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[1] The Younger Dryas cold period, which interrupted the transition from the last ice age to modern conditions
in Greenland, is one of the most dramatic incidents of abrupt climate change reconstructed from paleoclimate
proxy records. Changes in the Atlantic Ocean overturning circulation in response to freshwater fluxes from
melting ice are frequently invoked to explain this and other past climate changes. Here we propose an alternative
mechanism in which the receding glacial ice sheets cause the atmospheric circulation to enter a regime with
greater net precipitation in the North Atlantic region. This leads to a significant reduction in ocean overturning
circulation, causing an increase in sea ice extent and hence colder temperatures. Positive feedbacks associated
with sea ice amplify the cooling. We support the proposed mechanism with the results of a state-of-the-art global
climate model. Our results suggest that the atmospheric precipitation response to receding glacial ice sheets
could have contributed to the Younger Dryas cooling, as well as to other past climate changes involving the
ocean overturning circulation.
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1. Introduction

[2] As the glacial ice sheets receded 20,000–7000 years
ago, the transition from ice age to modern conditions in
Greenland was interrupted by a cold period between 12,800
and 11,500 years ago known as the Younger Dryas [Alley,
2000]. The prevailing theory for the Younger Dryas since
the 1980s has been that the overflow of Lake Agassiz, a
large glacial meltwater lake at the southern margin of the
Laurentide Ice Sheet in North America, was diverted by the
receding ice sheet between drainage routes to the Gulf of
Mexico and the North Atlantic [Rooth, 1982; Broecker et
al., 1988]. This flux of freshwater into the North Atlantic is
thought to have caused the density of the cold surface
waters to decrease, leading to a reduction in North Atlantic
Deep Water (NADW) formation and the northward trans-
port of warmer water that feeds it [Broecker et al., 1985].
Indeed, proxy reconstructions suggest that NADW forma-
tion diminished during the Younger Dryas [Boyle and
Keigwin, 1987; McManus et al., 2004], and simulations
with global climate models (GCMs) have demonstrated that
an imposed 0.1 Sv flux of freshwater into the 50�N–70�N
Atlantic Ocean can cause widespread cooling in qualitative
agreement with reconstructions from proxy records
[Manabe and Stouffer, 1997; Stouffer et al., 2006].

[3] A number of recent studies, however, have yielded
results incompatible with a Younger Dryas meltwater flood.
While smaller Lake Agassiz floods left vast canyons and
boulder fields in today’s landscape, no visible evidence has
been found for flood channels associated with Lake Agassiz
runoff through an eastern outlet during the Younger Dryas
[Lowell et al., 2005; Teller et al., 2005; Broecker, 2006].
Furthermore, proxy reconstructions of salinity in the Gulf of
St. Lawrence suggest no major change at the time of the
Younger Dryas [DeVernal et al., 1996], although there is
conflicting proxy evidence regarding the possibility of
increased meltwater runoff in this region during the
Younger Dryas [Carlson et al., 2007; Broecker, 2006].
[4] Hence the theory that the Younger Dryas was trig-

gered by an increased freshwater flux into the North
Atlantic seems to agree with proxy reconstructions and
model simulations, but the source of freshwater remains
elusive. The shortcomings of the Agassiz flood explanation
have spurred a number of recent alternative theories that do
not involve a freshwater flux into the North Atlantic Ocean,
including speculations that the Younger Dryas may have
been caused by a tropically driven shift in the direction
of North Atlantic winds [Seager and Battisti, 2007], by
the tropical Pacific mechanism that gives rise to the El
Niño–La Niña variability [Clement et al., 2001], by the
atmosphere switching between multiple wind field states in
the presence of glacial ice sheets [Farrell and Ioannou,
2003; Wunsch, 2006], by glacial meltwater discharge into
the Arctic Ocean [Tarasov and Peltier, 2005], or by an
extraterrestrial impact [Firestone et al., 2007]. In contrast
with these recent theories, we suggest an alternative North
Atlantic freshwater source associated with the deglaciating
Laurentide Ice Sheet. Net precipitation into the northern
North Atlantic today causes a freshwater flux which is two
to three times larger than the 0.1 Sv flux hypothesized to
have occurred from an Agassiz flood [e.g., Schmitt et al.,
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1989], so a relatively minor change in net precipitation
could have a significant effect [cf. Boyle and Keigwin,
1987].
[5] In addition to the Younger Dryas, changes in the

Atlantic Ocean overturning circulation in response to fresh-
water flux from melting ice are frequently invoked to
explain other past climate changes. Examples include
theories proposed for the Dansgaard-Oeschger abrupt
warming events during the last glacial period [e.g., Broecker
et al., 1990] and the 100,000-year glacial cycles [e.g.,
Broecker and Denton, 1989].
[6] Here we propose a mechanism, supported by a state-

of-the-art coupled GCM, by which changes in the Lauren-
tide Ice Sheet can affect the Atlantic Ocean overturning
circulation by altering the atmospheric hydrological cycle.
Applying this to the Younger Dryas, we suggest that a rainy
atmospheric response to the receding Laurentide Ice Sheet
could have contributed to the freshwater flux that initiated
the Younger Dryas cold period. The mechanism is
illustrated schematically in Figure 1. In response to the
changing orographic and albedo forcing of the ice sheet,
the stationary wind field becomes more northward in the
northern North Atlantic in tandem with an increase in
transient eddy activity associated with a northward shifted
jet (step i). This leads to enhanced northward moisture
transport when the ice sheet size is reduced, increasing the
net precipitation over the northern North Atlantic. The ocean
meridional overturning circulation (MOC) weakens in
response (step ii), leading to reduced northward ocean heat
transport and hence extended sea ice (step iii). The sea ice in
turn affects the atmospheric moisture transport to further
increase net precipitation, leading to a positive feedback
which reinforces the response to the change in ice sheet size
(step iv). Finally, the extended sea ice expansion causes the
North Atlantic cooling (step v) observed in the Greenland ice
cores and other proxy records.

2. Model Description

[7] We support the proposed mechanism with simulations
carried out with the National Center for Atmospheric

Research (NCAR) Community Climate System Model
Version 3 (CCSM3), a coupled atmosphere–ocean–sea
ice GCM [Collins et al., 2006a] which we run with T31
spectral truncation in the atmosphere and an ocean grid
resolution of 0.9�–3.6�. The setup of each simulation is
described in detail in Appendix A. Here we summarize the
main features.
[8] Large glacial ice sheets are specified in the model

and then lowered in two discrete steps. Applying the
proposed mechanism to the Younger Dryas, the
corresponding three coupled simulations can be interpreted
as corresponding to the climate system before (‘‘LARGE’’
simulation hereafter), during (‘‘MEDIUM’’), and after
(‘‘SMALL’’) the Younger Dryas cold period. The simu-
lations are meant to assess the plausibility of the proposed
mechanism, and we impose large changes in the ice sheet
forcing, equivalent to the full glacial to interglacial range.
Because the purpose of these simulations is to extract
dynamical insights from a comparison of three self-
consistent states, we examine the climate state in each of
the three simulations after it has reached approximate
equilibrium with the ice sheet forcing. We do not impose
any meltwater forcing associated with the receding ice
sheets.
[9] To quantify the strength of the coupled climate

feedbacks, we also carry out two simulations with the
stand-alone atmosphere-only component of CCSM3
[Collins et al., 2006b]. The sea surface temperature and
sea ice cover in both atmosphere-only simulations is spec-
ified from the seasonal cycle in the LARGE coupled
simulation, but one atmosphere-only simulation (‘‘LARGE-
atm’’) is forced by the ice sheets from the LARGE coupled
simulation, while the other atmosphere-only simulation
(‘‘MEDIUMatm’’) is forced by ice sheets from theMEDIUM
coupled simulation.
[10] The robustness of the results is addressed using a

pair of higher-resolution T42 coupled model simulations.
One T42 simulation (‘‘T42LARGE’’) has ice sheet forc-
ing as in the LARGE simulation, and a second T42
simulation (‘‘T42MEDIUM’’) has ice sheets which are

Figure 1. Schematic of the proposed mechanism. A reduction in the ice sheet size changes the surface
orography and albedo, causing more northward mean winds and more intense transient eddy activity in
the northern North Atlantic region (step i). These both contribute to increased northward water vapor
transport and freshwater flux into the northern North Atlantic Ocean, which causes a reduction in ocean
meridional overturning circulation (step ii), leading to increased sea ice cover (step iii). The sea ice causes
a further increase in atmospheric eddy activity and affects the meridional specific humidity gradient, both
of which are positive feedbacks which amplify the response (step iv). The extended sea ice cover causes
widespread cooling in a vast region of the Northern Hemisphere (step v).
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reduced but still somewhat larger than in the MEDIUM
simulation.

3. Results

[11] In this section we examine each step of the mecha-
nism (arrows in Figure 1) using the GCM simulations.

3.1. Reduced Ice Sheet Leads to More Northward
Wind and Rain

[12] We begin by considering the direct effect of the
receding ice sheet on the atmosphere (step i in Figure 1).
We assess the atmosphere-only response to a reduction of
the ice sheet size from large to medium by considering the
difference between the LARGEatm and the MEDIUMatm
stand-alone atmospheric model simulations. The mean
winds above the ice sheet and northern North Atlantic
Ocean become more northward when the ice sheet size is
reduced (Figure 2a), similar to the stationary wave response
expected based on idealized atmospheric models forced by
varying ice sheets [Roe and Lindzen, 2001; Jackson, 2000].
The jet stream also migrates northward [cf. Li and Battisti,
2008], leading to increased vertical shear in the zonal
velocity and increased transient eddy activity (Figure 2d).
These changes in the mean and transient components of the
wind field are both associated with more northward trans-
port of water vapor in the atmosphere from the moist low
latitudes, causing net precipitation over the northern North
Atlantic to increase (Figure 2g).
[13] The annual mean surface freshwater flux into the

50�N–70�N region of the Atlantic Ocean, including conti-
nental runoff, is 0.12 Sv in the coupled LARGE simulation
with a year-to-year standard deviation of 0.006 Sv during
the final 20 years of the integration. In the atmosphere-only

simulations, lowering the ice sheets causes the 50�N–70�N
Atlantic Ocean surface freshwater flux to increase by
between 0.02 and 0.04 Sv, depending on the precise area
considered (Figure 2g). About two thirds of this freshwater
flux comes from runoff, and precipitation changes in the
watershed region are an order of magnitude greater than
evaporation changes. While this is somewhat smaller than
the 0.1 Sv freshwater flux typically specified in GCM
simulations of the response to massive glacial meltwater
pulses, the simulated increase is largest during winter
(roughly twice the annual mean value), which is when
deepwater formation is most vigorous.

3.2. Rain Leads to Weakened MOC
and Extended Sea Ice

[14] In the fully coupled MEDIUM simulation, there is a
substantial MOC reduction associated with the change in
net precipitation (Figures 3a and 3b and step ii in Figure 1).
Note that changes in the atmosphere-ocean heat flux and
wind stress forcing may also effect the reduction in MOC.
Ocean heat flux convergence into the 40�N–80�N Atlantic
Ocean is reduced by 0.2 petawatt compared with the
LARGE simulation. At the same time, the stationary and
eddy wind fields (Figures 2b and 2e) transport an increased
amount of heat into the northern North Atlantic region (in
contrast with the suggestion of Seager and Battisti [2007]),
but this is more than compensated by the reduced ocean
heat flux convergence. The sea ice thickness is more
sensitive to changes in flux convergence in the ocean than
in the atmosphere both because a substantial fraction of the
atmospheric heat flux convergence is radiated upward to
space [Thorndike, 1992; Cheng et al., 2007] and because
much of the seasonal thickness change occurs at the base of
the ice, which is insulated from the atmosphere. Hence in

Figure 2. Annual mean change in meridional wind (Dv), eddy kinetic energy (DEKE), and net
precipitation (precipitation minus evaporation, D(P-E)) associated with reducing the size of glacial ice
sheets from large to medium or from medium to small. (a, d, and g) The response of the atmosphere-only
GCM, with the MEDIUMatm–LARGEatm results plotted. (b, e, and h) The same fields in the coupled
version from the GCM (MEDIUM–LARGE). (c, f, and i) The SMALL–MEDIUM results of the coupled
GCM. The eddy kinetic energy is defined as EKE � 1

2
u0 � u0, where u denotes the monthly mean wind

velocity and u0 denotes the departure from this mean. Meridional wind and eddy kinetic energy are
averaged in pressure over the lowest 6 levels on the hybrid atmospheric grid, which approximately
corresponds to the 700–1000 mb pressure range.
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winter an increase in atmospheric heat flux convergence
leads to an increase in ice surface temperature and upward
longwave radiation, in addition to inhibiting basal growth
through reduced upward diffusion of heat within the ice,
whereas all of the energy from an increase in ocean heat
flux convergence in an ice-covered column goes into
inhibiting basal growth. In addition, the increased net
precipitation in the MEDIUM simulation enhances the
ocean halocline which promotes sea ice formation. As a
result, North Atlantic sea ice cover extends substantially in
the MEDIUM simulation (Figures 3d and 3e and step iii in
Figure 1).

3.3. Positive Sea Ice Feedbacks Amplify Response

[15] The ocean and sea ice feedbacks (step iv in Figure 1)
can be assessed by comparing the atmospheric fields in
the atmosphere-only response to lowering the ice sheet
(Figures 2a, 2d, and 2g) with the same fields in the coupled
model response (Figures 2b, 2e, and 2h). While there is little
change in the mean winds (Figures 2a and 2b), the jet
location is displaced further northward and there is a
significant enhancement of the eddy activity in the coupled
simulation (compare Figure 2d with Figure 2e). Further-
more, the extended sea ice cover in the coupled MEDIUM
simulation is associated with a change in the specific
humidity gradient, which causes the stationary and transient
wind fields to both advect increased water vapor into the
northern North Atlantic (section 3.5). This leads to a further

increase in net precipitation (compare Figure 2g with
Figure 2h), demonstrating that the ocean and sea ice
response represents a positive feedback. This increase in
net precipitation in response to an increase in northern
North Atlantic Ocean surface freshwater flux also occurs
in GCM simulations of the response to imposed glacial
meltwater pulses [Stouffer et al., 2006].

3.4. Extended Sea Ice Leads to Atmospheric Cooling

[16] The temperature change caused by reducing the ice
sheets from large to medium in the coupled model (step v in
Figure 1) is plotted in Figure 4b. There is widespread
cooling in much of the 40�N–90�N latitude band. Because
sea ice impedes heat exchange between the cold atmosphere
and relatively warm ocean, it has a significant effect on air
temperature [Li et al., 2005], and the cooling occurs most
prominently over regions where the sea ice cover has
expanded (compare Figures 3d and 3e with Figure 4b).
Note that there is also regional warming in Figure 4b due to
the reduction in surface height and albedo over the Lauren-
tide and Fennoscandian ice sheets, which occurs similarly in
the atmosphere-only response to the lowering of the ice
sheets (Figure 4a). In the coupled response, this warming
signal extends over the ocean eastward of the southern part
of the Laurentide Ice Sheet and is also associated with
diminished sea ice cover in a region of the western North
Atlantic.

Figure 3. (a, b, and c) Annual mean MOC by Eulerian mean flow in the Atlantic basin. Red indicates
clockwise circulation, and blue indicates counterclockwise circulation. Contour lines are drawn at 2 Sv
intervals. Note that the secondary region of downwelling near 50�N is a typical feature of CCSM3 [Bryan
et al., 2006]. (d, e, and f) Number of months with sea ice filling at least 50% of each model grid box. The
land area (dark gray) and glacial ice sheets (light gray) are also indicated, with surface topography
contours drawn at 1 km intervals.

Figure 4. (a, b, and c) Annual mean change in surface air temperature associated with reducing the ice
sheet size. The simulated Younger Dryas cooling (Figure 4c) in the vicinity of Greenland Summit
(34�W–49�W, 69�N–76�N) is 3�C, but nearby temperatures change by over 10�C, which is a magnitude
consistent with ice core reconstructions. Labels are as in Figure 2.
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