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Core MD95-2011 was taken from the eastern Vøring Plateau, near the Norwegian coast. The section between 250
and 750 cm covers the time period from 13 000 to 2700 cal. yr BP (the Lateglacial and much of the Holocene).
Samples at 5 cm intervals were analysed for fossil diatoms. A data-set of 139 modern sea-surfac e diatom samples
was related to contemporar y sea-surface temperatures (SSTs) using two different numerical methods. The
resulting transfer function s were used to reconstruct past sea-surfac e temperatures from the fossil diatom
assemblages . After the cold Younger Dryas with summer SSTs about 6°C, temperatures warmed rapidly to about
13°C. One of the  uctuations in the earliest Holocene can be related to the Pre-Boreal Oscillation , but SSTs were
generally unstable until about 9700 cal. yr BP. Evidence from diatom concentratio n and magnetic susceptibilit y
suggests a change and stabilizatio n of water currents associate d with the  nal melting of the Scandinavia n Ice
Sheet at c. 8100 cal. yr BP. A period of maximum warmth between 9700 and 6700 cal. yr BP had SSTs 3–5°C
warmer than at present. Temperatures cooled gradually until c. 3000 cal. yr BP, and then rose slightly around 2750
cal. yr BP. The varimax factors derived from the Imbrie & Kipp method for sea-surface-temperatur e reconstruction s can be interprete d as water-masses . They show a dominance of Arctic Waters and Sea Ice during the
Younger Dryas. The North Atlantic current increase d rapidly in strength during the early Holocene, resulting in
warmer condition s than previously . Since about 7250 cal. yr BP, Norwegian Atlantic Water gradually replaced
the North Atlantic Water, and this, in combinatio n with decreasin g summer insolation , led to a gradual cooling of
the sea surface. Terrestrial systems in Norway and Iceland responded to this cooling and the increased supply of
moisture by renewed glaciation. Periods of glacial advance can be correlated with cool oscillation s in the SST
reconstructions . By comparison with records of SSTs from other sites in the Norwegian Sea, spatial and temporal
changes in patterns of ocean water-masses are reconstructed , to reveal a complex system of feedbacks and
in uences on the climate of the North Atlantic and Norway.
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The Nordic Seas are a critical area of oceanographic
dynamics, both locally and globally. During the last
glacial termination and the Holocene, the Nordic Seas
experienced considerable climatic and oceanographic
changes, summarized by the maps of Koç et al. (1993)
and Koç & Jansen (1994). Using data from the core sites
shown in Fig. 1, Koç et al. (1993) reconstructed the
penetration of Atlantic Waters during the Younger
Dryas (12 700–11 550 cal. yr BP) which formed an early
ice-free area along the Norwegian coast and they
mapped the movements of the Polar and Arctic fronts
northwestwards during the early Holocene and the
development of the Holocene oceanic circulation
pattern. The Vøring Plateau (Fig. 1) is in a sensitive
position regarding these developments as it should lie
under the proposed Lateglacial ice-free passage and it
should be affected in the  rst stages of the entry and
development of North Atlantic Waters in the Holocene.
New data from there are needed to test and strengthen
these reconstructions.
Therefore, to help  ll gaps in the spatial data of Koç
et al. (1993) and thus to position more precisely the

boundary areas and progress of ice-melting and ocean
current development in space and time, core MD952011 was selected for study. Its sediments were
investigated by diatom analyses at high temporal
resolution combined with a radiocarbon chronology
and physical measurements on the sediments.
Diatoms respond sensitively and rapidly to environmental changes (e.g. Sancetta 1999), expanding and
contracting their populations and ranges as environmental factors change over time. Assuming that
assemblages in surface-sediments represent the composition of the contemporary diatom populations living in
the photic zone, the composition of modern diatom
surface-sediment assemblages can be related quantitatively by an empirically derived transfer function to
contemporary sea-surface conditions, such as temperatures. Using such a transfer function, fossil assemblages
in a sediment core can be used to make quantitative
reconstructions of past sea-surface temperatures (SSTs)
for the time span represented by the sediment record.
This study uses diatom analysis to reconstruct past
SSTs and related palaeoceanographic conditions at the
# 2002 Taylor & Francis
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Vøring Plateau at a much higher temporal resolution for
the early and mid-Holocene than was previously
available from the eastern Norwegian Sea. The results
are compared with previous studies (Fig. 1) in order to
reconstruct temporal and spatial patterns in SSTs and
variations in palaeoceanographic conditions through the
Younger Dryas and most of the Holocene. An enlarged
modern data-set of surface samples covering a wider
SST range than that available to Koç et al. (1993) has
been used in this study, and it has also been applied for
direct comparison to the most detailed currently
available Lateglacial and Holocene data, HM79-6/4,
situated south of MD95-2011 (Fig. 1).

Study site
The North Atlantic current conveys large quantities of
heat to northern latitudes, and variations in its  ow also
in uence the climate of the land. With modern summer
SSTs of 11–6°C and winter SSTs between 8°C and 3°C,
it  ows parallel to the Norwegian coastal current along
Norway until it meets cold Polar Water with SSTs
between ¡1.5°C and 0°C and forms the Barents Sea
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Polar Front (Hopkins 1991; Lozier et al. 1995) (Fig. 1).
The cold East Greenland current  ows southwards
along eastern Greenland and through the Denmark
Strait between Greenland and Iceland. Where the two
major water-masses meet, they form large circular gyre
currents, which are important areas for North Atlantic
Deep Water formation that drives the thermohaline
circulation (e.g. Damuth 1978). Along the contact line
from Iceland to Spitsbergen, two fronts form in the
surface waters. To the west, the Polar Front represents
the mixing contact between the Polar and Arctic Watermasses (Sarnthein et al. 1992). To the east, the Arctic
Front represents the mixing contact between the Arctic
and Atlantic Water-masses (Johannessen 1986). During
winter, the fronts migrate to the east, with a resulting
fall in SST, an increased presence of sea ice and colder
air temperatures. A major oceanographic feature of the
Nordic Seas is sea-ice cover (Fig. 1). The presence of
sea ice in uences several important physical processes:
(1) sea-atmosphere exchange of heat and water, (2) the
movement of surface water, (3) brine formation during
freezing, and (4) re ection of solar radiation by the
strong albedo (Hopkins 1991). Disturbances to the
system, e.g. an increase in sea-ice cover, may change

Fig. 1. The Nordic Seas
showing the location of the
core MD95-2011 on the
east side of the Vøring
Plateau. Other sites
discusse d in the test, the
main currents, the Polar
and Arctic Fronts, and the
summer and winter icelimits are also shown.
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the rate of water circulation and exchange, or even stop
it altogether (Broecker 1991). With a varying strength
of thermohaline turn-around, the sensible heat transport
to northern latitudes will change, and climatic conditions in northern Europe and the North Atlantic region
will thus be affected (Bradley 1999).

Methods
Coring, subsampling and geophysics
Core MD95-2011 was collected with a Calypso corer
from a water depth of 1048 m from R/V Marion
Dufresne during the IMAGES 101 cruise on 6 August
1995. Its location is 66°58.18 ’N, 07°38.35’E, on the
eastern Vøring Plateau (Fig. 1). The core is 1749 cm
long. In this study, the section from 200 cm to 750 cm
(Holocene and Younger Dryas) was examined at a
sampling interval of 5 cm.
The core was logged and a GEOTEK Ltd Multi
Sensor Core Logger or MST (Multi Sensor Track) was
used to record three physical properties (Fig. 4): P-wave
velocity in the sediment, bulk density and magnetic
susceptibility (IMAGES 101 1995). In addition, wetbulk density, dry-weight density and porosity were
measured before the core was subsampled onboard ship.
Diatom analysis
Diatom-sample preparation followed Koç Karpuz
(1989) and Koç Karpuz & Schrader (1990). Diatoms
were counted using a Leitz Orthoplan microscope
(100/1.32 objective). Following Schrader & Gersonde
(1978), random transects were examined, and a total of
at least 300 valves (excluding Chaetoceros) were
identi ed and counted per sample. Chaetoceros valves
were not used in the percentage calculations or SST
reconstructions because (a) they are often so numerous
that they can totally dominate the assemblage, thus
biasing the reconstructions, and (b) they show little or
no sensitivity to SST changes (Koç Karpuz & Schrader
1990). However, Chaetoceros valves were counted and
used as an indicator of primary productivity.
Diatom concentrations (g¡1 dry weight of sediment)
were estimated following Koç Karpuz (1989) and
Schrader et al. (1993). Concentration was used as a
surrogate for the  ux of diatom valves from the photic
zone to the sediment and was used as a re ection of
primary production (Schrader et al. 1993). High diatom
concentrations indicate high levels of primary production and/or better preservation rates of valves in the
sediment (Koç Karpuz & Jansen 1992). Primary
production can be limited by total ice-cover, as diatoms
are dependent upon light, but diatoms can be especially
abundant at or near ice margins (Williams 1993;
Sakshaug & Skjodal 1989; Sakshaug & Slagstad 1990).
The diatom counts were entered and percentages

325

calculated and plotted using TILIA and TILIA¢GRAPH
(Grimm 1990/1) (Fig. 2). The stratigraphical data were
divided into assemblage zones using the program
ZONE (S. Juggins unpubl.), based on a numerically
optimal sum-of-squares partitioning with stratigraphical
constraints (Birks & Gordon 1985). The resulting
zonation was compared with the ‘broken-stick’ model
(Bennett 1996), and six statistically signi cant zones
were established using the program BSTICK (J. M. Line
& H. J. B. Birks unpubl.). The zones are delimited
solely on the basis of the data and on stated mathematical criteria, without any reference to inferred
climate conditions or chronology. They are unbiased
and can be used as aids in interpretation and discussion.
Diatom nomenclature and taxonomic authorities are
given in Appendix 1.
Radiocarbon dating and age-depth modelling
The 5 AMS radiocarbon dates obtained from the 200–
750 cm section of core MD95-2011 are listed in Table
1, together with a date at 170.5 cm. They were measured
on monospeci c samples of c. 1500 Neoglobigerina
pachyderma tests, from the size range 150–250 mm,
corresponding to 7–15 mg of carbonate. The 14C date at
510–511 cm was deemed contaminated because of its
unexpectedly great age (14 540 § 120 14C yr BP) and
was rejected. The 14C dates were corrected for a marine
reservoir age of 400 years (Stuiver et al. 1986).
Ha idason et al. (2000) used tephrachronology to
show that a 400-year reservoir age is reasonable for
present and Holocene dates, but during the Younger
Dryas and earliest Holocene the reservoir ages were
greater by several hundred years. However, none of the
dated levels falls within this period, so all were
corrected by 400 years. The 14C dates were calibrated
using the INTCAL93 data-set and method A in CALIB
v3.0.3c (Stuiver & Reimer 1993) in order to achieve
consistency and comparability with previous calibrations by Andersen (1998) and Dreger (1999) for core
MD95-2011. However, calibrations based on the
INTCAL98 data-set and CALIB v4.2 (Stuiver et al.
1998) and INTCAL93 are very similar in this age range
(Table 1). With only 5 usable 14C dates with long timeintervals between them, simple linear interpolation was
considered the most appropriate means of deriving an
age-depth model. The date above the core section at
170.5 cm was used to constrain the upper part of the
age-depth model. The level interpreted in the SST
reconstructions as the onset of the Holocene (695 cm)
was assumed to be 11 550 cal. yr BP (Gulliksen et al.
1998) and this was used to constrain the lower part of
the model. The calibrated ages of each sample were
estimated from the age-depth model.
Sea-surface temperature reconstructions
A modern calibration data-set of 139 surface samples

Fig. 2. Stratigraphical plot of percentage planktonic diatom data from MD95-2011. The calculation sum includes all planktonic diatom taxa except Chaetoceros spp. The percentage values
are black silhouettes, the open silhouettes are £5 exaggeration. Also shown are the diatom assemblage zones, the estimated calibrated ages derived from the age-depth model, total diatom
concentrations (valves g¡1 dry sediment £106), and the cumulative percentages of total planktonic (excluding Chaetoceros spp.), total benthic, and total unknown diatoms.
Veg = vegetative valves.
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Table 1. Radiocarbo n dates, correcte d ages, and calibrated dates from MD95-2011. Sample GifA 96671 was deemed contaminate d and
unreliable and was not calibrate d or used in the age-dept h model.
Lab number

Mean depth
(cm)

Species

GifA 96472
KIA 10011
KIA 463
GifA 96671
KIA 464
KIA 465

170.5
269.5
320.5
510.5
520.5
750.5

N.
N.
N.
N.
N.
N.

pachyderm a
pachyderm a
pachyderm a
pachyderm a
pachyderm a
pachyderm a

14

(d)
(d)
(d)
(d)
(d)
(s)

C Age yr BP

2620 § 60
3820 § 35
4330 § 50
14 940 § 120
7260 § 60
12 220 § 90

Table 2. Calibrated ages of the diatom zone boundarie s on Fig. 2,
rounded to the nearest 5 years.
Zone
Zone
Zone
Zone
Zone
Zone
Zone

6
5
4
3
2
1

Depth (cm)

Age (cal yr BP)

320–200
452.5–320
592.5–452.5
692.5–592.5
742.5–692.5
750–742.5

4400–2665
6550–4400
9240–6550
11 435–9240
13 450–11 435
13 765–13 450

and August (summer) and February (winter) SSTs (N.
Koç unpubl. and Appendix 2) was used to reconstruct
palaeotemperatures in MD95-2011. This data-set is
enlarged from the calibration data-set used by Koç
Karpuz & Schrader (1990), Koç Karpuz & Jansen
(1992), Koç et al. (1993) and partly by Koç et al.
(1996). A new SST reconstruction using the Imbrie &
Kipp (1971) method was also made for core HM79-6/4
(Koç & Jansen 1992) using the enlarged modern dataset, in order to achieve comparability with the results
using both calibration data-sets, and to allow direct
comparison of reconstructed temperatures from MD952011 and HM79-6/4. This new reconstruction is termed
HM79-6/4 v2, whereas the original reconstruction of
Koç Karpuz & Jansen (1992) is termed HM79-6/4 v1
(see Fig. 6).
Two palaeoenvironmental reconstruction methods
and resulting transfer functions have been applied to
core MD95-2011; Imbrie & Kipp’s (1971) ‘factor
analysis regression’ (referred to here as I&K) and
weighted-averaging partial least squares (WA-PLS) (ter
Braak & Juggins 1993). These two methods were
selected because (1) the I&K approach is widely used
in marine palaeoceanography and (2) WA-PLS, originally developed in palaeolimnology, appears in a range
of comparative studies (ter Braak 1995; ter Braak et al.
1993; Birks 1995, 1998 and unpubl.) to perform as well
or better, as assessed by a range of performance
statistics, than other reconstruction procedures. Like
the I&K approach, WA-PLS is an ‘inverse’ regression
approach that uses several components in the  nal
transfer function. Unlike the I&K method, WA-PLS
assumes unimodal responses of species to their en-

Corrected age 14C INTCAL93 Calibrated
yr BP (¡400 yr)
age yr BP (1 std dev.)

INTCAL98 Calibrated
age yr BP (1 std dev.)

2220 § 60
3420 § 30
3930 § 50
14 540 § 120
6860 § 60
11 820 § 90

2132–2334
3635–3693
4295–4421
—
7620–7743
13 615–14 034

2138–2327
3628–3692
4286–4418
—
7582–7683
13 637–13 932

vironment (ter Braak & Juggins 1993). The components
are selected in WA-PLS to maximize the covariance
between the environmental variable to be reconstructed
(e.g. summer SST) and hence to maximize the
predictive power of the model. This contrasts with the
I&K approach, where the components are chosen
irrespective of their predictive value to capture only
the maximum variance within the modern biological
data. Unlike the I&K method as currently implemented
in the programs CABFAC, THREAD and REGRESS
written by J. Imbrie and J. E. Klovan and modi ed by T.
Schrader, where the number of components or factors to
include is chosen by the user, the number of components included in WA-PLS is based on a statistical
leave-one-out cross-validation procedure (ter Braak &
Juggins 1993). In leave-one-out cross-validation the
inference or ‘reconstruction’ procedure is applied n
times using the modern data-set of size (n ¡ 1). In each
of the n inferences, one modern sample is left out in turn
and the transfer function based upon the (n ¡ 1) samples
in the modern data-set is applied to the one excluded
sample to give a predicted value (x̂i) for the environmental value of that modern sample i. By subtracting
the predicted (x̂i) from the observed value (xi) a
prediction error for the sample can be estimated. These
prediction errors are accumulated for all n modern
samples to give a root mean square error of prediction
(RMSEP), r2 (the coef cient of determination between
observed and predicted values) and maximum bias (ter
Braak & Juggins 1993) based on cross-validation (Birks
1995). Statistics based on comparing inferred and
observed values in the modern data-set without any
cross-validation are called ‘apparent’ statistics (Birks
1995). The root mean square error (RMSE) is invariably
underestimated and r2 and maximum bias are overestimated when based solely on the modern data-set
(Birks 1995; ter Braak & Juggins, 1993). Further details
of WA-PLS are given by ter Braak & Juggins (1993), ter
Braak (1995), ter Braak et al. (1993) and Birks (1995,
1998). WA-PLS was implemented by the program
CALIBRATE written by S. Juggins and C. J. F. ter
Braak. The program RMSEP written by J. M. Line and
H. J. B. Birks was used to calculate bias and other
performance statistics for the I&K models.
If a transfer function is to be reliable, it should have a
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low RMSEP and maximum bias, and a high correlation
(r) or coef cient of determination (r2) between observed
and predicted values (Birks 1995, 1998). Using the
combination of low RMSEP and maximum bias, along
with a high r2 (as assessed by leave-one-out crossvalidation) and a small number of ‘useful’ components
(Birks 1998), four-component WA-PLS models were
selected for both August and February temperatures. An
eight-component I&K model was used, following
Andersen (1998) and Koç (unpubl.) (see Appendix 2).
Both transfer functions used in this study have low
RMSE or RMSEP (c. 1°C), a high r2 (c. 0.9°C) and a
maximum bias of c. 1°C. In theory, they are both
reliable and robust, at least when evaluated by these
statistical criteria based on the modern data only. Their
reliability and robustness should, however, be evaluated
by their performance when applied to core stratigraphical data. Each method and associated transfer function
produces overall similar SST reconstructions but which
differ in detail (Fig. 3).
As a by-product of the SST reconstructions produced
by the I&K method, the eight varimax ‘factors’ used in
the reconstruction of MD95-2011 are plotted stratigraphically (Fig. 5). Each factor can be interpreted as
representing a particular dominant diatom assemblage
that may re ect a certain contemporary water-mass
(Andersen 1998; Koç Karpuz & Jansen 1992; Koç
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Karpuz & Schrader 1990). The eight factors, dominant
diatom taxa and inferred water-masses are summarized
in Appendix 3. By plotting the factor scores for MD952011 on a depth and age basis (Fig. 5), it is possible to
see which of the factors and their inferred water-masses
may have been dominant throughout the time represented by the core.

Results
Radiocarbon dates and age-depth model
The  ve AMS 14C dates between 200–750 cm of
MD95-2011 and the date at 170.5 cm are shown in
Table 1, together with the 400 yr marine reservoir
correction and the calibrated ages using INTCAL93 and
INTCAL98. The estimated ages of each sample derived
from the age-depth model are plotted on the stratigraphical diagrams (Figs 2–5, 7). Before discussing the
stratigraphical data, it is necessary to test the reliability
and robustness of the age-depth model based on linear
interpolation by using stratigraphical markers not used
to construct the age-depth model.
The mid-Younger Dryas Vedde Ash was identi ed in
the core over a 45 cm interval by Dreger (1999).
Because large amounts of tephra can be transported

Fig. 3. August and February sea-surfac e temperatur e reconstruction s (°C) for core MD95-2011 based on Weighted Averaging Partial Least
Squares (WA-PLS) and Imbrie & Kipp (1971) (I&K), plotted against depth and estimated age in calibrated years BP. The diatom assemblage
zones are also shown. Events a and b are indicated .
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by pack ice and bottom currents (e.g. Ha idason et al.
2000), resulting in delayed or extended deposition (e.g.
an 800 yr delay in the Iceland Shelf region (Eir´ksson et
al. 2000)), it is not always easy to use the occurrence of
ash as an unambiguous time-marker horizon (cf. Lowe
& Turney 1997). Therefore, the Vedde Ash was not
used in the construction of the age-depth model. The
stratigraphic position of its primary occurrence was
determined as 700–705 cm by T. Dokken (pers. comm.
2001) (cf. Dreger 1999). The estimated age of this level
from the age-depth model is 11 900–12 000 cal. yr BP.
This corresponds very closely to the GRIP ice-core age
of the Vedde Ash of 11 980 § 80 ice-core yr BP
(Grønvold et al. 1995) and the calibrated age of a
terrestrial Vedde Ash horizon (c. 12 000 cal. yr BP)
(Birks et al. 1996, 2000) and suggests that the MD952011 age model is reliable in this age range. As a second
test of the model, the age of the level interpreted as
equivalent to the ‘8.2 ka event’ (Klitgaard-Kristiansen
et al. 1998), 540 cm, was estimated from the age-depth
model to be 8100 cal. BP. The correspondence of these
two horizons to expected ages lends credulity to the
age-depth model for MD95-2011.
Diatom stratigraphy (Fig. 2), sea-surface temperature
reconstructions (Fig. 3) and water-mass
reconstructions (Fig. 5)
Zone 1 (750–742.5 cm, 13 765–13 450 cal. yr BP). –
Zone 1 (Fig. 2) has a low diatom concentration with
no dominant species, and thus does not clearly suggest
any dominating factor-inferred water-mass. Of the two
samples, that at 750 cm is devoid of diatoms. All the
trends (Fig. 3) result from the joined SST curves from
zone 1 to zone 2. Both reconstruction methods show
cooling to 7–8°C for August (Fig. 3) but the magnitude
is only greater than 1°C in the WA-PLS reconstruction.
February temperatures reconstructed by I&K are stable.
WA-PLS shows a cooling from 6 to 5°C.
Zone 2 (742.5–692.5 cm, 13 450–11 435 cal. yr BP). –
Of the 10 samples in zone 2, 2 (720 cm and 715 cm;
12 970–12 835 cal. yr BP) are devoid of diatoms. The
base of the Vedde Ash is at 700–705 cm (T. Dokken,
pers. comm. 2001). Zone 2 is dominated by high
percentages of Thalassiosira gravida spores (Fig. 2).
This suggests that much of the winter season was
in uenced by proximal or direct ice-cover (Williams
1986). Zone 2 is also characterized by the presence of
arctic-ice species such as Fragilariopsis oceanica
(Williams 1986), Bacterosira fragilis and Porosira
glacialis (Fig. 2). P. glacialis is characteristic of
conditions of long-term, fast ice-cover (Williams
1986). These diatoms have few occurrences through
the rest of the core. Factor 6, the Arctic Waters and the
Polar Front assemblage, dominates the factor scores,
with the highest values for Factor 5 (Sea Ice) and Factor
1 (Arctic-Greenland Waters) also occurring in this zone
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(Fig. 5). Towards and across the zone 2–3 boundary,
Thalassiosira oestrupii, Rhizosolenia alata, Thalassiosira eccentrica and Thalassiothrix longissima appear
and increase (Fig. 2), suggesting a warming of SSTs
and a reduction in the extent of seasonal ice-cover. They
all prefer warmer conditions and also probably a higher
salinity than in arctic conditions (Koç Karpuz &
Schrader 1990; Williams 1993). This is echoed in the
rapid decrease of Factor 6 (Polar Front), suggesting that
the site was no longer directly in uenced by Polar
Waters at the end of zone 2.
Zone 3 (692.5–592.5 cm, 11 435–9240 cal. yr BP). –
There are large increases in Rhizosolenia styliformis,
Thalassionema nitzschioides, Thalassiosira angulata,
T. oestrupii and T. decipiens (Fig. 2). This assemblage is
typical of Factor 4 (Norwegian Atlantic Water) (Koç
Karpuz & Schrader 1990) (see Appendix 3). There are
also high Factor 2 scores. Towards the zone 3–4
boundary, Rhizosolenia hebetata var. hebetata and R.
hebetata var. semispina increase (Fig. 2), indicating
more in uence of Sub-arctic Waters (see Appendix 3).
At the same time, sea-ice species become rare and
disappear. Thalassiosira oestrupii becomes abundant at
the zone 3–4 boundary (Fig. 2). At the same time, Factor
3 (Sub-arctic Waters) reaches its highest levels in the
sequence.
Zone 3 exhibits the highest diatom concentrations in
the sequence at around 7–8 £ 106 valves g¡1 dry sediment, with peaks reaching as high as 12 £ 106 valves
g¡1 dry sediment (Fig. 2).
August SST reconstructions for Zone 3 (Fig. 3) range
from 11°C to 13°C. There are several short-term
 uctuations of c. 1.5°C in both reconstructions. In the
February SST reconstructions (Fig. 3), the temperature
gently cools from c. 7°C to 9°C towards the zone 3–4
boundary with small short-term  uctuations of less than
1.0°C. A marked cooling in all reconstructions at
c. 11 300–11 000 cal. yr BP is marked on Fig. 3 as
‘Event a’, and it can be correlated with the Pre-Boreal
Oscillation (PBO) (Björck et al. 1997). In both February
reconstructions just before a rapid warming at the zone
3–4 boundary, there is a longer cooler period (Event b)
that is more marked than in the August reconstructions.
Zone 4 (592.5–452.5 cm, 9240–6550 cal. yr BP). –
Zone 4 is dominated by Thalassiosira oestrupii, but
this species decreases towards the top of the zone, while
T. eccentrica and Thalassionema nitzschioides percentages increase (Fig. 2). The arctic-water species
decrease above the zone 3–4 boundary. These changes
suggest a major change in water-masses at the site (Fig.
5). Throughout zone 4, the ratio of Thalassiosira
gravida spores to vegetative valves remains constant
at approximately 1:1. There are individual recurrences
of Bacterosira fragilis and Porosira glacialis at 540–
550 cm (8190–8455 cal. yr BP) and 490 cm (7170 cal.
yr BP), respectively.
There is a sharp decrease in diatom concentrations at
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530–540 cm (c. 7920–8190 cal. yr BP) (Fig. 2)
coincident with a sudden change at c. 540 cm (c. 8100
cal. yr BP) in the physical data (Fig. 4).
Zone 4 is dominated by Factor 2, the North Atlantic
Waters. This decreases slightly towards the zone 4–5
boundary, and Factor 4, the Norwegian-Atlantic
Waters, starts to increase.
This zone contains the warmest period in all the
reconstructions for both August, 14°C and 15.5°C, and
February, 11.5°C and 11°C, with maxima, at about
580 cm (c. 9250 cal. yr BP) (Fig. 3). The temperatures
remained high until c. 7200 cal. yr BP when a cooling
trend becomes apparent. There is no sign of a SST
change around 540 cm parallel to the diatom concentration minimum and the changes in the physical data.
Zone 5 (452.5–320 cm, 6550–4400 cal. yr BP). – There
is a steady decrease in Thalassiosira oestrupii percentages. Maximal percentages of Thalassionema
nitzschioides and Thalassiosira eccentrica are reached
and maintained throughout the rest of the sequence.
Zone 5 is the most stable zone in the sequence. All
SST reconstructions (Fig. 3) show a gentle cooling
towards the upper boundary at 320 cm (4400 cal. yr
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BP). In the WA-PLS reconstruction, August SSTs
cooled from 13°C to 12°C and February SSTs from
9°C to 8°C. In the I&K reconstructions, August cooled
from 14°C to 12°C and February from 10°C to 8°C.
There is also a steady change in the varimax factors and
the inferred water-masses. Factor 2 (North Atlantic
Waters) slowly decreases, whereas Factor 4 (Norwegian-Atlantic Waters) increases towards the top of
the zone.
Zone 6 (320–200 cm, 4400–2665 cal. yr BP). – Zone 6
has a diatom assemblage similar to zone 5, dominated
by Thalassionema nitzschioides (Fig. 2). Thalassiosira
oestrupii decreases to values even lower than in zone 3,
and the T. gravida ratios shift even further towards
vegetative valves. However, zone 6 displays a sudden
change in diatom assemblage around 270 cm. There is a
peak of Thalassiosira gravida spores, increased percentages of T. gravida and a peak of Rhizosolenia
hebetata var. hebetata, and a rise of R. styliformis,
together with a decrease in T. oestrupii.
Both August SST reconstructions show a cooling
trend with temperatures around 10°C continuing from
zone 5 to approximately 270 cm (3660 cal. yr BP), when

Fig. 4. Physical propertie s of MD95-2011 (from IMAGES 101, 1995) plotted against depth and estimated age in calibrated years BP. The
magnetic susceptibilit y units (SI) follow IMAGES 101 (1995). The diatom assemblage zones are also shown.
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the trend reversed, to show a warming to the top of zone
6 (2665 cal. yr BP), up to 12°C. The SST reconstructions for February (Fig. 3) are less consistent. I&K
shows a slight warming from the minimum of 6°C at
270 cm and the greatest short-term variation. WA-PLS
shows no warming, and temperature eventually falls at
the top of the zone to temperatures almost as cool as the
minimum at 270 cm (6°C).
Zone 6 is dominated by Factor 4 (Norwegian-Atlantic
Waters), but the zone exhibits peaks in all factors except
1 and 2 (Arctic Greenland Waters and North Atlantic
Waters) at 250–275 cm.

Discussion
Diatom-free levels
Diatoms are  rst recorded in MD95-2011 at 745 cm
(c. 13 570 cal. yr BP), nearly 600 years before the  rst
record from M23071 (Koç et al. 1993) from the western
Vøring Plateau (Fig. 1). This may re ect a real
difference in the onset of open-water conditions
between the west and east sides of the Plateau, but
could also be a result of poor chronologies being unable
to differentiate these ages. The absence of diatoms at
715 and 720 cm (12 400 and 12 595 cal. yr BP, respectively) and 750 cm (13 765 cal. yr BP) (Fig. 2) could
result from one or more of the following factors.
1. Diatoms may be dissolved in conditions of low silicasaturation combined with a slow sediment deposition
rate. Post-diagenetic dissolution could also occur as
bottom-water characteristics varied.
2. Diatoms are photosynthetic and at low light intensity,
growth will cease. Light penetration in surface waters
could be reduced by increased small-particle suspension (Sancetta 1999). If suspended particle concentration increased, the small-particle content of the
sediment should also increase. This does not appear
to be the case, as both the sediment density and
porosity (Fig. 4) remain relatively constant during the
diatom-free levels. Magnetic susceptibility falls
rapidly at the upper levels, but at the lower level it
shows the highest values in the sequence (Fig. 4)
indicating sediment composition differences, but
these were probably not related to productivity
changes.
3. Ice cover also reduces light penetration and thus
diatom production (Sancetta 1999; Gersonde &
Zielinski 2000). The major sedimentary  ux of
sea-ice diatoms occurs in open water during the
high-productivit y summer season. During sea-ice
coverage, particle  ux is low and less likely to
produce a signal in the diatom record. Thus the seaice signal is directly related to the annual duration of
sea ice. For a signal to be detected, it has to persist for
several years (Gersonde & Zielinski 2000). The
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diatom-free levels would imply that the Vøring
Plateau was covered by persistent ice for most of
the year for several years. Prior to the Younger
Dryas, the circulation reconstructions of Koç et al.
(1993) suggest that the ice-margin was close to or
even over the Vøring Plateau, and could have
reduced diatom production before 13 570 cal. yr BP
(745 cm). During the Younger Dryas, the Vøring
Plateau was under an ‘ice-free passage’ Koç et al.
(1993) and periodic ice-front oscillations may have
affected diatoms near its margin (710–720 cm).
The ice-cover ‘darkening hypothesis’ is supported by
reductions in primary productivity of dino agellates
and coccoliths in the Lateglacial, in three cores from the
Vøring Plateau (Baumann & Matthiessen 1992). In
addition, foraminifera abundance was greatly reduced at
720 cm in MD95-2011 (Dreger 1999), suggesting a
reduced overall productivity around 12 500 cal. yr BP.
However, foraminifera were abundant at 755 cm (the
nearest count level to the diatom-free level at 750 cm)
suggesting that potential productivity was high. Therefore the most likely explanation for the low concentrations of preserved diatoms in the sediment prior to and
during the Younger Dryas may be that levels of primary
productivity were low due to extensive ice cover, and
the valves may have been poorly preserved. If the icemargin was near or over the Vøring Plateau, then there
would be a diatom sea-ice signal, as primary production
is high near ice margins.
Imbrie and Kipp Factors and water-mass
interpretations
Each of the eight factors used in the I&K SST
reconstructions is dominated by a particular diatom
assemblage that is interpreted to represent a distinct
North-Atlantic/Nordic Sea modern water-mass (Andersen 1998; Koç Karpuz & Jansen 1992; Appendix 2). A
plot of the factors against core depth (Fig. 5) reveals
changes in the balance of the factors and their
associated water-masses through time. These can be
interpreted in terms of overall water movements and the
position of the Polar Front following Koç et al. (1993),
and summarized in Appendix 3.
As expected, not all the factors play an important role
at the Vøring Plateau. Factor 1 (Arctic-Greenland
Water), Factor 5 (Sea-ice Water) and Factor 8 (North
Atlantic/Sub-arctic Mixing Water) all have relatively
constant scores throughout the core (Fig. 5). They are
present, but are not major driving factors in the SST
reconstructions. However, Factors 1 and 5 have higher
values below 600 cm (9420 cal. yr BP) to the base.
Interestingly, Factor 5 (Sea Ice) reaches its maximum
values adjacent to the 720 cm to 715 cm (12 595–12 400
cal. yr BP) diatom-free section, thus lending support to
the ice-cover hypothesis as a cause for these diatom-free
levels.
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In zone 2 (Fig. 5), Factor 6 (Arctic Water) has the
greatest weight and a strong in uence on the low SST
reconstructions. Such a high in uence of Arctic Water
suggests strongly that the Vøring Plateau was either
directly below the Polar Front or very close to it during
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this period. A similar conclusion was reached by Koç et
al. (1993) and Koç & Jansen (1994). Factor 6 declined
during zone 3 and became insigni cant thereafter,
except for a conspicuous peak in zone 6 at approximately 260 cm (3515 cal. yr BP) that reached zone 3

Fig. 5. Stratigraphica l plot
of the I&K factors (£100)
interpreted as watermasses. Diatom
assemblage zones are also
shown, along with the
estimated ages in calibrate d
years BP.
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levels (Fig. 5). Factors 7 and 3 also peaked here,
coinciding with the point where the cooling temperature
trend through zones 5 and 6 reversed (Fig. 3) and SSTs
started to rise.
Factor 2 (North Atlantic Water) (Fig. 5) resembles
the August SST reconstruction (Fig. 3). This factor has
the greatest in uence on the I&K reconstructions
through most of the Holocene. Factor 4 (Norwegian
Atlantic Water) gradually replaced Factor 6 during
zones 5 and 6, and is associated with the posthypsithermal cooling.
Younger Dryas (12 700–11 550 cal. yr BP)
The diatom record at the Vøring Plateau starts between
13 500 cal. yr BP (Fig. 2) and 13 000 cal. yr BP (Koç et
al. 1993). Zone 1 is dominated by a Sub-arctic/
Norwegian Atlantic mix of waters (Factor 7), including
Sub-arctic Waters, Norwegian Atlantic Waters, Arctic
Waters and an in uence of Arctic-Greenland Water
(Fig. 5). Factor 2 (North Atlantic Water) increased in
MD95-2011 (Fig. 5) before the Younger Dryas at the
same time as the North Atlantic Factor 2 increased in
the reconstruction of HM79-6/4 (Koç et al. 1993),
suggesting that Atlantic Waters had reached the Vøring
Plateau by this time. The high magnetic susceptibility
(MS) values at the base of the sequence (Fig. 4) possibly
re ect input of terrigenous material derived from the
start of deglaciation of Norway, such as the Andøya
area (Vorren et al. 1988). Indications of deglaciation at
this time are also found in the north Norwegian Sea and
the Barents Sea (Sarnthein et al. 1995; Hald et al. 1996;
Hald & Aspeli 1997). The sea near southern Norway
was ice-free by approximately 13 400 14C yr BP (c.
16 000 cal. yr BP) (Koç Karpuz & Jansen 1992; Koç et
al. 1993).
During the  rst part of the Younger Dryas (zone 2),
the Vøring Plateau was subjected to the coldest temperatures in the whole of the sequence, falling to as low
as 7.5°C in summer and 2.5°C in winter. Magnetic
susceptibility drops to a minimum at about 12 500 cal.
yr BP (Fig. 4) near the chronological onset of the
Younger Dryas cold episode (Björck et al. 1998),
suggesting that there was little or no input of terrigenous
material into the sediments of the Vøring Plateau during
the Younger Dryas. Dokken & Jansen (1999) also found
that the magnetic susceptibility signal is low during
times of glacial re-advance as a result of decreased
supply of material, or conditions that did not allow
material to be carried far out from the Norwegian shelf,
such as substantial sea-ice cover.
After this coldest spell, warming is apparent in both
of the SST reconstructions, rising to between 10°C and
12°C in summer and 6°C to 8°C in winter (Fig. 3). This
warming was temporarily interrupted at approximately
12 000 cal. yr BP (mid-Younger Dryas). Diatom concentrations during zone 2 show a general increase
towards the zone 2–3 boundary (Fig. 2). A small
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interruption in this rise coincides with the cooling at
12 000 cal. yr BP.
During the Younger Dryas, there was a major reorganization of water-masses at the Vøring Plateau
(Fig. 5). The presence and disappearance of the Polar
Front assemblages and water-masses indicate an oscillating movement of the Polar Front (Koç et al. 1993;
Koç & Jansen 1994). Arctic Waters (representing
proximity to the Polar Front) totally dominated the
Vøring Plateau at MD95-2011 (Fig. 5), and the Sea ice
and Greenland Waters factors reached their highest
levels. During this zone, MD95-2011 was either close
to, or directly under, the Polar Front. Seasonal sea ice
was common, but only hindered the overall growth and
production of diatoms in the early Younger Dryas
(715–720 cm).
The cause of the Younger Dryas cold reversal that is
so marked in the eastern North Atlantic region is still a
matter of debate. Marine evidence of ice-free conditions
along the whole coast of Norway as far as the Barents
Sea, related to the establishment of a weak North
Atlantic current circulation (Koç et al. 1996; Hald et al.
1996; Hald & Aspeli 1997) was used by Berger &
Jansen (1995) to propose the ‘Super Fjord Heat Pump’
mechanism for climatic oscillations during deglaciation. Marked rapid coolings could be caused by
substantial in ow of meltwater, which would ‘cap’ the
warmer Atlantic Waters and promote sea-ice formation
and cooling. The heat  ux would be further reduced by
the strong ice albedo and the prevention of surfacewater currents. Because of the relatively con ned
geography of the Nordic Seas, rather few open areas
would have occurred between ice  oes to allow heat to
reach the water (Copley 2000).
The distinct changes in the palaeoenvironment of the
Vøring Plateau seen in the Younger Dryas SST
reconstructions from MD95-2011 can be compared
and correlated with records and proxies from other
areas. Comparisons to other diatom-based reconstructions from the same and adjacent areas will be considered here as they show some differences and patterns
(Fig. 6). The locations of these records are marked in
Fig. 1. Although only the HM79-6/4 v2 reconstructions
on Fig. 6 are made using the enlarged modern diatom
data-set, the other curves, reconstructed on the  rst
modern data-set (Koç Karpuz & Schrader 1990), should
show comparable trends, even though the absolute
temperature values may not be comparable (cf. HM796/4 v1 and v2).
The SST reconstructions from HM79-6/4 v1 (Koç
Karpuz & Jansen 1992) show a very cold Younger
Dryas at about 4°C in summer and ¡2°C in winter. The
abrupt warming at c. 11 500 cal. yr BP is interrupted by
a cool event they termed YDII, before reaching mean
Holocene SSTs. The new reconstruction using the
enlarged modern diatom calibration set (HM79-6/4
v2, Fig. 6) indicates that the Younger Dryas was about
5°C warmer, and thus much closer to reconstructions
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Fig. 6. Chronostratigraphica l plot (calibrate d years BP) of sea-surfac e temperature reconstruction s (°C) from other sites using diatoms. Core
52–43 and core 57–5 (Koç Karpuz & Schrader 1990), HM79-6/4 v1 (Koç Karpuz & Jansen 1992), core M23071 (Koç et al. 1993). The core
locations are marked on Fig. 1. The reconstruction s of HM79-6/4 v2 have been made using the enlarged calibratio n data-set (see text).

from MD95-2011 (Fig. 3). The site was probably icefree during the Younger Dryas. There is less variability
during the Lateglacial in HM79-6/4 v2 than HM79-6/4
v1, with the Younger Dryas to Holocene temperature
increase reconstructed as a rise of 7°C rather than 9°C.
However, the YDII cooling is still apparent. The SST
reconstructions using the 1993 data-set from M23071,
to the west of MD95-2011, are less detailed. The very
cold Younger Dryas temperatures, similar to those of
HM79-6/4 v1 (Fig. 6), may reconstruct warmer with the
new calibration set. The early Holocene warming is
gradual and shows no  uctuations. The 52–43 site (Koç
Karpuz & Schrader 1990) was probably ice-free in the
Younger Dryas, but the reconstructions (Fig. 6) show
little temperature change.
Koç et al. (1993) mapped a seasonally ice-free
passage to 72°N along the Norwegian coast throughout
the Younger Dryas. Berger & Jansen (1995) modelled
this passage as a result of a Coriolis ‘pile-up’ of warmer
waters along the eastern side of the Nordic Sea and a
weak  ow of North Atlantic Waters reaching Svalbard
by 13 400 14C yr BP (c. 16 000 cal. yr BP) (e.g. Koç et
al. 1996; Hald et al. 1996). Koç et al. (1993) and Berger
& Jansen (1995) also suggest that sea ice was less
extensive than in the cold full glacial period before c.
16 000 cal. yr BP.
The existence of an ice-free passage may explain the
differences between MD95-2011 and M23071 (Koç et
al. 1993) during the early Holocene and Younger Dryas

(Fig. 6). Whereas MD95-2011 is located within the
northern part of the ice-free passage, M23071 may have
been outside or on the edge of the passage (see Koç et
al. (1993) Fig. 11), and may have been subjected to
lengthy seasonal ice coverage, thus lowering the SST. It
is important to note that the sea-ice reconstruction is
based on SST estimates made with the Koç Karpuz &
Schrader (1990) original modern diatom data-set.
Diatom concentrations in the lower sections of MD952011 and M23071 show a similar trend, low numbers
before and during the Younger Dryas and a steady
increase during the Early Holocene (Koç et al. 1993),
supporting the suggestion that the Younger Dryas
period over the whole Vøring Plateau was cold and
that surface-waters were subjected to seasonal icecoverage.

Younger Dryas–Holocene Transition: 12 000–9240
cal. yr BP
At the start of zone 3 (c. 12 000 cal. yr BP) SSTs rose
steeply. August and February SSTs both rose by 4.5–
5.5°C over c. 700 years (Fig. 3). There was a major
decrease in Polar and Arctic water-masses, and a large
increase in Atlantic and Norwegian-Atlantic Waters
(Fig. 5). The Sea-ice assemblage was decreasing, but
was still relatively high, visible by its re ection in
Factor 5. The Younger Dryas/Holocene boundary
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(11 550 cal. yr BP) is placed at the middle of the
temperature rise, at 692.5 cm.
The SST reconstructions at HM79-6/4 to the south
show a rapid temperature rise at c. 11 300 cal. yr BP
which resumed after the YDII event at 9600 14C yr BP
(c. 10 600 cal. yr BP) (Fig. 6). Core M23071 from the
western Vøring Plateau shows a more gradual transition
over 1500 years out of the Younger Dryas (Fig. 6). Koç
et al. (1993) conclude that this is due ‘… to the much
lower sedimentation rates, bioturbation effects and a
larger interval of age interpolation’. However, it may
also be related to the later persistence of the Polar Front
over M23071 and the more gradual impact of the reorganization of the water-masses in the early Holocene
than in the already ice-free passage along the Norwegian coast.
The early Holocene steep rise in temperature off the
Norwegian coast and also in coastal terrestrial records
at, for example, Krakenes (Birks & Ammann 2000) can
possibly be attributed to the maximum summer insolation at the time being able to warm the sea water. Most
of the sea ice had melted by this time in the eastern
Norwegian Sea (Koç et al. 1993) and was no longer
reducing heat  ux to the water and re ecting heat by its
strong albedo (Koç et al. 1996). Water-mass circulation
in the eastern Norwegian Sea was enhanced, probably
due to enhanced overturn rates of the water column,
allowing large amounts of warmer Atlantic Water to
penetrate northwards up the Norwegian coast (Berger &
Jansen 1995; Koç et al. 1996). The strong north–south
gradient rapidly diminished (Koç et al. 1996). Diatom
productivity was high over the Vøring Plateau, as
shown by the rapidly increasing diatom concentrations
(Fig. 2) and a parallel rise in coccolith abundances
(Andruleit & Baumann 1998).
Two events can be distinguished in the SST reconstructions for zone 3 in MD95-2011 (Fig. 3). During
Event a, SST fell about 1°C between 11 260 cal. yr BP
and 11 040 cal. yr BP. Then temperatures rose to c. 12°C
in summer and 9°C in winter. Diatom concentrations
fell to a low at c. 11 000 cal. yr BP at the end of Event a
(Fig. 2) but rose swiftly to a maximum towards the top
of the zone (c. 12 £ 106 valves g¡1 dry sediment). Event
b occurred directly after Event a from 10 000 cal. yr BP
to the zone top at 9240 cal. yr BP. It is most marked in
the winter SST, especially WA-PLS, by a sudden
cooling of as much as 2°C, before temperatures started
to rise again.
From its timing, Event a is likely to be related to the
Pre-Boreal Oscillation (PBO) (Björck et al. 1996,
1997). At the same time, a similar but much more
pronounced cold period, YDII, is seen in the SST
records at HM79-6/4 to the south (Fig. 6) (Koç Karpuz
& Jansen 1992). Comparable signals can be found on
the Faeroe Isles, and can be correlated to glacial
advances on Iceland (Björck et al. 1997), and may
also possibly be re ected in the dino agellate, foraminifera and isotope records from Voldafjord at the
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Norwegian coast (Grøsfjeld et al. 1999; Sejrup et al.
2001). Björck et al. (1997) suggest that the PBO was a
widespread climatic cooling around the North Atlantic
region. Glacial re-advances could have been initiated by
decreasing summer insolation and greatly increased
summer precipitation (Alley et al. 1993). A possible
cause of the PBO could have been an increased
meltwater  ux into the North Atlantic from the
Laurentide and Scandinavian ice sheets, along with
the sudden in ux of fresh waters from the Baltic Ice
Lake (Björck et al. 1996; Hald & Hagen 1998; Sejrup et
al. 2001) that slowed or decreased the thermohaline
circulation, and in addition would have had a positive
feedback on ocean cooling by the formation of sea ice,
as earlier at the onset of the Younger Dryas. Thus one
would expect a southerly displacement of the Polar
Front, and a cooling of the North Atlantic. The cooling
in Event a, correlated with the PBO, involved an
increase in Factor 6 (Arctic Waters – Polar Front, Fig.
5). During the time of Event b (Fig. 3), there was a
period of glacial equilibrium line altitude (ELA)
depressions and glacial re-advance on Iceland and in
western Norway at approximately 10 600 cal. yr BP
(Fig. 7). However, there is no signal in the Sea-ice
Factor (5 in Fig. 5) over the Vøring Plateau. It seems
likely that warm North Atlantic Water promoted icesheet melting, but the consequent increase in the
Norwegian coastal current and glacial meltwater input
slowed the thermohaline circulation leading to renewed
cooling. Equilibrium had not yet been reached.
Holocene maximum warmth: 9240–6750 cal. yr BP
A small cooling of up to 2°C between 9500 and 9300
cal. yr BP breaks the warming trend following Event b
(Fig. 3). The warming trend then continued and warm
waters were passing over the Vøring Plateau and
reaching as far north as Svalbard (e.g. Salvigsen et al.
1992), creating the warmest climatic conditions
between 8700 and 7700 14C BP (c. 7650–6500 cal. yr
BP).
Throughout the Holocene, summer SST reconstructions show small  uctuations, but the trends are clear
(Fig. 3). Both reconstructions show a clear period of
maximum mean temperatures between 9000 cal. yr BP
and 6750 cal. yr BP (corresponding roughly with zone
4). The maximum summer temperatures between 13°C
and 15°C and winter temperatures of up to 11°C (Fig. 3)
were almost 4°C warmer than present temperatures over
the Vøring Plateau (c. 11°C and 7°C, respectively –
Hopkins 1991).
The Holocene SST reconstructions from the Norwegian Sea (Fig. 1) are compared in Fig. 6. Up to about
5000 14C yr BP (5700 cal. yr BP), cores 52–43 (Koç
Karpuz & Schrader 1990) and HM79-6/4 (Koç Karpuz
& Jansen 1992) both show stable summer SSTs, and
similar winter temperatures. However, the new reconstruction of HM79-6/4 SSTs (v2) (Fig. 6) shows a
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record of temperature range and change that is closer to
MD95-2011 (Fig. 3). The curves show a similar period
of maximum temperature of about 15°C at almost the
same time as in MD95-2011 (c. 8500 cal. yr BP). Core
M23071 from the western Vøring Plateau also shows a
generally similar period of maximum warmth to MD952011 followed by a gentle decrease of c. 1.5°C up to its
top at about 2200 cal. yr BP. However, the temperature
values are lower by about 1–2°C than MD95-2011 and
HM79-6/4 v1 and v2, but are still about 1°C higher than
core 52–43, and the amplitude of change is also smaller.
The record from 52–43, lying between MD95-2011 and
HM79-6/4 (Fig. 1), is rather different (Fig. 6), with
constant SSTs at c. 12 and 8°C from c. 12 500–8000 cal.
yr BP that rose slowly to a maximum of 15 and 9°C at
c. 3800 cal. yr BP and then declined to a minimum at
c. 1000 cal. yr BP. It is possible that reconstructions of
the 52–43 data with the enlarged modern calibration
data-set may change the values. Core 57–5 from the
Iceland Sea (Koç Karpuz & Schrader 1990) shows a
similar pattern to M21073 from the western Vøring
Plateau, with a period of maximum warmth between
9000 14C yr BP and 6000 14C yr BP (9900 cal. yr BP and
6800 cal. yr BP), similar in timing to the warmth
maximum in the northern Norwegian Sea (Hald et al.
1996), a temperature maximum near 7000 14C yr BP
(c. 7800 cal. yr BP), and a low range of variability. The
temperatures near Iceland were lower overall by about
2°C compared to the Norwegian Basin, and the
difference was greater in winter than in summer.
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Similar trends were shown by foraminiferal reconstructions made by Eir´kson et al. (2000) from that area.
As discussed by Koç et al. (1993), times of maximum
temperatures vary between the sites. MD95-2011
reached a maximum Holocene temperature of c. 15°C
at about 8500 cal. yr BP followed by a gradual decline
to a minimum at around 3500 cal. yr BP (Fig. 3). Core
52–43 (Koç Karpuz & Schrader 1990) reached a
maximum temperature of over 14°C much later, at
c. 3800 cal. yr BP before decreasing to a minimum at
c. 1000 cal. yr BP (Fig. 6). Core HM79-6/4 shows a very
slight SST increase from the early Holocene up to a
maximum of over 14°C at c. 5700 cal. yr BP, followed
by a marked temperature drop to about 12°C at c. 4700
cal. yr BP, which it maintained for c. 600 years when
there was an abrupt rise back to over 14°C.
Koç et al. (1993, 1996) comment that the ice-free
passage along western Norway had expanded suf ciently to allow warm waters to reach Svalbard around
9000 14C yr BP (c. 9900 cal. yr BP, with optimal
climatic conditions being reached between 8700 and
7700 14C yr BP (c. 7650–6500 cal. yr BP). Thermophilous molluscs were present near Svalbard (Salvigsen
et al. 1992) and Atlantic Water predominated in the
Barents Sea (Duplessy et al. 2001). Foraminiferal
analyses by Hald et al. (1996) and Hald & Aspeli
(1997) reconstruct SSTs warmer than present-day
conditions in the north Norwegian Sea. Temperature
reconstructions from pollen data in NW Finland (Seppä
& Birks 2000) also show a period of maximum warmth

Fig. 7. Chronologica l comparison chart of climatic events describe d from the Norwegian Sea region. 1. Grønvold et al. (1995); 2. Björck et al.
(1998); 3. Alley et al. (1997); 4. Björck et al. (1997); 5. Koç et al. (1993); 6. Baumann & Matthiesse n (1992); 7, 8. Grøsfjeld et al. (1999),
Sejrup et al. (2001); 9. Eir´ksson et al. (2000); 10. Hald & Aspeli (1997); 11. Stötter et al. (1999); 12, 13. Nesje & Dahl (1993), Dahl & Nesje
(1996).
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between c. 8000 and 6750 cal. yr BP. By comparison,
the SST record from MD95-2011 far to the south shows
that the warmest period in the reconstruction was earlier
and longer between 9500 cal. yr BP and 7500 cal. yr BP,
which suggests a lag of about 500 years in the warming
in the north (see Koç et al. 1996).
Koç et al. (1993) interpret a time-transgressive
migration of diatom assemblages to the north and
west of the Nordic Seas during the early Holocene as the
north-westward migration of the Polar Front. The
reconstructions from MD95-2011 support this interpretation. Koç et al. (1993) also note that changes in
diatom concentrations are paralleled in the coccolith
and dino agellate records of Baumann & Matthiessen
(1992). From their data, Koç et al. (1993) propose that
the Arctic front migrated to the west of Iceland by 9000
14
C yr BP (c. 10 000 cal. yr BP), and that there was little
change in the mean position of the Arctic Front from
9000 14C yr BP to 5000 14C yr BP (c. 10 000 cal. yr BP
to 5700 cal. yr BP). As mentioned above, Factor 6 that is
connected to the Polar Front, decreased in MD95-2011
from c. 12 000 cal. yr BP (Fig. 5), but it exhibited a peak
between 10 500 cal. yr BP and 9500 cal. yr BP, that
probably corresponds with the  nal migration of the
Polar Front from the Vøring Plateau area.
The  rst half of the Holocene was the period of
greatest in uence of the Atlantic Waters over the
Vøring Plateau. Atlantic-Water dominance is only
challenged by a gradual increase in Norwegian-Atlantic
Waters after about 7500 cal. yr BP (Factor 4; Fig. 5).
After 7700 cal. yr BP, Grøsfjeld et al. (1999) show that
the Norwegian Coastal current was also starting to build
in strength.
The 8200 cal. yr BP event
A transient climatic cooling about 8200 calibrated years
ago (8.2 ka BP) inferred from Greenland ice cores (e.g.
Dansgaard 1987; Alley et al. 1997) has been widely
correlated with climatic records from other regions (e.g.
O’Brien et al. 1995; Alley et al. 1997; KlitgaardKristiansen et al. 1998; Duplessy et al. 2001). Its cause
has been proposed as a cold meltwater plume that
entered the North Atlantic from the catastrophic drainage of pro-glacial lakes of the Laurentide Ice Sheet,
causing a short-lived cooling and freshening of the
surfaces and a slowing of the thermohaline circulation
(e.g. Barber et al. 1999; Renssen et al. 2001).
At 540 cm in MD95-2011, age-modelled to c. 8100
cal. yr BP, diatom concentrations  uctuating between 6
and 9 £ 106 valves g¡1 dry sediment crash to less than
3 £ 106 valves g¡1 dry sediment (Fig. 2). Concentrations subsequently recovered to about 4 £ 106 valves
g¡1 dry sediment but the early Holocene concentrations
were not regained until the top of the sequence at
210 cm (2805 cal. yr BP). Also at 540 cm (c. 8100 cal.
yr BP), all three records of physical data from MD952011 show a simultaneous peak (Fig. 4) suggesting a
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transient change in sediment composition. However, a
rapid, short-term cooling at c. 8200 cal. yr BP (e.g.
Klitgaard-Kristiansen et al. 1998) is not distinct in the
diatom-based temperature reconstructions (Fig. 3)
where there are many minor  uctuations, although the
largest temperature dip in reconstructions made using
the modern analogue technique occurs at exactly this
time (Birks 2001). The 5 cm sample-resolution of the
diatom record in MD95-2011 (c. 90 years) may not be
 ne enough to detect any 8.2 ka event itself, but the
generally  uctuating SSTs over this period suggest
instability in the distribution of the main water-masses
and the sensitivity of the thermohaline circulation to
in uxes of glacial meltwater, as suggested by Alley et
al. (1997), Keigwin & Jones (1995), Hu et al. (1999)
and Renssen et al. (2001), perhaps responding to
drainage of other glacial lakes and ice-sheet melting
in the North Atlantic region (e.g. Hu et al. 1999). The
 nal melting of the Norwegian ice sheet (c. 8000 14C yr
BP, c. 8700 cal. yr BP: Nesje & Dahl 1993) also
occurred around this time.
However, the crash in total diatom concentration is
marked, and could possibly be due to a change in the
water-masses that decimated the diatom population but
did not cause any prolonged  uctuation in SST. Diatom
concentrations may also have been affected by chemical
changes in an abrupt modi cation of the surface waters,
such as waters signi cantly undersaturated with silica,
or waters containing fewer nutrients. Such changes
would permit fewer valves to be preserved on the sea
 oor but not substantially change the relative composition of the fossil assemblage.
Between 550 cm and 540 cm there are minor occurrences of Bacterosira fragilis (Fig. 2), a cold-water
species (Koç Karpuz & Schrader 1990). The August
SSTs at this time were between 12°C and 15°C in this
and nearby cores (e.g. Figs 3 and 6), so the presence of
this diatom could be explained by long-distance
transport in drift ice or the water column from the
Greenland/Labrador Seas, perhaps even from the 8.2 ka
BP event itself. This hypothesis is supported by the
small peak of Factor 1 (Arctic-Greenland Water)
between 545 and 555 cm (c. 8100 cal. yr BP) (Fig. 5).
Besides the reduced diatom concentration, some
other permanent changes occurred after c. 8100 cal.
BP at the Vøring Plateau. The magnetic susceptibility
curve declined rapidly (Fig. 4) suggesting a change in
sedimentary composition. The Laurentide drainage
would have forced a reorganization of the oceanic
currents, and thus a change in the primary source of
material being deposited on the Vøring Plateau. Fig. 5
indicates the start of a steady increase in Norwegian
Atlantic Water at the expense of North Atlantic Water at
this time, which could account for the sedimentary
change. A greatly reduced amount of material was
transported from Iceland after this reorganization, thus
leading to a lower iron content in the sediments, and a
lower MS curve (E. Jansen, pers. comm. 2001).
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Holocene cooling: 6550–3500 cal. yr BP
The MD95-2011 record shows that waters over the
Vøring Plateau cooled from c. 7230 cal. yr BP (Fig. 3) at
a rate of approximately 1°C every 1000 years in the
summer SST record. The trend lasted for almost 3700
years, until 3500 cal. yr BP, and encompassed a drop in
temperatures of almost 5°C in summer and 4°C in
winter to lows of approximately 10°C in summer and
6°C in winter. Diatom concentrations (Fig. 2) were
around 4 £ 106 valves g¡1 dry sediment with a minimum at c. 5000 cal. yr BP of 2x106 valves g¡1 dry
sediment. In HM79-6/4 (Koç Karpuz & Jansen 1992) to
the south, minimum concentration occurred at 4500 cal.
yr BP, suggesting a time-transgressive change. Diatom
concentration peaks in HM79-6/4 are dominated by
large numbers of Chaetoceros spores (Koç Karpuz &
Jansen 1992), suggesting a combination of high
productivity and upwelling (Williams 1986; Koç
Karpuz & Schrader 1990; De Sève 1999). Similarly,
productivity varied through zone 5 at MD95-2011 (Fig.
2), increasing irregularly after the minimum until
c. 3000 cal. yr BP, when there was a large rapid
increase.
The overall cooling is marked by many small
temperature  uctuations in the high resolution record
of MD95-2011, mostly less than 1°C. The most
prominent small coolings appear at c. 6250 cal. yr BP,
c. 5500 cal. yr BP, c. 5000 cal. yr BP, c. 4500 cal. yr BP,
and c. 3500 cal. yr BP. Minimum temperatures were
reached at 3515 cal. yr BP, the most prominent of the
late-Holocene short-term coolings. Two periods of ELA
depression on Iceland at 6600–5500 cal. yr BP and at
4600 cal. yr BP, probably resulting from increased
precipitation combined with cooler conditions (Stötter
et al. 1999), can be tentatively correlated to the small
dips in the SST records, especially the Bægisádalur I
advance at 4600 cal. yr BP (Fig. 7). Glaciers redeveloped in western Norway at about 5100 14C yr BP
(c. 6000 cal. yr BP) (Nesje & Dahl 1993; Dahl & Nesje
1996), a similar time to glacial re-advance in Iceland
(Stötter et al. 1999). Temperature reconstructions from
pollen data in NW Finland and other terrestrial records
in northern Norway all indicate the onset of cooling
after the mid-Holocene period of maximum warmth at
around 6500 cal. yr BP (Seppä & Birks 2000). The
increasing dominance of Norwegian-Atlantic Water
during zone 5 (Fig. 5) probably reinforced the gentle
cooling trend and supplied increasingly moist airmasses to the Norwegian mountains and to Iceland.
Terrestrial conditions may have been becoming colder
as summer insolation was decreasing and the SST of the
Vøring Plateau was falling.
Compared with the gradually falling temperatures
after 6750 cal. yr BP in MD95-2011 (Fig. 3), in core
M23071 the cooling was slight, and in core 52–43 it did
not even start until c. 4000 cal. yr BP (Fig. 6). In
contrast, cooling was at least 6°C in core 57–5 from the
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Iceland Plateau, following the pattern in M23071, until
c. 1350 cal. yr BP (Koç Karpuz & Schrader 1990). A
similar trend can be seen in foraminiferal reconstructions from the Iceland Sea from 6500–3500 cal. yr BP
(Eir´ksson et al. 2000). In HM79-6/4 the pattern appears
different, but the record stops at approximately 3800
cal. yr BP. After a period of constant temperature, it
shows an increased rate of cooling from 6750 cal. yr BP
towards 4750 cal. yr BP and a distinct cool period at
about 11°C in summer until 4000 cal. yr BP, followed
by a rapid warming back to 14°C (Fig. 6).
The displacement of the Atlantic Waters continued
through zones 5 and 6, resulting in declines in the
reconstructed SSTs. The gradual cooling is related to
the decrease in summer insolation in the northern
hemisphere. Sea ice increased in the west after c. 7000
cal. yr BP (Koç et al. 1993; Eir´kson et al. 2000),
increasing the albedo and reducing heat  ux, and
promoting further ice formation as a positive feedback
(Copley 2000). However, thermohaline circulation was
not diminished (Koç et al. 1996), but water-masses
were gradually re-organized until Norwegian-Atlantic
Water became the dominant water-mass at the Vøring
Plateau with North Atlantic Water greatly reduced (Fig.
5). There are peaks in several water-mass indicators at
260 cm (c. 3500 cal. yr BP), including a small peak in
the sea-ice factor (Factor 5) and a large peak in the
Arctic Waters factor (Factor 6) corresponding to the
temperature minimum (Fig. 5).
Late Holocene warming: from c. 3500 cal. yr BP
Following the temperature minimum in MD95-2011, a
warming trend continued to the top of the sequence. The
SST of the Vøring Plateau rose by about 2°C in summer
and 1°C in winter by 2665 cal. yr BP. While temperatures were rising in the east, temperatures were still
falling slightly in cores M23071 in the west, 52–43 to
the south, and 57–5 from the Iceland Sea. They rose
subsequently at around 1000 cal. yr BP. Temperatures
in HM79-6/4 even further south had risen abruptly after
the cool period, but then the record ceases. A mechanism for increased ocean temperature occurring at the
same time as decreasing terrestrial temperatures is
proposed by Hald & Aspeli (1997). Warm ocean
temperatures result from an increased strength of the
Gulf Stream promoted by low pressure atmospheric
conditions that cause wet and cold conditions on land.
Comparison of different palaeo-records
Two major problems in comparing marine records are
(1) the construction of reliable chronologies from
material that is often dif cult to radiocarbon date, and
with poorly constrained tephra horizons, and (2) the
dif culty of comparing marine, terrestrial, and ice-core
calendar ages due to the relatively poorly known marine
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reservoir effect, especially in the Lateglacial (Lowe et
al. 2001).
Differences between the diatom-inferred SST results
of Koç Karpuz & Schrader (1990), Koç Karpuz &
Jansen (1992), Koç et al. (1993) and those presented
from MD95-2011 can be interpreted as the sites (Fig. 1)
experiencing different patterns of Holocene current
development in space and time as water-masses were
diverted or displaced locally by other water-masses or
areas of sea-ice. However, poor dating and chronology,
along with local changes in sedimentary conditions
could also introduce inconsistencies between sites.
Local conditions may also have in uenced diatom
preservation through re-deposition, dissolution or
retarded deposition. A methodological factor that
in uences site differences in SST is the evolution of
the Nordic Seas modern diatom calibration set, as more
modern surface samples with modern SST data have
been added to the data-set after 1993. As shown by the
I&K reconstructions of HM79-6/4, v1 and v2, the SST
reconstructions using the same diatom stratigraphical
data show some differences, as the reconstructions are
inevitably in uenced by the range of modern temperatures in the modern training set used (see Birks 1998).
Because modern diatom samples from warmer waters
are included in the enlarged data-set, higher temperatures are reconstructed. The use of the enlarged data-set
on HM79-6/4 v2 results in often warmer SST reconstructions and the differentiation of a hypsithermal
interval in the early Holocene comparable to that seen in
MD95-2011. Small differences in diatom taxonomy
may have played a role in the different SST reconstructions between sites, although Birks (2001) demonstrated
that this makes an insigni cant difference to the SST
reconstructions. Direct comparisons between sites must
be made with these possible methodologically induced
differences in mind.
If the differences between sites are real, then spatial
patterns at different times can be detected and mapped
(e.g. Koç et al. 1993; Koç & Jansen 1994; Koç et al.
1996) and related to changes in other proxy records both
from land and the sea in an attempt to understand the
mechanisms and changes in the earth-climate system in
the past. Obviously, deductions about temporal and
spatial changes in the SSTs and ocean water-masses
will be strengthened if all the compared records are
made on the same basis. The results from MD95-2011
have added high-resolution information on oceanographic and climatic changes from a sensitive area of
the Norwegian Sea that can contribute to the building of
a larger synthetic picture of lateglacial and Holocene
palaeoclimatic and palaeoceanographic conditions.

to the northerly region and its surrounding land masses
are intrinsically linked. During the Younger Dryas, the
North Atlantic was dominated by cold, arctic waters,
and sea-ice was common. After the cold Younger Dryas
with summer SSTs about 6–7°C, temperatures warmed
rapidly in the Holocene to about 13°C, as the warmer
North Atlantic Current gained in strength. This allowed
productivity of both diatoms and other primary producers to increase. During this warming, there were
small  uctuations in the SST record, some of which can
be correlated to terrestrial records. A  uctuation in the
earliest Holocene can be related to the Pre-Boreal
Oscillation, but sea-surface temperatures were generally unstable until about 9700 cal yr BP. Evidence from
diatom concentrations and magnetic susceptibility
suggests a change and stabilisation of water currents
associated with the  nal melting of the Scandinavian ice
sheets and Laurentide ice sheets at c. 8100 cal yr BP. A
period of maximum warmth between 9700 and 6700 cal
yr BP had sea-surface temperatures 3–5°C warmer than
at present. Temperatures cooled gradually until c. 3000
cal yr BP, and then they rose slightly around 2750 cal yr
BP. Since about 7250 cal yr BP, Norwegian Atlantic
Water has gradually replaced the North Atlantic Water,
and in combination with decreasing summer insolation,
has lead to the gradual cooling of the sea surface.
Terrestrial systems in Norway and Iceland have
responded to the cooling and the increased supply of
moisture by renewed glaciation. Periods of glacial
advance can be correlated with cool oscillations in the
sea-surface temperature reconstructions. By comparison with records of sea-surface temperatures from other
sites in the Norwegian Sea, spatial and temporal
changes in patterns of ocean water-masses have been
reconstructed, demonstrating a complex system of
feedbacks and in uential factors in the climate of the
North Atlantic and Norway.

Concluding remarks

Alley, R. B., Meese, D. A., Shuman, C. A., Gow, A. J., Taylor, K. C.,
Grootes, P. M., White, J. W., Ram, M., Waddington , E. D.,
Mayewski, P. A. & Zielinski, G. A. 1993: Abrupt increase in
Greenland snow accumulation at the end of the Younger Dryas
event. Nature 362, 527–529.

The North Atlantic has been subjected to marked
climatic changes since the last glacial. The heat  uxes
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Koç, N., Jansen, E. & Ha idason, H. 1993: Paleoceanographi c
reconstruction s of the surface ocean condition s in the Greenland,
Iceland and Norwegian Seas throughou t the last 14 ka, based on
diatoms. Quaternary Science Reviews 12, 115–140.
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Appendix 1: Diatom nomenclature and
taxonomic authorities
Actinocyclu s curvatulu s Janish
Actinocyclu s ehrenbergi i Ralfs.
Asteromphalu s robustus Castracane.
Bacterosira fragilis Gran.
Chaetoceros Ehr.
Coscinodiscus Ehr.
Fragilariopsi s oceanica Hasle
Hemidiscus cuneiformi s Wallich.
Nitzschia Hassall
Nitzschia bicapita Cleve.
Nitzschia capuluspala e Grun.
Podosira Ehr.
Porosira glacialis (Grun.) E. Jørg.
Rhizosoleni a alata Brightw.
Rhizosoleni a bergonii Perag.
Rhizosoleni a hebetata var. hebetata Sundström
Rhizosoleni a hebetata var. semispina (Hensen) Gran.
Rhizosoleni a styliformis Brightw.
Roperia tesselata (Roper) Grun.
Thalassionem a nitzschioide s (Grun.) Grun.
Thalassiosira angulata (Greg) Hasle
Thalassiosira leptopus (Grun.) Hasle & Fryxell
Thalassiosira decipiens (Grun.) E. Jørg.
Thalassiosira eccentric a (Ehr.) Cleve
Thalassiosira gravida Cleve
Thalassiosira lineata Jousé.
Thalassiosira nodulineat a Hendey.
Thalassiosira nordenskioldi i Cleve.
Thalassiosira oestrupii (Ostenf.) Hasle
Thalassiosira paci ca Grans & Angst.
Thalassiosira trifulta Fryxell
Thalassiothri x longissima Cleve & Grun.

Appendix 2: The modern diatom-sea-surface
temperature calibration data-set
This data-set consists of 139 core-top samples extendin g from
75°56.6’N to 42°01.8 ’N latitude and 49°45.0’W to 15°45.7 ’E longitude in the Nordic Seas and North Atlantic. All the samples were
analysed by N. Koç and a total of 52 taxa was recorded .
To achieve taxonomic consistenc y between the diatom analyses of
core MD95-2011 by C. J. A. Birks, some modi cations had to be
made to the taxonomy of the modern data-set. These were as
follows:
. All the Coscinodiscus taxa were combined together as Coscinodiscus spp.
. All the Nitzschia taxa were combined together as Nitzschia spp.,
except for N. bicapita and N. capuluspala e, which were kept
separate.
All of the SST reconstruction s presented here are based on this
revised taxonomy of 37 taxa in the 139 surface sediments. The
locations and the modern SST of these 139 samples are given in Birks
(2001). The modern data-set has a range of August SST of 0–19.7°C
(mean 8.6°C, median 8.8°C) and of February SST of ¡1–14.5°C
(mean 4.2°C, median 4.3°C).
Summary statistics of the two transfer function s for August SST
based on Imbrie and Kipp (I&K) factor analysis and weightedaveragin g partial least squares (WA-PLS) regressio n are given as
“apparent ” statistics and as cross-validatio n estimates (Birks 1995) in
Table A.2.1. Comparable statistics of the February SST transfer
function s are given in Table A.2.2. Cross-validatio n based statistics
for RMSE, r2, maximum bias, and % cumulative variance s cannot
currently be computed for the I&K method, so the apparent statistics
for WA-PLS are given as well as the cross-validatio n statistics. Full
details of the mathematical basis of these apparent and crossvalidatio n statistics are given in ter Braak & Juggins (1993) and Birks
(1995).
Listings of the I&K varimax factor score matrix, scaled varimax
factor scores, and compositio n scores for the 37 taxa and the varimax
factor component s matrix and communalitie s for the 139 modern
samples and of the WA-PLS loadings and beta coef cients
(“optima”) for the 37 taxa and the scores for 139 modern samples
for August and February SST are available on request to C. J. A.
Birks.

Table A.2.1 Summary statistics for the transfer functions for August SST based on WA-PLS (1-6 component models) and Imbrie & Kipp
(8 components). Transfer function s used in this study are given in bold.
Apparent

I&K

WA-PLS

Cross-validation
2

Component

RMSE

r

1
2
3
4
5
6
7
8
1
2
3
4
5
6

1.34
1.31
1.30
1.29
1.26
1.26
1.25
1.24
1.14
0.93
0.86
0.79
0.76
0.75

0.80
0.81
0.83
0.84
0.84
0.87
0.88
0.89
0.91
0.94
0.95
0.96
0.96
0.96

Max. bias

% Cum. variance

RMSEP

r2

Max. bias

% Cum. variance

2.12
1.94
1.28
0.93
0.91
0.89
0.88
0.88
3.2
1.24
0.79
0.44
0.54
0.56

13.6
25.4
43.9
61.8
70.0
84.9
92.7
95.4
90.8
93.9
94.8
95.6
95.9
96.1

—
—
—
—
—
—
—
—
1.20
1.04
1.01
0.97
0.93
0.92

—
—
—
—
—
—
—
—
0.90
0.92
0.93
0.93
0.94
0.94

—
—
—
—
—
—
—
—
3.80
1.84
1.78
1.55
1.40
1.53

—
—
—
—
—
—
—
—
89.9
92.3
92.8
93.4
93.9
94.0

Max. = maximum; Cum. = cumulative ; RMSE = root mean square error; RMSEP = root mean square error of prediction, r2 = coef cient of
determination.
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Table A.2.2 Summary statistics for the transfer function s for February SST based on WA-PLS (1-6 component models) and Imbrie &
Kipp (8 components). Transfer functions used in this study are given in bold.
Apparent

I&K

WA-PLS

Cross-validation
2

Component

RMSE

r

1
2
3
4
5
6
7
8
1
2
3
4
5
6

1.84
1.82
1.79
1.65
1.51
1.48
1.42
1.35
1.34
1.20
1.08
1.03
0.99
0.98

0.72
0.74
0.78
0.80
0.81
0.84
0.86
0.87
0.87
0.90
0.92
0.92
0.93
0.93

Max. bias

% Cum. variance

RMSEP

r2

Max. bias

% Cum. variance

3.04
2.86
2.04
2.02
1.98
1.91
1.54
1.07
2.37
1.16
0.92
0.79
0.82
0.71

13.6
25.4
43.9
61.8
70.0
84.9
92.7
95.4
87.0
89.7
91.6
92.3
92.9
93.2

—
—
—
—
—
—
—
—
1.39
1.29
1.23
1.20
1.18
1.18

—
—
—
—
—
—
—
—
0.86
0.88
0.89
0.90
0.90
0.90

—
—
—
—
—
—
—
—
2.87
1.26
1.07
0.92
0.97
0.99

—
—
—
—
—
—
—
—
86.1
88.1
89.1
89.7
90.0
90.0

Max. = maximum; Cum. = cumulative ; RMSE = root mean square error; RMSEP = root mean square error of prediction, r2 = coef cient of
determination.
Table A.3.1 - Listings of the Imbrie & Kipp Factors used in this study, their dominant species, and their inferred water-masses (Andersen
1998, Koç unpublishe d data).
Factor

Water-mass

Dominant diatom taxa

% variance

% cumulative
variance

Factor 1

Arctic-Greenlan d
Water
North Atlantic
Water
Sub-arctic Water

Thalassiosir a leptopus , Thalassiosir a trifulta

13.6

13.6

11.9

25.4

18.4

43.9

17.9

61.8

8.2

70.0

14.9

84.9

7.8

92.7

2.7

95.4

Factor 2
Factor 3
Factor 4
Factor 5
Factor 6
Factor 7
Factor 8

Thalassiosir a oestrupii, Thalassiosir a nitzschioides , Nitzschia bicapita,
Rhizosoleni a bergonii , Roperia tesselata
Rhizosoleni a hebetata v. semispina, Rhizosoleni a styliformis,
Thalassiothri x longissima, Thalassiosir a gravida (vegetative)
Norwegian-Atlanti c Rhizosoleni a styliformis, Rhizosoleni a alata, Thalassiosira angulata ,
Water
Thalassiosir a nitzschioides , Thalassiosir a gravida (vegetative)
Sea-ice
Thalassiosir a hyalina, Thalassiosir a gravida (spores), Thalassiosira
nordenskioldii , Bacterosira fragilis, Fragilariopsi s oceanica
Arctic Waters (Polar Thalassiosir a gravida (spores), Thalassiosir a gravida (vegetative),
front)
Actinocyclus curvatus , Rhizosoleni a hebetata var. semispina, Rhizosoleni a
hebetata var. hebetata
Sub-arctic/
Thalassiosir a gravida (spores), Rhizosoleni a hebetata var. semispina,
Norwegian Atlantic Thalassiosir a nitzschioide s
mixing Waters
North Atlantic/
Rhizosoleni a styliformis, Thalassiosira gravida (spores), Rhizosolenia
Sub-arctic mixing
alata, Actinocyclus curvatus , Thalassiosir a trifulta, Thalassiosir a gravida
Waters
(spores), Thalassiosir a leptopus

Appendix 3: The eight varimax factors
extracted from the modern diatom data-set
The eight Imbrie & Kipp varimax factors extracted from the 139
samples £ 37 taxa modern data-set (Appendix 1), along with their
dominant diatom taxa and inferred water-masses (Andersen 1998;
Koç, unpublishe d data) are summarised in Table A3.1. Approximate
equivalent s with the six factors distinguishe d by Koç Karpuz &
Schrader (1990) and Koç Karpuz & Jansen (1992) are given in Table
A.3.2.
Factor 1 accounts for 13.6% of the total variance and has its
highest sample loadings for samples underlyin g the Arctic waters of
the Greenland Sea. The distributio n of the factor closely parallels the
distributio n of Arctic Waters. Factor 2 (11.9%) has its highest
loadings under the warm and saline North Atlantic Current Waters.

Table A.3.2 - Equivalent factors from this study and the six factors
distinguishe d by Koç Karpuz & Schrader (1990) and Koç Karpuz
& Jansen (1992) and the percent variance they account for.
I&K Factor (This study)

Equivalent factor and % variance

1
2
3
4
5
6
7
8

2
5
2
1
3
2
4
4

p.p. (28.27%)
(4.5%)
p.p. (28.27%)
(27.02%)
(14.61%)
p.p. (28.27%)
(11.74%) ‡ 6 (5.61%)
(11.74%) ‡ 6 (5.61%)
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Factor 3 (18.4%) is characteristi c of the Sub-arctic waters of the west
North Atlantic and the Arctic waters of the Iceland Sea. The
distributio n of Factor 4 (17.9%) parallels the poleward  ow of the
Norwegian – Atlantic Current. The spatial distributio n of Factor 5
(8.2%) matches the limit of the sea-ice edge in winter. Factor 6
(14.9%) has a more complex distribution . In the Nordic Seas highest
loadings occur under the East Icelandic Current and the Jan Mayen
Polar Current whereas in the North Atlantic, high loadings occur as a
belt following the Polar Front. Factor 7 (7.8%) has its highest
loadings in waters between the Arctic Waters and the NorwegianAtlantic Current Waters in the Nordic Seas and under the Subarctic
Waters of the Labrador Sea. Factor 8, representin g only 2.7% of the
total variance , has its highest loadings in the area of transition and
mixing between North Atlantic and Sub-arctic waters.
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It is dif cult to make detailed comparison s of these eight factors
with the diatom assemblages recognise d by Jiang et al. (2001) around
Iceland because of difference s in diatom taxonomy, geographica l and
environmenta l scales, and numerical methods used. Factors 4, 7, and
8 have similarities with Jiang et al.’s “warm-water diatom
assemblage ”, factor 5 resembles the “sea-ice diatom assemblage”
of Jiang et al. (2001), and factors 3 and 6 have af nities with the
“cold-water diatom assemblage ” of Jiang et al. There are no obvious
similarities between the eight factors and the “mixing” and “coastal”
diatom assemblages of Jiang et al. (2001), both of which occur in
relatively shallow water depths near the shore, and in the case of the
coastal assemblage , contain brackish and fresh-water diatoms as well
as marine benthic and tychoplanktoni c taxa.

