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[1] To better understand mechanisms of ice-sheet decay,
we investigate the surface mass balance of the Laurentide
Ice Sheet (LIS) during the early Holocene, a period of
known rapid LIS retreat. We use a surface energy-mass
balance model (EMBM) driven with conditions derived
from an equilibrium atmosphere-ocean general circulation
model 9 kilo-years ago simulation. Our EMBM indicates a
net LIS surface mass balance of —0.67 + 0.13 m yr ', with
losses primarily due to enhanced boreal summer insolation
and warmer summers. This rate of loss compared to LIS
volume reconstructions suggests that surface ablation
accounted for 74 + 22% of the LIS mass loss with the
remaining loss likely driven by dynamics resulting in basal
sliding and calving. Thus surface melting likely played a
governing role in the retreat and disappearance of this ice
sheet. Citation: Carlson, A. E., F. S. Anslow, E. A. Obbink,
A. N. LeGrande, D. J. Ullman, and J. M. Licciardi (2009),
Surface-melt driven Laurentide Ice Sheet retreat during the early
Holocene, Geophys. Res. Lett., 36, 124502, doi:10.1029/
2009GL040948.

1. Introduction

[2] During the early Holocene (~11.5-8.0 ka, kilo-years
ago), enhanced boreal summer insolation relative to present
warmed the Northern Hemisphere driving the retreat and
ultimate disappearance of the Laurentide Ice Sheet (LIS)
[Mitchell et al., 1988; Berger and Loutre, 1991; Pollard et
al., 1998; LeGrande and Schmidt, 2009]. LIS retreat was
rapid during this period, contributing to sea-level rise at
rates of up to ~1.3 cm yr~ ' [Licciardi et al., 1998; Tarasov
and Peltier, 2004; Carlson et al., 2008]. This rapid loss of
ice mass may reflect amplified ablation in response to
enhanced summer insolation and attendant warming [Berger
and Loutre, 1991] (Figures la and 1b). Alternatively, rapid
LIS retreat may have arisen from dynamic ice-sheet insta-
bilities paced by insolation, such as grounding line desta-
bilization leading to increased calving, and/or enhanced
basal sliding from meltwater lubricating the glacier bed,
both of which have been recently observed on the Green-
land Ice Sheet [Zwally et al., 2002; Joughin et al., 2004,
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2008; Luckman et al., 2006; Rignot and Kanagaratnam,
2006; Holland et al., 2008; Nick et al., 2009; Pritchard et
al., 2009; Shepherd et al., 2009], though the importance of
the latter mechanism is likely less than initially hypothe-
sized [Joughin et al., 2008]. The relative contributions of
surface ablation and dynamics to total ice-sheet mass loss
have significant implications for predictions of future sea-
level rise [Pfeffer et al., 2008]. Here we aim to better
constrain the former by exploring the surface forcing
mechanisms behind the retreat of the LIS in the early
Holocene (~9 ka), a time period with Northern Hemisphere
summers warmer than pre-industrial climate providing a
potential analog for climate at the end of this century
[Hansen et al., 2007; Meehl et al., 2007; Carlson et al.,
2008; LeGrande and Schmidt, 2009].

2. Energy-Mass Balance Model (EMBM)

[3] We simulate surface mass balance using the surface
energy-mass balance model (EMBM) of Anslow et al.
[2008] adapted for the LIS. This EMBM accounts for
temporal and spatial changes in the physical characteristics
of a melting snow or ice surface including surface rough-
ness, albedo, and geometry relative to incoming shortwave
radiation. We account for meltwater refreezing following
Huybrechts and deWolde [1999]. We assume base albedo of
snow (0.6) and ice (0.4) based on modern GIS observations
[Greuell, 2000]. Four other more poorly constrained param-
eters that govern the model physics (albedo decay rate of
snow and ice, and surface roughness of snow and ice) were
adjusted to assess their effects on mass balance. A range of
reasonable values for each parameter was chosen based on
observations of the modern Greenland Ice Sheet to provide
bounds for the LIS mass balance (Table 1). We performed
110 Monte Carlo sensitivity simulations, randomly varying
each parameter within their appropriate ranges. Our EMBM
accounts only for changes in the LIS surface ablation and
accumulation. In a perfect simulation, remaining mass loss
required to account for the total LIS mass loss at 9 ka is the
result of ice dynamic effects, allowing an estimation of the
relative roles of ice deformation, basal sliding and calving in
modulating ice mass loss.

[4] The EMBM is forced by a set of climate variables (air
temperature, wind speed and direction, humidity, surface
shortwave radiation, downward longwave radiation, and
precipitation) that are obtained from the fully-coupled
atmosphere-ocean general circulation model, Goddard
Institute for Space Studies ModelE-R. The ModelE-R
simulation uses full 9 ka boundary conditions including a
remnant LIS (including altered North American drainage
basins) (Figure 2a) [Licciardi et al., 1998], 40 m sea level
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Figure 1. GISS ModelE-R 9 ka climate output relative to pre-industrial (Miller projection of map) [LeGrande and
Schmidt, 2009]. (a) Change in incident short wave radiation. (b) Change in summer (JJA) surface air temperature.
(c) Change in mean annual precipitation. (d) Change in 500 millibar jet stream strength and direction. Black lines denote the

outline of the 9 ka LIS [Licciardi et al., 1998; Dyke, 2004].

lowering (and associated changes to mean ocean salinity
and 6'%0), glacial Lake Agassiz along the southwestern LIS
margin [Dyke, 2004], appropriate greenhouse gas levels
(9 ka/Pre-industrial = C0,:0.93, CH4:0.83, N,0:0.89)
[Indermiihle et al., 1999; Brook et al., 2000; Sowers et
al., 2003], and alterations to insolation [Berger and
Loutre, 1991] (Figures la—1d) [LeGrande and Schmidt,
2009]. ModelE-R simulates water isotopes within the
hydrologic cycle and demonstrates a significant correla-
tion between simulated and the reconstructed 9 ka 6'0O
of precipitation and seawater (r* = 0.83) [Carlson et al.,
2008]. The skill of the simulated northern North Atlantic
re§ional climate is greater (* = 0.89), with simulated
60 within 4% of reconstructions at 1o. It is desirable to
assess the effects different climate models may have on
the EMBM J[e.g., Pollard et al., 2000]; this examination
will occur in the future once more coupled AOGCM
simulations of this time period become more readily
available. Our results and discussion include only the
EMBM uncertainty. While there is uncertainty in the
climate forcing, the strong correlation between the simu-
lated and reconstructed hydrologic cycle for 9 ka, partic-
ularly for the North Atlantic region, gives us confidence
in the boundary conditions we have applied to the
EMBM.

[s] We downscale ModelE-R variables by interpolating
the simulated climate horizontally and vertically with
appropriate atmospheric lapse rates for elevation-sensitive
meteorological variables (e.g., —5°C km ™' for surface air
temperature and 1 mm km~' for precipitation, reliable
values for ice sheets) [Pollard et al., 2000; Marshall et
al., 2002; Abe-Ouchi et al., 2007] onto a high-resolution
(50 km x 50 km) terrain model of the LIS [Licciardi et al.,
1998], which is similar to other 9 ka LIS topographies [e.g.,
Tarasov and Peltier, 2004]. The lapse rate adjustments only
operate on the elevation differences between the coarse

AOGCM topography and the higher resolution EMBM
topography amounting to a mean difference of 148 =+
435 m. Varying the terrain model resolution (10 km to
100 km) does not significantly affect results (<0.0001 m
yr '). AOGCMs can have positive precipitation biases
along steep topography, such as the margin of an ice sheet,
which would have the potential impact of biasing precipita-
tion towards lower elevations near the ice margin. ModelE-R
simulates a reduction in precipitation relative to the pre-
industrial along the southwestern LIS margin at 9 ka, where
the precipitation bias would presumably be the greatest,
indicating that this effect is minimal in our simulations
(Figures 1c and 1d).

3. Results

[6] The simulations throughout the EMBM parameter
space yield a net annual 9 ka LIS surface mass balance of
—0.67+£0.13 m yr~' (the uncertainty reflecting the standard
deviation of results from the Monte Carlo sampled param-
eter space) (Figure 2b). We focus discussion on the EMBM
simulations that produced the mean LIS mass balance of
—0.67 m yr'. In these mean simulations, ~36% of the LIS
area is in the ablation zone (Figure 3a). Ablation generally

Table 1. Model Parameter Range

Parameter Range
Ice Surface Roughness® (m) 0.01-0.05
Snow Surface Roughness® (m) 0.0001-0.001
Snow Albedo Decay Rate® (In (°C)™") —0.038——0.045

Ice Albedo Decay Rate® (In (°C)™") —0.0001-—0.0009

AGrainger and Lister [1966], Duynkerke and van den Broeke [1994], and
Smeets and van den Broeke [2008].

®Grainger and Lister [1966] and Greuell and Konzelmann [1994].

“Anslow et al. [2008].
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Figure 2. LIS topography [Licciardi et al., 1998] and annual surface mass balance (Miller projection of maps used for
comparison to Figure 1). (a) LIS topography in meters with domes labeled (Kee.=Keewatin, Lab.=Labrador). (b) LIS
annual mass balance in meters water equivalent (black line denotes equilibrium line).

increases at lower elevations with the greatest mass loss
rates of up to —5 m yr~ ' along the southeast margin and
—9 m yr ' along the southwest margin. Accumulation
areas are centered over the three LIS domes (Foxe, Keewatin,
and Labrador; Figure 2) and along the saddle between the
Keewatin and Labrador Domes, with rates of up to 0.8, 0.9,
and 1.9 m yr7l for the Foxe, Keewatin, and Labrador
Domes, respectively (Figure 3). LIS equilibrium line alti-
tudes (ELAs) range from 330 to 1,620 m, with an average
ELA of ~990 m (Figure 3a and Table 2). In general, ELAs
are higher along the southern, western and northwestern LIS
margins than along the southeastern, eastern and northern
margins and over Hudson Bay (Figures 2a and 2b). Of the
three LIS Domes, the Foxe Dome has the least negative
mass balance, followed by the Labrador Dome, with the
Keewatin Dome having the most negative mass balance
(Figures 3b—3c and Table 2). However, the Labrador Dome
ELA is higher and its ablation area larger than the Keewatin
Dome.

4. Discussion and Conclusions

[7] Our simulations of the 9 ka LIS mass balance are
consistent with the LIS margin record. The northern margin
of the Keewatin Dome and the southwestern LIS margin
have the largest contiguous areas of ablation (Figure 2b).
Radiocarbon dates suggest these regions rapidly deglaciated
shortly after 9 ka [Dyke, 2004], in good agreement with the
high ablation rates simulated by the EMBM. These high
ablation rates are primarily in response to the high incident
shortwave radiation (Figure la) and high summer temper-
atures along the LIS margins (Figure 1b) relative to the pre-
industrial. A reduction in precipitation (Figure 1c) from a
southward shift in the jet stream relative to the pre-industrial
(Figure 1d), driven by orographic changes, likely further
contributed to the negative mass balance of the southwest-
ern LIS margin.

[8] Over Hudson Bay, the EMBM suggests a net loss of
less than —1 m yr~ ' with net gains of less than 0.5 m yr~'
on the saddle over southwestern Hudson Bay (Figure 2b).
Combined with the ablation rates of up to —9 m yr ' along
the southwestern LIS margin, this imbalance would cause
drawdown of the saddle over southwestern Hudson Bay in
several hundred years. This likely strongly contributed to an
abrupt destabilization once ice reached the ~200 m thick-
ness required for the subglacial drainage of Lake Agassiz
and attendant opening of Hudson Bay [Clarke et al., 2004],

in accord with radiocarbon dates that indicate the opening of
Hudson Bay ~8.4 ka [Barber et al., 1999].

[o] Of the three LIS domes, the Foxe Dome has the
lowest average ELA and smallest ablation area (Figure 3b
and Table 2), suggesting it was the most stable dome
evidenced by the modern presence of ice caps and glaciers
on Baffin Island. However, we likely overestimate the total
Foxe Dome mass balance, as our topography does not
resolve the low elevation outlet glaciers of Baffin Island
[Licciardi et al., 1998], whose inclusion would presumably
increase ablation area and thereby decrease the net mass
balance. The Keewatin Dome has a lower ELA and smaller
ablation zone but also a lower mass balance than the
Labrador Dome (Figure 3 and Table 2). This contrast likely
reflects precipitation effects as the ablation areas of both
domes have similar net melt rates (Figure 3). Large areas of
the Keewatin Dome experienced a reduction in precipitation
relative to the pre-industrial from the southward shift in the
jet stream (Figures lc and 1d). In contrast, precipitation
increased over the southern portion of the Labrador Dome.
The AOGCM simulation indicates that insolation-induced
summer warming of the Northwest Atlantic, in agreement
with sea surface temperature proxies [e.g., Sachs, 2007],
and a local increase in landward wind flow may have driven
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Figure 3. LIS mass balance gradients in meters water
equivalent (w. eq.) for the entire (a) LIS, (b) Foxe Dome,
(c) Keewatin Dome, and (d) Labrador Dome. Gray squares
represent individual grid cells; black line is the average in
100 m elevation increments.
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Table 2. EMBM Results

Mass ELA ELA Ablation

Ice Sheet/Dome  Balance (m yr ") (m) Range (m)  Area (%)
LIS —0.67 990 330-1620 36
Foxe —0.03 560 330-780 26
Keewatin —0.85 1000 440-1200 36
Labrador —0.77 1240  440-1620 40

greater moisture delivery from this source region to the
southeastern Labrador Dome (Figures 1b—1d). The south-
ward shift in the jet stream also likely increased moisture
delivery to the southern Labrador Dome (Figure 1c). The
existing southeast Labrador Dome margin chronology sug-
gests ice may have remained close to the Northwest Atlantic
for several thousand years after retreating north of the St.
Lawrence River despite enhanced shortwave radiation and
warmer summer temperatures along the LIS margins rela-
tive to the pre-industrial (Figures la and 1b) [Dyke, 2004;
Carlson et al., 2008]. We propose that the localized increase
in precipitation at 9 ka may explain the persistence of the
southeastern LIS margin and the Labrador Dome at lower
latitudes while the LIS margin further west was rapidly
retreating.

[10] The 9 ka LIS surface mass balance of —0.67 +
0.13 m yr ! translates to a sea-level rise contribution of
0.96 = 0.19 cm yr'. By comparison, a high-resolution
sea-level record indicates a rate of sea-level rise in excess of
12 cm yr ' ~9-8.5 ka [Cronin et al., 2007]. Geologic
records of LIS margin retreat from 9—8.5 ka suggest a total
LIS contribution to sea-level rise of ~1.30 = 0.11 cm yr~ '
[Carison et al., 2008]. Surface ablation can explain 74 +
22% (error reflects both EMBM and LIS-volume uncertain-
ties) of the LIS mass loss during this interval with the
remaining mass loss due to the dynamic processes excluded
from our modeling (ice deformation, meltwater facilitated
basal sliding, calving, etc.) or from an underestimation in
the model of the negative surface mass balance. This study
supports the hypothesis that Northern Hemisphere ice sheets
can experience substantial negative surface mass balances in
response to relatively small temperature (+1 to 3°C) and
radiative (~20 W m~2) forcings [Carlson et al., 2008], with
dynamic processes playing a subordinate role in ice mass
loss and the disappearance of this ice sheet.
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