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ABSTRACT

Sea ice dynamics has been suggested, based on relatively simple models, to play an im-

portant role in past glacial-interglacial oscillations via the sea ice switch mechanism. An

important consequence of the sea ice switch mechanism is that multiple sea ice extents can

exist under the same land ice configuration. Here we test this hypothesis using a state-of-

the-art ocean general circulation model (MIT general circulation model), including its dy-

namic/thermodynamic sea ice module, coupled to an atmospheric energy-moisture-balance

model. We ran this model under annual mean forcing and realistic ocean configuration and

bathymetry. We performed four runs of two different land ice distributions (present day

and last glacial maximum like), each starting with initial conditions of global ocean that are

either free of or fully covered by sea ice. These runs converge to different final states of sea

ice and other variables (such as air and sea-surface temperatures, humidity, and meridional

overturning circulation), indicating the existence of multiple sea ice equilibria.

The model also exhibits hysteresis behavior: starting from present day land ice distribu-

tion, gradually increasing the northern hemisphere land ice extent to 28◦N over 4,000 years,

followed by gradually decreasing the land ice to its original state over another 4,000 years.

It is found that the sea ice area (as well as other variables) during the increasing land ice

phase is very different from the sea ice area during the decreasing land ice phase. Our results

thus support the sea ice switch mechanism, which predicts such multiple sea ice states and

hysteresis behavior.
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1. Introduction

Over the last million years or so (the late Pleistocene), Earth has experienced dramatic

glacial-interglacial oscillations (Imbrie et al. 1984; EPICA-Community-Members 2004). The

characteristics of these oscillations are well established, including: (i) slow buildup (∼90 kyr)

and rapid melting (∼10 kyr) of the ice-sheets, (ii) Northern Hemisphere (NH) ice-volume

during last glacial maximum (LGM) that is about 15 times larger than present day value

(Mix et al. 2001), with ice elevation of 2-3 km, covering Canada and Northern U.S., (Peltier

1994) and drop of sea level by ∼120 m, (iii) drop of global temperature during LGM by

more than 6◦C compared to present day, (iv) decline of 80-100 ppm in atmospheric CO2

compared to interglacial times (Petit et al. 1999), and (v) much stronger winds during glacial

times (Ram and Koenig 1997). The mechanism underlying these massive changes is still

under debate (e.g., Ghil 1994; Wunsch 2003). Numerous theories link the glacial-interglacial

oscillations to the changes in insolation (solar radiation) known as the Milankovitch forcing

(Milankovitch 1941; Paillard 2001). The insolation forcing is controlled by three orbital

parameters: eccentricity, obliquity, and precession, roughly characterized by time scales of

100 kyr (and 400 kyr), 40 kyr, and 20 kyr respectively (Milankovitch 1941; Berger 1977,

1978). Still, the 100 kyr time scale of the Milankovitch forcing cannot be directly associated

with the 100 kyr time scale of the glacial-interglacial oscillations due to its very weak relative

power compared to observations (Imbrie et al. 1984).

Gildor and Tziperman (2000) suggested a “sea ice switch” (SIS) mechanism for the

glacial-interglacial oscillations. According to this mechanism, sea ice switches the climate

system between a growing phase of the ice sheets when sea ice extent is small (sea ice is “off”),

2



and a withdrawing phase when sea ice extent is large (“on”). When the climate system is

in its interglacial state and the sea ice is “off”, the hydrological cycle is strong and, due to

the resulting large snow accumulation rate, land ice gradually grows and its albedo cools the

climate system. Eventually, after some 90 kyr, the ocean reaches the freezing temperature,

leading to rapid sea ice formation (sea ice is “on”), resulting in strong atmospheric cooling

and reduced evaporation from the ocean. The hydrological cycle thus weakens while ablation

(melting, ice streams, and calving) continues, and therefore the withdrawing of land ice sheets

begins as ablation “wins” snow accumulation. The reduced ice sheet albedo results in climate

warming, ending up in sea ice melting (sea ice is “off”) again, and leading to a new glacial

cycle. This mechanism implies a hysteresis with the continental ice volume as the control

parameter (Figure 1).

The SIS mechanism has been used to explain several paleoclimate phenomena using very

simple models (e.g., Ashkenazy and Tziperman 2004; Tziperman et al. 2006; Tziperman and

Gildor 2003), fairly complicated box models (e.g., Gildor and Tziperman 2000; Sayag et al.

2004), and an intermediate complexity model (Kaspi et al. 2004).

The main goal of this study is to test whether multiple states of sea ice can exist under the

same land ice area in a realistic-geometry state-of-the-art ocean-ice model coupled to a simple

atmospheric model. This is done for both present day and LGM-like land ice configurations.

We also examine the hysteresis of sea ice as a function of land ice extent predicted by the SIS

mechanism, by varying the land ice extent from interglacial (present-day like) configuration

to LGM-like configuration and back.

Several studies have shown multiple sea ice states using various models. Specifically, Lan-

gen and Alexeev (2004) used the community atmospheric model (CAM) coupled to a simple
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slab ocean model under aqua-planet and annual mean conditions to demonstrate multiple

states of sea ice extent under the same parameters. The control parameter in their experi-

ments was the oceanic “qflux” (i.e., the prescribed flux representing ocean heat transport);

three sea ice extents were identified: (i) ocean that is free of sea ice, (ii) intermediate sea ice

extent up to the high latitudes, and (iii) extensive sea ice extent (up to the mid-latitudes).

We take a complementary approach of using a full ocean GCM coupled to a simple atmo-

spheric model, where in addition we use realistic continental geometry and ocean bathymetry.

Marotzke and Botzet (2007) varied the solar constant in a coupled atmosphere-ocean GCM

and showed that once the system is sufficiently cold to enter a snow-ball state, a much larger

radiation constant is needed to escape from such a state; this study thus showed multiple

sea ice states under the same solar radiation input.

The rest of the paper is organized as follows: the model is described in Section 2, the

model experiments demonstrating the existence of multiple equilibria are described in Section

3, the hysteresis is investigated in Section 4, followed by discussions and conclusions in

Section 5.

2. Model description and spinup

a. The oceanic model—MITgcm

The ocean MITgcm (Massachusetts Institute of Technology general circulation model)

solves the primitive equations (Marshall et al. 1997; ?; Adcroft et al. 2002) and is used here

in a global configuration from 80oS to 80oN with a 4o
× 4o grid; the ocean depth is divided
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into 15 vertical levels, from 50 m depth for the surface layer to 690 m for the bottom layer.

We use the isopycnal eddy parametrization scheme (Gent and McWilliams 1990; Redi 1982)

of MITgcm. The vertical diffusion coefficient for both temperature and salinity is 10−4 m2/s,

and the vertical viscosity is 10−3 m2/s.

b. The dynamic/thermodynamic sea ice model

Sea ice is simulated using MITgcm’s sea ice package, which provides a dynamic and ther-

modynamic interactive sea ice model on an Arakawa C-Grid (Losch et al. 2009; Menemenlis

et al. 2005). Sea ice thermodynamics is based on the Hibler III (1980) 2-category model that

simulates sea ice thickness and concentration.

c. The atmospheric energy-moisture-balance model

The atmospheric model used in this work is a slightly modified version of the energy-

moisture balance model (EMBM) of Fanning and Weaver (1996). An improved version of this

EMBM was later developed and is part of the Uvic Earth System Climate Model (Weaver

et al. 2001). The EMBM consists of one vertical layer and a lateral grid; in the coupled

configuration this lateral grid matches the oceanic grid. There are two prognostic variables,

atmospheric temperature, Tair, and humidity, qair.

In our version of the model we replaced the solar short-wave contribution to the atmo-

spheric budget QSSW (Eq. (4) of Fanning and Weaver 1996) with an infinite series of multiple

scatterings, not very different from the one used by Shell and Somerville (2005); this short

wave depends on surface albedo (besides the solar constant, atmospheric albedo and the
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scattering/absorption coefficient C0).

To mimic the effect of land ice on the energy balance of the climate system, we changed

the land albedo used by the EMBM to that of land ice, in places where we wished to prescribe

the existence of land ice.

d. Spinup

The ocean model was initiated with present day salinity and temperature, and the coupled

ocean-sea ice-atmosphere model was then run for 5,000 years to reach a steady state. The

model temperature field at the end of spinup is reasonably close to observations. Maps of the

temperature, salinity and other fields at the end of the spinup are shown in Figure 2. It is

not straightforward to evaluate the realism of the air temperature and humidity fields since

they represent the mean value of the lower atmosphere and not necessarily the surface value.

However, while the sea-surface temperature map seems realistic, the sea-surface salinity is

too spatially homogeneous and thus unrealistic; this point is further discussed in subsection

3b below.

3. Multiple sea ice equilibria

a. The numerical experiment

The first experiment consisted of four model runs, all of which were initiated with values

from the final state of the spinup run, for all fields except sea ice, which was prescribed. All

these runs were performed for 4,000 years, to reach steady state, starting from different sea
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ice initial conditions and under different fixed land ice configurations (summarized in Table

1) : (i) Present-day land ice, and initial conditions with no sea ice, (ii) present day land ice

and initial conditions of 1 m thick sea ice covering the entire ocean surface, (iii) large land

ice conditions (exaggerated LGM-like where land ice was prescribed at latitudes higher than

28◦N) and initial conditions of ocean free of sea ice, and (iv) exaggerated LGM-like land ice

and initial conditions of 1 m thick sea ice covering the entire ocean surface. The purpose of

starting with either ocean free of sea ice or ocean that is covered by sea ice is to find multiple

sea ice states if they do exist. The use of both present day and LGM-like land ice extents

should reveal the sensitivity of the results under a wide range of land ice coverages.

b. Results

The results of the four runs of the first experiment (summarized in Table 1) are presented

in Figures 3-8.

The time evolutions of several global variables/measures are plotted in Figure 3, including

(i) Northern hemisphere (NH) and (ii) Southern hemisphere (SH) sea ice areas, (iii) global

mean air temperature and (iv) humidity, (v) global mean SST, and (vi) maximum meridional

overturning circulation (MOC). These six plots clearly reveal two different steady states

depending on initial conditions, for each of the two ice sheet configurations tested (i.e.,

present day and LGM-like land ice configurations). The largest relative difference between

the two states for the same land ice configuration is for the NH and SH sea ice cover.

Moreover, it is clear that sea ice area is more drastically affected by the initial conditions

than by the prescribed land ice extent. With “all water” initial conditions, the sea ice area is
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0.4× 1012 m2 for present day land ice extent, and 3.0× 1012 m2 for the LGM land ice, while

“all sea ice” initial conditions lead to 10 × 1012 m2 for present day land ice and 12.5 × 1012

m2 for LGM ice sheet extent. Similar results are found for the SH sea ice area plots. Note

that for “all sea ice” initial conditions, the SH sea ice area is almost unaffected by land

ice configuration. Unlike the sea ice cover, the steady states of the air temperature, air

humidity and SST depend more strongly on the land ice configuration than on the sea ice

initial conditions. For example, the effect of initial conditions on air temperature is less than

0.5◦C, while the difference due to the two land ice states is more than 2.5◦C, most probably

due to the land ice albedo effect.

Global maps of different fields at the end of the four steady state runs are presented in

Figures 4-7. In all of these figures the upper/lower panels correspond to present-day/LGM

land ice configurations, and the left/right panels to “all water”/“all sea ice” initial conditions.

Figure 4 depicts sea ice cover at the end of the runs. The color code stands for partial area

of a grid cell covered with ice (one for fully covered cell and zero for an empty cell). As

was observed in the lower left panel of Figure 3, the dominance of the initial conditions is

evident, and so is the lack of sensitivity of the SH sea ice to NH land ice configurations for

“all ice” initial conditions. Note that this insensitivity of SH to NH land ice is probably due

to the large distance between the specified NH land ice and the SH sea ice region. Obviously,

this might be a limitation of the atmospheric EMBM which does not enable teleconnection

through atmospheric processes. Figures 5-7 show the results for atmospheric temperature

and humidity and for sea surface temperature (SST). The left panels correspond to “all-

water” initial condition as in Figure 4, while each of the right panels maps the difference

between “all-ice” and “all-water” results; we plot the difference to allow better visualization
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for the changes between the runs.

Figure 8 depicts the North Atlantic stream function in the meridional-vertical plane. It

indicates that the MOC is stronger by approximately three Sv for the LGM than for present

day, and is similarly stronger for the “all water” initial conditions than for the “all ice” initial

conditions.

As noted above, the salinity was too uniform in the simulations of our coupled model

(Figure 2). This is a known weakness of coupled EMBMs as used here (Fanning and Weaver

1996). We have therefore examined the effect of too uniform surface salinity on our results

by repeating the runs described above while relaxing the ocean surface salinity to a specified

present day surface salinity field. We obtained multiple sea ice states under this configuration

as well, indicating that the sea ice multiple equilibria and hysteresis behavior is not sensitive

to the salinity field, and in particular is not an artifact of the too uniform salinity field.

4. Hysteresis

a. The numerical experiment

An additional experiment was performed to look for a hysteresis of sea ice where the

control parameter is the land ice cover. This time, initial conditions also included the sea ice

at the end of the spinup run. The land ice configuration was prescribed to evolve in time,

starting from present day configuration, gradually covering land up to 28◦N during a period

of 4,000 model years (using constant rate of advance in latitude), then gradually retreating

to present-day ice sheet extent during another 4,000 model years.
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Starting with small land ice and sea ice extents and gradually extending land ice cover

equatorward, it is expected that sea ice will meet a point in which the turning “on” of the

“sea ice switch” will occur, regardless of sea ice initial conditions. Then sea ice is expected

to persist with the “on” state as we withdraw the land ice cover. However, as was shown

in the results of the first experiment described in subsection 3b, sea ice exhibits two states

even when the land ice extent reaches its maximal extent at 28◦N. This means that we can

not reach the transition to “on” state under these conditions. We therefore redefined our

hysteresis control parameter to also include a representation of the effect of atmospheric

greenhouse gases and dust. This was done by adding a negative constant heat source for

each grid point, representing the combined cooling effect of: (1) CO2 concentration decline

during glacial time (see, e.g., Petit et al. 1999; Gildor et al. 2002), (2) reduced water vapor

due to the colder atmosphere, and (3) increased dust concentration (Bar-Or et al. 2008).

The prescribed cooling amplitude co-varies with the prescribed land ice, changing from 0 to

−20 W/m3 for present day and maximum land ice extent, correspondingly. We note that

this cooling is, of course, quite exaggerated and unrealistic. It should be thought of as a

parameter whose only purpose is to examine the possibility that the sea ice may display

hysteresis.

b. Results

The results of the hysteresis experiment are shown in Figures 9 and 10. The control

parameter which governs both the land ice extent and the greenhouse cooling factor, is

indicated in the graphs by the average land albedo.
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Figure 9 shows the hysteresis curves for NH and SH sea ice areas (left panels) and for air

and sea-surface global mean temperatures (right panels). The sea ice hysteresis diagrams,

both for the NH and SH sea ice cover, clearly show two distinct branches—sea ice area at

the beginning of the simulation is four (SH) to seven (NH) times smaller than the sea ice

area at the end of the simulation, although both are associated with the same, present-day

land ice extent. The hysteresis diagram of the NH sea ice cover is more pronounced, most

probably due to the proximity of the land ice changes. The hysteresis diagrams of other

variables like the air and sea surface temperature are less pronounced.

The hysteresis of the MOC is presented in Figure 10. The upper left panel shows the

hysteresis path of the maximum stream function. The other three panels show the stream

function at the beginning, at the coldest point (LGM-like land ice cover) and at the end

of the simulation. We note that we our experiments, changes in the MOC are triggered by

changes in land and sea ice covers.

It is noticeable that the hysteresis diagrams shown in Figures 9 and 10 are not complete.

While the curves show a collapse to a single “cold” state (large sea ice cover in both hemi-

spheres), we do not see a collapse of the two states to a single “warm” state (small or no

sea ice in both hemispheres). It is clear, however, that such a state does exist since under

sufficiently warm conditions sea ice must melt, leading to a single sea ice free state.

We note that in the steady state experiments, the MOC was stronger during the LGM

than in present day (see Figure 8 and the rightmost lower panel of Figure 3), although

not very significantly. In the hysteresis experiment (Figure 10) the opposite is observed.

Previous studies have reported different estimations regarding the strength of the MOC

during glacial times. Some studies find that the MOC was stronger during glacial times
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while others reported the opposite. See in particular the extensive inter-comparison study

of Otto-Bliesner et al. (2007) as well as Legrand and Wunsch (1995); Bigg et al. (2000); Yu

et al. (1996); Matsumoto and Lynch-Stieglitz (1999); Ganopolski et al. (1998); Weaver et al.

(1998) and Kitoh et al. (2001). It seems that the response of the MOC to LGM conditions

is sensitive to model details. In our work, the two experiments differ in the extra greenhouse

cooling factor, which is introduced only in the second (hysteresis) experiment.

5. Discussion and conclusions

In this paper the results of two experiments are described. The first consisted of four

runs to steady state, which clearly indicated the existence of distinctive states with different

sea ice initial conditions for the same boundary conditions. The second experiment showed

that as land ice varies from a present-day configuration to LGM extent and back, sea ice

exhibits a clear and strong hysteresis in both hemispheres.

The idea that sea ice can have multiple steady states and a hysteresis behavior as a

function of the land ice extent may be relevant to both glacial-interglacial dynamics (Gildor

and Tziperman 2000) as well as to shorter time scale climate changes; its high albedo, strong

insulating effect (it inhibits heat flux to the atmosphere from the warmer high latitude

ocean), and inherent threshold behavior associated with the freezing point, make sea ice a

strong candidate for explaining the dynamics of abrupt climate changes such as the warming

Dansgaard-Oeschger (DO) events observed in the Greenland ice cores (Dansgaard et al. 1989;

Alley et al. 1993; Broecker 2000; Gildor and Tziperman 2003; Timmermann et al. 2003) and

the Heinrich events seen in the sediment record (Bond et al. 1992; Heinrich 1988).
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Several studies have shown that abrupt switch-like changes in sea ice area caused by small

changes in MOC can account for some of the observed characteristics of DO and Heinrich

events (Gildor and Tziperman 2003; Kaspi et al. 2004; Timmermann et al. 2003). Li et al.

(2005) showed that relatively small changes in sea ice extent, imposed below an atmospheric

GCM, could explain observed DO variability in Greenland ice cores. These results are

supported by GCM studies showing a similar role for sea ice as an amplifier of MOC induced

climate variability (Loving and Vallis 2005; Wang and Mysak 2006; Calov and Ganopolski

2005). However, such multiple equilibria and hysteresis have only been demonstrated using

models with simple or intermediate complexity ocean components. We showed here that

this behavior is also present in a realistic-geometry ocean GCM coupled to a simpler EMBM

and that changes in the MOC are triggered by changes in land and sea ice cover.

Given the lack of proxy observations of the state of sea ice as a function of both time and

space through a glacial cycle, this progress toward a verification of the idea of multiple sea

ice states using a hierarchy of models is the next best thing currently possible. In particular,

the demonstrated existence of multiple sea ice states under the same land ice configuration,

provides some support for the sea ice switch mechanism for glacial cycles.

The current study ignores the effects of seasonality—all inputs were annual mean values.

Seasonality would certainly diminish the range of land ice extents for which multiple sea

ice states coexist. This is because the seasonal fluctuations of the sea ice extent at both

present day and LGM are very large, so that the low winter temperatures may lead to

sea ice “on” state at smaller land ice extent than in our annual model; summer warmness

may lead to “off” state at larger land ice extents. On one hand, multiplicity of sea ice

states may still exist, and the narrower land ice range of their coexistence may complete our
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hysteresis loop even under more realistic greenhouse heating than we used (see Eisenman

and Wettlaufer (2009) for example, for a simple model with multiple sea ice states when

seasonality is included). On the other hand, the range allowing multiple states may entirely

be eliminated, destroying the observed hysteresis. We plan to address in the near future the

effect of seasonality on our results. Yet, we feel that it is interesting to verify the existence of

a parameter domain with such multiple states even in the absence of a seasonal cycle. The

understanding that such a regime does exist enriches our knowledge of the dynamics of sea

ice and climate and will help in the understanding of more realistic regimes.
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Table 1. A summary of the model setups included in the first experiment.
Land ice configuration Sea ice initial conditions
Present day No sea ice (“all water”)
Present day Ocean covered by 1 m sea ice (“all ice”)
LGM No sea ice (“all water”)
LGM Ocean covered by 1 m sea ice (“all ice”)
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Fig. 1. An illustration demonstrating the hysteresis loop and the multiple sea ice and
temperature states under the same continental ice volume. The arrows indicate the direction
of the hysteresis loop.
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Fig. 2. Maps at the end of the 5,000 years spinup run, of (a) air temperature (◦C), (b) air
humidity (gr/kg), (c) sea surface temperature (◦C) and (d) sea surface salinity (gr/kg).

27



Fig. 3. Evolution of several variables over the 4,000 years of the simulations after spinup,
for the four different setups discussed in the text and summarized in Table 1. These variables
include the NH (upper left panel) and SH (lower left panel) sea ice areas, the global mean
air temperature (upper middle panel) and humidity (lower middle panel), the global mean
sea surface temperature (upper right panel) and the north Atlantic meridional overturning
circulation (lower right panel).
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Fig. 4. Maps of sea ice cover at the end of 4,000 years runs for the four different setups
discussed in the text and summarized in Table 1. The color code stands for the partial area
of a grid cell covered by sea ice (zero for empty grid cell and one for fully covered grid cell).
The upper/lower rows correspond to present-day/LGM land ice configurations. The left
map of each row corresponds to initial conditions of sea ice free ocean (“all-water I.C.”), and
the right one corresponds to ocean that is fully covered by sea ice initial conditions (“all-ice
I.C.”).
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Fig. 5. Maps of air temperature Ta (◦C) at the end of 4,000 years runs for the four different
configurations discussed in the text. As in Figure 4, the upper/lower rows correspond to
present-day/LGM land ice configurations, and the left map of each row to the results under
“all-water” I.C., but this time the right maps depict the difference between the “all-water”
initial conditions and “all-ice” initial conditions.
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Fig. 6. Same as Figure 5 for air humidity (gr/kg).
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Fig. 7. Same as Figure 5 for sea-surface temperature (◦C).
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Fig. 8. The North Atlantic MOC (Sv).
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Fig. 9. Hysteresis curves for the NH and SH sea ice covers (upper and lower left columns)
and for the air and sea-surface temperatures (upper and lower right panels). The arrows
indicate the direction of the hysteresis curves. Hysteresis of sea ice is evident for both NH and
SH while for the air and sea surface temperatures the hysteresis curves are less pronounced.
Note that an extra, unrealistic, greenhouse cooling was added and that only half of the
hysteresis curve is presented.
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Fig. 10. Hysteresis of North-Atlantic MOC. Upper left panel is the hysteresis curve for
maximum MOC (the arrows indicate the direction). The other panels show the North
Atlantic streamfunction (Sv) at three different stages : (1) the initial state (upper right
panel), (2) the coldest state (lower left panel), corresponding to the rightmost point in the
hysteresis curve and (3) the final state (lower left panel).
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