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[1] A mechanism is proposed for the mid-Pleistocene transition from a dominant periodicity of 41 kyr to 100
kyr in glacial oscillations. The same mechanism is shown to also explain the asymmetry between the long
glaciation and short deglaciation phases of each cycle since that transition versus the symmetry of the 41-kyr
oscillations prior to the transition. These features arise naturally within the framework of the sea-ice switch
glacial cycle mechanism of Gildor and Tziperman [2000] as a result of the gradual cooling of the deep ocean
during the Pleistocene. This cooling results in a change of the relation between atmospheric temperature and the
rates of accumulation and ablation of continentals ice sheets. It is this latter change that leads to the activation of
the sea-ice switch and therefore to the initiation of the 100-kyr oscillations. The gradual glaciation and rapid
deglaciations during these oscillations occur because the mean value of the ice sheet ablation is not far from the
maximum rate of snow accumulation during warm periods. This proximity of mean ablation and maximum
accumulation rates is shown to be also a consequence of the mid-Pleistocene gradual cooling of the deep
ocean. INDEX TERMS: 3344 Meteorology and Atmospheric Dynamics: Paleoclimatology; 1620 Global Change: Climate dynamics

(3309); 1640 Global Change: Remote sensing; 4267 Oceanography: General: Paleoceanography; KEYWORDS: climate dynamics, glacial
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1. Introduction

[2] A new mechanism for the glacial-interglacial cycles
has been recently introduced by Gildor and Tziperman
[2000, 2001b] (hereafter GT). The mechanism relies on
the rapid growth and melting of extensive sea-ice cover. The
sea-ice cover, through its effects on the atmospheric energy
balance and air-sea fluxes, is able to switch the climate
system from a growing land-ice mode (glaciation) to a
retreating land-ice mode (deglaciation). GT dubbed this
the sea-ice switch (SIS) mechanism of glacial cycles. GT
have also proposed that the mid-Pleistocene transition from
a 41-kyr glacial cycle to a 100-kyr cycle some 800 kyr ago
may have been due to a general climate cooling that allowed
extensive sea-ice cover to develop and resulted in the
activation of the SIS mechanism at that time. However,
no specific explanation of how the switch activation
occurred was given. The SIS mechanism also results in a
simple heuristic explanation for the timescale of the oscil-
lation. Yet, the heuristic explanation in GT did not account
explicitly for the fact that the glaciation stage takes signifi-
cantly longer than the deglaciation stage. The asymmetry
obtained in their model was thus a result of the (reasonable)
choice of the model parameters, rather than of an explicit
physical argument.

[3] The objective of this paper is to provide a detailed
explanation for two features of the glacial oscillations: the
transition from a dominant period of 41 kyr to one of 100
kyr in glacial cycles, and the asymmetry between the
timescale of the glaciation and deglaciation. We show that
both features arise naturally within the framework of the SIS
glacial cycle mechanism (GT) as a possible result of the
climate transition (or equivalently, bifurcation) which
occurred about 800 kyr ago. In the mechanism proposed
here, the transition occurs due to a cooling of the deep ocean
which is known to have been warmer than the modern
ocean prior to the mid-Pleistocene transition [Billups et al.,
1998; McIntyre et al., 1999; Ruddiman et al., 1989; Marlow
et al., 2000]. We do not specify the reason for the deep
water cooling, but one may invoke reasons such as a change
in the level of atmospheric CO2 [Raymo, 1998; Maasch and
Saltzman, 1990] or a gradual increase in ice volume [Ghil
and Childress, 1987]. As a secondary objective of this
paper, we introduce a highly simplified model of GT’s
SIS mechanism governed by few coupled ordinary differ-
ential equations. This simple model is used to demonstrate
how both the 100-kyr timescale and the asymmetric glacial
oscillation structure arise via the mid Pleistocene climate
bifurcation, and is also useful in demonstrating the SIS
mechanism in the simplest possible framework.
[4] There have been some alternative explanations for the

asymmetry of the glaciation and deglaciation phases. Le-
Treut and Ghil [1983] argued that the load-accumulation
feedback between ice sheet mass balance and the bedrock
isostatic rebound played a decisive role. Pollard [1983] and
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Watts and Hayder [1984] have explained the rapid termi-
nation as the results of an ice sheet instabilities or enhanced
calving. Gallée et al. [1992] found that a specified decrease
in the albedo of aging snow during deglaciation induced
rapid glacial termination in their model. Similarly, Peltier
and Marshall [1995] attributed the rapid deglaciation to
albedo variations due to dust loading together with marine-
based ice sheet instability. It is fair to state, though, that a
satisfactory detailed mechanism of the contrast between
slow glaciation and rapid deglaciation is still missing.
[5] Before the 100-kyr glacial cycles of the past 800 kyr

or so, glacial variability was dominated by a 41-kyr cycle
which seemed very well correlated with Milankovitch
forcing [Ruddiman and Raymo, 1988]. The transition to
100-kyr cycles may have been related to tectonic induced
changes in CO2 or to ice volume change as mentioned
above [Raymo, 1998; Maasch and Saltzman, 1990; Berger
et al., 1999; Saltzman and Sutera, 1987; Ghil and Childr-
ess, 1987; Paillard, 1998], although alternative mechanisms
were propose such as the interaction between ice sheets and
the underlying bed [Clark et al., 1999; Clark and Pollard,
1998], or other processes [Mudelsee and Schulz, 1997;
Deblonde and Peltier, 1991]; see a recent review by Elkibbi
and Rial [2001]. We propose here a new explicit mechanism
for the transition. Moreover, one expects a mechanism for
the asymmetry of the 100-kyr cycle to also account for the
fact that the early Pleistocene 41-kyr cycles were symmet-
ric. One clear advantage of the mechanism proposed in this
paper is that it explains the symmetry of the 41-cycle, the
asymmetry of the 100-kyr cycle, and the transition between
the two in terms of the same mechanism.
[6] In the following section we deduce and describe a

relation between the atmospheric temperature and the rates
of accumulation and ablation of continental ice sheets. We
then discuss the dependence of this relation between atmos-
pheric temperature, accumulation and ablation on the tem-
perature of the deep ocean. In section 3, we provide a
heuristic explanation of the mid-Pleistocene climate transi-
tion in terms of the temperature–accumulation–ablation
relations. We then proceed to describe the simplified SIS
model equations used here in section 4. The model is used
in section 5 to demonstrate how the asymmetry of the
glacial cycle and transition from 41 to 100 kyr may have
both arisen through the same mechanism of climate tran-
sition about 800 kyr ago. We conclude in section 6.

2. Accumulation–Ablation–Temperature
Relations

[7] At the heart of the present paper lies the relation
between the atmospheric temperature, sea-ice cover, and the
rates of accumulation of snow over continental ice sheets
and of their ablation. It is well known that warmer temper-
atures lead to a larger precipitation rate and thus to a larger
rate of accumulation over continental ice sheets [Miller and
de Vernal, 1992]. This effect was named the precipitation–
temperature feedback [Källén et al., 1979]. It results from
the fact that very cold atmospheric temperatures lead to
reduced atmospheric humidity and therefore to reduced
precipitation. Similarly, when the temperature is cold

enough for an extensive sea-ice cover to form, its albedo
further cools the atmospheric temperature, and may divert
snow storms away from continental ice sheets. The insulat-
ing effect of a sea-ice cover also limits the evaporation from
the subpolar oceans, again leading to a reduction in the
moisture available for precipitation over the land glaciers.
The precipitation–temperature feedback has been docu-
mented in proxy records [e.g., Lorius et al., 1985; Jouzel
et al., 1987; Cuffey and Clow, 1997; Alley et al., 1993],
model studies [Charles et al., 1994], and was used in
modeling the glacial cycle [Källén et al., 1979; Ghil et
al., 1987; Ghil, 1994]. At yet higher temperatures, more and
more of the precipitation falls as rain instead of snow and
the actual accumulation over continental ice sheets then
decreases with increasing temperature. Thus we expect the
accumulation to increase with the temperature up to some
limit, and then to decrease again. More specifically, the
feedback between temperature and net ice sheet accumu-
lation seems to depend on having higher winter temper-
atures, and to be further strengthened by lower summer
temperatures [Miller and de Vernal, 1992].
[8] A novel point we make here is that this atmospheric

temperature–accumulation relation varies as a function of
the deep ocean temperature. We will show that this results in
a different temperature–accumulation relation for the cold
deep ocean of the late Pleistocene than for the warm deep
ocean of the early Pleistocene.
[9] Consider first the case of a cold deep ocean. In this case

there is a strong thermal gradient between the surface anddeep
ocean, and the resulting strong stratification significantly
limits the vertical mixing between the surface and deep water.
This effective decoupling between the deep and upper ocean
has an important consequence regarding the behavior of sea-
ice. As the atmospheric temperature decreases, the upper
ocean is cooled fairly rapidly, not being too influenced by
the deep ocean (which is also fairly cold anyway). At some
critical atmospheric temperature, the near-surface ocean rea-
ches the freezing temperature, and sea-ice begins to form at
higher latitudes (vertical dashed lines in the lower panel of
Figure 1). The ice-albedo feedback then results in further
cooling of the atmosphere, which cools the ocean further and
leads to the formation of more sea-ice. The sea-ice growth is
self-limiting due to its insulating effects (GT), and eventually
stops when the sea-ice cover is fairly extensive. Because the
relevant heat capacity of the ocean in this scenario is only that
of the upper ocean, thewhole process takes only a fewdecades
at most. Thus the sea-ice response is effectively immediate, as
if it were a ‘‘switch’’ responding to a reduction of the
atmospheric temperature. Once the sea-ice cover is large, its
strong albedo effects on the atmospheric temperature and its
insulating effect on the local evaporation from the subpolar
oceans lead to a rapid decrease in the accumulation rate over
the land glaciers (GT). The dependence of the accumulation
on the atmospheric temperature in this scenario is depicted by
the heavy solid line in the lower panel of Figure 1: the
accumulation is low for cold atmospheric temperature when
extensive sea-ice exists, jumps at a temperature Tf when sea-
icemelts, further increases with temperature for awhile due to
the temperature–precipitation feedback, and then decreases
again for a warmer yet temperature.
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[10] Next, let us consider the accumulation–temperature
relation when the deep ocean is warm, as it seems to have
been earlier than about 1 Ma [Billups et al., 1998; McIntyre
et al., 1999; Ruddiman et al., 1989; Marlow et al., 2000]. In
this case, the thermal difference between the upper and deep
ocean is much reduced, and therefore their density differ-
ence is reduced, too. This leads to a significantly enhanced
vertical mixing [Gargett, 1984] between the warm deep
ocean and the surface water. The enhanced vertical mixing
has two effects. First, it links the warm and deep ocean to
the surface ocean very strongly, effectively making them a
single system of a larger heat capacity. Second, the
enhanced vertical mixing leads to a stronger thermohaline
circulation (THC) [Bryan, 1987; Lyle, 1997] and therefore
to a larger rate of deep water formation, which again creates
a stronger link between the surface and deep ocean. A
cooling of the atmospheric temperature cannot lead as easily
to the formation of a sea-ice cover: the atmospheric cooling
now needs to overcome both the stronger poleward heat
transport by the enhanced THC, and the strong mixing of
the surface water with the warm deep water. Thus, sea-ice
does not form as rapidly as when the deep ocean is cold,
even for the same atmospheric conditions. Sea-ice eventu-
ally forms, but at a colder atmospheric temperature than it
does for a cold deep ocean. Once it forms, it has the same
effect as explained above on the snow accumulation rate

over ice sheets. The upper panel of Figure 1 shows the
accumulation rate in this scenario, with the atmospheric
temperature at which sea-ice forms again denoted by the
vertical dashed line. This line is now shifted toward a colder
atmospheric temperature relative to the cold deep ocean
scenario of the figure’s lower panel.
[11] As the deep ocean cooled over the past few millions

of years, we expect the temperature–accumulation relation
to have continuously changed from the configuration in the
upper panel of Figure 1 to that in the lower panel. The
implications of this change are discussed in the next section.
[12] Land-ice ablation is also expected to increase with

increasing temperature due to enhanced melting, although
as mentioned above, for a temperature range corresponding
to the conditions during the late Pleistocene glacial cycles,
we still expect net accumulation to increase with temper-
ature more than ablation [Miller and de Vernal, 1992]. The
ice sheets ablation rate is assumed here to be a weakly
increasing linear function of the temperature, and is shown
as heavy dash-dot lines in Figure 1. We assume that this
function does not depend on the deep-ocean temperature
and so this line is the same in both panels. Another point,
taken into consideration below, is that ablation is also
strongly controlled by summer solar radiation: the small
heat capacity of the ice sheets’ surface makes its temper-
ature a strong function of the radiation. Therefore the
radiation during the summer melting season dictates the
melt/ablation rate [Held, 1982]. Note that the feedback
between temperature and net ice sheet accumulation
(including precipitation as well as melting) has been ques-
tioned in some recent studies, although mostly in the
context of greenhouse warming, due to the role of melt
processes at higher temperatures [e.g., Bromwich et al.,
1999; Ohmura et al., 1996; Thompson and Pollard, 1997].

3. Mid-Pleistocene Climate Transition Scenario

[13] The consequences of Figure 1 contain the main
message of this paper, and we wish to explain them even
before getting to the technicalities of the actual model
description. Note that the ablation curve crosses either
accumulation curve at three points. These points represent
atmospheric temperatures at which the ablation rate of the
continental ice sheets equals the accumulation rate, and one
may therefore expect a steady state for the land-ice volume at
these points. However, it is simple to see that only one of
these three points represents a stable steady state. Consider,
for example, point (a) where the accumulation curve crosses
the ablation curve, at the warmest of the three temperatures
in question. Assume that the climate system is at this point,
and consider a small cooling perturbation to the temperature.
As a result of this cooling, the ablation decreases, while the
accumulation either increases (as shown in the figure) or
decreases at a lower rate than the ablation. To the left of point
(a), the ablation is therefore smaller than the accumulation,
leading to a growth of the ice sheets. The resulting increase
in land-ice albedo leads to further cooling, and thus to a
positive feedback which leads the climate system further
away to the left of point (a). A similar analysis follows for a
warming perturbation to point (a) which will lead to the

Figure 1. Schematic relations between accumulation
(solid and dash) ablation (dash-dot) and temperature for
different deep ocean temperatures. Pmin (Pmax) are the rates
of accumulation just after (before) the initiation of the sea-
ice switch. Points (a) and (c) are unstable steady state points
(see text) while points (b) and (b0) are stable. The glacial
cycles are around the latter points.
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climate state moving further to the right of this point. This is,
therefore, an unstable steady state. Point (c) at the lowest of
the three fixed-point temperatures, is similarly unstable,
while point (b0) in the upper panel of Figure 1 is stable: a
small cooling perturbation away from point (b0), for exam-
ple, leads to the ablation being larger than the accumulation,
which decreases the land-ice volume and area. This leads to
a smaller land-ice albedo, and therefore to a warming that
reduces the initial perturbation and cancels it, leading back to
the steady state at point (b0).
[14] The global stability behavior for the warm deep

ocean scenario is thus as follows. Any initial state to the
right of point (a) will lead to a decrease in land-ice volume,
to a climate warming, and to further ice sheet melting.
Additional feedbacks not considered here may, of course,
stop the system from getting into a runaway warming
scenario. An initial state to the left of point (c) will similarly
lead to a climate cooling, and further (possibly unstable)
expansion of land-ice. Any state between points (a) and (c)
will result in a climate evolution toward the stable steady
state at (b0), where the ablation balances the accumulation
rate. Climate stability is normally looked at from the point
of view of temperature and albedo [North et al., 1981; Ghil
and Childress, 1987], but not of accumulation and precip-
itation. It is interesting to note that the accumulation-
ablation perspective of Figure 1 indicates that the crossing
of the accumulation and ablation curves at point (c) is
necessary. Without it, all the states to the left of point (b0)
will lead the climate system back to the steady state of point
(b0) and there would be no possibility of an unstable ice
sheet growth. The latter is thus only possible due to the
existence of the unstable point (c). Similarly, the crossing at
point (a) is necessary or else no unstable warming feedback
is possible. We conclude that the general qualitative struc-
ture of the accumulation-ablation-temperature plots of Fig-
ure 1, with their 3 intersections, is necessarily robust and
likely to be quite realistic.
[15] Allowing now for the fact that the ablation actually

also depends on the summer solar radiation, we note that
orbital variations in summer insolation at middle and high
latitudes should lead to small oscillations of the land-ice
volume around point (b0). These oscillations in the land-ice
volume should be symmetric and follow the Milankovitch–
Berger summer insolation rather closely [Milankovitch,
1930; Berger, 1978]. This scenario agrees with the symme-
try of the observed record prior to about 800 kyr ago
[Ruddiman and Raymo, 1988].
[16] Things are slightly more complex for the cold deep

ocean scenario. Points (a) and (c) again represent unstable
steady states due to the interception of the accumulation and
ablation curves. The two curves also cross for this scenario
at point (b), where the accumulation curve is vertical
(dashed). As explained above, the switch-like behavior of
the sea-ice in this scenario does not allow the accumulation
to actually remain constant at point (b). Instead, it can only
jump between the two states marked by the open circles
above and below (b). As shown by GT, the climate behavior
around point (b) is characterized by glacial-interglacial
oscillations with a saw-tooth structure and a 100-kyr time-
scale, as observed over the past 700–800 kyr.

[17] We thus conclude that a shift from a warm deep ocean
to a cold deep ocean also results in a shift from a symmetric,
purely forced oscillation in land-ice volume with the Milan-
kovitch-Berger periodicities of 20 and 41 kyr to an asym-
metric, self-sustained oscillation with a 100-kyr timescale
and a saw-tooth structure. In the next section we illustrate
this scenario using a simple mathematical model.

4. Model

[18] The SIS mechanism was proposed in GT using a fairly
detailed box model of the ocean, atmosphere, land-ice and
sea-ice. For the purpose of the present paper, and also in order
tomake the SISmechanism easier to understand, we present a
simplified model and use it for investigating the mid-Pleis-
tocene climate transition. Another motivation for using a
simpler model than that of GT is that while the deep ocean
cooling on which the mechanism proposed here is based was
indeed seen in proxy climate indicators, the exact cause and
rate of cooling is yet unknown. Thus our only possible way to
proceed is to specify the cooling rather than model it
explicitly, and the model used here is specifically formulated
to allow for such a specification. One could possibly specify
the deep ocean cooling in the more detailed GT box model,
but wishing to use the simplest possible model for a given
task, we proceed with the following simpler model.
[19] The model used here has two prognostic variables for

which explicit time evolution equations are provided: the
land-ice volume Vland-ice and a temperature T that crudely
represents the atmospheric temperature, yet is influenced by
the larger heat capacity of the upper ocean. There are also
several diagnostic variables of physical quantities that adjust
very quickly to the prognostic model variables, and thus
may simply be parameterized in terms of the prognostic
variables. These include the sea-ice area asea-ice and the
precipitation over the continental ice sheets P which is the
source of their growth. The ice-albedo feedback leads to a
very rapid growth of the sea-ice until it covers a significant
area of the high-latitude ocean, where it is then self-limiting
and its growth is stopped (GT). The sea-ice area is therefore
assumed in the present model to simply be at one of two
states, depending on the temperature T and on the critical
atmospheric temperature Tf at which the near-surface ocean
reaches the freezing temperature and sea-ice forms; as
explained above, the value of Tf depends in turn on the
deep-water temperature. In the present simple model Tf is
prescribed to have a higher value for the case of the cold
deep ocean and a lower one when the deep ocean is warm.
We thus have:

asea�ice ¼
I0s T < Tf

0 T > Tf

:

(
ð1Þ

The precipitation/accumulation (P) over the ice sheets
depends on two factors. First, the temperature of the system
dictates the moisture content of the atmosphere, via the
Clausius–Clapeyron relation [Peixoto and Oort, 1991],

q Tð Þ ¼ qr �q A exp �B=Tð Þ=ps;
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where qr is some assumed relative humidity, ps is the
surface pressure, and (�q, A, B) are constants. As a result, a
warm temperature leads to more atmospheric moisture
being available and to more precipitation over the ice sheets.
The second factor affecting precipitation is that an extensive
sea-ice cover during cold time intervals limits local
evaporation from the subpolar oceans, and redirects storms
away from the ice sheets, thus limiting again the amount of
precipitation over them. The combined parameterization for
the precipitation–accumulation is, therefore,

P T ; asea�iceð Þ ¼ P0 þ P1q Tð Þ½ � 	 1� asea�ice

aocn

� �
;

where the first parenthesis represents the precipitation–
temperature feedback through the dependence of the
humidity q(T ) on the temperature, and the second
represents the effect of the sea-ice. Additionally, when the
temperature increases beyond a critical temperature Train,
the precipitation could be assumed to be in the form of rain,
so that accumulation is reduced by some factor like exp[(T
� Train)/DTrain]. Since we study glacial oscillations only in
the neighborhood of point (b) in Figure 1, it is not necessary
to actually add this factor to our model formulation and we
do not do so here.
[20] Finally, based on the discussion in section 2, and in

order to simulate the slow cooling of the deep ocean over
the past 2 Ma and the mid-Pleistocene transition, we make
the atmospheric temperature at which sea-ice forms, Tf a
slowly varying function of time, varying linearly in time
from Tf

init to Tf
final. Figure 2 shows the ablation and

precipitation as a function of the model temperature T, for
both the initial time of the model run and the final time.
[21] The model equation for the land-ice is a simple mass

balance accounting for both precipitation and ablation that
follows [Weertman, 1976; Källén et al., 1979]:

dVland�ice

dt
¼ P T ; asea�iceð Þ � Sabl T ; tð Þ:

The ablation is assumed to be a weak function of the
temperature and to also depend on Milankovitch summer
radiation (see section 2 and references there):

Sabl T ; tð Þ ¼ S0 þ SMM tð Þ þ ST T � 273:ð Þ; ð2Þ

where M(t) is the deviation of the summer insolation at 65N
[Berger, 1978] from its long-term mean value, and normal-
ized by its standard deviation. The temperature equation
includes the effects of incoming solar radiation, outgoing
long wave radiation, and the albedo of both land and sea-ice
(neglecting the smaller albedo of open ocean and ice free
land areas) [Källén et al., 1979; Le-Treut and Ghil, 1983]:

Cocn

aocn

dT

dt
¼ �esT 4 þ Hs 1� as

asea�ice

a
�aL

aland�ice

a

��
: 1� aCð Þ;

where Cocn reflects the heat capacity of the atmosphere and
upper ocean, and a is the total area, of land plus ocean. (See

Table 1 for explanation of other symbols.) The relation
between land-ice volume and area is based on a parabolic
glacier shape [Weertman, 1976; Ghil, 1994] and is given by

aland�ice ¼ LE�W
� �1=3

Vland�ice= 2l1=2
� �� �2=3

:

[22] The model parameters used in the above equations
are summarized in Table 1. The model is integrated in time
using an Adams time stepping scheme (NAG routine
D02CJF).

5. Model’s Mid-Pleistocene Climate Transition

[23] Figure 3 shows the model results for a slowly varying
deep-ocean temperature. The results exhibit a transition at
about 800 kyr ago. Previous to the climate transition, the
accumulation and ablation curves cross at a stable steady
state point similar to point (b0) in the upper panel of Figure
1. The existence of Milankovitch forcing, with its linear
effect on summer melting, forces the system into a simple
linear symmetric oscillation around the steady state. Beyond
the transition, the accumulation and ablation curves cross at
a point like (b) in the lower panel of Figure 1, where the SIS
is activated and the 100-kyr oscillations therefore occur.
Because of the presence of the Milankovitch forcing, the
sea-ice switch is activated even slightly before the ablation
crosses the accumulation curve along the dashed line in
Figures 1 and 2. It is enough for the ablation to get
sufficiently close to the transition point, and the Milanko-
vitch-induced land-ice and temperature variations are then
sufficient to bring the system to a cold enough temperature
at which sea-ice forms and the sea-ice switch oscillations
begin.
[24] We refer the readers to GT for an explanation of the

SIS glacial cycle mechanism. In order to explain how the
asymmetric structure of the oscillation arises from the mid-
Pleistocene transition, however, we need to briefly repeat

Figure 2. Time–mean ablation (dash–dot, obtained by
setting SM = 0 in 2), and precipitation/accumulation (in Sv)
as function of temperature for initial (solid) and final (dash)
times, as used in the model run described in the text. To
simulate the deep ocean cooling, Tf in (1) was made to vary
linearly from �13�C 1.5 Ma BP to �3�C at 500 kyr BP and
was then kept constant.
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the heuristic argument for the timescale of the glacial cycle
in the SIS mechanism. Let the variable part of the land
glaciers have a volume DV. Assume also that the ice sheet
is fed at either a maximum accumulation (source) rate Pmax

(during the buildup stage) or at a minimum rate Pmin

(during deglaciation), and further assume a constant abla-
tion (sink) rate S. The total timescale of a complete cycle is
then

t ¼ tbuildup þ tdeglaciation ¼
DV

Pmax � S
þ DV

S � Pmin

: ð3Þ

[25] For reasonable choices of the different parameters,
one obtains t 
 100 kyr (GT), and the minimum of t as
function of the sink amplitude is �50 kyr and occurs for a

symmetric oscillation (tbuildup = tdeglaciation), when S =
(Pmax + Pmin)/2. If the ablation increases, the total period
gets longer, the glaciation (buildup) time gets longer and the
deglaciation time shorter, so that as we approach the
bifurcation point, the cycle becomes more asymmetric.
Figure 1 shows that as the deep ocean cools enough for
the SIS to be activated, the ablation crosses the accumu-
lation curve at the vertical dashed line in that figure, which
represents the accumulation jump due to the sea-ice switch.
The ablation–accumulation crossing location right after the
climate transition is necessarily such that the ablation is
close to Pmax. This immediately implies, according to (3),
that the glaciation time should be longer than the deglaci-
ation time, as observed. This is an important point and one
of our main results: as the slow deep ocean cooling leads to

Table 1. Model Parameters

Symbol Value, units Explanation

qr, �q, A, B, Ps 0.7, 0.622, 2.53 1011Pa, 5.42 103K, 105Pa Clausius–Clapeyron parameters
P0, P1 0.06 Sv, 40 Sv/Pa accumulation parameterization
(S0, SM, ST) 0.15 Sv, 0.08 Sv, 0.0015 Sv/K ablation parameterization
e 0.64 emissivity
s 5.67 10�8 Wm�2 K�4 Boltzman’s constant
Hs 350.0 Wm�2 incoming solar radiation
(as, aL, aC) (0.65, 0.7, 0.27) albedo of sea ice, land ice and clouds
Cocn CpVocnr0, JK

�1 atmosphere & upper ocean’s heat capacity
(aocn, aland) (20 106 km2, 20 106 km2) area of land and ocean.
Vocn 21.6 106 km3 volume of upper ocean.
Is
0 0.3 aocn max ice cover during switch-on periods
l 10 m glacier model
LE–W 4000 km (fixed) width of land and glacier

Figure 3. Model results for slowly varying deep ocean temperature. Shown is a time series of the fraction
of land area covered by land ice. The transition from obliquity and precession (20 and 41 kyr) dominated
cycles to 100 kyr ones is seen around �800 kyr. Upper panel: using an idealized insolation curve with a
simple periodicity of 41 kyr. Lower panel: using actual Milankovitch summer radiation at 60N.
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the qualitative transition from the small-amplitude, purely
linear oscillations forced by obliquity and precession, to
100-kyr oscillations triggered by the SIS, the latter are
necessarily highly asymmetric right after the transition!
The fact that the 100-kyr oscillations are asymmetric over
the past 700–800 kyr indicates, according to this scenario,
that the climate system is not far from the hypothetical
bifurcation point which gives rise to the initiation of the
100-kyr oscillations.
[26] Note that we expect a shortening of the glacial cycle

timescale past the transition point (between the mid-Pleis-
tocene like transition which is at about 800 kyr in this plot
and 0 kyr). This shortening of timescale is expected from
equation (3), due to the increasing distance between the
ablation and point Pmax in the lower panel of Figure 1, as
the deep ocean cools and point Pmax moves to the right in
that schematic figure. Actually, we do not know if the deep
ocean continued to cool beyond the mid-Pleistocene tran-
sition, nor do we know the real cooling rate of the deep
ocean. It is thus unclear how far away we are from the
transition point (in term of the deep ocean temperature) and
which period and structure of the glacial-interglacial we
should expect. (The years on the time axes should not be
taken at face value!).
[27] There are a couple of issues that are worth noting at

this stage: First, observations indicate that most of the deep
ocean cooling has occurred long before the mid-Pleistocene
transition, and only a slow cooling continued to the time of
the transition itself. This does not contradict our mecha-
nism. We only require that the system crosses the threshold
in which the ablation curve crosses the accumulation curve
at a point like (b) instead of (b0) in Figure 1, and the rate of
the cooling leading to this threshold crossing does not
matter. Second, note that our pretransition model time series
(lower panel of Figure 3) is dominated by precession (20
kyr) which is the main contribution to the variability of
summer radiation at 65N, while the observations are more
of an obliquity-dominated record [Raymo et al., 1990].
There are indeed some recent suggestions that the relevant
Milankovitch forcing to use is indeed the gradient of the
solar radiation between high and low latitudes, which is
dominated by obliquity (M. E. Raymo and K. Nisancioglu,
Milankovitch’s other unsolved mystery—The 41 kyr world,
preprint, 2002). Given that the dynamical balances behind
this suggestion are still unresolved, we refrain from addi-
tional discussion of this issue.
[28] There is one notable difference between the model

results of Figure 3 and the observed d18O record [Raymo et
al., 1990]. Taking the d18O at face value as a proxy for ice
volume, it seems to show that the symmetric oscillations
prior to the Mid-Pleistocene transition and the 100-kyr
oscillations after the transition have been around the same
mean, with the former oscillations merely having a smaller
amplitude. In our model results, the amplitude of the
obliquity and precession dominated linear oscillation prior
to the transition is indeed smaller, as in the observed record,
yet it is around a higher mean value (Figure 3). It is possible
that some of this difference is due to the fact that d18O
incorporates additional effects beyond the land-ice volume
such as the temperature and salinity of the ocean [Shackle-

ton, 2000]. It is also possible, of course, that some missing
physics in our highly idealized model accounts for this
difference.

6. Conclusions

[29] We have proposed here a specific detailed mechanism
for the mid-Pleistocene climate transition from shorter
period, small amplitude, symmetric glacial cycles, to 100-
kyr asymmetric oscillations. According to this mechanism,
the former oscillations are small-amplitude, purely forced
oscillations about a steady state of the continental ice sheets
that are driven by Milankovitch radiation changes. At the
time of the transition, a cooling of the deep ocean allowed an
extensive sea-ice cover to develop, and enabled the sea-ice
switch glacial cycle mechanism of [Gildor and Tziperman,
2000], resulting in asymmetric, saw-tooth shaped 100-kyr
oscillations.
[30] The asymmetry of the oscillation, with gradual

glaciations and rapid deglaciations, is related in this mech-
anism to the fact that the mean value of the ice sheet
ablation is not far from the maximum rate of snow accu-
mulation during warm periods. We have shown that this
proximity of ablation and accumulation is to be expected if
the 100-kyr glacial cycles have indeed started due to a
climate transition driven by a gradual cooling of the deep
ocean. We also explained that had the general climate
cooling continued, the timescale of the glaciation phase
would be shortened, and that of the deglaciation would be
lengthened, leading to a more symmetric glacial cycle. In
today’s climate, ablation and accumulation rates are very
close, making it impossible to confidently determine the
mass balance of the Greenland-ice sheet [see, e.g., Pater-
son, 1994; Davis et al., 1998]. This observed proximity of
ablation and accumulation strengthens the case for the
glacial cycles being near the transition (bifurcation) point
leading from 41 kyr to 100 kyr oscillations.
[31] Unlike some previous explanations of the asymme-

try of the 100 kyr glacial cycles, our mechanism also
explains why the glacial oscillations prior to 800 kyr ago
were symmetric. We were therefore able to provide a
single unified mechanism for the changes in the nature
of the oscillation (i.e. changes in period and symmetry),
for the 100-kyr glacial timescale of the late Pleistocene,
and for the transition between the two kinds of glacial
oscillations.
[32] The model used here is highly idealized and some of

our arguments are admittedly speculative. However, the
explanation of the mid-Pleistocene glacial cycle transition
and of the glacial cycle asymmetry which are provided here
supplement the predictions based on the sea-ice switch
mechanism for the general structure of the land-ice record
[Gildor and Tziperman, 2001b], for the role of Milanko-
vitch forcing and the climate transition of 800 kyr ago
[Gildor and Tziperman, 2000], for a teleconnection mech-
anism between the hemispheres, and for the physical
processes behind glacial-interglacial CO2 variations [Gildor
and Tziperman, 2001a]. We therefore feel that the explan-
ation of the mid-Pleistocene transition which is provided
here further strengthens the case for the SIS mechanism. It
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would be most interesting to test some of the specific
falsifiable predictions of this mechanism, which involve
the absence of northern extensive sea-ice cover till the mid-
Pleistocene, the relative phase between sea-ice cover and
land-ice deglaciations, and the relative phase between
atmospheric CO2 and global ice volume, using for example
new proxies of sea-ice that may become available in the

near future based on recently developed proxies [e.g., de
Vernal and Hillaire-Marcel, 2000; Sarnthein et al., 1995].
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