography and climate of the Disko
Bugt region.

5.2. 3000–2000 cal. a BP: Neoglacial Cooling

A gradually decreasing trend of summer SSTs between ca. 3000 and 2000 cal. a BP
highlights a strong contribution from the EGC, and hence relatively cold conditions in Vaigat
Strait, with the exception of two minor warm peaks centered at 2700 and at 2300 cal. a BP
(Figure 4A). The time interval from 3000 to 2000 cal. a BP is characterized by a rapid increase
in the abundance of sea-ice diatom species (Detonula confervaceae resting spores, Fragilariopsis
cylindrus, Fossula arctica, and Thalassiosira bulbosa), as well as Bacterosira bathyomphala and Thalassiosira
nordenskioeldii (Supplementary Figure S1), which indicate a significant increase in the influence of
Polar waters in Vaigat Strait [17]. The foraminiferal record from the same core also indicates colder
subsurface water masses in Vaigat Strait between 3500 and 2000 cal. a BP [45]. The decrease in the
reconstructed SSTs was presumably a consequence of the “Neoglacial”, an interval of general Northern
Hemispheric cooling, which is conventionally defined as the advance of continental glaciers following
the termination of the Wisconsin glaciation during the early Holocene thermal maximum [69].

A similar scenario was recognized in western Disko Bugt, where the benthic foraminifera record
from core DA00-03 indicates relatively cool bottom water conditions during the time interval from
3200 to 2200 cal. a BP. The very low abundance of Atlantic water indicators, together with intense
dissolution from 2700 to 2200 cal. a BP, indicates an especially cool WGC at that time [70]. In addition,
a remarkable decrease in temperatures in the records from Kangerlussuaq lake and GISP2 ice core also
reflects a cooling trend from 3000 to 2000 cal. a BP (Figure 4B,C, [61,62]).

A multiproxy study in Ameralik fjord near Nuuk, SW Greenland, indicated the decreased influx
of IC water at subsurface depths [71]. Likewise, data from East Greenland [67] reflecting a colder EGC,
and from north Iceland [72] reflecting a reduced IC influence also indicates cold regional oceanographic
conditions at that time. A diatom-based reconstruction of August SST on the northern shelf of Iceland
also exhibits a decrease of ~2 ◦C from 3000 to 2200 cal. a BP, together with a decrease in the warm
North Atlantic diatom assemblage [73]. These archives suggest that the IC decreased in strength
and that an enhanced inflow of Polar water from the EGC affected the hydrography and climate in
the northern North Atlantic during this interval. The neoglacial cooling was presumably forced by
a reduction in solar radiation beyond a critical threshold, and was enhanced by a resulting advance of
the southern margin of the Arctic drift ice along the East Greenland margin [67].

5.3. After 2000 cal. a BP:

5.3.1. 2000–1600 cal. a BP: Roman Warm Period

The reconstructed summer SSTs in Vaigat Strait during the last 2000 years indicate increasing
climatic instability in Vaigat Strait. A gradual increase in summer SST occurred after 2000 cal. a BP
and continued until 1600 cal. a BP, suggesting the strengthened impact of the IC, and corresponds
to the so-called “Roman Warm Period” (RWP, 2300–1500 cal. a BP) [3]. This is also reflected in the
diatom data by a marked increase in warm-water species and near absence of the sea-ice species
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(Supplementary Figure S1, [17]). In addition, sea-surface temperature records from Disko Bugt reflect
an increased influence of Atlantic surface water from ca. 2200–1700 and from 2100 to 1500 cal. a BP [1,2].
D’Andrea et al. [61] inferred a progressive warming in Kangerlussuaq lake water temperatures from
2000 to 1700 cal. a BP, and suggested that this would have adversely affected the Dorset culture,
since they were mainly sea-ice hunters (Figure 4B, [61]). Dinoflagellate cyst records spanning the same
time interval also suggest increased sea-surface temperatures and fewer months with sea-ice cover in
the Canadian high arctic [74,75].

The “Roman Warm Period” was characterised by warmer conditions on the East Greenland
shelf [67], Reykjanes Ridge [76] and to the north of Iceland [73,77]. Marine records from the Vøring
Plateau [78], Barents Sea [79], and terrestrial wintertime precipitation records from maritime glaciers
in northern Norway [80] suggest a warm North Atlantic Current and increased northwards moisture
transport during the “Roman Warm Period”.

5.3.2. 1500–1200 cal. a BP: Dark Ages Cold Period

Between 1500 and 1200 cal. a BP, there was a significant decrease in the reconstructed summer
SSTs, coinciding with the disappearance of warm-water diatom taxa and significant increase in the
sea-ice species F. cylindrus (Supplementary Figure S1, [17]). This implies an increase in the influence of
cold Polar water in Vaigat Strait and a further decrease in SST, corresponding to a significant climatic
deterioration in NW Europe, known as the “Dark Ages Cold Period” (DACP, ca. 1550~1150 cal. a BP;
cf. [81]). Both the Kangerlussuaq lake and GISP 2 temperature records indicate a significant cooling
during 1500–1200 cal. a BP (Figure 4B,C, [61,62]).

These inferences regarding summer SST variations reflected by the diatom record from Vaigat
Strait are supported by dinoflagellate cyst data from core DA00-02 from Disko Bugt, which indicate
a gradual decrease in warm-water taxa from 1500 to 1300 cal. a BP [3]. In addition, diatom and
dinoflagellate cyst records from South Greenland indicate a cold phase during this interval related
to an increased influx of EGC water, although the overall strength of the WGC seems to have
increased [71]. Thus, the entire East Greenland region may have experienced an increased influx
of EGC water [67]. In addition, the Canadian high arctic waters of the Nares Strait experienced
surface-water cooling and more extensive sea-ice cover, indicating regional atmospheric cooling [75].

5.3.3. 1200–630 cal. a BP: Medieval Climate Anomaly

The reconstructed summer SST record reveals a warming interval from 1200 to 630 cal. a BP,
interrupted by a minor cold episode centered at 840 cal. a BP, suggesting a strong influx of Atlantic
surface waters to Vaigat Strait. This warm interval corresponds to the European Medieval Climate
Anomaly (MCA, 1200~700 cal. a BP; [82]). The Kangerlussuaq lake water temperature record reveals
a warm interval from ca. 1100 to 850 cal. a BP, coincident with Norse colonization of Greenland
(Figure 4B, [61]). The GISP2 temperature record also suggests a warm interval from 1200 to 750 cal.
a BP (Figure 4C, [62]).

Evidence of the MCA can be found throughout West Greenland and across the North Atlantic
region. In Holsteinsborg Dyb, off West Greenland, the MCA is documented by relatively warm
surface waters during the interval from 1150 to 650 cal. a BP [83]. In Igaliku Fjord, SW Greenland,
Jensen et al. [10] identified an interval of increased warm-water diatom species from 1180 to 600 cal.
a BP, associated with a decrease in the influx of EGC water; and Roncaglia and Kuijpers [84] identified
a relatively warm interval starting at about 1180 cal. a BP based on dinoflagellate cysts.

On the East Greenland shelf between 1200 and 850 cal. a BP, the influence of Polar
water was reduced, which allowed the encroachment of Atlantic Intermediate Water along
the sea floor [85]. In addition, the North Icelandic shelf was dominated by Atlantic water
during 1150–650 cal. a BP [19,68,86–88]. Similarly, diatom records from the central Canadian Arctic
Archipelago reveal a higher species diversity around ca. 1150–600 cal. a BP, suggesting a warmer
climate than either before or after [89].
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5.3.4. After 630 cal. a BP: Little Ice Age

The reconstructed summer SSTs decreased rapidly in Vaigat Strait after 630 cal. a BP (Figure 4A),
and warm-water diatom taxa were almost completely absent after 650 cal. a BP (Supplementary
Figure S1, [17]). The GISP2 ice-core paleo-temperature record also suggests a significant cold interval
after 750 cal. a BP (Figure 4C, [62]). An abrupt decrease in water temperatures of Kangerlussuaq lake
began at ca. 850 cal. a BP, and cooler temperatures persisted until approximately 300 cal. a BP,
except for a warmer episode centered at 500 cal. a BP (Figure 4B, [61]). We infer that this cooling event
corresponds to the initiation of the “Little Ice Age” (LIA, [81]).

Although the temporal range of the LIA is not particularly well-defined in the Northern
Hemisphere [90–92] and appears to be influenced significantly by location [93], the expansion of
glaciers in the LIA from ca. 650 to 50 cal. a BP is well recognized across the northern hemisphere [90–92].
Ice core studies indicate decreased accumulation associated with cooling (ca. 0.5 ◦C) at the GISP2
Greenland Summit site centered at 750, 450, and 150 cal. a BP [94].

A change to colder hydrographic conditions caused by the increased influx of Polar water to
central Disko Bugt is also indicated by the occurrence of glaciomarine foraminiferal faunas after
ca. 500 cal. a BP [95]. In Igaliku Fjord, SW Greenland, decreasing diatom-inferred SSTs [10] and
dinoflagellate cysts [84] reveal a cooling trend that started at 665 cal. a BP. Offshore of SE Greenland,
diatom data reveal a cooling of the EGC after ca. 750 cal. a BP [10], coincident with similar indications
from onshore data in the same area [96]. Furthermore, a diatom-based SST reconstruction from
the North Icelandic shelf suggests a marked reduction in temperature at around 650 cal. a BP [15],
caused by the significantly increased influence of Polar waters from the EGC in that area.

5.4. Links between SST Changes and Solar Activity

Correlations between paleotemperature records from the North Atlantic and solar activity suggest
that changes in solar output may cause significant shifts in the climate of the North Atlantic region [97].
To test the role of solar activity on summer SST at our study site in West Greenland, we conducted
a cross-correlation analysis between our reconstructed summer SST record and a total solar irradiance
(TSI) series (Figure 6). The results indicate that the maximum correlation coefficient (0.284) of summer
SST and TSI records is obtained at nearly zero time-lag (-6 time-lag) (Figure 6), which means that
variations in solar activity affected the summer SST variability in the study area.
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A significant positive relationship between summer SSTs on the North Icelandic shelf and solar
irradiance reconstructed from 10Be and 14C records during the Holocene was also demonstrated by
Jiang et al. [15,16]. This finding is also supported by recent climate model simulations using the
Community Climate System Model version 4 (CCSM4) [98]. The model results show a strong positive
correlation between SST and solar irradiance in the pathway of the IC, indicating that a reduced
frequency of Atlantic blocking events during periods of high solar irradiance promotes warmer and
saltier conditions in the pathway of the IC due to stronger circulation of the subpolar gyre [16].

6. Conclusions

Modern diatom assemblages from 80 surface sediment samples from west of Greenland and
around Iceland were used to establish a new diatom-based transfer function for reconstructing summer
sea-surface temperature (SST). A gradual decrease in summer SSTs recorded in core DA06-139G reflects
a cooling trend, with several fluctuations superimposed, during the last 5000 years in Vaigat Strait in
Disko Bugt.

The reconstructed summer SST record ranges from 1.4 to 5 ◦C, with a mean of 3.1 ◦C. Summer SSTs
were generally higher than the mean before 3000 cal. a BP, which is correlative with the Late-Holocene
Thermal Maximum. There followed a step-by-step decrease in summer SSTs between 3000 and
2000 cal. a BP, known as the “Neoglacial cooling”. After 2000 cal. a BP, two cooling events at
1500–1200 cal. a BP and 630–50 cal. a BP are distinguished in the summer SST record, as well as
two significantly warm episodes from 2000 to 1600 cal. a BP and from 1200 to 630 cal. a BP. Comparison
of the summer SST record from Vaigat Strait with reconstructed temperatures at Kangerlussuaq lake,
West Greenland, and the GISP2 ice core reveals coherent changes and a consistent pattern of variation,
reflecting regional changes in SST in West Greenland.

Spectral analyses indicate that significant centennial-scale variations are superimposed on the
long-term orbital trend. The dominant periodicities are 529, 410, and 191 years, which may be linked
to the well-known 512- and 206-year solar cycles. Cross-correlation analyses between the summer
SSTs and total solar irradiance through the last 5000 years indicate that the records are in phase,
providing evidence that variations in solar activity impacted regional summer SST variability. Overall,
the strong linkage between solar variability and summer SSTs is not only of regional significance, but is
also consistent over the entire North Atlantic region.

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/9/5/704/s1,
Figure S1: Relative abundance (%) of the distribution (excluding Chaetoceros resting spores) of the most common
diatoms in the studied record of core DA06-139G [17], Table S1: Location and water depth (m) of surface samples.
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