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Abstract The 8.2 ka event is a key test case for simulating the coupled climate response to changes in the
Atlantic Meridional Overturning Circulation (AMOC). Recent advances in quantifying freshwater fluxes at 8.2 ka
from the proxy record have improved the realism of the forcing magnitude in model simulations, yet this
forcing is still generally applied in an unrealistic geographic manner, across most of the Labrador Sea rather
than just along the Labrador coast. Previous simulations with eddy- resolving ocean models have come to
conflicting conclusions regarding the ability of such a coastally confined flow to impact the AMOC. These
simulations have also not incorporated full atmosphere models nor have they used the new meltwater forcing
values for 8.2 ka. We use the Community Climate SystemModel, version 3, with an oceanmodel resolution only
slightly coarser than that used in previous eddy-resolving simulations, to test the sensitivity to freshwater
forcing location. When revised freshwater forcing is applied across the Labrador Sea, the AMOC is reduced by
~40% and climate anomalies compare well with proxy records of the 8.2 ka event in terms of magnitude and
duration. When the forcing is added just along the Labrador coast, however, most meltwater joins the
subtropical gyre and travels to the subtropics with minor impact to the AMOC (~10% decrease). It is likely that
model biases in the placement of the North Atlantic Current remain an important limitation for correctly
simulating the 8.2 ka event.

1. Introduction

The 8.2 ka event has been an important target for model-data comparisons since its hypothesized cause, the
catastrophic drainage of proglacial lakes Agassiz and Ojibway into the Hudson Bay, was identified [Barber
et al., 1999]. The presumed disruption of the Atlantic Meridional Overturning Circulation (AMOC) at 8.2 ka and
its climate impacts could provide an excellent test of the sensitivity of climate models to this sort of buoyancy
forcing. Particular features of this event that make it a strong test case are the similar background climate
conditions of the early Holocene to today and an event duration and magnitude suitable for model
simulations [Schmidt and LeGrande, 2005]. Since the first evidence of meltwater forcing at 8.2 ka emerged,
new evidence of AMOC weakening [Ellison et al., 2006; Kleiven et al., 2008] and an abundance of high-
resolution, well-dated proxy records of climate change [Morrill et al., 2013a] provide a concrete test of the
modeled climate response.

Most previous model experiments of this event were forced by the drainage of proglacial Lake Agassiz-Ojibway
into the Hudson Bay and exiting the Hudson Strait. This drainage contained enough water to raise global
sea level ~0.2 m ormore, but it likely had a short duration on the order of 1 year, though it might have occurred
in two separate short-lived pulses [Clarke et al., 2004; Tornqvist and Hijma, 2012]. These past experiments
found some success in reproducing the patterns of climate response, which include cooling over the
circum-North Atlantic and a southward shift of the Intertropical Convergence Zone [LeGrande and Schmidt,
2008; Tindall and Valdes, 2011;Wiersma et al., 2006]. In general, however, the duration of themodeled event was
many decades shorter than the ~150 years indicated by the proxy records [Morrill et al., 2013a], and the
magnitude of the anomalies was substantially smaller (e.g., temperature anomalies about half what the proxy
record indicated for Europe) [Clarke et al., 2009; Morrill et al., 2013b; Tindall and Valdes, 2011].

Recent advances in quantifying the meltwater forcing associated with the 8.2 ka event point toward a forcing
larger than the drainage of Lake Agassiz-Ojibway, however. Work in the Mississippi River Delta and in the
Netherlands indicates a much larger sea level rise, on the order of 1.5 to 3.0 m, that occurred very abruptly
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around 8.2 ka [Hijma and Cohen, 2010; Kendall et al., 2008; Li et al., 2012]. Geochemical proxies from the
Hudson Strait likewise identify a period of elevatedmeltwater flux associated with the 8.2 ka event that would
have exceeded the drainage of Lake Agassiz-Ojibway alone [Carlson et al., 2009]. One likely source for the
larger meltwater flux is the disintegration of the Hudson Bay ice dome [Gregoire et al., 2012]. Using the
most recent estimates of total meltwater flux around 8.2 ka,Wagner et al. [2013] found a much better match
to the proxy record in terms of event duration and magnitude.

An important remaining criticism of 8.2 ka model experiments concerns the way in which meltwater forcing
is applied to the oceanmodels. In some experiments, meltwater is added to a large area of the North Atlantic,
e.g., over the entire Labrador Sea [Wagner et al., 2013]. This method of adding freshwater conflicts with
physical oceanographic evidence that meltwater exiting the Hudson Strait should be trapped along the
coastline of the western Labrador Sea [Wunsch, 2010]. The difference between these two scenarios is
significant because meltwater spread over the entire Labrador Sea is sure to impact convection and the rate
of deepwater formation, while the same might not be true for a coastally confined flow. Some previous
model simulations apply meltwater to an appropriately constrained area of the Hudson Strait or the eastern
coast of North America but do not necessarily have the ocean model resolution to simulate a coastally
confined flow [LeGrande and Schmidt, 2008; Li et al., 2009; Wiersma et al., 2006].

High-resolution (eddy-resolving) ocean model simulations have further tested sensitivity to meltwater
forcing location but have come to conflicting conclusions. Using the UVic Earth System Climate Model,
Spence et al. [2008] found little difference in the ocean response to forcing location, but results from the
MITgcm ocean model indicate that a coastally confined flow is incapable of producing an 8.2 ka event
[Condron andWinsor, 2011]. Neither of thesemodels was coupled to a full atmosphere model, which could be
important for ocean-atmosphere interactions, as well as for assessing the full climate response to the
meltwater forcing. In addition, the latter simulation has been criticized for being only a decade long and
therefore not precluding a longer-term response to the meltwater forcing [Hoffman et al., 2012]. In addition,
only the smaller Lake Agassiz-Ojibway forcing was used in these experiments.

In this study, we use simulations completed with the Community Climate System Model version 3 (CCSM3) to
test the climate response to the location of meltwater forcing. Our previous work with this model indicates that
it can skillfully simulate the 8.2 ka event when the revised estimate of total meltwater input is applied over
the entire Labrador Sea [Morrill et al., 2013b; Wagner et al., 2013]; the goal of this study is to determine if the
same holds true when the forcing is applied in a more physically realistic way along the Labrador coast. The
simulations completed for this study also address criticisms of previous coastal forcing experiments, namely,
that they have used ocean-only models and/or outdated meltwater forcing estimates. The CCSM3 is a fully
coupled climate system model with high-resolution atmosphere and ocean component models. While the
resolution of the oceanmodel, which is up to ~0.3° latitude in the North Atlantic, is not quite eddy permitting, it
is sufficient to maintain a coastally confined flow. We also consider both the smaller Lake Agassiz-Ojibway
meltwater input and the larger meltwater input that has been recently inferred from sea level data.

2. Methods

We completed a control simulation and four freshwater forcing experiments using the Community Climate
System Model, version 3 (CCSM3) [Collins et al., 2006]. CCSM3 is a global ocean-atmosphere-sea ice-land
surface climate model coupled without flux corrections. The atmospheric component is the Community
Atmosphere Model version 3 (CAM3) at a horizontal resolution of T42 (an equivalent grid spacing of
approximately 2.8° in latitude and longitude) and 26 hybrid vertical levels. The land model, which includes
river routing and prescribed plant functional types, uses the same grid as the atmospheric component. The
ocean model is a version of the Parallel Ocean Program model with a nominal grid spacing of approximately
1° in latitude and longitude and greater resolution in the tropics and North Atlantic (approximately 0.3° in
latitude). The vertical resolution is 40 levels extending to a depth of 5.5 km. The dynamic-thermodynamic sea
ice model uses the same horizontal grid and land mask as the ocean component.

Given the importance of a realistic model representation of the North Atlantic for this research, we review
briefly here the relevant features of the CCSM3 in relation to modern observations. A detailed comparison
of ocean model properties with observations is presented in Large and Danabasoglu [2006]. They find
realistic transports in the subtropical and subpolar gyres in the North Atlantic, but a modeled North Atlantic
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Current that is too wide and too zonal, which leads to some sea surface temperature and salinity biases.
Deficiencies in simulating western boundary currents are very common in models of this resolution. Despite
these biases, the maximum AMOC stream function, excluding the shallow wind-driven overturning, in a
preindustrial control simulation of the CCSM3 is 19.1 ± 1.0 sverdrup (Sv) [Otto-Bliesner et al., 2006], within the
error of the present-day observations of 16 ± 2 Sv and 18± 2.5 Sv [Ganachaud, 2003; Lumpkin and Speer,
2007]. In addition, the CCSM3 does well in simulating perturbations to the AMOC under past climate states
such as the Last Glacial Maximum when compared against relevant proxy data [Otto-Bliesner et al., 2007].

We first completed a control simulation (CTL) with boundary conditions appropriate for 8.5 ka. This simulation is
the same as the CTL-ALL simulation described inWagner et al. [2013]. Atmospheric greenhouse gas
concentrations were set to early Holocene values derived from Antarctic ice cores [Flückiger et al., 2004;Monnin
et al., 2001], with CO2=260ppm, CH4= 660ppb, and N2O=260ppb. Orbital parameters were prescribed from
the astronomical calculations of Berger [1978] for 8.5 ka (eccentricity = 0.019199, obliquity = 24.22°, longitude of
perihelion=319.50°), which yield greater insolation in the Northern Hemisphere during boreal summer and
lower insolation during boreal fall and winter compared to present day. At 60°N, for example, maximum and
minimum monthly insolation anomalies are in June (+37W/m2, +8%) and October (�25W/m2, �18%),
respectively, at 8.5 ka compared to 0 ka. The remnant Laurentide Ice Sheet located around Hudson Bay was
defined from ICE-5G (Figure 1) [Peltier, 2004]. Prior to the final drainage of Lake Agassiz and collapse of the
Laurentide Ice Sheet (LIS), there was a small baseline flow of glacial runoff down the St. Lawrence River. Based
on numerical reconstructions of the LIS during deglaciation, the flow was estimated by Licciardi et al. [1999] to
have been 0.05 Sv. We prescribe this baseline flow as runoff to the ocean at themouth of the St. Lawrence River.
Previous experiments we completed of the 8.2 ka event both with and without this baseline flow yield very
similar results, suggesting that the baseline flowdoes not have a large impact on our conclusions [Wagner et al.,
2013]. The CTL simulation was branched from an equilibrium simulation for 8.5 ka with all the above boundary
conditions minus the baseline flow of glacial runoff down the St. Lawrence River. The CTL simulation was
integrated with the 8.5 ka boundary conditions including the baseline flow for over 400 years until surface
salinity stabilized. Global mean ocean salinity decreases slowly through the CTL simulation due to the
background meltwater flux, a trend that parallels observed freshening during the late glacial and early
Holocene. It is conceivable that this salinity trend could influence the transient behavior of the ocean to
freshwater perturbations, both in nature and in models, and this should be the subject of future work.

These boundary conditions yield a realistic representation of the early Holocene in the CCSM3 when compared
to proxy data for sea surface temperature, sea surface salinity, AMOC strength, and mixed layer depth. A
detailed proxy comparison has been presented in Wagner et al. [2013] and is briefly summarized here. For

Figure 1. Area of Lake Agassiz-Ojibway at 8.5 ka (blue) and the Laurentide Ice Sheet at 8.5 ka (white) and 8.0 ka (stippling).
Also shown are the locations of freshwater forcing applied in the CCSM3 experiments, including the early Holocene
background meltwater flux added to the St. Lawrence River and the 8.2 ka event forcing applied to either the Labrador Sea
(Lab) or the Labrador coast (Coast). Lake and ice sheet areas are from Dyke [2004].
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example, the proxy-inferred warming in the East Greenland Current [Andersen et al., 2004a, 2004b] and cooling
in the Irminger Basin [Ellison et al., 2006; Farmer et al., 2008; Thornalley et al., 2009] during the early Holocene as
compared to the preindustrial period are both reproduced by the model. The simulations also show the
relatively fresher conditions across the North Atlantic as recorded by early Holocene proxies [deVernal and
Hillaire-Marcel, 2006; Solignac et al., 2006; Thornalley et al., 2009]. The simulated strength of the AMOC in
our early Holocene CTL simulation is 16.7± 1.1 Sv, slightly weaker than the preindustrial control value of
19.1± 0.9 Sv. This result is consistent with proxies, which show small to no change in AMOC strength between
the early and late Holocene [Hall et al., 2004; McManus et al., 2004; Oppo et al., 2003; Praetorius et al., 2008].
Lastly, convection areas simulated for the early Holocene exist in the Greenland-Iceland-Norwegian (GIN) Seas,
the Irminger Basin, and east of the Labrador Sea (Figure 2). These locations do not contradict proxy evidence for
decreased convection in the Labrador Sea proper and strong convection in the Irminger Basin and/or GIN Seas
in the early Holocene compared to present [Hall et al., 2010; Hillaire-Marcel et al., 2001].

Four experiments test the importance of meltwater forcing volume and location (Table 1). All experiments are
initially forced with a flux and duration of meltwater of 2.5 Sv for 1 year, (volume of 0.79 × 104m3 or 0.2m of
sea level rise), which represents the best estimate from hydraulic modeling for the drainage of Lake Agassiz-
Ojibway [Clarke et al., 2004]. Experiments termed “Lake + Ice” then receive an additional meltwater forcing of
0.13 Sv for 99 years (total volume of 4.85 × 104m3 or 1.35m of sea level rise), which represents the
contribution of the Hudson Bay ice dome. The ice dome forcing is calculated by combining estimates of

Figure 2. Annual salinity anomalies at 100 m depth for the four experiments relative to the control (CTL) simulation, in
practical salinity units. Anomalies have been calculated over the entire period of meltwater forcing and recovery,
50 years for the Lake experiments and 150 years for the Lake + Ice experiments. Stippling indicates anomalies that are
statistically significant at the 95% level according to a Student’s t test. Convection areas, defined as having annual mixed
layer depth greater than 200m, are outlined in black. Locations of cores HU87033-017 (54.6°N, 56.2°W) [Hoffman et al.,
2012], MD99-2227 (58.2°N, 48.4°W) [Winsor et al., 2012], MD99-2251 (57.4°N, 27.9°W) [Ellison et al., 2006], Rapid-12-1 k (62.1°N,
17.8°W) [Thornalley et al., 2009], ODP 984 (61°N, 25°W) [Came et al., 2007], MD99-2266 (66.2°N, 23.3°W) [Quillmann et al., 2012],
and MD99-2203 (35.0°N, 75.2°W) [Cléroux et al., 2012] with δ18Oseawater measurements of the 8.2 ka event are indicated
by circles colored to correspond to practical salinity unit values from the model color bar. Values of δ18Oseawater were
converted to practical salinity units by assuming the oxygen isotopic composition of Laurentide Ice Sheet meltwater was
�25‰ [Hillaire-Marcel et al., 2007]. Locations of cores that contain detrital carbonate associated with the 8.2 ka event
[Lewis et al., 2012] are shown by black dots.
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freshwater discharge through the Hudson Strait during the 8.2 ka event that were inferred from the U/Ca of
sediment cores to be 0.13 ± 0.3 Sv [Carlson et al., 2009] with a total volume of freshwater release estimated
to be 1.5 ± 0.7m based onmeasured sea level rise [Li et al., 2012]. A sensitivity study presented inWagner et al.
[2013] shows that compressing the same volume of ice dome forcing into five rather than 99 years does
not affect our results. The sensitivity of our results to changes in the volume of freshwater forcing or to
lengthening the forcing period is unknown, however. The location of meltwater forcing in our experiments is
set to either the Labrador Sea (50°–65°N, 35°–70°W) or to an area of 302 grid cells along the west coast of
the Labrador Sea, as shown in Figure 1. Applying the “Coast” freshwater forcing to a more restricted area in
the Hudson Bay or Hudson Strait was not feasible because our ocean model has a fixed volume. In such a
model, freshwater is applied as a virtual salinity flux and sea surface salinity can become negative if too
much freshwater is added to a very small area. Thus, we chose the location and number of grid cells in the
Coast experiments to best reflect the theoretical pathway of water leaving the Hudson Strait. The two “Lab”
experiments, called “Lab_Lake” and “Lab_Lake + Ice” in this paper, were previously presented inWagner et al.
[2013] as Lake_weak and Lake + Ice_100 years, respectively, while the two Coast experiments are
presented here for the first time. Following the end of the meltwater forcing period, all simulations were
integrated at least another 50 years to capture the recovery period.

3. Results
3.1. Upper Ocean Salinity

There are significant differences between the Lab and Coast experiments in the path of meltwater transport
in the North Atlantic, as shown by near-surface salinity anomalies and the zonal average cross section of
Atlantic salinity (Figures 2 and 3). In Figure 2, we plot salinity at 100m depth as themodel level most similar to
the depth habitat of the forams used in salinity reconstructions [Came et al., 2007; Hoffman et al., 2012;

Figure 3. Zonal average cross sections of Atlantic Ocean salinity in the (left) control simulation and (middle, right) salinity dif-
ference between meltwater experiments, in practical salinity units. In the control plot, abbreviations show the approximate
locations of Atlantic water masses as indicated by salinity values: AAIW=Antarctic Intermediate Water, AABW=Antarctic
Bottom Water, NACW=North Atlantic Central Water, and NADW=North Atlantic Deep Water. Differences have been
calculated over the entire period of meltwater forcing and recovery, 50 years for the Lake experiments and 150 years for the
Lake + Ice experiments. Stippling indicates differences that are statistically significant at the 95% level according to a Student’s
t test. In the difference plots, red colors show areas that are fresher in the Coast relative to the Lab experiments and blue colors
show areas that are fresher in the Lab relative to the Coast experiments.

Table 1. Meltwater Experiments Defined by Name and Forcing

Forcing Magnitude and Duration

Forcing Location 2.5 Sv for 1 year 2.5 Sv for 1 year then 0.13 Sv for 99 years
Labrador Sea (50°–65°N, 35°–70°W) Lab_Lake Lab_Lake + Ice

Labrador Coast (Figure 1) Coast_Lake Coast_Lake + Ice

Paleoceanography 10.1002/2014PA002669

MORRILL ET AL. ©2014. American Geophysical Union. All Rights Reserved. 934



Quillmann et al., 2012; Thornalley et al., 2009; Winsor et al., 2012]. In both Lab and Coast cases meltwater is
transported eastward in the North Atlantic Current at about 45°N, thereafter continuing northeastward into
the Greenland-Iceland-Norwegian (GIN) Seas and southwestward in the subtropical gyre. The GIN Seas
become fresher in the Lab compared to the Coast experiments (Figures 2 and 3). There is also moremeltwater

Figure 4. Freshwater balance in the North Atlantic (40°–80°N), calculated as cumulative anomalies from control simulation
and expressed relative to total amount of meltwater added in each experiment: (a) surface freshwater input from precipita-
tion minus evaporation plus runoff, (b) surface freshwater input from sea ice melt minus formation, (c) freshwater transport
across 40°N, (d) freshwater transport across 80°N, (e) total freshwater transport (sum of Figures 4c and 4d) out of the 40°–80°N
region, (f) total freshwater divergence (sum of Figures 4a–4d) out of the region, and (g) residual amount of freshwater
remaining in the region. Positive (negative) numbers indicate a freshwater gain to (loss from) the 40°–80°N region. The latitude
of 80°N is defined as along the line of 80°N latitude from 90°W to 30°E and along the line of 30°E from 80° to 70°N.
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entrainment into the subpolar gyre in the Lab experiments, not surprising given that meltwater forcing is
overlain on the gyre in these experiments. The Coast experiments, on the other hand, show greater
freshening south of 45°N at depths between 200–1000m and 200–2000m in the Lake and Lake + Ice
experiments, respectively (Figure 3).

The difference in the spatial distribution of meltwater is corroborated by the total vertically integrated
freshwater budget of the North Atlantic (Figure 4). Time series in Figures 4 a–4d separate components of the
freshwater budget, showing the extent to which each of these components adds (positive values) or removes
(negative values) freshwater from the North Atlantic. Values plotted on the y axis are expressed cumulatively
relative to the total amount of meltwater added in the simulation; for example, a value of �100% indicates
complete divergence from the North Atlantic of all meltwater that had been added up until that point in time.
The total atmospheric freshwater flux anomaly relative to the control simulation is minor in all cases
(Figure 4a). The same is true for the sea ice freshwater flux in all cases except Lab_Lake + Ice, in which an
increased influx and melting of Arctic sea ice freshens the North Atlantic relative to the control simulation
(Figure 4b). The Coast experiments have greater southward freshwater transport at 40°N than their
corresponding Lab experiment; the opposite is true for northward freshwater transport at 80°N (Figures 4c
and 4d). The combined northward and southward freshwater transport out of the North Atlantic is greater in
the Lab_Lake + Ice than in the Coast_Lake + Ice experiment (Figure 4e), but this difference becomes
negligible when accounting for freshwater exported north to the Arctic Ocean in the Lab_Lake + Ice
experiment that returns southward in the form of sea ice and melts (Figures 4b and 4f). Regardless of the
directionality of freshwater transport, the vast majority of meltwater input has been diverted from the North
Atlantic deepwater formation areas, which are located between 40°N and 80°N, by the end of all four
simulations (i.e., complete divergence equals values of�100% in Figure 3f and 0 Sv × years in Figure 4g). This
signifies significant progress toward recovery of North Atlantic salinity within 50 years following the end of
meltwater input. Small trends still exist at the end of all four experiments as the North Atlantic continues to

Figure 5. March mixed layer depth anomalies for the four experiments relative to the control (CTL) simulation, in meters.
Anomalies have been calculated over the entire period of meltwater forcing and recovery, 50 years for the Lake experi-
ments and 150 years for the Lake + Ice experiments. Stippling indicates anomalies that are statistically significant at the
95% level according to a Student’s t test. Control simulation convection areas, defined as having annual mixed layer depth
greater than 200m, are outlined in black.
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become saltier. While we cannot rule out the possibility of additional meltwater-induced climate and ocean
change after the end of our experiments, we think this is unlikely for two reasons. First, longer deglacial
experiments completed with a low-resolution version of the CCSM3 show a linear recovery of the AMOC once
meltwater forcing stops, with no hysteresis or multiple equilibria [Liu et al., 2009]. Second, the ocean model
efficiently mixes meltwater both vertically (Figure 3) and horizontally (Figure 4), leading to diffuse freshwater
anomalies by the end of our experiments that do not have the same intensity that the original forcing did.

The Lab_Lake + Ice experiment shows the best agreement between quantitative proxy reconstructions of
salinity and modeled salinity at 100 m water depth according to the root-mean-square error (Figure 2,
root-mean-square error of 0.06 practical salinity unit (psu) for Lab_Lake + Ice compared to values between
0.14 and 0.16 psu for the other three experiments). Salinity anomalies across the subpolar North Atlantic in
the other three experiments are much smaller than in Lab_Lake + Ice, leading to greater model-data
disagreement. This result holds true even after correcting for the fact that the Lake experiments are only
50 years in duration and show nearly complete recovery of sea surface salinity at that time, while the
anomalies in the Lake + Ice experiments are similar in duration to those recorded in proxies, on the order of
150 years long [Morrill et al., 2013a]. It appears that the meltwater volume is too small in the Lake-only
experiments and also that correct simulation of salinity anomalies with the larger Lake + Ice forcing requires
more entrainment of meltwater into the subpolar gyre and less southward transport into the subtropical gyre
than is present in the Coast experiments.

3.2. Atlantic Meridional Overturning Circulation

Increased northward transport of meltwater to the GIN Seas as well as increased entrainment in the subpolar
gyre in the Lab experiments compared to the Coast experiments leads to greater impacts on surface
buoyancy in North Atlantic convection areas and on deepwater formation. The location of the main
convection areas in the CCSM3 is shown in Figure 2; these include the east Labrador Sea, Irminger-Iceland
Basins, and GIN Seas. These locations are not inconsistent with early Holocene proxy records, given the

Figure 6. Control values for barotropic stream function (contour lines) and stream function anomalies calculated over the
entire period of meltwater forcing and recovery, 50 years for the Lake experiments and 150 years for the Lake + Ice experi-
ments, in Sv (colored contours). The contour interval for the control values is 10 Sv. Dashed lines show negative stream
function values or a cyclonic circulation. Positive (negative) anomalies for a cyclonic (anticyclonic) circulation indicate weak-
ening of the circulation. Stippling shows statistical significance for anomalies at the 95% level according to a Student’s t test.
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difficulties and uncertainties in reconstructing convection [Wagner et al., 2013]. Some micropaleontological
evidence published by Hillaire-Marcel et al. [2001] suggests that convection began only after ~8 ka at core
sites west of our modeled Labrador Sea convection area; additional proxy records are needed to determine
whether this result applies across the entire Labrador Sea region. Reduction of mixed layer depth following
meltwater forcing is greater in the Lake + Ice experiments than in their corresponding Lake experiments and
greater in the Lab experiments than in their corresponding Coast experiments (Figure 5). Likewise, the
North Atlantic subpolar gyre circulation shows a greater reduction in strength in the Lab experiments than in
their corresponding Coast experiments, consistent with the greater buoyancy forcing that occurs in the
Labrador Sea in the Lab experiments (Figure 6).

Not surprisingly, experiments with greater reductions in mixed layer depth show greater reductions in the
strength of the AMOC. The greatest AMOC weakening (~40%) occurs in the Lab_Lake + Ice experiment, while
the maximum decrease in AMOC is much smaller (~15%) in the Coast_Lake + Ice experiment and smaller yet
in the two Lake experiments (<10%; Figure 7a). The duration of AMOC reduction is closely linked to the
duration of meltwater forcing, with recovery generally beginning soon after the cessation of the forcing.

Figure 7. (a) Atlanticmeridional overturning circulation time series, in sverdrups (1 Sv = 106m3/s) and (b) Northern Hemisphere
annual sea ice area time series, in 106 km2, for the control simulation and the four experiments. AMOC is defined as the
maximum of the Atlantic overturning stream function excluding the surface (<500m) wind-driven overturning circulation.
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Figure 8. Annual 2 m temperature anomalies for the (a) Lab_Lake + Ice experiment and (b) Coast_Lake + Ice experiment
relative to the control, in degrees Celsius, compared with (c) proxy temperature anomalies of the 8.2 ka event relative to
early Holocene background climate [Morrill et al., 2013a]. Model anomalies have been calculated for the entire 150 year
period of meltwater forcing and recovery. Stippling indicates anomalies that are statistically significant at the 95% level
according to a Student’s t test. Black dots indicate sites with temperature proxies that did not have an identifiable anomaly.
Values plotted on the proxy synthesis are quantitative mean annual temperature anomalies in degrees Celsius.
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Figure 9. Annual precipitation anomalies for the (a) Lab_Lake + Ice experiment and (b) Coast_Lake + Ice experiment
relative to the control, in percent change from the control experiment, compared with (c) proxy precipitation anomalies
of the 8.2 ka event relative to early Holocene background climate [Morrill et al., 2013a]. Model anomalies have been
calculated for the entire 150 year period of meltwater forcing and recovery. Stippling indicates anomalies that are
statistically significant at the 95% level according to a Student’s t test. Black dots indicate sites with precipitation proxies
that did not have an identifiable anomaly. Values plotted on the proxy synthesis are quantitative mean annual precipitation
estimates in percent change from early Holocene background climate.
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Northward ocean heat transport in the Atlantic
decreases in conjunction with the reductions
in AMOC (not shown), with percentage
declines across simulations similar to those for
AMOC. Both the decrease in northward ocean
heat transport and the presence of low-salinity
ocean surface layers promote sea ice growth in
the Northern Hemisphere. The expansion of
annual mean Northern Hemisphere sea ice
area scales with AMOC and with northward
heat transport; sea ice area in Lab_Lake + Ice
increases ~16% over the control compared to
increases of 3% or less for the other three
experiments (Figure 7b).

3.3. Temperature and Precipitation Response

There are also significant differences between
the Lab and Coast experiments in the global
temperature and precipitation anomalies that
result from the meltwater forcing. Given the
climate’s relatively small and short-lived
response in the Lake-only experiments, we
discuss only the Lake + Ice experiments here.
Annual temperature cools across most of the
Northern Hemisphere in both the Lab_Lake
+ Ice and Coast_Lake + Ice experiments,
though the magnitude of cooling is much
stronger in Lab_Lake + Ice (Figures 8a and 8b).
For example, Northern Hemisphere
temperature anomalies are �0.8°C and �0.2°C
and circum-North Atlantic (40–80°N, 60°W–30°E)
anomalies are �2.4°C and �0.7°C for the Lab
and Coast experiments, respectively, averaged
over the 150 years following the onset of
meltwater forcing. Both experiments show
slight yet statistically significant warming in the
Southern Hemisphere, though these anomalies
are more spatially extensive in the Lab than in
the Coast experiment. Similar to previous

Figure 10. Comparison of proxy δ18O time series
with output from the Lake + Ice experiments, (a)
δ18O in per mil SMOW from Greenland Ice Core
Project ice core (72.6°N, 37.6°W) [Thomas et al., 2007]
and modeled annual 2 m air temperature in degrees
Celsius for 70–80°N, 35–55°W, (b) δ18O from Venado
Cave in per mil Pee Dee belemnite (PDB) (10.6°N,
84.8°W) [Lachniet et al., 2004] and modeled annual
precipitation in cm/yr for 5–15°N, 75–95°W, and (c)
δ18O from Padre Cave in per mil PDB (13.2°S, 44.0°W)
[Cheng et al., 2009] andmodeled annual precipitation
in cm/yr for 10–20°S, 35–55°W. All time series are
expressed as anomalies, the proxies from an early
Holocene mean and themodel experiments from the
mean of the control simulation.
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experiments [e.g., Otto-Bliesner and Brady, 2010], local winter anomalies in each hemisphere are stronger than
local summer anomalies largely due to the amplifying effects of winter sea ice cover (not shown).

Likewise, meltwater forcing causes annual precipitation to decline across most of the Northern Hemisphere
while increasing across most of the Southern Hemisphere (Figures 9a and 9b). In general, the anomaly
patterns observed on the annual basis are also present seasonally (not shown). This pattern is clearer
in the extratropics of both hemispheres in the Lab than in the Coast experiment. Interestingly, the signal
in the tropics, a southward shift of the Intertropical Convergence Zone (ITCZ), is nearly as large in the
Coast experiment as it is in the Lab experiment. For Last Glacial Maximum hosing experiments with
the CCSM3, Otto-Bliesner and Brady [2010] suggest that southward advection of cold, relatively fresh water
in the subtropical gyre reduces atmospheric convection in the Northern Hemisphere tropics and causes
the modeled southward shift of the ITCZ. This explanation is also plausible for our results, particularly
given that significant southward transport of freshwater in the subtropical gyre occurs in both the Lab
and Coast experiments (e.g., Figures 2 and 4). Other proposed causes of a southward shift in the ITCZ
include increased sea ice [Chiang and Bitz, 2005] and a reduction in the strength of the AMOC [Chiang et al.,
2008]. Changes in sea ice and AMOC are relatively small in the Coast experiment, however, making it
difficult to call upon these mechanisms as an explanation for the large tropical response in this experiment
(Figures 9a and 9b).

Overall, the Lab_Lake + Ice experiment matches proxy records of the 8.2 ka event better than the Coast_Lake
+ Ice experiment does. While both experiments generally capture the spatial patterns of temperature and
precipitation change from proxies (Figures 8c and 9c), the magnitude of climate change, particularly for
temperature in Greenland and Europe, is better matched by the Lab experiment (Figure 8). Neither of the
experiments show the increase in precipitation in northern Europe that is indicated by proxies (Figure 9c),
though these proxy records could be more sensitive to snowmelt runoff rather than mean annual
precipitation [e.g., Hammarlund et al., 2005; Hede et al., 2010; Snowball et al., 2010]. The Lab experiment yields
a reasonable match to event duration inferred from proxy records in the circum-North Atlantic region, as
demonstrated by an example from Greenland, while anomalies from the Coast experiment are minimal for
this region (Figure 10a). For tropical precipitation, however, both experiments match the duration of the
8.2 ka event reasonably well and are successful in simulating reduced precipitation north of the equator and
increased precipitation south of the equator (Figures 10b and 10c).

4. Discussion and Conclusions

Our results show that significantly different freshwater transport pathways, as well as ocean and climate
responses, result from releasing meltwater just along the Labrador coast as opposed to across all of the
Labrador Sea. Meltwater added along the Labrador coast is more likely than freshwater added across
the Labrador Sea to be entrained in the subtropical gyre and is less likely to take a northerly path into the
Irminger Sea, Iceland Basin, or GIN Seas. The resulting differences in freshwater distribution in the North
Atlantic means that AMOC is impacted much less in the Labrador coast experiments than in the Labrador
Sea experiments, as is ocean heat transport and extratropical temperature. Interestingly, tropical
precipitation patterns are not much affected by the meltwater forcing location for the reasons discussed in
section 3.3.

The Lab_Lake + Ice experiment gives the best match to available proxy evidence for ocean salinity anomalies
and for both spatial and temporal temperature anomalies (Figures 2, 8, and 10). The change in ocean salinity
is too small in the other experiments, particularly in the region of the North Atlantic Current (NAC) south of
Iceland. We lack quantitative proxy estimates of the decrease in AMOC at 8.2 ka, but the significant
weakening inferred from proxies [e.g., Ellison et al., 2006; Kleiven et al., 2008] is probably more in line with the
Lab_Lake + Ice result than the much smaller reductions observed in the other experiments. Likewise, circum-
North Atlantic temperature anomalies from the Lab_Lake + Ice experiment are the most comparable of the
four experiments to quantitative proxy estimates.

The superior match of the Lab_Lake + Ice experiment to proxy evidence is surprising given that physical
oceanographic constraints indicate that the meltwater was likely trapped along the Labrador coast and was
unlikely to have spread in large volumes across the subpolar gyre into the Labrador Sea [Wunsch, 2010], as
occurs in the Lab_Lake + Ice experiment. The large amount of freshwater present in the center of the
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subpolar gyre in Lab_Lake + Ice is especially troublesome because it causes a large reduction in ocean
convection in the Labrador Sea that likely contributes a significant proportion of the deepwater response.

On the other hand, there is proxy evidence that meltwater at 8.2 ka joined the NAC and that significant
volumes did reach the Iceland basin and probably the GIN Seas [Came et al., 2007; Ellison et al., 2006; Lewis
et al., 2012; Quillmann et al., 2012; Thornalley et al., 2009]. The Lab experiments capture this freshwater
distribution better than the Coast experiments do, though perhaps for the wrong reasons. A common model
bias, which is present in the CCSM3, is that the Gulf Stream separates from the coast of North America too far
north, causing the NAC to follow a path across the North Atlantic that is too zonal compared to observations
[Danabasoglu et al., 2014; Large and Danabasoglu, 2006]. This means that the NAC does not spread over
the Iceland basin as it should; instead, the Iceland basin is under the influence of the subpolar gyre. In the Lab
experiments, the Iceland basin has relatively large freshwater anomalies because the meltwater is added
directly into the subpolar gyre and this addition decreases salinity south of Iceland. In the Coast experiments,
meltwater largely bypasses the Iceland basin, potentially due to the bias in modeled currents. This model bias
could be particularly important for the early Holocene response to meltwater, since it is possible that less
deepwater was forming at that time in the Labrador Sea and more was forming in the GIN Seas and the
Iceland basin [Hall et al., 2010; Hillaire-Marcel et al., 2001]. In this case, the model bias could prevent the Coast
experiments from simulating the correct response, although the possibility that freshwater is routed correctly
in the Coast experiments cannot be ruled out until model biases are resolved.

The same model bias in the NAC is shared by the other two high-resolution ocean models to have tested a
coastally confined flow at 8.2 ka, the MITgcm [Condron and Winsor, 2011; Danabasoglu et al., 2014] and the
UVic Earth System Model [Spence et al., 2008]. Our results agree with those of Condron and Winsor [2011] and
extend their findings to a fully coupled atmosphere-ocean model that has been run for the entire duration of
the 8.2 ka event with the latest meltwater flux estimates. On the other hand, Spence et al. [2008] find little
sensitivity to the location of freshwater forcing in their model. This result could be caused by additional
model biases in convection areas, which are incorrectly located in the eastern Atlantic south of the Iceland-
Scotland ridge. Our results also do not agree with those from some other model simulations with lower
resolution oceans, in which meltwater additions that are confined to the Labrador coast are spread by ocean
currents across the Labrador Sea [LeGrande and Schmidt, 2008; Wiersma et al., 2006]. Condron and Winsor
[2011] suggest that ocean models with these lower resolutions are too diffusive and are therefore unable to
maintain meltwater transport that is constrained strictly to the coast and the NAC. Our results do qualitatively
agree with the lower resolution simulations of Li et al. [2009], however. To simulate a coastally confined flow,
these authors add freshwater to several locations along the eastern coast of North America as far south as
Cape Hatteras. Freshwater perturbations to these locations cause only minor freshening in the Labrador Sea
convection area, resulting in relatively weak and short-lived anomalies compared to freshwater perturbations
added nearer to the convection areas.

While they are not as convincing, several other possible explanations exist as to why the more realistic
meltwater forcing location (i.e., along the Labrador coast) yields ocean and climate responses that compare
poorly to proxy evidence. For example, some amount of the meltwater was likely to have been in the form of
icebergs [e.g., Lajeunesse and St-Onge, 2008], and iceberg drift could follow a different path than liquid water
since it integrates current directions over the depth of the iceberg. Previous model simulations do not
support the argument that a combination of meltwater and icebergs released from the Hudson Strait would
have caused a significantly different response than meltwater alone, however, either because the icebergs’
path would not have deviated greatly from that of the meltwater [Wiersma and Jongma, 2010] or because
icebergs would have taken a more southerly path even further removed from convection areas [Bigg et al.,
2011]. Alternatively, either iceberg or meltwater additions to the Arctic Ocean or GIN Seas have been
shown to have much larger impacts than the same forcing originating in the Hudson Strait [Bigg et al., 2011;
Condron and Winsor, 2012]. There is good evidence from iceberg scours in the Hudson Bay [Lajeunesse and
St-Onge, 2008], as well as from detrital carbonate deposits along the Labrador coast [Lewis et al., 2012], for
meltwater at 8.2 ka originating in the Hudson Bay, but there is no additional information either supporting
or ruling out other meltwater sources. Lastly, it is possible that the actual freshwater forcing at 8.2 ka was
even larger than the volume applied in the Lake + Ice experiments (i.e., greater than 1.35m of sea level rise)
[see, e.g., Hijma and Cohen, 2010]. Given model biases in the NAC, however, a larger forcing might still be
mostly routed away from deepwater formation areas.
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The CCSM3 experiments presented here likely demonstrate how model biases in ocean circulation are a
limitation for correctly simulating the 8.2 ka and other similar events. Given these model biases and the proxy
evidence for decreased salinity near North Atlantic convection areas around 8.2 ka, it is premature to
conclude that freshwater forcing did not cause the 8.2 ka event [e.g., Condron and Winsor, 2011]. Even though
experiments such as our Lab experiments, in which meltwater is added to a relatively large area of the ocean,
have been criticized as unrealistic [e.g., Wunsch, 2010], they still have utility in hindcasting experiments
provided that we have proxy evidence supporting the prescribed geographic distribution of freshwater. It is
not a perfect approach since it may rely on certain assumptions about the freshwater forcing source and
routing, but we often lack other alternatives. Of course, the situation is different for future prediction, which
undeniably depends on correctly simulating freshwater transport. Advances are being made in reducing
these model biases in ocean circulation [e.g., Danabasoglu et al., 2014], and additional 8.2 ka experiments
completed with these improved models will test our interpretations.
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