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Abstract

The Laurentide ice sheet, which covered Canada during glacial periods, had a major influence on atmospheric circulation and
surface climate, but its role in climate during the early Holocene (9-7 ka), when it was thinner and confined around Hudson
Bay, is unclear. It has been suggested that the demise of the ice sheet played a role in the 8.2 ka event (an abrupt 1-3 °C
Northern Hemisphere cooling lasting ~ 160 years) through the influence of changing topography on atmospheric circulation.
To test this hypothesis, and to investigate the broader implications of changing ice sheet topography for climate, we analyse
a set of equilibrium climate simulations with ice sheet topographies taken at 500 year intervals from 9.5 to 8.0 ka. Between
9.5 and 8.0 ka, our simulations show a 2 °C cooling south of Iceland and a 1 °C warming between 40° and 50°N in the North
Atlantic. These surface temperature changes are associated with a weakening of the subtropical and subpolar gyres caused
by a decreasing wind stress curl over the mid-North Atlantic as the ice sheet lowers. The climate response is strongest during
the period of peak ice volume change (9.5-8.5 ka), but becomes negligible after 8.5 ka. The climatic effects of the Laurentide
ice sheet lowering during the Holocene are restricted to the North Atlantic sector. Thus, topographic forcing is unlikely to
have played a major role in the 8.2 ka event and had only a small effect on Holocene climate change compared to the effects
of changes in greenhouse gases, insolation and ice sheet meltwater.

Keywords Ice sheet topography - Holocene - Atmospheric circulation - Wind driven Ocean circulation - Laurentide Ice
sheet - 8.2 kyr event

1 Introduction differences in greenhouse gas concentrations and changes in

sea ice extent (Pausata et al. 2011). Specifically, the presence

Ice sheet topography has been shown to have a large impact
on glacial climate. Topographic changes can influence
atmospheric circulation through interactions with atmos-
pheric stationary waves (Cook and Held 1988; Hoskins and
Karoly 1981; Lofverstrom et al. 2016; Valdes and Hoskins
1991) and storm tracks (Li and Battisti 2008). These mecha-
nisms account for most of the changes in atmospheric cir-
culation at the Last Glacial Maximum (LGM, 21,000 years
ago; 21 ka), in comparison to the smaller effects of
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of the large Laurentide ice sheet (LIS) in North America at
the Last Glacial Maximum produced a stronger and more
zonal jet stream (Hall et al. 1996; Kageyama and Valdes
2000; Lofverstrom and Lora 2017), though North Atlantic
storminess may have been lower than today (Li and Battisti
2008). During glacial-interglacial periods, the LIS influence
on stationary waves impacted European climate (Kageyama
and Valdes 2000; Li and Battisti 2008; Liakka et al. 2016;
Lofverstrom et al. 2016), affecting the growth and retreat
of the Eurasian ice sheet (Beghin et al. 2015; Liakka et al.
2016; Lofverstrom et al. 2014). In turn, changes in atmos-
pheric circulation can affect North Atlantic gyre circulation
and the Atlantic Meridional Overturning Circulation (Gong
et al. 2015).

Changes in ice sheet topography can also affect climate
on sub-millennial to millennial timescales. For example,
during Heinrich events, the enhanced discharge of icebergs
from the LIS into the North Atlantic was accompanied by
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a lowering of the ice sheet around Hudson Bay. This ice
sheet lowering is thought to have produced relatively rapid
changes in regional climate, including a warmer and wet-
ter Florida and a warmer central North Atlantic (Hostetler
et al. 1999; Roberts et al. 2014). Lowering of the LIS over
glacial-interglacial cycles may even control abrupt climate
changes during Dansgaard—Oeschger events (Zhang et al.
2014), when rapid multi-decadal scale warming of several
degrees precedes more gradual cooling and a return to gla-
cial climates in the Northern Hemisphere.

At the start of the Holocene (9 ka), remnants of the LIS,
which during the LGM covered the whole of Canada reach-
ing as far south as the Great Lakes, still existed in the Hud-
son Bay region. Little is known about the potential impacts
of the remnants of the LIS on climate during the early Holo-
cene (9-7 ka), the start of the current interglacial period. It
has, however, been hypothesised that the changes in topog-
raphy that accompanied the LIS demise may have played
a role in the 8.2 ka event, an abrupt Northern Hemisphere
surface cooling of up to 3 °C and associated weakening of
Atlantic Meridional Overturning Circulation that took place
over ~ 160 years (Hillaire-Marcel et al. 2007). Traditionally,
the 8.2 ka event was thought to have been caused by sudden
drainage of proglacial Lakes Agassiz and Ojibway, releasing
163,000 km? of water into the North Atlantic within a couple
of years (Teller et al. 2002). More recently, Gregoire et al.
(2012) suggested there were rapid changes in the volume
and extent of the LIS between 9 and 8 ka associated with the
separation of ice domes around Hudson Bay. Renssen et al.
(2009, 2010) showed that meltwater associated with early
Holocene deglaciation can have an important impact on the
North Atlantic circulation, and Matero et al. (2017) have
shown that the meltwater input to the North Atlantic from
the ice dome separation disrupts the Atlantic Meridional
Overturning Circulation, producing a surface climate signal
that matches the spatial pattern, magnitude and duration of
the 8.2 ka event from proxy data.

However, given that this period also coincided with
abrupt changes in the topography of the LIS, the question
is raised: what impact did topographical changes during the
early Holocene have on the climate, and did this mechanism
play a role in the 8.2 ka event? A related question, motivated
by previous work (Liakka 2012; Liakka et al. 2012; Lofver-
strom et al. 2014, 2016), is: do the climatic effects of chang-
ing ice sheet topography vary linearly with the changes in
ice sheet size? This is important to address, since although
the LIS was considerably smaller by the early Holocene
compared to at the LGM, it has been suggested that changes
in ice sheet topography may have been important for driving
regional climate variations over this period (Hillaire-Marcel
et al. 2007).

Here, we evaluate the effect of changes in the LIS topog-
raphy on the evolution of climate over the early Holocene
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and, for the first time, we test its role in the 8.2 ka event. To
do this, we analyse a series of climate model simulations of
the early Holocene period (9.5-8.0 ka) forced with ice sheet
topography taken from a dynamical ice sheet model. The
simulations differ only in their representation of ice sheet
topography over North America in order to isolate this effect
from other forcings such as changes in greenhouse gases,
orbit and ice sheet meltwater. We further assess the linearity
of the climatic response to successive approximately linear
changes in ice sheet elevation through time.

2 Methods

We ran a series of experiments with the Met Office Hadley
Centre Coupled Model version 3 (HadCM3) ocean—atmos-
phere—vegetation general circulation model (Cox 2001; Gor-
don et al. 2000; Pope et al. 2000; Valdes et al. 2017). The
atmosphere has a regular latitude-longitude grid of 2.5° X
3.75° resolution and 19 hybrid sigma-pressure coordinate
layers, from the surface up to ~ 10 hPa. The ocean has a hori-
zontal resolution of 1.25° x 1.25° with 20 vertical layers.
The dynamic vegetation model TRIFFID (Top-down Repre-
sentation of Interactive Foliage and Flora Including Dynam-
ics) is connected to the land surface scheme MOSES 2.1
(Met Office Surface Exchange Scheme) and coupled within
the atmospheric general circulation model. This model has
been extensively used to model past climates (e.g. Lunt et al.
2008; Roberts et al. 2014; Ivanovic et al. 2014, 2017; Sin-
garayer et al. 2011; Valdes et al. 2017). and performs well
with respect to mean climate (Flato et al. 2013), capturing
the key features of the mid-latitude atmospheric circulation,
including planetary waves and storm tracks (Valdes et al.
2017). Furthermore, its computational efficiency allows us
to perform the long (multi-centennial) experiments needed
to simulate equilibrium climates different from today and
evaluate coupled atmosphere—ocean responses.

Our experiments build on the 9.0 ka equilibrium climate
simulation of Singarayer et al. (2011). This simulation is
forced with the orbital configuration of 9.0 ka (Berger and
Loutre 1991). The greenhouse gas concentrations are set
to 265 parts per million by volume (ppmv) for CO, (Petit
et al. 1999), 666 parts per billion by volume (ppbv) for CH,
(Loulergue et al. 2008), and 259 ppbv for N,O (Spahni et al.
2005) based on the EPICA (European Project for Ice Coring
in Antarctica) Dome C ice core chronology EDC3 (Parrenin
et al. 2007). Finally, the topography, land-sea mask, bathym-
etry and ice sheet extent are based on ICE-5G (VM2; hence-
forth ‘ICE-5G’) reconstruction (Peltier 2004). This simula-
tion was initially spun-up for 1000 years, then continued for
an additional 750 years with dynamical vegetation, provid-
ing the initial conditions for our experiments.
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Starting from the end of the spin-up simulation, we
run four 500 year-long simulations. These are each forced
with a snapshot of the LIS elevation and extent mod-
elled by Gregoire et al. (2012) at 9.5, 9.0, 8.5 and 8.0 ka,
respectively (Fig. 1). These dates were chosen to span the
separation of ice sheet domes around Hudson Bay; the
so-called ‘Hudson Bay saddle collapse’ (Gregoire et al.
2012). In order to isolate the climatic impact of the topog-
raphy and albedo changes associated with the Hudson Bay
saddle collapse, the simulations presented here include
only topographical changes in the ice sheet and surface
albedo changes due to the evolution of ice sheet extent,
but do not include any meltwater fluxes into the ocean.
The effects of the freshwater discharge associated with
the Hudson Bay saddle collapse are described in detail
by Matero et al. (2017) and are therefore not considered
further in this study.

We apply changes in ice sheet topography as anomalies
to the ICE-5G orography included in the 9 ka spin-up sim-
ulation. To do this, we first regrid the ice sheet extent and
surface elevation model output of Gregoire et al. (2012)
at 9.5, 9.0, 8.5 and 8.0 ka from the 40 km Cartesian ice
sheet model grid onto the 1° regular latitude-longitude
grid of ICE-5G using a nearest neighbour method. We
then extract the ice extent and topography over the LIS
region (120°W-50°W, 40°N-75°N; Fig. 1). These data are
used to create the model boundary conditions for ice mask,
orography and river routing using the same method as Sin-
garayer and Valdes (2010). With the exception of changes
in ice sheet topography and ice extent, which affects sur-
face albedo, all other boundary conditions are identical in
the four experiments (including land-sea mask, bathymetry
and river routing). We compare the 9.5 ka experiments
with a 0.0 ka climate simulation (equivalent to a pre-indus-
trial control simulation with boundary conditions changed
accordingly) continued for a further 500 years from the
0 ka simulation performed by Singarayer et al. (2011). All
climate means and standard deviations are calculated over
the last 100 years of the simulations to allow the model to
equilibrate to any altered boundary conditions. Input data
and climatological means of the output of these simula-
tions are openly available from the University of Leeds
Data Repository. https://doi.org/10.5518/305.

3 Results

In the following section, we first examine the impact of
LIS topography changes on climate in the early Holo-
cene, we then describe the mechanisms linking ice sheet
topography, atmospheric circulation and the North Atlan-
tic surface ocean. Finally, we evaluate the linearity of the

climate response to step-by-step changes in the ice sheet
topography between 9.5 and 8.0 ka.

3.1 Surface air temperature changes due
to the 9.5-8.0 ka LIS retreat

The global mean near-surface temperature in the 9.5 ka
experiment is around 0.7 °C lower than in the 0.0 ka case
(Fig. 2a). This is largely in response to the higher green-
house gas concentrations, changes in orbital parameters and
the removal of the LIS in North America by 0 ka, relative
to 9.5 ka. Changes in the orbit, in particular the precession
(Braconnot et al. 2008), cause a strong contrast between
changes in winter and summer climate, with a 2-5 °C win-
ter warming on land (Fig. 2¢) and a 1-4 °C summer cooling
by 0 ka (Fig. 2e), thus reducing the amplitude of North-
ern Hemisphere seasonality as time passes. However, the
reduction of LIS topography and ice extent since 9.5 ka
also resulted in significant climate changes during the early
Holocene. This can be seen in Fig. 2b, d, f, which compare
the surface temperatures in the 9.5 and 8.0 ka simulations
differing only in terms of the LIS topography and ice sheet
extent. Note that since the ice sheet extent and thickness in
our 8.0 ka experiment are small (Fig. 1d), Fig. 2b, d, f give a
good indication of the contribution from ice sheet changes to
the simulated differences in climate between 9.5 and 0.0 ka
(Fig. 2a, c, e). This comparison shows that changes in the
LIS are the dominant cause of local temperature changes
during the early Holocene over north—east Canada and that
they also make a substantial non-local contribution to the
temperature changes over the North Atlantic and Barents
Sea.

Locally over North America, the lowering and reduc-
tion in extent of the LIS between 9.5 and 8.0 ka produces a
warming of up to 15 °C, due to a reduction in elevation and
a decrease in surface albedo when the ice sheet retreats. The
cooling produced northwest of the LIS in winter (Fig. 2d)
is associated with topographically induced changes in sur-
face winds causing a reduction in heat flux convergence to
the northwest of the ice sheet as described by Lofverstrom
et al. (2015).

In the North Atlantic, the lowering of the LIS between
9.5 and 8.0 ka alone produces a tripole pattern of surface air
temperature (SAT) anomalies with: (1) a year round 1-2 °C
cooling over the subpolar gyre south of Iceland; (2) a band of
1-2 °C warming between 40°N and 50°N, extending across
most of the North Atlantic that is strongest in the summer;
and (3) a 1 °C cooling around 30°N in winter (Fig. 2b, d, f).
We discuss the cause of this signal in the following sections.
The same tripole pattern of temperature change can be seen
when the changes in ice sheet topography are accounted for
along with changes in insolation and greenhouse gases over
the early Holocene (9.5-0 ka; Fig. 2a, c, e). This suggests
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Fig. 1 Topography (colours)
and ice sheet elevations (grey)
in the HadCM3 simulations
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Fig.2 Surface air temperature differences between simulations of
0.0 ka (present day conditions) and 9.5 ka (a, ¢, e), which include the
effects of ice sheet topography, orbit and CO, changes; and between
simulations 8.0 and 9.5 ka (b, d, f), which differ only by their ice
sheet topography. Annual mean (a, b), December—January—February

that in the North Atlantic, the effect of the ice sheet lower-
ing is large compared to the effect of orbit and greenhouse
gas forcing over this period. The ice sheet lowering between
9.5 and 8.0 ka also produces some seasonally dependent
surface climate changes in Greenland, Western Europe and
South of the Laurentide ice sheet (Fig. 2d, f). However, these
changes are small and may be overprinted by the effects of
greenhouse gases and insolation, as suggested by Figs. 2a,

(DJF; ¢, d) and June—July—August (JJA; e, f) are shown. Grey shading
is used over areas with less than 95% statistically significant changes
using a welch t-test with a sample size of 100 corresponding to the
duration of the climatological means and standard deviation calcula-
tions

¢, e and 2b, d, f, which shows different pattern or directions
of climate change at these locations.

In the Barents Sea, the reduction in the LIS produces
a year-round warming that is strongest in boreal winter
(>5 °C) (Fig. 2d). This is associated with a reduction of
sea ice (not shown), which provides a positive feedback to
the initial temperature change by thermally insulating the
cool air from the warm Barents Sea. While this pattern of
change in the Barents Sea is a common response to changes
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in ocean heat transport caused by a feedback between sea ice
and circulation in the Barents Sea (e.g. Lehner et al. 2013;
Semenov et al. 2009), it is worth noting that in HadCM3,
this region is particularly sensitive to climate forcing under
warm pre-industrial or interglacial conditions (Ivanovic et al.
2013) and the sensitivity of this response may be model
dependent.

In the following sections, we investigate the impact of the
imposed topographic changes on the modelled atmospheric
circulation and the surface ocean to explain the mechanisms
leading to the surface temperature changes described above.

3.2 Atmospheric circulation

The topographic forcing from the Rocky Mountains estab-
lishes a climatological stationary wave pattern consisting of
an upstream ridge over the eastern North Pacific and a trough
downstream over eastern North America (Held et al. 2002).
In summer, there is a climatological upper level anticyclone
over southern North America characteristic of a summer
monsoon circulation. This large-scale stationary wave pat-
tern is similar in all the model simulations discussed here,
consistent with Lofverstrom et al. (2016) and Lofverstrom
and Lora (2017), who showed that a major reorganisation
of the stationary wave field only occurs in the presence of
a very large LIS (e.g. at the LGM), but not for periods with
smaller ice sheets similar to those in the early Holocene.
Nevertheless, modest changes to the stationary wave field
do occur in response to the reduction in LIS topography
between 9.5 and 8.0 ka (Fig. 3). The response in the vicinity
of the LIS shows a strong seasonal dependence. In winter,

the trough over eastern North America weakens and shifts
slightly northwards. Conversely in summer, the trough
strengthens and shifts towards the south west. Numerous
studies have examined the relative roles of mechanical and
thermal forcing, and their interactions, in driving the station-
ary wave response to North American ice sheet changes (e.g.
Cook and Held 1988; Ringler and Cook 1999; Liakka 2012;
Liakka et al. 2012). Mechanical forcing has been shown to
be the dominant driver of stationary wave changes at the
LGM (e.g. Cook and Held 1988), but thermal forcing and
non-linear interactions between mechanical and thermal
forcing are likely to be important for smaller more localised
changes in the ice sheet (Liakka et al. 2012; Lofverstrom
et al. 2016). However, the differences in the eddy geopoten-
tial height field in Fig. 3 show different responses in summer
and winter, despite the near-surface temperature changes
over the ice sheet being similar (Fig. 2d, f). This suggests
that in addition to thermal forcing, mechanical forcing may
also play a role in the stationary wave response, since the
climatological low-level winds are stronger in winter. A
detailed attribution of the changes to mechanical and ther-
mal forcing is beyond the scope of this study.

Compared to the pre-industrial control (0 ka), the North
Atlantic jet in the early Holocene (9.5 ka) is stronger, nar-
rower and located further poleward (Fig. 4a, c). Li and Bat-
tisti (2008) found a qualitatively similar, but larger strength-
ening and narrowing of the North Atlantic jet structure at the
LGM, when the LIS was substantially bigger. Comparing the
last of our simulations (8 ka; Fig. 1d), when most of the LIS
has disappeared, with the pre-industrial control (0 ka) simu-
lation isolates the changes in the North Atlantic jet due to
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Fig.3 Azonal geopotential height (m) at 500 mb for the December—
January-February means (DJF; a, b) and June—July—August means
(JJA; ¢, d). Colours show difference between experiments (a, ¢
0-9.5 ka; b, d: 8-9.5 ka). Contours show the relevant seasonal aver-
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greenhouse gases and orbital parameters. This reveals simi-
lar structural changes as seen in Fig. 4a, ¢, which suggests
that changes in other forcing agents (atmospheric green-
house gases, orbital parameters) account for the majority of
the simulated changes in the North Atlantic jet between the
early Holocene and present day. Hence the role of ice sheet
topography alone is likely to be smaller than for the changes
at the LGM (Li and Battisti 2008).

Comparing the atmospheric circulation changes between
9.5 and 8.0 ka, the climatological ridge over the North
Atlantic in winter shows a wider and weaker North Atlantic
eddy driven jet (Fig. 3b). The maximum 500 mb zonal wind
speed in winter reduces by around 2 m s71(~20%) (Fig. 4b).
The changes in zonal winds over the North Atlantic show
an equivalent barotropic structure (Fig. 5a), which suggests
coupling with changes to baroclinic eddies and the storm
track (c.f. Li and Battisti 2008). The changes in land-sea
contrast in the western North Atlantic may alter the baro-
clinicity of the background environment and the associ-
ated growth of synoptic eddies. In summer, the changes in
zonal wind are most pronounced upstream over the LIS and
downstream near the jet exit region (Fig. 4d). These results
complement earlier studies that have focused on the impact
of a larger LIS at the LGM on the North Atlantic jet (e.g.
Hall et al. 1996; Kageyama and Valdes 2000; Li and Battisti
2008), and reveal that changes in the eddy driven jet, albeit
of a smaller amplitude, can occur for smaller changes in ice
sheet topography.
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means (a, b), contours start at 20 m s~ with an increment of 5 m s™'.

For the JJA means (c, d), contours start at 10 m s™! with an increment
of 5ms™!

3.3 Surface wind response drives north Atlantic
gyre circulation changes

At the surface, the changes in the large-scale atmospheric
flow translate into a decrease in the westerlies over the
mid-North Atlantic by 1 m s~ in the winter and a decrease
in the subpolar easterlies off the southeast coast of Green-
land (Fig. 6). This results in a winter weakening (negative
anomaly) of the wind stress curl in the subpolar gyre at
8.0 ka compared to 9.5 ka (Fig. 7a). We also see a positive
wind stress curl anomaly in the winter at 40°N along the
North Atlantic drift (Fig. 7a). Wind stress curl is slightly
weaker (negative anomaly) around 30-35°N on the west-
ern side of the Atlantic basin over the subtropical gyre.
In the summer, the pattern of wind stress curl change is
smaller in magnitude (Fig. 7c¢).

The reductions in wind stress curl cause a 13 Sv weak-
ening (1 Sv=10° m? s~!) and slight contraction of the sub-
polar gyre between 9.5 and 8.0 ka, and a 10% reduction in
Gulf Stream strength (from 84 to 76 Sv; calculated as the
meridional transport at 35° N integrated over 80°—60°W
and 0-1000 m) associated with a weakening of the sub-
tropical gyre (Fig. 8). The western boundary current flow
also weakens off the coast of Florida (Fig. 8). This latter,
local effect is seen by Vellinga et al. (2002), who found
that it is the result of a reduction in bottom pressure torque
caused by the interaction between vertical velocity at the
seafloor and ocean bathymetry. It is worth noting here that
there are some numerical artefacts in the ocean component
of the model that could complicate the interpretation of the
barotropic stream function (see “Appendix”). This affects
the calculation of the absolute strength of the subpolar
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0-9.5 ka) and contours show the absolute annual mean at 9.5 ka

gyre and Gulf Stream strength, although the changes in
the barotropic stream function display a coherent large
scale pattern of weakening of the subpolar gyre (Fig. 8).
For robustness, we also calculate the changes in Sverdrup
transport from the wind stress fields over the North Atlan-
tic (0°-60°W), which are not affected by this artefact. The

@ Springer

Sverdrup transport represents the changes in ocean flow
due to adjustments in surface winds. We calculate it as:

60W
M@y)= - 1 /curlz Tyind A% 1)
pnj
ow

where p,(is the density of ocean water (1025 kg m™), fis
the meridional gradient in the Coriolis parameter and 7,;,,
is the wind stress over the ocean. With this sign convention,
a positive value represents a clockwise gyre circulation. We
find that the changes in wind stress over the North Atlantic
induce an 11 Sv weakening of the Sverdrup transport over
the subpolar gyre between 9.5 and 8.0 ka (Fig. 9c, h). This
compares well with the 13 Sv weakening in the ocean baro-
tropic stream function in the subpolar gyre (Fig. 8). Further-
more, at 40°N over the subtropical gyre, both the Sverdrup
transport and the barotropic stream function weaken by 5 Sv
(Figs. 8, 9c, h). The similarity of the magnitude and pattern
of changes in the Sverdrup transport and barotropic stream
function demonstrates that the gyre circulation changes are
primarily driven by surface wind changes and that buoyancy
forcings (e.g. due to temperature changes) and other ocean
internal feedbacks play only a secondary role.

The result that a lower LIS leads to weaker surface winds
and reduced North Atlantic gyre circulations and western
boundary currents is consistent with the findings of Gong
et al. (2015). Moreover, although their findings are based on
simulations comparing the large Last Glacial Maximum ice
sheet with the present day, our results show that a similar
mechanism may have operated at the start of the Holocene
when there was less ice and a much more modest lowering
of the LIS. Furthermore, even though the presence of a large
LIS can induce changes in Atlantic Meridional Overturning
Circulation at the LGM (Gong et al. 2015), we find that
the changes in ocean gyre circulation and surface climate
between the 9.5 and 8.0 ka experiments are not associated
with any significant change in Atlantic Meridional Overturn-
ing Circulation strength.

The lowering of the ice sheet also induces a weakening of
the near surface anticyclonic flow over the ice sheet domes.
This signal is present all year round, but particularly strong
in the winter. It reduces the wind speed over the Labrador
Sea. In the next section we describe how the near and far
field changes in atmospheric circulation are linked to surface
climate changes.

3.4 Link to surface climate

Over the North Atlantic, the tripole pattern in surface air
temperature changes between 9.5 and 8.0 ka (Fig. 2) maps
on to the changes in sea surface temperatures (Fig. 7b, d).
These anomalies are strongest in the winter. In particular,
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Fig.9 Latitudinal profiles of key climate variables over the North »

Atlantic (averaged or integrated between 60° and 0°W) for each time
slice: a zonal mean of the zonal wind (m s~') at 500 mb; b zonal
mean surface wind stress curl (N m™); ¢ Sverdrup transport (Sv) cal-
culated from Eq. (1), with positive values indicating clockwise gyre
circulation; d zonal mean ocean barotropic stream function (Sv) and
e zonal mean sea surface temperatures (°C). Plots f—j are as a—e, but
show the differences with regards to the 9.5 ka simulation. Lines
correspond to 9.5 ka (black solid line), 9.0 ka (blue dashed), 8.5 ka
(green dotted line), 8.0 ka (orange dashed-dotted line) and 0 ka (red
dash-dot-dot line)

the 1 °C winter cooling around 30°N is markedly smaller
in the summer.

The changes in sea surface temperature are a direct con-
sequence of the weakening in North Atlantic gyre circula-
tion due to a reduction in horizontal ocean heat transport.
It resembles the pattern in sea surface temperatures that co-
varies with the North Atlantic Oscillation (e.g. Cayan 1992;
Rodwell et al. 1999). The weakening of the subpolar gyre
explains the dipole in sea surface temperature changes, with
a 2.5 °C warming of the Southern branch of the subpolar
gyre (North Atlantic drift) associated with reduced south-
ward transport of cold waters on the western side of the gyre
(Figs. 7, 8) as the ice sheet lowers. The rest of the subpolar
gyre cools by 2 °C due to the decrease in northward transport
of warm waters by its eastern branch. The weakening of the
subtropical gyre and particularly the western boundary cur-
rent reduces the northward transport of warm tropical water,
contributing to the winter cooling in the western Atlantic
at 30°N. We find no indication that the noise in the baro-
tropic stream function (see Sect. 3.3) affects the horizontal
ocean heat transport; the pattern of sea surface temperature
changes is coherent and consistent with gyre circulation
changes. Furthermore, although weakening of the surface
winds can sometimes cause a decrease in evaporation rates,
which in turn decreases latent heat flux and can increase sea
surface temperatures (e.g. Xie and Philander 1994), we find
that this mechanism does not operate here. Instead evapora-
tion increases at 40°N due to the sea surface warming even
with a weakening of winds. Similarly, evaporation decreases
over the subpolar gyre, due to the local cooling.

The temperature changes closer to the LIS are also
affected by the weakening of cold air advection from the ice
sheet, as described in the previous section. In particular, this
can explain the warming that occurs south of the ice sheet,
over the Labrador Sea in summer, as well as off the coast of
Newfoundland.

We have demonstrated here a possible link between the
lowering of the LIS between 9.5 and 8.0 ka and surface
climate change over and around the North Atlantic via a
response in the atmospheric circulation. The next section
examines the linearity of such changes with regards to ice
sheet elevation.
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3.5 Temporal evolution of climate response to early
Holocene LIS demise

Table 1 Characteristics of the Laurentide ice sheet in our time slice
simulations and the changes in these relative to the previous time
slice

So far we have focussed on the equilibrium climate response 95ka 90ka B85ka 8.0ka
to changes in LIS topography between 9.5 and 8.0 ka. We p ioiice sheet elevation 2742 2597 2333 2040
now assess the differences in climate over the North Atlantic (m)
between the successive 500 year time slice simulations. Change — 145 —264 —293
Figure 10 shows the annual mean changes in near surface  [ce area (106 km?) 35 2798 1766 0.762
temperature between the successive time slice experiments Change —0702 —1.032 —1.004
covering 9.5-8.0 ka. There is a substantial warming over the  1ce volume (106 km?) 7225 5.1 276 1.14
LIS region of several degrees in all three 500 year periods Change —2125 —234 —1.62
along with a cooling immediately to the north of the LIS. As
noted previously, the warming over the Barents Sea is related
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to sea ice changes in the simulations. Downstream over the
North Atlantic the dipole pattern of temperature change dis-
cussed in Sect. 3.1, with cooling south of Iceland and warm-
ing over the mid-North Atlantic, is only found between 9.0
and 9.5 and 9.0 and 8.5 ka, with virtually no changes in this
region between 8.5 and 8.0 ka despite the continued reduc-
tion in ice extent (Table 1).

To further explore the causes of these time dependent
changes in North Atlantic climate in the early Holocene,
Fig. 9 shows latitudinal profiles of climatological values and
differences compared to 9.5 ka for 500 hPa zonal wind (a,
f), near surface wind stress curl (b, g), Sverdrup transport
(c, h), horizontal barotropic ocean stream function integrated
over the depth of the ocean (d, i) and sea surface temperatures
(e, j). As described in Sect. 3.2, the overall changes in ice
topography between 9.5 and 8.0 ka lead to a weaker and wider
North Atlantic jet. Between 9.5 and 9.0 ka there is a weaken-
ing in the winds near the jet maximum of around 0.8 m s
and an increase in wind on the flanks of the jet indicating a
broadening. This pattern of change continues between 9.0 and
8.5 ka (compare blue and green lines in Fig. 9a, f), but the
further changes between 8.5 and 8.0 ka are rather small. Thus
the majority of the simulated changes in the North Atlantic jet
between 9.5 and 8.0 ka occur between 9.5 and 8.5 ka.

Examining the changes in surface wind stress curl, shows
that it decreases over the subpolar gyre and intensifies over
the North Atlantic drift between 9.5 and 9.0 ka, leading to
a dipole of sea surface temperature anomalies with a 0.5 °C
cooling in the subpolar gyre and a 0.5—1 °C warming at 40°N
(Fig. 9j), as seen in Fig. 7. While the ice sheet experiences
large volume changes during this period (2.125 x 10° km®),
the ice loss largely occurs on the lower parts of the ice sheet,
while the ice domes remain high. Hence the changes in max-
imum ice sheet elevation (— 145 m) are smaller during this
period than the later ones (see Table 1).

The largest changes in wind stress curl over the North
Atlantic occur between 9.0 and 8.5 ka (compare blue
dashed and green dotted lines in Fig. 9b, g), inducing a fur-
ther 1 °C cooling south of Iceland, a further 1 °C warming
over the North Atlantic drift and a cooling in the subtropi-
cal gyre (Fig. 10), via changes in ocean heat transport (see
Sect. 3.4). It is during this time window that the largest ice
sheet changes occur, with a big reduction in ice sheet area
and maximum elevation (Table 1). This corresponds to the
acceleration of ice sheet melt from the ice saddle collapse
mechanism described in Gregoire et al. (2012, 2016).

In all of the diagnostics considered, the changes during
the last stage of ice sheet reduction (8.5-8.0 ka) are small
compared to the changes between 9.5 and 8.5 ka despite
the large reduction of maximum elevation changes and the
continued reduction in ice extent (Table 1). This suggests
that after 8.5 ka, the ice sheet has become too small to have
a noticeable effect on atmospheric circulation and climate.

In short, the largest surface climate anomalies in the
North Atlantic occur at the peak of ice sheet changes
(9.0-8.5 ka in our model) when the reduction in maximum
ice sheet elevation is large. However, when the ice sheet is
small (e.g. at 8.5 ka in our model), its effect on North Atlan-
tic surface climate becomes insignificant. This shows that
the climate response is not a simple linear function of the
ice volume, but is a more complex function of the detailed
ice sheet geometry.

4 Discussion and conclusions

We ran a set of climate model simulations with different con-
figurations of the LIS to isolate the effect of LIS changes on
climate during the early Holocene from other climate drivers
such as greenhouse gases and insolation. Our results show
that changes in the LIS topography may have been a signifi-
cant driver of changes in some aspects of North Atlantic cli-
mate during the early Holocene. We show that the lowering
of the ice sheet weakens surface winds and gyre circulation
in the North Atlantic, producing a cooling in the subpolar
gyre, a warming at the North Atlantic drift and a cooling in
the south-western part of the subtropical gyre.

Findings from previous work (e.g. Lofverstrom et al.
2014) suggest that when the LIS has a reduced size and
shape such as during the early Holocene, it does not produce
major changes in the atmospheric circulation compared to
the effect of the LIS at the LGM. Our results are in line with
these findings, but highlight that the LIS during the early
Holocene can nonetheless produce significant, albeit small,
changes in the atmospheric circulation. We also show that
when these small atmospheric circulation changes interact
with the ocean, it results in a weakening of the North Atlan-
tic gyre circulation leading to significant surface temperature
changes. This suggests that it is necessary to use a coupled
atmosphere—ocean general circulation model to evaluate the
full climate response to changes in ice sheets topography
and extent.

The link between the North American ice sheet size and
the strength of North Atlantic gyre circulation has also been
describe in another study performed with a different gen-
eral circulation model in the context of glacial-interglacial
ice sheet changes (Gong et al. 2015). This suggests that the
mechanism described here is robust. The strengths and pat-
tern of gyre circulation and climate response are, however,
likely to be dependent on the choice of model and ice sheet
topography. Factors such as the atmospheric resolution and
parameterisation of gravity wave and other related model
processes are likely to affect the response to LIS lower-
ing. There are also large uncertainties in reconstructions of
the topography of the Laurentide ice sheets. For example,
reconstructions of LIS elevation at 9 ka differ by more than
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1000 m in places (Peltier et al. 2015; Tarasov et al. 2012;
Ivanovic et al. 2016). Multi-model transient simulations
of the last deglaciation currently coordinated as part of the
fourth phase of the Palaeoclimate Model Intercomparison
Project (PMIP4; Ivanovic et al. 2016) may help further
constrain the impact of ice sheet topography on climate.
However, for such simulations of glacial-interglacial transi-
tions, it is important to consider that ice sheet topography
and its impact on gyre circulation evolves smoothly over
thousands of years. In previous studies, the evolution of
ice sheet topography has been introduced as step changes
(e.g. Gregoire et al. 2015; Liu et al. 2009), but as we show
here, ice sheet changes that occur on a 500 year time scale
can cause significant climate changes in regions remote
from the ice sheet. Therefore, prescribing such ice sheet
evolution as step changes at intervals of 500-1000 years
or more may introduce artificial abrupt adjustments of the
atmosphere and ocean in the North Atlantic sector.

Our simulations do not include the effect of the freshwater
flux released from the melting LIS into the Labrador Sea,
which is thought to be the primary cause of the abrupt cool-
ing during the 8.2 kyr event. This is assessed in detailed by
Matero et al. (2017), who show that the century scale accel-
eration in ice sheet melt caused by the Hudson Bay ice saddle
collapse (the same mechanism capture here in terms of topo-
graphic changes) can explain the 160 year cooling recorded in
Greenland (up to 3 °C), in the North Atlantic and in Northern
Europe (1-2 °C). The effect of freshwater fluxes, therefore,
have a larger impact on the surface climate (through the forced
reduction in Atlantic Meridional Overturning Circulation)
than the effects of ice sheet topography (and extent), which
influence surface wind stress and ocean gyre circulation, but
do not affect the Atlantic Meridional Overturning Circulation
strength during the early Holocene. Nevertheless, while the
changes in Laurentide ice sheet topography associated with
the Hudson Bay ice saddle collapse are unlikely to be the

primary cause of climate change during the 8.2 kyr event, they
may have influenced the patterns of surface climate changes
in the North Atlantic at that time, as suggested by our results.

The evolution of ice sheet topography also operates on
a longer (multi-millenial) time scale than the 8.2 kyr event.
Our results suggest that, the presence of the LIS during the
early Holocene (~9 ka) had a distinct effect on the climate
in the North Atlantic subpolar and subtropical gyre regions
compared to the effects of orbit and greenhouse gases forc-
ings. We therefore recommend that to fully account for cli-
mate changes in simulations of the early Holocene and of
the 8.2 kyr event, changes in ice sheet geometry should be
included alongside other forcings.
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Appendix

The barotropic stream function in the ocean component of
HadCM3 features a 2-grid wave structure in some regions
of the world such as in the North Atlantic (Fig. 11). This

Fig. 11 Ocean barotropic
stream function (Sv) in the
9.5 ka simulation
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feature is present in the pre-industrial control of the model
as well as in each of our early Holocene simulations. It is
believed to be a numerical artefact relating to the finite dif-
ference scheme and choice of diffusion time stepping used
in the model. This artefact was present in the previous ver-
sions of HadCM3 (e.g. Born et al. 2013) and is not known
to cause any serious issues in the ocean component of the
model. HadCM3 has featured in multiple [IPCC Assessment
Reports (McAvaney et al. 2001; Randall et al. 2007; Flato
et al. 2013) and has not been shown to behave in a wildly
different way to other general circulation models in its simu-
lated response over the North Atlantic to climate perturba-
tions (e.g. Meehl et al. 2007). This gives us confidence that
the model is able to simulate well the large scale features
of the ocean circulation and the transport of water in the
subpolar and subtropical gyres. However, some details of
our calculations, such as quantitative changes in the Gulf
Stream and ocean gyres should be interpreted with caution.
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