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Sea ice as the glacial cycles’ climate switch:
Role of seasonal and orbital forcing
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Abstract. A box model of the coupled ocean, atmosphere, sea ice, and land ice climate system is used to
study glacial-interglacial oscillations under seasonally and orbitally varying solar forcing. The dominant 100 kyr
oscillation in land ice volume has the familiar sawtooth shape of climate proxy records, and to zeroth order, it does
not depend on the seasonal and Milankovitch forcing. The sea ice controls, via its albedo and insulating effects,
the atmospheric moisture fluxes and precipitation that enable the land ice sheet growth. This control and the
rapid growth and melting of the sea ice allow the sea ice to rapidly switch the climate system from a growing ice
sheet phase to a retreating ice sheet phase and to shape the oscillation’s sawtooth structure. A specific physical
mechanism is proposed by which the insolation changes act as a pacemaker, setting the phase of the oscillation
by directly controlling summer melting of ice sheets. This mechanism is shown to induce deglaciations during
periods of lower summer insolation. Superimposed on the 100 kyr are the linear Milankovitch-forced frequencies
of 19, 23, and 41 kyr. The transition from 41 kyr glacial cycles to 100 kyr cycles one million years ago may be
explained as being due to the activation of the sea ice switch at that time. This would be the case if sea ice extent

was more limited during the warmer climate of the early Pleistocene.

1. Introduction

The weakness of the Milankovitch [1930] variations in
solar radiation at the 100,000 year (100 kyr) timescale
has lead to the generally accepted conclusion that the
glacial-interglacial oscillations at this timescale are most
likely not a direct linear response of the climate system
to external solar variations [Imbrie et al., 1992,1993;
Ghil, 1994; Saltzman, 1990]. In Gildor and Tziper-
man [2000], hereafter called part 1, we described a novel
mechanism for glacial oscillations on a timescale of 100
kyr which does not rely on external Milankovitch forc-
ing and which is characterized by the observed asym-
metric sawtooth structure of the land ice volume time
series (i.e., a slow land ice buildup and a rapid termina-
tion). The oscillation mechanism was investigated using
a simple, yet explicit zonally averaged box model of the
physical climate system, including the ocean (explic-
itly accounting for the thermohaline circulation), atmo-
sphere, sea ice, and land ice. The proposed mechanism
relies on the rapid, switch-like growth and melting of
sea ice. The sea ice switches control the hydrological
cycle in our model through the sea ice albedo effects
and also control the moisture extraction from the ocean,
through the insulating effect of a sea ice cover on the
air-sea fluxes. Through these two effects the sea ice con-
trols the amount of snow accumulation which enables
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the growth of land glaciers and thus switches the cli-
mate system from an expanding land glaciers phase to
a retreating glacier mode. On the basis of the insight we
have obtained into the oscillation mechanism, we were
also able to formulate a simple heuristic argument for
the 100 kyr timescale (see section 3).

While probably not the direct major forcing of the
100 kyr oscillations, the analysis of proxy observations
indicates that the Milankovitch forcing does play a ma-
jor role in linearly forcing the climate variations on a
scale of 23 and 41 kyr as well as in serving as a pace-
maker of the 100 kyr cycles [Imbrie et al., 1992; Saltz-
man, 1990]. In this paper therefore we continue the
investigation of part 1 by including seasonal solar forc-
ing and then also Milankovitch variations in the solar
radiation.

There have been several different proposals as to the
way in which Milankovitch forcing affects the 100 kyr
glacial cycles. The observed 100 kyr power was ex-
plained by Le Treut and Ghil [1983] as a nonlinear en-
ergy transfer from higher-frequency Milankovitch forc-
ing. Maasch and Saltzman [1990], on the other hand,
attributed the 100 kyr cycle to a slow CO, feedback,
without going into its details; in their model, the Mi-
lankovitch variations in solar radiation only contribute
to the phase locking of the internally driven 100 kyr
cycle and to its asymmetric sawtooth structure. Pail-
lard [1998] has used a highly simplified model represent-
ing the climate system as a set of quasi-steady states
driven by the Milankovitch forcing and was able to ob-
tain a good fit to the observed paleoproxy record. He
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did not attempt, however, to specify the actual physics
behind the way the Milankovitch forcing affects the cli-
mate system, or the physics responsible for the speci-
fied steady states. Climate variability previous to the
late Pleistocene’s 100 kyr cycles was dominated by a
41 kyr glacial cycle [Raymo, 1998; Birchfield and Ghil,
1993; Saltzman, 1990]. The transition from 41 kyr to
100 kyr was explained as a climate bifurcation due to
a gradual increase in overall ice mass [Ghil and Chil-
dress, 1987, chapter 12] or due to a slow CO; increase
by Maasch and Saltzman [1990]. The former authors
based their conclusion on the simple coupled model of
Ghil and Le Treut [1981], while the latter used an ide-
alized model that does not attempt an explicit repre-
sentation of some of the physical mechanisms.

In this paper we incorporate a specific way in which
the Milankovitch forcing can linearly force a climate re-
sponse at the 23 and 41 kyr timescales (following Held
[1982]) and show that this external Milankovitch forcing
indeed leads to a phase locking of the internal 100 kyr
climate oscillations. We also propose that the transition
from a 41 kyr cycle to a 100 kyr cycle about 700 kyr ago
could result from a climate cooling [Ghil and Childress,
1987; Ruddiman and Raymo, 1988; Saltzman and Ver-
bitsky, 1994) which allowed the sea ice cover to expand,
activated the sea ice switch mechanism, and started the
late Pleistocene 100 kyr glacial cycles. According to this
proposal, the 41 kyr oscillations previous to this tran-
sition were directly and linearly forced by Milankovitch
forcing.

We start in section 2 with a brief description of the
model, concentrating on the changes made relative to
part 1 in order to accommodate the seasonal and Mi-
lankovitch forcing. In section 3 the results obtained
using seasonal solar radiation based on today’s orbital
parameter values are presented, the mechanism of the
glacial cycle from part 1 is reviewed in the context of the
seasonal model, and the seasonal cycle of key climate
variables at different stages of the 100 kyr oscillation is
analyzed. Section 4 presents the results of forcing the
model with varying orbital parameters. We examine
the new variability at 23 and 41 kyr, superimposed on
the dominant 100 kyr cycle, as well as the locking of the
100 kyr cycle to the orbital variations. A comparison to
a SPECMAP time series [Imbrie et al., 1984] and the
transition from a 41 kyr cycle to a 100 kyr cycle about
700 kyr years ago are also discussed. We present our
conclusions in section 5.

2. Model Description

The coupled ocean, atmosphere, sea ice, and land ice
model (Figure 1) was described in detail in part 1 (the
code is available from the authors upon request). For
the purpose of the present work, solar forcing was made
to vary with season, and in some of the runs the model
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Figure 1. The box model (a) meridional cross section with
shaded regions representing sea ice cover and (b) top view.

also includes the Milankovitch variations for each at-
mospheric box. The Milankovitch forcing also enters in
the land glacier ablation term as explained below. The
Milankovitch variations in insolation are based on the
algorithm and code of Berger [1978]. The transition
from annual mean to seasonal and Milankovitch solar
forcing required some fairly minor tuning to a very few
of the model parameters and these are shown in Table
1. The ocean is represented in our model by four upper
ocean boxes and four deep boxes, where the meridional
thermohaline circulation is calculated from the merid-
ional density gradients [Stommel, 1961] and is driven
by air-sea fluxes of heat and fresh water as well as by
freshwater fluxes from land ice ablation and runoff. Sea
ice forms when the ocean water temperature decreases
below a critical freezing temperature and melts above
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Table 1. Modified parameters
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Parameter Annual Experiment Seasonal Experiment
OLand-ice 0.85 0.90
Prw,+ Prus 0.58, 0.56, 0.54, 0.626 0.66, 0.53, 0.51, 0.72
Llsinke, Sv 0.076 0.087
r, s~} 3. x107* 2.6 x 1074
Kx, m?s7! 3.5x 107" 1.5 x 10~*

that temperature. The sea ice cover is assumed to grow
within the southern and northern polar ocean boxes
with an initial thickness of 1.5 and 2 m respectively,
and then to become thicker if the entire polar box is
sea ice covered (the sea ice never fills the entire polar
boxes in the simulations presented below). The pres-
ence and evolution of sea ice affect the surface albedo,
the salinity budget in the ocean, and also the air-sea
fluxes (heat flux and evaporation) by partially insulat-
ing the ocean from the atmosphere.

The atmospheric model (Figure 1) roughly follows
those of Marotzke and Stone [1995] and Rivin and
Tziperman [1997] and is divided into four vertically av-
eraged boxes, representing the same latitude bands as
the upper ocean boxes. The lower surface of each at-
mospheric box is a combination of ocean, land, land ice
and sea ice, each with its specified albedo. The averaged
potential temperature of each atmospheric box is calcu-
lated on the basis of the energy balance of the box, tak-
ing into account (1) incoming solar radiation (including
the Milankovitch variations) using a box albedo calcu-
lated according to the relative fraction of each lower
surface type in the box, (2) outgoing long-wave radi-
ation at the top of the atmosphere, (3) heat flux into
the ocean, and (4) meridional atmospheric heat trans-
port. The meridional atmospheric moisture transport is
proportional to both the meridional atmospheric tem-
perature gradient (setting the strength of the synoptic
eddies that carry the eddy meridional moisture flux)
and to the humidity of the atmospheric box to which
the flux is directed (representing the ability of the at-
mospheric box receiving the moisture flux to actually
hold this moisture and carry it poleward from the com-
mon boundary with the midlatitude box toward the
land glaciers and polar ocean). This formulation results
in an increased meridional transport of humidity dur-
ing warmer periods, contributing to the temperature-
precipitation feedback used by Killén et al. [1979)],
Ghil et al. [1987], and Ghil [1994]. Another source
of snow accumulation over land ice sheets in the polar
boxes is due to evaporation from the polar ocean box.
Sea ice cover during cold periods reduces this source of
moisture [Stokes, 1955; Donn and Ewing, 1966; Rud-
diman and McIntyre, 1981], thus complementing the
temperature-precipitation feedback. Larger accumula-

tion rates in warmer periods, consistent with our model
formulation, are seen in many proxy records in both
Greenland and Antarctica [Cuffy and Clow, 1997; Al-
ley et al., 1993; Lorius et al., 1985). For a complete
discussion regarding the hydrological cycle, the reader
is referred to part 1.

The model for land ice sheets, whose slow evolution
provides the 100 kyr timescale in our model, is zon-
ally symmetric and assumes perfect plasticity, so that
its height is assumed parabolic in latitude [Weertman,
1976; Ghil, 1994]. The ice sheet grows owing to pre-
cipitation in the polar boxes, assumed to be distributed
evenly in the box. Ice sheets can decrease as a result
of ablation, ice runoff, and calving processes. The tem-
perature dependency of ablation is assumed negligible
during the past 900 kyr [Huybrechts et al., 1991; Killén
et al., 1979.

In part 1 we used a constant sink term representing
ablation in the glacier mass balance equation. Owing
to the small effective heat capacity of land/glacier sur-
faces, summer insolation directly determines the sum-
mer temperature of these surfaces. This surface tem-
perature during June, in turn, determines the survival
of new snow accumulated during the past winter season
and also the melting at the glacier surface. High sur-
face summer temperatures lead to a significant melting
of new snow and of the upper glacier mass during the
summer season [Held, 1982). In order to parameter-
ize this effect of the summer Milankovitch forcing a lin-
ear sink term proportional to the summer radiation was
added to the land ice mass balance equation. This term
is, in effect, a linearization of the radiation-dependent
melting process. For the northern polar box this term
is

LlIsink = CLI + '7LI(S°la«rJune — Solaraye June), (1)

where CLI and 7y are constants (CLI = 0.087 Sv and
A1 = 0.00095 Svm? W) and Solarjune — Solarave June
is the anomaly in summer insolation in this box relative
to an average over the past 1,000,000 years.

The above parameterization is linear in the Milankov-
itch forcing and is therefore expected to induce a linear
response in the volume of the land ice sheets at the
timescales of 23 kyr and 41 kyr, consistent with the

. proxy records [Imbrie et al., 1992; Saltzman, 1990].
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Figure 2. Land ice extensions as a fraction of the northern

polar box for (a) annual, (b) seasonal, and (c) Milankovitch
model runs.

3. Seasonal Forcing

Figure 2 compares time series of sea ice and land
ice extents for the annual model of part 1 (Figure 2a)
and for the seasonally forced model (Figure 2b) us-
ing present-day orbital parameters from Berger [1978].
Clearly, the glacial oscillation has the same structure
and, indeed, the same mechanism with and without
the seasonal cycle. The oscillation mechanism was de-
scribed in detail in part 1, and is now briefly summa-
rized on the basis of the seasonal model results (Fig-
ure 3). Starting from an interglacial, as the land ice
begins to grow from its minimum point (Figure 3a, year
120,000) the ocean is ice-free (Figure 3b), and the atmo-
spheric and oceanic temperatures in the northern box
are rather mild (Figures 3c and 3g). The amount of pre-
cipitation enabling glacier growth exceeds the ablation,
melting, and calving term (Figure 3f), and therefore the
glacier gradually grows. The resulting slow increase in
land albedo slowly reduces the temperature of the at-
mosphere (Figure 3c) and of the ocean (Figure 3g) in
the corresponding polar box. When the ocean sea sur-
face temperature (Figure 3g) reaches the critical freez-
ing temperature (year 45,000), sea ice starts to form
very rapidly (Figure 3b). The creation of sea ice fur-
ther increases the albedo, induces a further reduction
of atmospheric temperature, and results in the creation
of more sea ice (positive feedback). In < 20 years, al-
most the entire polar box ocean surface is covered by
sea ice. Sea ice stops growing when it isolates enough
of the ocean from the cold atmosphere, reducing the
air-sea cooling that leads to the sea ice formation. At
this value of the sea ice cover the sea ice stops growing
because there is a balance between the reduced atmo-
spheric cooling of the polar ocean box and the merid-
ional heat transport carried by the thermohaline circu-
lation (THC) toward the same polar ocean box. The
sea ice “switch” is now turned to “on.”

At this stage, the average global temperature is at
its lowest point, sea ice and land ice sheet extents are
maximal, and the system is at a glacial maximum. Be-

cause of the low polar box atmospheric temperature
(Figure 3c, year 45,000), there is a large decline in pole-
ward moisture flux, which is about half its maximum
value. Similarly, the sea ice cover limits the moisture
extraction by evaporation from the polar ocean box and
further reduces the corresponding snow accumulation
over the land ice. As ablation and glacier runoff pro-
ceed as before, being less sensitive to temperature than
precipitation, the glaciers start retreating. The land
albedo decreases again, and the atmospheric tempera-
ture rises slowly. This is the beginning of the termina-
tion stage of the glacial period. The upper ocean in the
polar box is at the freezing temperature as long as sea
ice is present. However, once the deep ocean warmed
enough to allow the upper ocean to warm as well, the
sea ice melts within ~ 40 years. (Similar rapid retreat
of sea ice may have occurred at the end of the Younger
Dryas [Dansgaard et al., 1989]). The sea ice switch is
now turned to “off,” the temperature of both the atmo-
sphere and the ocean are at their maximum values, and
the system is at an interglacial state, having completed
a full glacial cycle. )

The glacial oscillation in our model is a nonlinear re-
laxation oscillation. On the basis of the insight we have
obtained into the oscillation mechanism, we have for-
mulated a simple argument for the 100 kyr timescale
[Gildor and Tziperman, 2000] which we briefly repro-
duce here. Let the variable part of the land glaciers have
a volume AV. Assume (closely approximating the solid
line in Figure 3f) that the glacier is fed at either a max-
imum accumulation rate Mpyax (during an interglacial
period) or at a minimum rate Mp,in and further assume
a constant ablation sink rate S. The total timescale of
a complete cycle is then

AV AV
T = Thuildup T Tdeglaciation = (M — S) + (S’ - Mo )
max min

For reasonable choices of the different parameters, one
obtains 7 & 100 kyr, and the minimum of 7 as func-
tion of the sink amplitude is ~ 50 kyr and occurs for
a symmetric oscillation (Tyuildup = Tdeglaciation); When
S = (Mmax + Mmin)/2. Note that a strait forward lin-
ear timescale gives Minear = AV/Mmpmax =10 kyr only.
While the glacial oscillation mechanism is unchanged
from the annually forced model of part 1, the season-
ally varying forcing induces seasonal variations in all
model variables as shown in Plate 1. Plate 1a shows
that during the glacial termination periods, when the
sea ice switch is “on,” the sea ice cover undergoes a
strong seasonal cycle. Proxy observations [de Ver-
nal et al., 1997; Climate: Long-Range Investigation,
Mapping, and Prediction Project, 1976; Weinelt et al.,
1996) indicate that, indeed, while the winter sea ice
cover during the maximum glacial (18 kyr B.P.) was
fairly extensive (down to as south as 40°-45°N), much of
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Milankovitch forcing
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Plate 1. The evolution of seasonal cycle in a few key variables during the glacial cycle for the seasonally
forced run (left) and Milankovitch forced run (right) as function of month and time during the glacial
cycle. (a,d) Meridional sea ice extension in the northern polar box, (b,e) Sea surface temperature (SST)
in the northern polar box (°C), and (c,f) atmospheric temperature in the northern polar box (°C).
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Figure 3. Annual mean results from a seasonally forced
model run without Milankovitch forcing, showing (a) north-
ern land ice extent as a fraction of the polar land box area;
(b) northern sea ice extent as a fraction of polar ocean
box area, (c) northern atmospheric temperature (°C), (d)
midlatitude atmospheric temperature (°C); (e) salinity in
the northern upper polar box (ppt), (f) source term (solid
line) and sink term (dash line), for northern land glacier
(10°m?~1), (g) temperature in the northern upper polar
ocean box (°C), and (h) Thermohaline circulation (THC)
through the northern polar boxes (10°m3s~1).

this ocean area was ice-free during the summer months.
This is clearly the situation also in our model. In our
box model the effects of the sea ice on the moisture
source (snow accumulation) for the glaciers (not shown)
implies that the moisture source during the glacial ter-
mination phase is large during the summer when the sea
ice cover is small, and small during the winter months
when the sea ice cover is fuller. In reality, however, it
is more likely that most of the accumulation over the
glaciers occurs due to winter storms. In this, the winter
sea ice during the termination phase will act to shut off
this source by redirecting the storm track and reducing
evaporation from the ocean, while the summer mois-
ture flux will also be small owing to the lack of such
storms. This would result in an even more complete
shutoff of the moisture source during glacial termina-
tion and thus in a yet shorter termination phase than
seen in our model.

The existence of sea ice during the termination phase
implies in our simple model that the SST in the po-
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lar box is at the freezing temperature at that time
(Plate 1b). Right after the sea ice switch turns to “off”
(116 kyr), a seasonal cycle develops in the SST, and
this seasonal cycle is superimposed on the general cool-
ing trend during the slow growth of the land glaciers
(116-38 kyr).

The seasonal cycle in the model sea surface salinity
(SSS, not shown) is very weak away from the termina-
tion phase, and one can only see the general trend in
SSS due to the freshwater flux from the ocean to the
land glaciers. However, when sea ice is present, its sea-
sonal cycle forces also a seasonal cycle in the SSS via
the processes of brine rejection during sea ice freezing
and freshwater release during melting.

The seasonal cycle in the midlatitude atmospheric
box temperature (not shown) is fairly uniform through-
out the glacial-interglacial cycle, apart from a small (~
1°) shift toward colder temperatures during the termi-
nation phase when the polar ocean is ice-covered. The
evolution of the seasonal cycle amplitude in the north-
ern polar atmospheric box (Plate 1c) is more dramatic
because during the termination stage the seasonal cy-
cle of the sea ice induces a larger seasonal cycle in the
atmospheric temperature via its albedo effect.

In the southern polar box, sea ice covers most of the
ocean surface throughout the year, and the seasonal cy-
cle in sea ice and SST is weaker than it should be during
the whole glacial cycle (not shown). The climate signal
of the Northern Hemisphere glaciations transfered to
the Southern Hemisphere in our model is probably too
weak, perhaps owing to the lack of variable global sea
level and atmospheric CO5 concentration in the current
version of the model.

4. Milankovitch Forcing

We now proceed to examine the effects of Milankovit-
ch forcing on the glacial cycle in our model. Figure 2c
shows a 1 million year time series of Northern Hemi-
sphere land ice volume from a Milankovitch-forced run,
showing the same features of an asymmetric sawtooth
structure with a roughly 100 kyr timescale, as seen in
the annual and seasonal runs (Figures 2a and 2b).

Figure 4 presents an annual mean time series of key
model variables for the last 200 kyr period of Milan-
kovitch-forced run. A comparison to Figure 3 for the
seasonal run demonstrates that the basic mechanism of
the 100 kyr oscillation is unchanged from the annual
and seasonal models with no Milankovitch solar vari-
ations. The higher frequencies of 41 kyr and 23 kyr
are now superimposed on the dominant 100 kyr cycle.
These timescales in the land ice sheet come from the
Milankovitch-dependent sink term (1) and propagate
to other model variables as well.

The results of an experiment in which the Milankovi-
tch solar variability affects only the incoming radiation
into each of the atmospheric boxes but does not enter
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Figure 4. Annual mean results from the Milankovitch-
forced seasonal run: same diagnostics as in Figure 3.

the land ice sink term are presented in Figure 5. The 23
and 41 kyr time scales’ variability is significantly weaker
than that observed in proxy records. The 23 kyr and
41 kyr cycles appear in this model experiment only in
variables such as midlatitude atmospheric temperature,
which are forced directly by insolation changes. Thus
the effect of Milankovitch solar variability on annual
mean climate variables is clearly via the mass balance
of the land ice sheets rather than by affecting the at-
mospheric temperature directly.

The seasonal variations of key model parameters dur-
ing a complete glacial cycle from the Milankovitch-
forced run (from 200 kyr B.P. to present day) are shown
on the right of Plate 1. Besides the seasonal cycle seen
in the seasonally forced case without Milankovitch so-
lar variations (Plate 1, left), a 23 kyr modulation in
variables affected directly by solar radiation (e.g., at-
mospheric temperature (Plate 1f)) can be easily seen.
Because of gradual weakening of the 23 kyr amplitude
in Milankovitch forcing during the past 50 kyr or so [see,
e.g., Imbrie et al., 1993, Figure 1), the 23 kyr modula-
tion has a stronger amplitude from 200 kyr to 60 kyr
ago than during the past 60 kyr.

Figure 6a shows the power spectra of the northern po-
lar box land ice extension for the annual (dashed line),
seasonal (doted line) and Milankovitch (solid) runs for
periods larger than 10 kyr. The model was run us-
ing Milankovitch varying solar forcing for six different

initial conditions for the northern polar land ice exten-
sion (see below). The spectrum for the Milankovitch
runs (solid curve in Figure 6a) is based on an aver-
age of these six time series of one million years each,
with sampling every 200 years. The seasonal and an-
nual spectra are based on a single one million year time
series each. Each spectral estimate was calculated using
time series sections of 409,600 years, with a 50% overlap
and a Hanning window. Sampling the time series every
10 years leaves the spectra unchanged; the means have
been subtracted from all time series prior to calculating
the spectra.

Interestingly, the spectral peak at 100 kyr in the Mi-
lankovitch forced run is lower and wider than in the sea-
sonal and annual runs. This seems to be because the Mi-
lankovitch variations in the solar radiation tend to delay
or shorten the occurrence of glacial terminations, de-
pending on the relative phase of the land ice and the Mi-
lankovitch forcing (see below). This makes the period
of the glacial-interglacial cycle less uniform than in the
run without the Milankovitch forcing, hence the weaker
and wider 100 kyr peak in Figure 6. Proxy records also
show that the interval between terminations is not con-
stant, ranging from 80 to 120 kyr [Raymo, 1997).

While the Milankovitch forcing may be too weak at
100 kyr to account for the observed climate signal at this
frequency, Milankovitch forcing still affects the charac-
teristics of the 100 kyr cycle through nonlinear phase
locking by acting as a pacemaker [Saltzman et al.,
1984; Imbrie et al., 1998]. Figure 7 shows the land ice
sheet extent as a function of time for six Milankovitch-
forced runs starting from different initial conditions for
the northern polar ice sheet extent, with all other initial
conditions, forcing, and model parameters being iden-
tical. After a while, all runs converge into a single time
series. Figure 8 shows that the agreement between the
global ice volume from one of these experiments with
the SPECMAP 6180 data [Imbrie et al., 198/] is quite
reasonable.

The model glacial-interglacial oscillation is clearly
phase locked to the orbital variations through a nonlin-
ear mechanism [Ghil, 1994; Saltzman et al., 1984; Pail-
lard, 1998]. Because the amplitude of the Milankovitch
forcing in a given frequency band changes with time

0.4
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Figure 8. Land ice extent from a run with Milankovitch

forcing included only in the incoming solar radiation but not
in the glacier ablation/sink term.
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[Imbrie et al., 1998, it is not possible in the present
model to clearly indicate which of the Milankovitch fre-
quencies (or which combination of these forcing frequen-
cies) is responsible for the phase locking of the 100 kyr
cycle. This is in contrast to the alternative mechanism
of Ghil and colleagues [Kdllén and Ghil, 1979; Le Treut
and Ghil, 1983] in which a specific combination of Mi-
lankovitch frequencies of 19 and 23 kyr is proposed to
be responsible for the 100 kyr glacial oscillation.
Glacial terminations in our model start when the sea
ice switch is on, whenever the ocean temperature de-
creases to the critical freezing temperature. Several
mechanisms may lead to such a cooling. One is a lower
northern summer insolation (due to Milankovitch vari-
ations). Another mechanism, more dominant in the en-
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0.3
0.2
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Figure 7. Six model runs forced by Milankovitch forcing
and starting from different initial extensions of the northern
box land ice.

(a) Power spectrum of land ice extension variation in the Milankovitch run (sol.id .line.),
and seasonal run (dotted line). (b) Power spectrum of June solar radiation in

ergy balance of the northern atmospheric polar box of
our model and hence in setting the ocean temperature,
is the land ice sheet through its albedo effect. This is
consistent with the finding of Felzer et al. [1996] based
on a GCM study.

This dominancy of the ice sheet albedo effect in the
energy balance of the atmospheric boxes leads to a spe-
cific physical mechanism for the phase locking of the
glacial oscillation to the Milankovitch insolation varia-
tions. When the ice sheet has matured and its albedo
has cooled the climate significantly, the SST is not far
from its freezing point. At this stage a relatively small

SPECMAP Vs. MODEL

-2
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600 500 400 300 200 100
Kyr
Figure 8. Comparison between the (normalized) global ice

volume from the model run (thin line) and SPECMAP 6 0
curve (thick line).

0
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Figure 9. Model land ice and June solar radiation anomaly

for the last 400 kyr showing the tendency of deglaciations
to initiate during low Milankovitch solar radiation phase.

reduction in rate of ablation due to Milankovitch inso-
lation changes leads to further glacier growth; this can
induce the small cooling needed for the development of
a sea ice cover and thus lead to an early glacial termi-
nation. Similarly, a high insolation and therefore high
ablation can reduce the ice sheet extent and delay the
sea ice growth and the deglaciation. This insight also
leads to a prediction, based on our model results, of
the expected relative phase of Milankovitch forcing and
the glacial terminations. That is, we expect the sea ice
switch to turn to on and a deglaciation to begin when
the Milankovitch insolation in the Northern Hemisphere
is at a low phase. This is consistent with the suggestion
of Raymo [1997], based on various proxies, that glacial
terminations start during cold summers induced by the
Milankovitch forcing. Figure 9 shows that, indeed, in
our model the onset of glacial terminations (Figure 9a)
tends to occur during a cold summer phase of the Mi-
lankovitch forcing (Figure 9b).

Finally, let us consider the transition from a 41 kyr
glacial cycle to a 100 kyr glacial oscillation about one
million years ago [Ruddimaen and Raymo, 1988]. It has
been suggested that this change was induced by a gen-
eral cooling due to a slow CO; decline due to tectonic

activity [Raymo, 1998; Saltzman, 1987; Salizman and

Verbitsky, 1994; Maasch and Saltzman, 1990] or by a
gradual increase of the total ice sheet volume [Ghil and
Childress, 1987). Our sea ice switch mechanism can in-
corporate such a scenario, as follows.

We assume that prior to the climate transition of one
million years ago the warmer climate did not allow for
a significant sea ice cover to develop. As a result, the
sea, ice switch mechanism was deactivated, and glacial
oscillations were only the result of the linear forcing of
the Milankovitch variability affecting the land ice sink
term (1). Then, at about 700 kyr ago, the slow climate
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cooling for one of the reasons mentioned above allowed
the sea ice cover to expand more substantially. This al-
lowed the sea ice to exert a more significant influence on
the hydrological cycle and on moisture extraction from
the polar ocean and started the 100 kyr oscillation de-
scribed above. Figure 10 shows the northern land ice
extent in a model run for the past 1.4 million years un-
der Milankovitch forcing, in which we have restricted
the sea ice cover to 0.05 of the northern polar box un-
til 700 kyr ago and then let it vary freely. The results
indeed show that the oscillation was dominated by the
23 and 41 kyr frequencies prior to the activation of the
sea ice switch. This model time series is roughly sim-
ilar to proxy records from the early Pleistocene period
[Prentice and Matthews, 1988] and serves as another in-
dication that the sea ice switch mechanism may indeed
play a significant role in the glacial dynamics as well as
in the climate transition of around 700 kyr ago.

5. Conclusion

In this paper we have examined the interaction of
the 100 kyr glacial oscillation due to the sea ice switch
mechanism [Gildor and Tziperman 2000] with seasonal
and Milankovitch forcing. In the work of Gildor and
Tziperman [2000], referred to as part 1 throughout the
text, the analysis of this sea ice switch mechanism of the
glacial-interglacial oscillations has lead to the develop-
ment of a heuristic argument for the 100 kyr timescale
which was also briefly described in section 3. Part 1
also analyzed the sensitivity of this oscillation to vari-
ous model parameters and has extensively discussed the
robustness of the model results in view of the coarse
resolution of our box model; it should be noted that
this model, while simple, is still significantly more de-
tailed than previous models applied to the same prob-
lem. Gildor and Tziperman [2000] have also discussed
quite extensively the agreement and disagreement be-
tween various proxy data sets and the model results.
We briefly note here that our model predicts that the
onset of the land deglaciation should correspond to a
larger sea ice cover, and hence a colder period. Indeed,
Bard et al. [1996] showed evidence that a freshwater

400 1200 1000 800 600 400 200 O
Year (Kyr)

Figure 10. Model northern land ice extent for a run em-

ulating the transition from the warmer climate of the early

Pleistocene period over 700 kyr ago by limiting the sea ice

cover to 0.05 of the polar boxes area until 700 kyr, when the
sea ice is made free to evolve.
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pulse due to land deglaciation seem to have occurred
within a cold event that followed the initiation of the
Bglling/ Allergd warm period. The interested reader is
referred to part 1 for additional details.

The oscillation’s mechanism, timescale, and asym-
metric sawtooth shape were shown in this paper to re-
main basically the same in the presence of the seasonal
and Milankovitch variations in the solar radiation. Still,
we have shown that the Milankovitch forcing plays an
important role in linearly forcing the 23 and 41 kyr cli-
mate responses through the control of land ice melting
by the Northern Hemisphere summer radiation. These
frequencies, in turn, were shown in our model to phase
lock the 100 kyr glacial-interglacial oscillation [Saltz-
man et al., 1984; Paillard, 1998]. The phase-locked
model simulation of the land ice extent compares favor-
ably with the SPECMAP time series.

On the basis of our model results we have given a
simple argument according to which the onset of glacial
terminations needs to occur during cold summers, in-
duced by Milankovitch cold summer insolation, consis-
tent with the data analysis of Raymo [1997]. We have
also shown that the presence of Milankovitch forcing
and its effect on the onset of glacial terminations in-
duced a variable period of the glacial-interglacial os-
cillation. This variable period induces a widening and
weakening the spectral peak of the 100 kyr oscillation
relative to the model runs without Milankovitch forc-
ing. Our heuristic explanation for the 100 kyr timescale,
which is based on our understanding of the sea ice
switch mechanism (section 3), is based on an assumed
constant glacier ablation sink term. In the presence of
Milankovitch variations the sink term is no longer con-
stant, leading to the observed changes in the glacial-
interglacial timescale.

We have also examined the seasonal variation in the
various model variables, such as oceanic and atmo-
spheric temperatures and sea ice cover as well as the
changes in the seasonal cycle during different phases
of the 100 kyr cycle. The generally reasonable ampli-
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