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Abstract

The relatively warm early Holocene climate in the Nordic Seas, known as the Holocene
Thermal Maximum (HTM), is often associated with an orbitally forced summer insola-
tion maximum at 10 ka BP. The spatial and temporal response recorded in proxy data
in the North Atlantic and the Nordic Seas reveal a complex interaction of mechanisms5

active in the HTM. Previous studies have investigated the impact of the Laurentide
Ice Sheet (LIS), as a remnant from a previous glacial period, altering climate condi-
tions with a continuous supply of melt water to the Labrador Sea and adjacent seas
and with a downwind cooling effect from the remnant LIS. In our present work we ex-
tend this approach by investigating the impact of the Greenland Ice Sheet (GIS) on the10

early Holocene climate and the HTM. Reconstructions suggest melt rates of 13 mSv for
9 ka BP, which result in our model in a ocean surface cooling of up to 2 K near Green-
land. Reconstructed summer SST gradients agree best with our simulation including
GIS melt, confirming that the impact of early Holocene GIS is crucial for understanding
the HTM characteristics in the Nordic Seas area. This implies that the modern and15

near-future GIS melt can be expected to play an active role in the climate system in the
centuries to come.

1 Introduction

In the early Holocene a period of relatively warm climate, the Holocene thermal maxi-
mum (HTM), has been associated with the orbitally-forced Northern Hemisphere sum-20

mer insolation maximum at approximately 10 ka BP (Jansen et al., 2008). Indeed, de-
tailed analysis of proxy data and model results have confirmed that orbital forcing is the
dominant long-term forcing considering temperature response at the scale of the Arctic
(Renssen et al., 2009). Compared to this impact of orbital forcing, the effect of varia-
tions in the atmospheric greenhouse gases on the temperature response is relatively25

small (Renssen et al., 2009). Although the HTM is mainly orbitally forced, the spatial
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and temporal response of the climate system is diverse. Maximum temperatures were
often delayed by several thousand years compared to the summer insolation maxi-
mum, as evidenced by numerous terrestrial and marine proxy records (e.g. Jansen
et al., 2007). The causes of this spatial and temporal complexity of the HTM have not
been resolved for all regions, for instance the Nordic Seas. In this paper we therefore5

evaluate the characteristics of the HTM in this important region by analysing the impact
of potential forcing factors in numerical climate model simulations and by comparisons
with available proxy evidence.

In a previous study, Renssen et al. (2009) have shown in transient climate model sim-
ulations, combined with summer temperature reconstructions based on terrestrial prox-10

ies, that the Laurentide Ice Sheet (LIS) delayed the HTM over the North Atlantic and
down-wind continents by up to 3000 yr. This ice sheet persisted until around 6 ka BP,
and caused regional cooling by inducing melt water discharges and by altering the
surface albedo and topography. An important effect of the LIS melt flux was that it sup-
pressed the deep convection in the Labrador Sea, causing expanded sea-ice cover and15

cool surface conditions compared to today. An important part of this spatio-temporal
complexity can be explained by the impact of the remnant LIS in North America (Kauf-
man et al., 2004; Kaplan and Wolfe, 2006). However, the simulated characteristics of
the HTM of Renssen et al. (2009) were not specifically compared to reconstructions of
sea surface conditions, so that it remained unclear what the impact of the LIS was on20

modelled Holocene sea surface temperatures (SSTs) in the North Atlantic Ocean and
the Nordic Seas, and if the model results were consistent with marine proxies from this
region.

The characteristics of the HTM (timing and magnitude) in the Nordic Seas are
rather unclear, as different marine proxies suggest different SST evolutions during25

the Holocene. Sea surface reconstructions based on diatoms show a non-uniform re-
sponse of SSTs in the eastern and western parts of the Nordic Seas over the last
10 000 yr (Andersen et al., 2004). These diatom-based reconstructions indicate that
over the Vøring Plateau (in the east), maximum warming occurred between 10 and
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9 ka BP, with summer SSTs being 4–5 K above the preindustrial mean, while on the
western side the thermal maximum was later (between 8.5 and 6.5 ka BP) and less
expressed (1 K above the preindustrial mean). Consequently, SSTs based on diatoms
show an earlier (by 1.5–2.5 ka) and warmer HTM (3–4 K difference) on the eastern
than on the western side. It has been suggested that the eastern side has a stronger5

response to orbital forcing in the early Holocene compared to the western side (An-
dersen et al., 2004). However, there has been quite some discussion of whether
these warmer temperatures are due to insolation alone (Koç et al., 1993; Kaufman
et al., 2004; Jansen et al., 2008; Risebrobakken et al., 2011). Eastern SSTs based
on alkenones (Calvo et al., 2002) show a similar behaviour to the orbital trend, but10

are considerably lower at the thermal maximum (by 2–3 K) and yield a later HTM (i.e.
between 8.5 and 5.5 ka BP) at the Vøring Plateau. Moreover, at the same site SST
reconstructions based on foraminifera and radiolarians also lack this early HTM sug-
gested by diatoms (Risebrobakken et al., 2003, 2011; Cortese et al., 2005; Dolven
et al., 2002). Jansen et al. (2008) suggest that the SST maximum recorded in proxy15

data above the seasonal thermocline (diatoms, alkenones) is forced by the summer
insolation maximum and deeper dwelling species (foraminifera and radiolarians) are
not influenced. Andersson et al. (2010) support this hypothesis in a comparison with
climate model simulations of the 6 ka BP climate performed with the CCSM3 model.
These model results suggest that seasonal summer warming, related to the orbitally-20

forced summer insolation maximum, is restricted to the upper 30 m in the Nordic Seas
during the early Holocene. Recently, Risebrobakken et al. (2011) separated the impact
of orbitally-forced summer insolation and early Holocene warm surface waters asso-
ciated with increased advection of Atlantic waters (Kaufman et al., 2004; Koç et al.,
1993) and emphasized the involvement of more forcings than just radiative forcing to25

overall conditions in the Nordic Seas. Following this revision of early Holocene condi-
tions, a non-uniform response across the Nordic Seas remains, although eastern SST
reconstructions might be not as well known as previously anticipated, thus challenging
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the question of the origin of this zonal difference. Consequently, the expression of the
HTM in the Nordic Seas and the impact of different forcing factors is still unclear.

In principle, climate model simulations could shed light on the role of different forc-
ings and the SST response during the Holocene in the Nordic Seas. The model results
of Renssen et al. (2009) suggest an earlier (8–7 ka BP) and warmer (more than 2 K5

above preindustrial level) thermal maximum in the western part of the Nordic Seas
than in the eastern part (7–6 ka BP and up to 1 K above preindustrial level). Hence,
these simulations did not capture the timing of the HTM and the gradient in the Nordic
Seas as indicated by the diatom-based SST reconstructions. However, in the exper-
iments of Renssen et al. (2009), the impact of the Greenland Ice Sheet (GIS) was10

not included, while potentially the sea surface conditions in the Western Nordic Seas
were strongly influenced by GIS melt. It is likely that in the early Holocene the GIS
was bigger than at present-day. Estimates from Peltier’s (2004) ICE5G model suggest
to a 25 % larger GIS at 9 ka BP, that loses mass until 7 ka BP and expands again be-
fore returning to its present-day extension at ∼5 ka BP. Reconstructed GIS borehole15

site elevations from Vinther et al. (2009) suggest changes in the range of 100–300 m
higher for 9 ka BP compared to today. Lower elevation sites like Camp Century and
Dye3 show a fast decrease in elevation in the early Holocene, whereas NGRIP and
GRIP give a steady decrease from the early to the late Holocene. Consequently, both
these estimates support the idea that in the early Holocene the GIS melt flux was larger20

than today. No quantified estimates of this early Holocene melt flux have yet been pub-
lished, but based on Peltier (2004) we could infer a best guess additional flux of 13 mSv
(1 Sv=1×106 m3 s−1) for 9 ka BP.

How does this early Holocene GIS melt flux compare to projections of GIS melt for
the present and the near future? For the past two decades Rignot et al. (2011) find an25

acceleration of Greenland mass loss of 21.9 ± 1 Gtyr−2 (22 ± 4 Gtyr−2). Schrama and
Wouters (2011), suggest 35 ± 1.5 cm of sea level rise associated with such GIS melt by
2100, resulting in a steady increase of melt water flux of up to 80 mSv at 2100. Using
a climate model coupled to a dynamical GIS model, Driesschaert et al. (2007) simulate
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a future retreat of the GIS within 3000 yr under an extreme warming scenario, peaking
with a relatively large melt rate of 0.1 Sv after 1000 yr, which has a noticeable weak-
ening effect on the Atlantic Meridional Overturning Circulation (AMOC) in the model.
However, when extrapolating the estimates from Rignot et al. (2011), such high melt
rates would be reached soon after 2100 AD. Although these estimates assume a fixed5

acceleration rate, the comparison highlights the importance of the GIS in future and in
warmer past climates.

Therefore, it is our objective in this paper to quantify the effect of GIS melt on the
early Holocene climate in the Nordic Seas and to compare this impact with that of other
important forcings by extending the modelling approach of Renssen et al. (2009). We10

present several transient simulations forcing our model with a transient LIS deglaciation
and a GIS melt water flux derived from Peltier (2004). We use an updated version of
the model (ECBilt-CLIO-VECODE) previously employed by Renssen et al. (2009). This
model has now been renamed to LOVECLIM (Goosse et al., 2010). We focus on the
expression of the HTM in the Nordic Seas and want to distinguish the impact of different15

forcings on SSTs. We will also evaluate what expression of SSTs in the Nordic Seas,
as reconstructed using the different marine proxies, appears most consistent with our
model results. In other words, does our model reproduce the clear east–west gradient
and early timing of the HTM suggested by the diatom-based SST reconstructions, or
rather a more uniform response across the Nordic Seas?20

2 Experimental design

2.1 The model

We performed our experiments with the Earth system model of intermediate complexity
(EMIC) LOVECLIM (version 1.2; Goosse et al., 2010), which includes a representation
of the atmosphere, the ocean and sea-ice, the land-surface and its vegetation. We have25

not activated the components for dynamical ice sheets and the carbon cycle that are
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also included in LOVECLIM. We present here a brief summary of its key components,
and more details can be found in Goosse et al. (2010). The sea-ice-ocean compo-
nent is CLIO3 (Goosse and Fichefet, 1999), consisting of a free-surface ocean general
circulation model with a horizontal resolution of 3 × 3 degrees latitude-longitude and
20 vertical levels, coupled to an sea-ice component (Fichefet and Maqueda, 1997,5

1999) employing a three-layer dynamic-thermodynamic model that simulates a rea-
sonably well present-day Arctic sea-ice distribution (Goosse et al., 2007). The atmo-
spheric component is ECBILT (Opsteegh et al., 1998), a spectral T21, three-level quasi-
geostrophic model including a bucket-type hydrological model for soil moisture and
runoff. Cloud cover is climatologically prescribed. The vegetation is handled by VE-10

CODE (Brovkin et al., 2002) a dynamical vegetation model simulating two plant types,
trees and grasses and desert as a dummy type. We prescribed the ice sheets manually.
The climate sensitivity of LOVECLIM (version 1.2) to a doubling of the atmospheric CO2
concentration is at the lower end of the range found in global climate models (1.9 K after
1000 yr; Goosse et al., 2010). The simulated deep ocean circulation in LOVECLIM1.215

compares reasonably well with other model results (Schmittner et al., 2005), with deep
convection taking place in both the Nordic Seas and the Labrador Sea (Goosse et al.,
2010). The model has been applied successfully in different palaeoclimatological mod-
elling studies for settings like the 8.2 ka BP event (Wiersma and Renssen, 2006) and
the Holocene (Renssen et al., 2009).20

2.2 Experimental design

In this study we discuss the results of 4 transient experiments that cover the last 9000 yr
and 8 quasi-equilibrium snapshot experiments, 7 with forcings fixed at 9 ka BP and 1
with forcings for the preindustrial era (Summary in Table 1). Except for the experiment
with preindustrial forcings, the simulations were started at 9 ka BP because before that25

time the influence of the Younger Dryas cold period may still have an important influ-
ence on the climate through the long-term memory of the deep ocean. We forced all
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the simulations with orbital and greenhouse-gas concentrations in line with the PMIP3
protocol (http://pmip3.lsce.ipsl.fr). An overview of the forcings is provided in Fig. 1.

2.2.1 Snapshot experiments

We performed one control snapshot experiment for background conditions at 9 ka BP
with orbital and greenhouse gas forcing (9kOG). This experiment was spun up for 10005

model years to ensure quasi-equilibrium conditions in all components of the model to
the forcings (cf. Renssen et al., 2006). The final results of 9kOG have been used as
initial conditions for all other 9k BP snapshot simulations, which have a duration of
500 model years during which the forcings were kept fixed. In PI and 9kOG, the land-
sea-mask, the GIS topography, albedo, solar constant and aerosol content were fixed10

at PI configuration. The fixed land-sea mask will not likely impact the results as the
difference in sea level between the two periods is only 19.71 m (9 ka BP; Siddall et al.,
2003), implying that only a few grid cells are affected at the relatively low resolution of
our model (i.e. T21 or about 560 km × 560 km in the horizontal grid space). Our analysis
is based on averages that are calculated over the last 100 yr of the simulations.15

We performed three 9 ka BP snapshot experiments to assess the sensitivity to the
early Holocene GIS meltflux (Table 1, 9kOGx1, 9kOGx2, 9kOGx4). In these experi-
ments, we prescribed multiples of a best-guess estimate of the early Holocene GIS
melt flux of 13 mSv. This melt flux is derived from ice thickness changes provided at
500-yr time steps by Peltier (2004) ICE-5G model. We have added this melt water to20

the top layer of the ocean corresponding to the surface runoff outlets of the Greenland
landmass.

In two additional snapshot experiments (9kOGMELT, 9kOGMELTICE) we added the
LIS forcing to the impact of 9ka BP orbital and greenhouse forcing, identical to Renssen
et al. (2009). In these experiments, we separately investigate the effect of an addi-25

tional freshwater flux (0.09 Sv, denoted by MELT), representing the background melt-
ing of the LIS introduced at the St. Lawrence River outlet and Hudson Bay outlet, and
the total effect of the remnant LIS (i.e. additional freshwater, albedo and topography
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changes) indicated by the name MELTICE. In agreement with paleoceanographic evi-
dence (Hillaire-Marcel et al., 2001, 2007) Labrador Sea convection was suppressed by
the LIS background melt flux.

Finally, we performed an equilibrium experiment (9kOGGIS) in which we combined
all the forcings of the previous ones, and in addition included the best-guess GIS melt5

flux of 13 mSv.

2.2.2 Transient experiments

We performed one transient control simulation (OG) including only transient orbital and
greenhouse gases and two transient simulations including additionally either LIS melt
water (OGMELT) or the full LIS forcing (OGMELTICE). Following the setup of Renssen10

et al. (2009), the additional freshwater flux was set to 0.09 Sv between 9 to 8.4 ka BP,
decreasing slightly to 0.08 Sv between 8.4 and 7.8 ka BP, dropping to 0.01 Sv between
7.8 and 6.8 ka BP (Fig. 1). These freshwater rates are based on adapted estimates by
Licciardi et al. (1999). In OGMELTICE the effect of the disintegrating LIS was accounted
for by changing the surface albedo and the topography at 50-yr time steps, interpolated15

from the reconstructions provided by Peltier (2004), during the period 9 to 7 ka BP.
Finally, we performed a transient experiment (OGGIS) that included the GIS melt

water flux, in addition to all forcings prescribed in OGMELTICE. As shown in Fig. 1, the
additional melt water was set to 13 mSv for 9 ka BP and increases to 23 mSv from 9
to 8 ka BP and then rapidly decreases to 3 mSv before vanishing completely at 7 ka BP20

(estimates derived from Peltier, 2004). Possible GIS topography changes in the model
are fairly small in the model grid resolution (T21) and will be neglected.

Despite the imperfections in our reconstruction of the GIS, we argue that the amount
of details provided reproduce a valid forcing for our model.
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3 Results and discussion

3.1 Early Holocene response

3.1.1 Simulated SSTs

Simulations including GIS melt (9kOGx1,2,4) show a clear August SST response near
the southern part of Greenland, although the GIS melt is evenly distributed around5

Greenland. Compared to experiment 9kOG, in 9kOGx1 (Fig. 2a) melt water reduces
SSTs around the southern tip of Greenland, especially the region near the Denmark
Strait is affected, with lowest values at about −3 K. For a doubling of GIS melt (26 mSv)
in experiment 9kOGx2 (Fig. 2b) the geographical pattern is quite similar to 9kOGx1 with
a more pronounced cooling of up to 3 K near the Denmark Strait. Noticeable is also the10

development of a cold tongue across the Nordic Seas to the eastern side. Changes
in 9kOGx4 (52 mSv, Fig. 2c) are hugely different from previous experiments. The core
area of cooling is now in the Labrador Sea (more than 5 K) as the deep convection is
locally shut down. This affects most of the North Atlantic as well as the Northern Nordic
Seas.15

In the early Holocene the Laurentide ice sheet puts great amounts (50 mSv in the
Hudson Strait and 40 mSv in the St. Laurence Outlet) of freshwater into the adjacent
ocean. In experiment 9kOGMELT (Fig. 2d) cooling due to this LIS melt water is affecting
primarily the Labrador Sea with a cooling of up to 5 K. This cooling is due to the local
shutdown of deep convection in the Labrador Sea, similar to what is seen here in20

9kOGx4. However, compared to the latter experiment, there is less cooling impact on
the rest of the North Atlantic and the Nordic Seas. Including the remnant ice sheet
into experiment 9kOGMELTICE (Fig. 2e) further reduces SSTs (more than 6 K) in the
Labrador Sea and enhances cooling down-wind of the ice sheet. Additional cooling
affects the Northern Nordic Seas, whereas a more than 2 K warming appears in a small25

area in the Western Nordic Seas, near the Denmark Strait. Ultimately combining the
LIS forcing with one time GIS melt (13 mSv) in experiment 9kOGGIS (Fig. 2f) further
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reduces Western Nordic Seas SSTs. Compared to 9kOGMELTICE, the warming near
the Denmark Strait is reversed into a cooling that now expands across the Nordic Seas.

3.1.2 Comparison with proxy-based SSTs

Based on diatoms, Andersen et al. (2004) find a positive east–west August SST gra-
dient of 5 to 6 K for the early Holocene, whereas using alkenone based summer SSTs5

(Calvo et al., 2002) for the eastern side yields a gradient of 3 to 4 K. We find in our ex-
periment 9kOG a yearly gradient of ∼6 K and ∼4 K for August SSTs (Fig. 3). Modelling
suggests zonal gradients are greatest in winter when the contrast between eastern and
western water masses is greatest, as can be seen in Fig. 3 by February values of 7
to 8 K. Including GIS melt in 9kOGx1 increases August and annual SST gradient by10

0.5 K compared to 9kOG. Experiment 9kOGx2 and 9kOGx4 reveal that a larger GIS
melt leads to a slightly smaller east–west gradient, caused by an eastward spreading
of the cold anomaly (compare with Fig. 2). In experiment 9kOGMELT the gradient is
almost not affected compared to 9kOG, but in 9kOGMELTICE a clear reduction of the
gradient is evident, with annual mean values around ∼4 K compared to 6 K in 9kOG.15

Along with this gradient reduction, a reduction in variability can be noted by smaller
standard deviations. Finally, in 9kOGGIS the east–west SST gradient increases again
to similar values as in 9kOGx1.

We find that GIS melt increases the east–west gradient and pushes the model cli-
mate more towards the proxy-based reconstructions. There is good agreement be-20

tween simulated August SST gradients and reconstructed gradients for the diatom-
alkenone combination (alkenone SST (east) minus diatom SST (west)). Alternatively
we could argue for the just diatom gradient, but as eastern SSTs are not as high in the
model as the reconstructed ones, we see the other possibility more likely. The gradient
is strongest in winter. In conclusion, the better model-data fit in the experiments with25

the GIS melt indicates that it is important to include the GIS melt in simulations of the
Holocene climate in the Nordic Seas. In other words, we propose that the impact of
the GIS melt has been registered in the proxies, producing this increased SST gradient
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across the Nordic Seas in the early Holocene. Simulation 9kOGGIS is therefore the
best estimate for the early Holocene climate in our model. Regarding the foraminifera-
based SSTs, our model shows that seasonal summer warming in the early Holocene
is mainly active in the upper ∼100 m (not shown), in line with findings from Anders-
son et al. (2010) for the Mid-Holocene. Our model further shows that GIS melt affects5

only the first 50 m of the ocean column (not shown). Therefore, it is likely that deeper
dwelling foraminifera species should be less affected by orbitally-forced summer warm-
ing and GIS melt compared to surface dwellers.

3.1.3 Mechanisms behind SST patterns

As discussed in Sect. 3.1.1, we have simulated clear cooling patterns in the Labrador10

Sea, the Irminger Sea and the Nordic Seas. What has caused these cooling patterns?
In our simulations we find the impacts of the following forcings on August SSTs: (1)
GIS melt near Greenland, (2) LIS melt water in the Labrador Sea, (3) the remnant LIS,
(4) the combined effect of LIS and GIS. Connected to these impacts are also different
mechanisms like (1) reduced vertical heat transfer, (2) sea-ice growth and stratification15

of the ocean and therefore inhibiting convection, (3) downwind atmospheric cooling
from a large ice-sheet.

The pattern found in SSTs from Greenland melt water (Fig. 2a, b, 9kOGx1, 2) is
a result of freshening and stratifying of the upper ocean. Surface waters become more
buoyant and the density gradient with the subsurface increases (up to 0.18 kgm−3 from20

5 to 100 m depth for 9kOGx1), thus reducing upward vertical heat transfer and caus-
ing surface cooling. In general, the southern tip of Greenland is where the freshwater
(runoff, sea-ice) from the Arctic and Greenland results in the largest cooling in 9kOGx1
and 9kOGx2. In the Arctic Ocean, however, surface waters are already quite fresh and
stratified, minimizing the effect of additional melt water. As a consequence of cooler25

and fresher surface waters, sea-ice growth is facilitated here and local convection in
winter is reduced (9kOGx1 by up to −200 m of maximum convection depth relative to
9kOG,assisting in an overall cooling effect.
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Considering the combined effect of all mentioned forcings (by comparing 9kOGGIS
to 9kOG), the Northern Hemisphere sea-ice area and volume increase by up to 18 %
and 28 % (Table 2), respectively, with the biggest changes in Labrador Sea area, while
the increases are minor in the Nordic Seas. The strong cooling in the Labrador Sea are
linked to local collapse of deep convection and expansion of sea-ice cover occurring5

due to strong surface freshening here. In 9kOGGIS this freshening is primarily resulting
from the LIS melt (c.f. Renssen et al., 2005, 2009), but the same effect is seen when
the GIS melt is increased, as in 9kOGx4 (Fig. 2c). The absence of deep convection in
the Labrador Sea results in a reduction of meridional overturning strength in the North
Atlantic. The simulated deep ocean circulation for 9kOG has a maximum overturning10

stream function in the North Atlantic of 22 ± 1.3 Sv and an export of NADW towards
the Southern Ocean of 12 ± 0.8 Sv. In this experiment, deep convection takes place in
both the Nordic Seas and the Labrador Sea, similar to the conditions in a simulation
with pre-industrial forcings (Goosse et al., 2010). In our experiments the GIS melt has
a discernible impact on convection depth near the Denmark Strait which is contributing15

to the North Atlantic overturning. In 9kOGx1 a reduction of ∼9 % (19.8 Sv vs 21.6 Sv,
Table 2) of the maximum meridional overturning strength is simulated compared to
9kOG. As expected, this weakening of the AMOC is enhanced when also LIS melt is
included, resulting in similarly reduced values of the maximum meridional overturning
strength in 9kOGMELTICE (15.6 Sv) and in 9kOGGIS (14.5 Sv). This results in an re-20

duced annual northward heat transport at 30◦ S in the North Atlantic basin of 68 % for
9kOGGIS (0.127 PW) compared to 9kOG (0.214 PW), contributing to the cooling of
the Northern Hemisphere. This is best expressed in 9kOGx4 (∼71 % reduction) and
9kOGMELT (∼62 % reduction), as in these experiments the impact on meridional over-
turning strength is the largest.25

Another superimposed effect contributes to cooler North Atlantic SSTs in 9kOG-
MELTICE and 9kOGGIS, which is the enhanced cooling (by 2 K in 9kOGICE vs 0.5 K in
9kOGMELT, Figs 2e, f) downwind of the remnant LIS as discussed in detail in Renssen
et al. (2009). Meridional overturning in the Nordic Seas and therefore NAC strength
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are weakly affected (cf. Table 2) by overall cooling and freshening (2.65 Sv in OGGIS
vs 2.78 Sv in OG), because of their competing effects on surface density and there-
fore convective activity. In the Nordic Seas at the main deep convection site South
of Svalbard, the freshening is relatively modest (compared to the Labrador Sea). The
reduction in the surface density resulting from this freshening is almost compensated5

by the increase in density caused by the surface cooling. As a consequence, maximum
winter convection depth is only reduced by 200 m in 9kOGGIS compared to 9kOG at
the convection site.

3.2 Transient Holocene response

From our snapshot simulations we could derive a discernible response to GIS melt,10

that seems to be also visible in the proxy-based reconstructions and is denoted by an
early Holocene increased August SST gradient across the Nordic Seas. Therefore we
want to investigate the temporal evolution of this impact on the HTM.

3.2.1 Simulated SST trends

Modelled Nordic Seas SST gradient responds stronger to GIS melt water than to ef-15

fects inflicted by the remnant Laurentide ice sheet. The Eastern Nordic Seas SSTs in
OG show a clear early (before 8 ka BP) HTM and a subsequent decline towards prein-
dustrial temperatures. Inducing the LIS melt water in OGMELT, affects that part of the
Nordic Seas only minor (less than 0.5 K difference). Whereas in OGMELTICE, the addi-
tional remnant ice sheet reduces SSTs by 1.5 K in the early Holocene (Fig. 4a) relative20

to OG. With the ice sheet vanishing at around 7 ka BP, temperatures return to the gen-
eral orbitally-forced trend during the remainder of the Holocene, depicted by simulation
OG. The GIS melt affects previously mentioned results only in the first 500 yr, when GIS
melt is at its top, causing warmer conditions by 0.5 K. In contrast, SSTs in the West-
ern Nordic Seas (Fig. 4b) are stronger reduced by GIS melt (by ∼3 K) in OGGIS than25

by the influence of the LIS in OGMELTICE (∼2 K). This impact wears off at 7.5 ka BP,
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when temperatures return to the general trend displayed by OG. As a consequence of
the noted different effects in the Western and Eastern Nordic Seas, the gradient across
the Nordic Seas is more strongly influenced by GIS melt and less so by the remnant
LIS. We can clearly see in Fig. 4c the impact of GIS melt on the spatial SST pattern
in the Nordic Seas, because simulated SSTs for East and West decrease over time,5

the gradient is constant over most of the Holocene, but in the early Holocene (before
7.5 ka BP) the east–west gradient is clearly steeper in OGGIS than in OGMELTICE,
reflecting the strong impact of the GIS melt. As soon as GIS melt vanishes, this gra-
dient in OGGIS returns to the same level as the other experiments, suggesting that in
order to reproduce a gradual, more proxy-like decrease of that spatial gradient, the GIS10

melt water should have been longer active. Alternatively, another yet unknown forcing
might have caused the prolonged cooling of the Western Nordic Seas, as in any case
it seems to be clear that the impact has to be on the western side, rather than on the
eastern side.

3.2.2 Impact on the HTM15

The spatial pattern of the HTM timing is mainly influenced by the remnant LIS and
secondly, but fundamentally in the Nordic Seas, by the GIS melt (Fig. 5). Our main
interest here is in the millennial-scale trend. Therefore, to filter out decadal-centennial
variability, we used a 1000 yr running mean. We calculated the timing (in yr BP) of the
maximum for August SSTs. Relative to OG, peak warmth is delayed by up to 3500 yr20

in the Nordic Seas and is highly variable between the four transient simulations. In OG-
MELT, the LIS delays the timing of the HTM over the whole North Atlantic by ∼1000 yr
(Fig. 5a, b). The Denmark Strait and the region south show HTM timings of ∼2000 yr
later than in OG. A major step happens by including the remnant ice sheet in OG-
MELTICE, which further increases the timing delay to 2000–2500 yr for big parts of the25

North Atlantic. The Eastern Nordic Seas are delayed by 2000 yr, whereas the western
range by 500 to 2500 yr, suggesting a west-east spatial timing gradient, rather than
a east–west gradient. Including the GIS melt in OGGIS uniformly delays the western
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side, resulting in a spatial timing gradient of 2000 yr across the Nordic Seas. It should
be noted that the HTM timing in our transient experiment depends strongly on the time-
scale of the applied forcings. Therefore, it is preferable to consider the relative timings
(i.e. timing delays compared to orbital and freshwater forcing) when comparing with
proxy data (Sect. 3.2.3).5

3.2.3 Proxy trends and timings

Despite uncertainties in model and proxy results the combination of LIS and GIS forc-
ings link reconstructed to modelled estimates of SST trends and timing of the HTM.
The zonal Nordic Seas SST gradient in Andersen et al. (2004) decreases more contin-
uously than our associated model SST gradient. However, given the step-like nature of10

our prescribed melt fluxes an abrupt termination is inevitable. Reconstructed proxy SST
trends over the last 9000 yr from Andersen et al. (2004) are 5 K (eastern) compared to
1–2 K for the model and 1–2 K (western) compared to 1 K for the model. Slightly better
are SST trends from Calvo et al. (2002) with 2–3 K compared to 1–2 K for the model.
Marine sites from Kaufman et al. (2004) in the Nordic Seas give SST trends between15

2.5 and 6.6 K, mostly being diatoms. Despite this weak consistency in absolute temper-
atures, the proxies give gradients that vary more (between ∼2 K for present-day and
∼6–8 K for the early Holocene (Calvo et al., 2002; Andersen et al., 2004) compared
to the model gradient (2.5–4.5 for present-day and ∼5 K for the early Holocene), but
leave some similarities.20

The spatial complexity of the HTM is best expressed by estimating delays and spatial
timing differences. From Kaufman et al. (2004) a timing for the HTM at the Eastern
Greenland shelf ranges between 9 and 5 ka BP, translating into a 0 to 4 ka delay. At the
South Iceland shelf the timing is between 7 and 6 ka BP according to Kaufman et al.
(2004), whereas the North Iceland shelf is between 9 and 6 ka BP, resulting in delay25

between 0 and 3 ka and a spatial timing gradient of 0 to 2 ka. Similar results can be
obtained from Andersen et al. (2004) for Greenland and Iceland sites, however for the
Norwegian site the timing delay is ∼1 ka BP.
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Our model results for OGGIS seem to be in the range for most of these timing differ-
ences, except the spatial difference between North and South Iceland is unmatched.
We find it reversed.

4 Conclusions

We have applied a fully coupled atmosphere-ocean-sea-ice-vegetation model to study5

the impact of early Holocene GIS melt on the climate of the Nordic Seas. Our results
suggest the following.

1. From our sensitivity experiments we find that GIS melt has a discernible impact
on the AMOC strength and facilitates sea-ice growth along the EGC and the Den-
mark Strait. August SSTs are up to 3 K lower near the Denmark Strait, overturning10

is reduced by 2–3 Sv and winter sea-ice margin expands south of Denmark Strait
in a simulation with 13 mSv GIS melt.

2. GIS melt can explain some of the spatial gradients across the Nordic Seas as
reconstructed in several proxy records for the early Holocene. Although absolute
model temperatures do not compare well with exact core locations, because of15

the coarse resolution of our model, but the model seems to catch well the spatial
gradient across the Nordic Seas. Our model was not able to reproduce the warmth
in the early Holocene as suggested by diatom reconstructions near the Norwegian
Shelf and agrees better with Alkenone derived sea-surface temperatures.

3. The spatial distribution of the timing of the HTM in the Nordic Seas is better repro-20

duced in a simulation with GIS melt. We find delays between eastern and western
side of ∼2000 yr.

4. We find in our experiments that GIS melt plays an active role in the Nordic Seas
environment and GIS evolution therefore has to be considered in the evolution of
the early Holocene climate and future melting scenarios. Global radiative forcing25
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based on future anthropogenic emission scenarios vary between ∼3 and ∼8.5
Wm−2 (Meinshausen et al., 2011) whereas at 65◦ N, in South Greenland, the
annual forcing was ∼2.4 Wm−2 and ∼42 Wm−2 in summer (Berger and Loutre,
1991) at 9 ka BP in the early Holocene. So it is not surprising that recently Rignot
et al. (2011) reported an acceleration of GIS melt rates that could soon outrange5

those of the early Holocene, and thereby stressing the importance of GIS melt for
Nordic Seas future climate evolution.
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Table 1. Summary of the experimental design. Transient forcings are shown in Fig. 1. Orbital
parameters and Greenhouse Gases are in line with the PMIP3 protocol (http://pmip3.lsce.ipsl.
fr/) for transient simulations. Laurentide Ice sheet melt water fluxes are from Licciardi et al.
(1999). Greenland Ice Sheet melt water fluxes are calculated from Peltier (2004) ice thickness
changes.

Experiment
name

Initial conditions GIS Melt
flux (Sv)

LIS Melt
flux (Sv)

9kOG Orbital (9000 BP), greenhouse gases (9000 BP) 0 0
PI Orbital (1950 AD), greenhouse gases (1750 AD) 0 0
9kOGx1 9kOG+ Greenland ice sheet melt 0.013 0
9kOGx2 9kOG+ Greenland ice sheet melt 0.026 0
9kOGx4 9kOG+ Greenland ice sheet melt 0.052 0
9kOGMELT 9kOG+ Laurentide Ice Sheet melt water 0 0.09
9kOGMELTICE 9kOGMELT + ice sheet (albedo + topography) 0 0.09
9kOGGIS 9kOGMELTICE + GIS melt water 0.013 0.09

OG Transient orbital and greenhouse gases (9–0 ka BP)
from PMIP3 transient simulation setup

0 0

OGMELT OG + Laurentide Ice Sheet melt water 0 0
OGICE OGMELT + ice sheet (albedo + topography) 0 0.09 – 0
OGGIS OGICE + GIS melt water 0.026 – 0 0.09 – 0
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Table 2. Summary table of snapshot simulations for meridional overturning circulation in the
Nordic Seas, the North Atlantic, Sea Ice area and volume in the Northern Hemisphere, North
Atlantic Current (NAC) strength, Meridional heat flux in the ocean at 30◦ S and east–west Au-
gust SST Gradient for different simulations. Calculated from the last 100 yr of the experiments.
Shown are means and standard deviations (sd). Bold numbers are outside the range of mean
and 1 standard deviation of simulation OG.

Convection Sea Ice
Nordic Seas (Sv) North Atlantic (Sv) Area (106 km2) Volume (103 km3)

OG 2.78 ± 0.15 21.63 ± 1.33 8.80 ± 0.24 8.86 ± 0.62
9kOGGISx1 2.80 ± 0.15 19.78 ± 0.96 8.94 ± 0.22 9.00 ± 0.52
9kOGGISx2 2.88 ± 0.16 18.71 ± 0.57 9.00 ± 0.26 9.16 ± 0.60
9kOGGISx4 2.72 ± 0.28 13.54 ± 0.44 9.72 ± 0.41 10.06 ± 0.88
OGMELT 2.75 ± 0.17 13.61 ± 0.47 9.58 ± 0.30 9.87 ± 0.79
OGMELTICE 2.53 ± 0.21 15.66 ± 0.54 10.26 ± 0.29 11.29 ± 0.80
OGGIS 2.65 ± 0.19 14.49 ± 0.72 10.37 ± 0.26 11.36 ± 0.71

NAC Strength (Sv) Meridional Heat
Flux 30◦ S (PW)

East–West
Gradient August
SST (K)

OG 9.78 ± 0.50 0.214 ± 0.042 3.82 ± 0.60
9kOGGISx1 9.81 ± 0.47 0.194 ± 0.032 4.39 ± 0.57
9kOGGISx2 9.55 ± 0.42 0.194 ± 0.036 4.25 ± 0.53
9kOGGISx4 9.66 ± 0.63 0.125 ± 0.045 4.08 ± 0.87
OGMELT 9.41 ± 0.67 0.132 ± 0.045 4.07 ± 0.81
OGMELTICE 9.60 ± 0.74 0.136 ± 0.050 2.80 ± 0.88
OGGIS 9.52 ± 0.56 0.127 ± 0.044 4.51 ± 1.05
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Fig. 1. Melt water forcing applied in transient simulations. Blue is the total LIS melt water flux
applied in all OGICE Simulations. The Green curve denotes the calculated GIS melt water
from Peltier (2004) used in OGGIS. Black gives the radiative forcing due to greenhouse gas
concentrations and the red curve gives the July 65◦ N insolation anomaly after Berger and
Loutre (1991). Greenhouse gas radiative forcing is calculated using IPCC (2001) formulation.
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Fig. 2. Sea Surface Temperature (SST, scale in K) anomaly compared to OG for 9 ka BP snap-
shot simulations. (a) 9kOGx1 SST anomaly for GIS melt (13mSv). (b) 9kOGx2 SST anomaly
for GIS melt (26 mSv). (c) 9kOGx4 SST anomaly for GIS melt (52 mSv). (d) 9kOGMELT SST
anomaly for LIS melt (0.09 Sv). (e) 9kOGMELTICE SST anomaly for LIS melt (0.09Sv) + rem-
nant ice sheet (albedo + topography). (f) 9kOGGIS SST anomaly for LIS melt + remnant ice
sheet + additional GIS melt (13 mSv).
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Fig. 3. Simulated SST east–west gradients across the Nordic Seas for 9 ka BP snapshot sim-
ulations and an additional present day (PI) simulation for comparison. Corresponding eastern
model area 47.5–10◦ W, 68.75–81.25◦ N and western 2.5–20◦ E, 66.25–78.75◦ N. Points mark
the annual mean gradient, grey bars give associated standard deviation, red line gives August
value, light blue line gives February value. Dark blue line at the bottom gives the total amount
of freshwater added to the simulations in mSv.
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Fig. 4. Transient area weighted SSTs and gradient for Eastern and Western Nordic Seas
from four transient simulations. (a) August SST in the Eastern Nordic Seas (2.5–20◦ E, 66.25–
78.75◦ N) from 9 to 0 ka BP. (b) August SST in the Western Nordic Seas (47.5–10◦ W, 68.75–
81.25◦ N) from 9 to 0 ka BP. (c) August SST east–west gradient in the Nordic Seas from 9 to
0 ka BP. Grey OG, Blue OGMELT, Red OGMELTICE and Green OGGIS.
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Fig. 5. Calculated timing of the Holocene Thermal Maximum (in yr BP) based on simulated Au-
gust SSTs in the Northern Hemisphere (in yr) for four transient simulations. Temperatures have
been filtered with a 1000 yr running mean. (a) OG; (b) OGMELT; (c) OGMELTICE; (d) OGGIS.
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