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Abstract

The early Holocene climate of the North Atlantic region was influenced by two boundary conditions that were fundamentally different from the

present: the presence of the decaying Laurentide Ice Sheet (LIS) and higher than present summer solar insolation. In order to assess spatial and

temporal patterns of Holocene climate evolution across this region, we collated quantitative paleotemperature records at sub-millennial resolution

and synthesized their temporal variability using principal components analysis (PCA). The analysis reveals considerable spatial variability, most

notably in the time-transgressive expression of the Holocene thermal maximum (HTM). Most of the region, but especially areas peripheral to the

Labrador Sea and hence closest to the locus of LIS disintegration, experienced maximum Holocene temperatures that lagged peak summer

insolation by 1000–3000 years. Many sites from the northeastern North Atlantic sector, including the Nordic Seas and Scandinavia, either

warmed in phase with maximum summer insolation (11,000–9000 years ago) or were less strongly lagged than the Baffin Bay–Labrador Sea

region. These spatially complex patterns of Holocene climate development, which are defined by the PCA, resulted from the interplay between

final decay of the LIS and solar insolation forcing.
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Introduction

Delineating spatial and temporal patterns of past climate

variability is one approach to assessing interactions between

individual climate forcing mechanisms. The history of the North

Atlantic Ocean is closely associated with changing ice sheet and

ocean dynamics, which may have global effects, making this a

critical region for understanding large-scale patterns of climate

variability (Rahmstorf, 1997; Clark et al., 2002). Although the

role of ice sheet dynamics in climate change is evident for the

glacial world (e.g., Bond et al., 1992), it is perhaps under-

appreciated for the early Holocene Epoch, with the notable

exception of discrete short-lived events (Bond et al., 1997;

Barber et al., 1999). Recently, the time-transgressive character of

the Holocene thermal maximum (HTM)—the interval of peak

Holocene warm—has been related directly to the proximity of

the decaying LIS (Kaufman et al., 2004). Although similar
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conclusions are apparent from a number of additional sites (e.g.,

Koc̨ et al., 1993; Levac et al., 2001), these records have not yet

been integrated into a regional synthesis spanning the North

Atlantic basin.

The goal of the present study is to examine objectively the

broad spatial and temporal patterns of climate change during the

Holocene Epoch for the North Atlantic sector, beginning in the

Boreal chronozone 10,000–9000 cal yr B.P. Our goal is to

synthesize continuous records of Holocene climate develop-

ment, in contrast to the approach of temporal snapshots or ‘‘time-

slices’’ (e.g., CAPE, 2001). The analysis provides a new

framework with which to consider the variability of proxy

climate records associated with regional differences in Holocene

climate evolution. In an attempt to address the combined effects

of final disintegration of the LIS and elevated summer

insolation, emphasis is placed on the early to middle Holocene

interval. Northern Hemisphere summer insolation 9000 years

ago was higher than present by 7.2% at 35-N, and by 7.5% at

70-N (Kutzbach, 1981), but winter insolation was lower by

¨6% (Berger and Loutre, 1991). However, in the high northern
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latitudes with reduced (or absent) winter sunlight, summer

insolation changes are of far greater climatic significance.

Furthermore, most paleoclimate proxies, including the majority

used in the present study, primarily reflect summer conditions

(Overpeck et al., 1997).
Figure 1. Paleogeography of the early Holocene LIS at 9000 and 8000 cal yr B.P.,

decrease of LIS area, which includes modern glaciers (b). Both panels a and b

considered in this study are shown in panel c, with bolded sites representing those

relative to current values, for the summer months (Berger and Loutre, 1991).
Methods

To understand better Holocene climate trends across the

North Atlantic sector, published paleotemperature records were

collated from both land and sea (Fig. 1; Table 1). The criteria for
and major North Atlantic surface currents (a), shown alongside the Holocene

are adapted after Dyke et al. (2003). Locations of Holocene proxy records

included in the PCA (Table 1). In panel d are Holocene insolation anomalies,
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inclusion of a given record included (1) spanning the last 10,000

years with sufficient chronological control and sample quantity

to provide sub-millennial resolution; and (2) the expression of

proxy data explicitly as paleotemperature. This resulted in the

inclusion of thirteen published records (as of 2004), encom-

passing a broad range of physically, geochemically, and

biologically-inferred temperatures (Table 1). The data are almost

equally distributed between terrestrial (n = 6) and marine (n = 7)

realms. Due to the paucity of paleotemperature records in the

northwest North Atlantic sector, we included one record from

this area that is temporally discontinuous between 8000 and

7300 cal yr B.P. (Baffin Bay; Levac et al., 2001). In this case, a

linear interpolation was used to complete the record. Almost all

records in Table 1 capture summer conditions specifically, with

the exception of GISP2 ice core paleothermometry, which

probably integrates mean annual temperature (Cuffey and Clow,

1997). For the few studies in which seasonal temperatures have

been reconstructed separately (Koç et al., 1993; Penalba et al.,

1997; Levac et al., 2001), similar overall trends are apparent,

suggesting minimal seasonal differences within the paleotem-

perature reconstructions. Although the total number of records is

not large, we assume they nonetheless reflect regional Holocene

climatic trends as best as currently possible, given the limited

number of paleotemperature records in the literature and the

range of assumptions implicit to each methodology for deriving

temperature estimates.

All records were placed on a common timescale in calibrated

radiocarbon years before present (i.e., cal yr B.P. = calendar year

B.P. (1950)) and reconstructed temperatures recorded from the

rescaled time-series every 250 years between 9750 and 750 cal

yr B.P. The most recent 750 years have been omitted from the

analysis because many records, especially those from marine
Table 1

Proxy records considered in this study

Site name Latitude Longtitude Proxy typ

Paleotemperature records

Northern Baffin Bay composite 77-16VN 74-19VW Dinoflage

LeHave Basin adjacent to Nova Scotia 43-46VN 63-43VW Dinoflage

Eagle Lake, Labrador 54-14VN 58-33VW Terrestria

Lake Hope-Simpson, Labrador 52-27VN 56-20VW Terrestria

GISP2 Greenland summit 72-58VN 38-46VW d18O-cali

Core PS 21842, Kolbeinsey Ridge 69-28VN 16-32VW Marine d

Core HM 57-5, Iceland Plateau 69-26VN 13-07VW Marine d

Core NA 87-22, Rockall Plateau 55-28VN 14-41VW Foramini

Core SU 81-18 adjacent to Portugal 37-46VN 10-11VW Foramini

Northern Iberian Peninsula 42-02VN 3-01VW Terrestria

Vøring Plateau 66-58VN 7-38VE Alkenone

Scandes Mountains 63-N 12-E Tree-lined

Northern Finland 68-42VN 22-05VE Terrestria

Additional records considered

Moon Lake, South Dakota 46-51VN 98-09VW Diatom-in

Elk Lake, Minnesota 45-52VN 95-48VW Pollen As

Devon Ice Cap 75-20VN 82-30VW d18O of g

Agassiz Ice Cap 80-42VN 73-06VW Percent s

Amakuttalik Lake, Baffin Island 67-48VN 64-34VW Pollen as

Robinson Lake, Baffin Island 63-24VN 64-16VW Pollen as

Qipisarqo Lake, southern Greenland 61-01VN 47-45VW Chironom

Core 23258, western Barents Sea 75-N 14-E Foramini
cores, do not preserve intact uppermost core tops. Given the

variable quality of original 14C chronologies, the estimated

temporal precision of this study is T500 years, that is, twice the

250-year resolution of our resampling scheme. This is sufficient

to address the broad regional patterns of climate change that are

the focus of the investigation but precludes the analysis of short-

lived (sub-millennial) climate oscillations, which are treated in

detail elsewhere (e.g., Mayewski et al., 2004). To alleviate

between-site differences in the amplitudes of paleotemperature

reconstructions, all resulting time-series were converted to

standardized deviations from their means, or z-scores, where

z = (x � m)/r, and x, m, and r are the raw paleotemperature

data, mean values for individual time-series, and their

standard deviations, respectively. This approach follows the

rationale used in other studies that integrate different proxy

types (Overpeck et al., 1997).

In order to assess objectively the underlying patterns of

variation within the collated records, principal components

analysis (PCA)was applied to the standardized paleotemperature

time-series, in 250-year time-steps. PCA aims to reduce the

complexity ofmultivariate data into a few interpretable directions

of variability, or principal components (PCs), that represent

synthetic variables that explain cumulative, but independent,

proportions of variance within the raw data (ter Braak and

Prentice, 1988). Here, PCA is based on a centered covariance

matrix of the z-scores (13 sites, 37 samples per site), computed

with CANOCO version 4 (ter Braak and Šmilauer, 1998).

Results

The z-scores of the paleotemperature records are shown in

Figure 2. In almost all records, the timing of peak warmth
e Source

llate cyst transfer function Levac et al., 2001

llate cyst transfer function Levac, 2001

l pollen transfer function Sawada et al., 1999

l pollen transfer function Sawada et al., 1999

brated borehole paleothermometry Cuffey and Clow, 1997

iatom transfer function Koç et al., 1993

iatom transfer function Koç et al., 1993

fera transfer function Duplessy et al., 1992

fera transfer function Duplessy et al., 1992

l pollen transfer function Penalba et al., 1997

paleothermometry Calvo et al., 2002

and equilibrium line variations Dahl and Nesje, 1996

l pollen transfer function Seppä and Birks, 2001

ferred lake salinity Laird et al., 1996

semblages Whitlock et al., 1993

lacial ice Patterson et al., 1977

ummer melt Koerner and Fisher, 1990

semblages B. Fréchette, A.P. Wolfe (unpublished)

semblages Miller et al., 1999

id d18O-based paleotemperatures Wooller et al., 2004

fera transfer function Sarnthein et al., 2003



Figure 2. Standardized deviations of Holocene paleotemperatures at 250 year

time steps for the 13 records used in the PCA. Records are arranged from wes

(top) to east (bottom). Solid horizontal lines are means and dashed lines

indicate 1 standard deviation.
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(positive departures) shows some lag relative to the interval of

peak high-latitude summer (June/July) insolation, 11,000–

9,000 yr ago (Fig. 1d). The earliest expressions of the HTM,

with initial warming before 8000 cal yr B.P., are especially

evident in records from the Scandes Mountains, the Vøring

Plateau (Norwegian Sea), the East Greenland and Iceland seas,

west of the Iberian Peninsula, and adjacent to Nova Scotia.

Remaining sites, notably those around the northwestern North

Atlantic Ocean, warmed considerably later, after 8000 cal yr

B.P. Despite these generalities, it is difficult to discern visually

any simple or geographically coherent patterns from the

standardized paleotemperature records shown in Figure 2.

The three leading PCs extracted from the 13 time-series

reveal distinct modes of variability that are considerably more

interpretable (Fig. 3a). The first principal component (PC1)

explains 33.9% of the variance and depicts a pattern of

progressively increasing scores to a maximum at 7000 cal yr

B.P., followed by a steady decline. High scores reflect positive

loadings from individual sites on both the west and east sides

of the North Atlantic Ocean (Fig. 3b), each of which have

positive temperature anomalies in the 8000–6000 cal yr B.P.

interval (e.g., Lake Hope-Simpson and Vøring Plateau). PC1

thus characterizes a mode that includes significant delay in the

timing of the HTM relative to peak summer insolation.

In contrast, PC2 (25.0%) produces peak scores prior to

¨7500 cal yr B.P., with strong positive loadings from sites that

warmed earliest in the Holocene and in phase with summer

insolation, such as the Scandes Mountains, the east Greenland

Sea, and the summit of Greenland. The third and final PC

considered here captures considerably less variance (15.4%)

and, as shown in Figure 3b, illustrates pronounced variability

over the mid-Holocene interval, 7000 to 4000 cal yr B.P. PC3

has strongest loadings (both negative and positive) from sites

that are distal to the disintegrating LIS, such as the Iberian

margin, northern Scandinavia, and SE Labrador. All subse-

quent PCs account for <10% of variance and are not considered

further.

Discussion

Validation of the PCA results

In this section, we evaluate whether or not the three leading

PCs extracted from the paleotemperature time-series are in fact

representative summaries of variability within Holocene

climate trends. We accomplish this through a posteriori

comparisons with additional records from the circumNorth

Atlantic region that were not included in the PCA because of

failure to meet initial selection criteria immediately (Table 1,

Fig. 1). This exercise reveals a number of records that mirror

the patterns of Holocene climate development suggested by

each PC (Fig. 4).

PC1: HTM 8000–6000 cal yr B.P.

The temporal evolution of PC1 is broadly mirrored by

several additional proxy records from the eastern Canadian
-

t

Arctic (Fig. 4a), close to the northeastern margin of the LIS.

For example, both the d18O record from the Devon Ice Cap

core (Patterson et al., 1977) and pollen assemblages from

eastern Baffin Island lake sediments (Miller et al., 1999) depict

a delayed onset of the HTM relative to maximum summer



Figure 3. PCA results. (a) temporal evolution of the first three PCs, and (b) mapped loadings of sites to each PC.
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insolation, in the order of 1000–3000 years. The Devon Ice

Cap preserves evidence for an exceptionally long HTM (8000–

5000 yr B.P.) followed by progressive Neoglacial cooling.

Arctic pollen records are sensitive to local factors that may

delay plant colonization on recently deglaciated landscapes,

thus imparting apparent lags in the response to Holocene

warming that are ecologically and not climatically driven

(Kaufman et al., 2004). However, on eastern Baffin Island, the

most salient Holocene pollen signal is the influx of extra-

regional shrub pollen (alder and birch) associated with

southerly atmospheric trajectories, a process that is largely

independent of local site characteristics (Miller et al., 1999).

These exotic assemblages replace grass and herb tundra

assemblages around 7000 cal yr B.P. before declining in the

late Holocene (Fig. 4a). PC1 also captures the interval of

progressive Neoglacial cooling following the HTM, which

appears to be a pervasive feature across the North Atlantic

region (Sawada et al., 1999; Jennings et al., 2002). Indeed,

most of the paleotemperature records considered here preserve
evidence of mid to late Holocene cooling (Fig. 2), and thus it is

not surprising that this trend is captured by the dominant PC of

our analysis.

PC2: HTM 10,000–8000 cal yr B.P.

The pattern of delayed HTM onset relative to peak

summer insolation (e.g., PC1) is not universally expressed in

the Canadian Arctic, however. Sites from Ellesmere Island

(Agassiz Ice Cap summer melt; Koerner and Fisher, 1990)

and the inter-island channels of the central archipelago (fossil

bowhead whale abundance; Dyke et al., 1996) follow more

closely the mode of PC2 (Fig. 4b). Similarly, early

expressions of the HTM are also observed in the Barents

Sea region (Sarnthein et al., 2003), including Svalbard and

Franz Josef Land (Birks, 1991; Lubinski et al., 1999). It

therefore appears that a high arctic population of sites within

the North Atlantic sector consistently enters the HTM well

before 8000 cal yr B.P., conferring enhanced sensitivity



Figure 4. Additional proxy records (locations in Fig. 1) that parallel the temporal evolution of the three PCs extracted from the standardized paleotemperatures (a–c),

which are reproduced on the right. These records have been plotted on their independent chronologies following primary data sources, listed in Table 1.
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among these sites to the early Holocene summer insolation

maximum. Although the exact mechanism for this geograph-

ic pattern remains unclear, perhaps these northern-most sites

(Fig. 1) are, in general, either upstream or distal to

atmospheric and oceanic circulation patterns directly influ-

enced by the LIS (see below), which may account for their

greater sensitivity to insolation forcing. Much of the

Norwegian and Greenland seas, as well as northwestern

Europe, also attained peak warmth well before 8000 cal yr
B.P. Sea ice was much reduced over this region during the

early Holocene, most likely as the combined response to

high insolation forcing and advection of warm surface waters

associated with the North Atlantic Drift (Sejrup et al., 2001;

Birks and KoÓ, 2002; Andrews and Giraudeau, 2003). Off

Nova Scotia, the LeHave Basin also records an early HTM,

a finding that has been recently supported by a record from

the nearby Laurentian Fan in the southern Labrador Sea

(Sachs and Keigwin, 2004).
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Despite the apparent existence of broad geographic patterns,

there is also considerable evidence for very strong regional

climate gradients in the early Holocene. For example, Qipisarqo

Lake on southwestern Greenland registers an early expression of

the HTM inferred from insect chitin d18O (Fig. 4b), yet lies only

¨500 km from sites on the opposite side of the Labrador Sea,

which have lagged manifestations of the HTM. Despite their

proximity, east and west coasts of the Labrador Sea/southern

Baffin Bay appear contrasted owing to fundamentally different

oceanographic influences (Fig. 1). While eastern Baffin Island is

flanked by cold water of the Baffin Current, the relatively warm

West Greenland Current, an arm of the North Atlantic Drift,

bathes southwestern Greenland. These differences appear to

have created exceptionally strong regional early Holocene

climate gradients in this region, namely when the Baffin Current

was directly influenced by LIS meltwaters. In addition, major

north–south differences in timing of the HTM apparently

occurred from southeast Labrador to the Scotian shelf area

(LeHave Basin, Levac, 2001; Sachs and Keigwin, 2004). It is

also noteworthy that most proxy records appear to record greater

degrees of spatial and temporal uniformity across the North

Atlantic region once the LIS is no longer a dominant force in

regional climate dynamics (CAPE, 2001; Kaufman et al., 2004).

PC3: unstable mid-Holocene 8000–4000 cal yr B.P.

Although considerably less variance is captured by PC3

(15.4%), it nonetheless appears to reflect real, but secondary,

aspects of Holocene climate development expressed in the North

Atlantic region. PC3 highlights pronounced mid-Holocene

climate variability in the 7000 to 5000 cal yr B.P. interval, a

period of considerable change in many regions at both high and

low latitudes (Steig, 1999; Mayewski et al., 2004). Additional

proxy records that preserve parallel shifts to PC3 include

paleoecological records from the North American midwest

(Fig. 4c). In these cases, aridification of the mid-continent was

initiated following final drainage of proglacial lakes, leading to

the replacement of forests by grasslands, and concomitant

increases in the salinity of closed-basin lakes, during the middle

Holocene (Whitlock et al., 1993; Laird et al., 1996).

In summary, our analysis broadens the conclusion of marked

variability with respect to the timing of the HTM (Kaufman et

al., 2004), in addition to reinforcing the notion of spatial and

temporal complexity of Holocene climate change in general

(Mayewski et al., 2004). PCA efficiently captures two dominant

modes that relate closely to final disintegration of the LIS and

summer insolation, respectively (Fig. 1), and thus these are

considered the dominant forcing mechanisms underlying multi-

century to millennial-scale climate changes. The dominant PC

indicates that a 1000–3000 year lag of the HTM relative to peak

summer insolation is truly a widespread feature of Holocene

climate in the North Atlantic region.

Decay of the LIS and early Holocene climate forcing

The most plausible explanation for delayed expressions of

the HTM in many regions of the North Atlantic sector is the
sustained influence of the decaying LIS, both proximally and

distally to its last vestiges in the eastern Canadian Arctic.

Earlier disintegration of the Fennoscandian Ice Sheet implies

that it was unlikely involved as a forcing in the North Atlantic

sector after 10,000 cal yr B.P., given the deglacial chronology

on land and the timing of the final drainage of the Baltic Ice

Lake (Nesje et al., 2004). On the other hand, the LIS still

covered an area of Foxe Basin and Labrador–Québec of about

1.5 � 106 km2 at 8000 cal yr B.P., representing approximately

10% of its surface area at the Last Glacial Maximum (Fig. 1b;

Dyke et al., 2003). Final demise of the LIS occurred by 6000

cal yr B.P.

Even in these reduced configurations (Fig. 1), the LIS

impacted climate via several processes. First, even a vestigial

ice sheet may have influenced the atmosphere by enhancing cold

northwesterly flow towards the Labrador Sea and displacing

southward the jet stream, as shown by various climate

simulations for 9000 cal yr B.P. (COHMAP, 1998; CAPE,

2001). Second, positive feedbacks associated with ice-surface

albedo enabled the persistence of sea-ice on the adjacent ocean,

primarily downstream of Baffin Bay and Hudson Strait

(Andrews et al., 1999). Third, demise of the LIS remained a

major source of meltwater, of sufficient magnitude to disturb

North Atlantic Deepwater (NADW) formation (Licciardi et al.,

1999; Clark et al., 2001), well into the Holocene.

Early Holocene background meltwater fluxes associated

with LIS melting have been estimated in the order of

0.0114–0.834 Sv (Licciardi et al., 1999). Although these

values are more than an order of magnitude lower than those

inferred for abrupt deglacial climatic events, such as

proglacial lake drainage 8200 cal years B.P. (5–6 Sv;

Barber et al., 1999), they are of comparable magnitude to

the modern freshwater flux to the North Atlantic Ocean that

indeed appears sufficient to influence contemporary NADW

formation (Rahmstorf, 1995; Belkin et al., 1998; Clark et al.,

2002). At present, freshwater is routed from the Arctic

Ocean through Fram Strait and the Canadian Arctic

Archipelago, where it affects convective activity and hence

the climate of the North Atlantic region (Dickson et al.,

1996; Belkin et al., 1998). The decaying LIS would have

provided a comparable sustained meltwater fluxes until

¨6000 cal yr B.P., primarily influencing fiords and marine

embayments throughout eastern Arctic Canada, and ulti-

mately Baffin Bay and the Labrador Sea.

Summary and conclusions

Our analysis suggests that considerable spatial variability in

proxy records of Holocene climate can be expected across the

North Atlantic region. Although there is some a priori basis for

predicting that certain regions will express early Holocene

warming alternately in phase or lagged with respect to summer

insolation, the reality is that both early and late expressions of

the HTM are observed on both sides of the North Atlantic

Ocean. Part of this complexity arises from the profound and

prolonged effects of LIS disintegration, which influenced

climate development via atmospheric impacts, sustained
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meltwater discharge, and attendant impacts on NADW. These

effects persisted as late as 6000 cal yr B.P. based on the current

LIS deglacial chronology (Dyke et al., 2003). In many regions

of the North Atlantic sector, cooling associated with the

remnant LIS offset the influence of high summer insolation

locally, producing the pattern of Holocene climate development

illustrated, for example, by PC1. During the early Holocene,

existence of the residual LIS would have caused strong climatic

gradients between middle and high latitudes along the western

North Atlantic sector, and W–E towards the Greenland

Norwegian seas. The spatial and temporal variability of

Holocene climate development summarized here support the

general notion that North Atlantic heat transport is highly

sensitive to freshwater inputs from ice-sheet collapse, and that

the interplay of this forcing with insolation resulted in

geographically variable climate responses.
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