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Abstract. A box model of the ocean-atmosphere-sea ice-land ice climate system
is used to study a novel mechanism for self-sustained oscillations of the climate

system on a time scale of 100,000 years, without external forcing. The oscillation
in land ice volume has the familiar sawtooth shape of climate proxy records. The
most novel aspect of the climate oscillations analyzed here is the crucial role played
by the sea ice. The sea ice acts as a “switch” of the climate system, switching it

from a growing land glaciers mode to a retreating land glaciers mode and shaping
the oscillation’s sawtooth structure. A simple explanation of the 100-kyr timescale
is formulated on the basis of the mechanism seen in the model. Finally, rapid sea
ice changes such as those seen in our model, and their drastic effects on the climate
system, may provide an explanation to some of the rapid climate changes observed

to be a part of the variability at all timescales in the paleorecord.

1. Introduction

Earth’s climate undergoes variations on a wide range
of timescales, from seasonal and interannual to glacial-
interglacial and beyond, as can be seen in a variety
of proxy records from ice cores, ocean sediments, and
other sources [Kerr, 1998; Bender et al., 1997; GRIP-
Greenland Ice-Core Projects Members, 1993]. Some of
the more distinctive features in these records are a pro-
nounced timescale of 100,000 years (100 kyr), with ad-
ditional weaker spectral peaks at 40, 20, and 10 kyr, and
an asymmetric sawtooth structure (the slow buildup of
the land glaciers and the relatively abrupt melting) as
can be seen, for example, in marine records of 630
[Imbrie et al., 1984] or in ice core records [Petit et al.,
1999; Bender et al., 1997]. The (weak) consensus is
that the variability on the timescale of 100 kyr resulted
from nonlinear self-sustained internal oscillations of the
climate system (possibly relaxation oscillations) paced
by orbital forcing (see reviews by Imbrie et al. [1993],
Crowley and North [1991], Ghil [1994], Saltzman [1990],
and Imbrie et al. [1992] and references therein). Exter-
nal forcing such as volcanism and changes in solar ac-
tivity may have acted to modulate or randomize these
internal oscillations but are thought to be too weak
to account for the observed amplitude of the 100-kyr
variability. In spite of much progress, it is probably
fair to state that the source of the dominant 100-kyr
timescale, the typical asymmetric sawtooth pattern of
glacial-interglacial climatic variability, and the mecha-
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nism of observed rapid climate transitions [Lehman and
Keigwin, 1992; Bender et al., 1997] still lack a satisfac-
tory detailed physical mechanism [Raymo, 1998].
There have been several proposed mechanisms for the
100-kyr timescale. A nonlinear transfer of energy from
the Milankovitch forcing at higher frequencies to the
100-kyr timescale was invoked by Le Treut and Ghil
[1983]. Isostatic adjustments of the lithosphere under
the weight of the glacier [Oerlemans, 1982] was also
suggested as a source of the 100-kyr cycle, although
this adjustment is generally believed now to be too fast
to account for the 100-kyr cycle (yet too slow to ac-
count for the rapid climate transitions observed in proxy
records). Saltzman and Sutera [1984] obtained 100-kyr
cycles with the sawtooth structure in a model represent-
ing ice sheets, adjoining marine ice and ocean. Saltz-
man and Maasch [1988] obtained a 100-kyr cycle due to
a parameterized feedback between the ice sheets, ocean
and atmospheric CO,. Watts and Hayder [1984] used
an energy balance model (EBM) coupled to an ice sheet
model. They have postulated an enhanced ice sheet col-
lapse during deglaciation through glacier calving due to
the rising of sea level and obtained a 100-kyr cycle.

Rapid climate transitions seen in the paleorecord of-
ten last less than a few decades. This was previously
explained by instabilities of the thermohaline circula-
tion [Broecker and Denton, 1989; Paillard, 1998] or by
ice sheet instabilities [Pollard, 1983; Watts and Hayder,
1984; Imbrie et al., 1993]. General circulation mod-
els (GCM) [Manabe et al., 1991; Manabe and Stouffer,
1988; Tziperman, 1997; Rind et al., 1989] and simpler
models [DeBlonde and Peltier, 1993; Peltier and Mar-
shall, 1995] show that a thermohaline circulation (THC)
instability or multiple equilibria do not have the global
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effect that is likely to explain glacial-interglacial transi-
tions. Similarly, Peltier and Marshall [1995] concluded
that marine-based ice sheet instability was unable to in-
duce rapid glacial termination in their coupled EBM/ice
sheet climate model. Gallée et al. [1992] found that
a specified decrease in the albedo of aging snow dur-
ing deglaciation induced rapid glacial termination in
their model. Similarly, Peltier and Marshall [1995] at-
tributed the rapid deglaciation to albedo variations due
to dust loading. A satisfactory detailed mechanism of
the rapid climate transitions is still missing.

The models used in order to understand the variabil-
ity of Earth’s climate system range from simple energy
balance models coupled to ice sheet models [ Weertman,
1976; Pollard et al., 1980; Watts and Hayder, 1984,
Ghil, 1994; Birchfield et al., 1994; Peltier and Marshall,
1995; Sakai and Peltier, 1997; Suarez and Held, 1976]
through intermediate models [Ganopolski et al., 1998;
Weaver et al., 1998] and up to general circulation mod-
els [Manabe and Broccoli, 1985; Kutzbach and Guetter,
1986; Rind et al., 1989; Bush and Philander, 1998]. Ow-
ing to their large computer time requirements, GCMs
have been used only for simulating ice age climate as
an equilibrium response to prescribed glacial conditions
and orbital parameters. The time-dependent nonequi-
librium response of the climate system and the mech-
anism of onset or termination of an ice age are there-
fore often investigated by using much simpler models
which enable the investigation of lag effects and non-
linear interactions between the climate system compo-
nents. These simple model studies helped to elucidate
the role of many processes in the climate system.

In this paper we use a simple zonally averaged box
model of the ocean-atmosphere-sea ice-land ice climate
system to propose a novel mechanism for climate os-
cillations on a timescale of the order of 100 kyr, with
an asymmetric sawtooth structure and without exter-
nal (i.e., Milankovitch) forcing. We also propose a sim-
ple derivation for the 100-kyr timescale based on the
proposed oscillation mechanism. The model includes
representations of the ocean meridional thermohaline
circulation, the atmospheric temperature and humid-
ity feedback, the land glaciers, and the sea ice. The
glacial-interglacial oscillations in our model occur ow-
ing to the combination of the ice albedo and a variant
of the precipitation-temperature feedback [Kdllén et al.,
1979; Ghil et al., 1987; Ghil, 1994]. The precipitation-
temperature feedback suggests that the increase in ac-
cumulation rate of snow over land glaciers due to a tem-
perature increase outweighs the corresponding increase
in ablation and melting. Indeed, many proxy records
show an increase in accumulation rate during warmer
periods [Cuffey and Clow, 1997; Alley et al., 1993; Lo-
rius et al., 1979]. It is more difficult to estimate the
effect of temperature increase on the rate of ablation, as
it is very difficult to evaluate the terms contributing to
the mass balance of an ice sheet even for present-day cli-
mate [Paterson, 1994]. Modeling studies of the response
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of the Antarctic ice sheet to greenhouse warming sug-
gest that for a temperature increase of up to 5.3°C from
present-day temperatures, the increased accumulation
still dominates the increase in ablation [Huybrechts and
Oerlemans, 1990]. The Greenland ice sheet seems more
sensitive to global warming, but for colder climate than
today’s, the precipitation-temperature feedback is ex-
pected to work there as well [Huybrechts et al., 1991,
Figure 3]. Other studies suggest that this feedback may
also work in the context of future warming due to CO.
increase [Miller and de Vernal, 1992; Ledley and Chu,
1994].

Previous model studies using atmospheric GCMs [Kri-
nner and Genton, 1998; Charles et al., 1994; Hall et al.,
1996] as well as proxy records [Kapsner et al., 1995]
have shown that the change in accumulation rate over
land glacier are a result of a combination of the tem-
perature effect on the moisture holding capacity of the
air and atmospheric circulation changes. A significant
part of the precipitation (20%) on the glaciers (Green-
land, for example) comes locally from the Norwegian
and Greenland seas [Charles et al., 1994]. Further stud-
ies of proxy records have shown that such temperature
and atmospheric circulation changes may have occurred
over a very short period of less than 20 years and suggest
that rapid change of the sea ice cover in the North At-
lantic Ocean may have been the cause of these changes
[Dansgaard et al., 1989; Taylor et al., 1993]. Further-
more, very recent proxy records show that sea ice has
extended during the last glacial maximum as far south
as 45°N-50°N in the North Atlantic Ocean, which is a
much more extensive cover than that of present day [de
Vernal and Hillaire-Marcel, 2000]). This extensive sea
ice cover during the last glacial maximum is critical in
affecting the atmospheric circulation as hinted in the
above proxy and model studies not only due to its ex-
tensive area coverage, but also due to its location near
the glaciers of North America and northern Europe. Fi-
nally, the evidence on the extensive sea ice coverage
during the last glacial maximum is not restricted to the
North Atlantic Ocean, but also includes the North Pa-
cific Ocean [de Vernal and Pedersen, 1997] which may
also have controlled the transport of humidity to the
North American glaciers.

The most novel and crucial aspect of the mechanism
proposed here for the glacial-interglacial cycles involves
the major role played by the sea ice, in accordance with
the above proxy and atmospheric GCM evidence. The
sea ice in our model acts as a “switch” of the climate
system, switching it from a growing land ice mode to a
retreating land ice mode and shaping the oscillation’s
structure. This is done through the effects of the sea
ice on snow accumulation over land glaciers, via the sea
ice effects both on the atmospheric meridional moisture
transport and on the evaporation from the high-latitude
ocean. The proposed mechanism resembles the “mois-
ture initiators” climate theories [Ruddiman and McIn-
tyre, 1984; Stokes, 1955; Donn and Ewing, 1966; Rud-



GILDOR, AND TZIPERMAN: SEA ICE CLIMATE SWITCH AND GLACIAL CYCLES

diman and Mclntyre, 1981], according to which climate
changes are caused by variations in the atmospheric
moisture flux to high-latitude land masses. Ruddiman
and McIntyre [1981] suggested that an increase of sum-
mer insolation has started the deglaciations, which in
turn caused a flow of cold water into the ocean, resulting
in an increased sea ice cover. In our mechanism, in con-
trast, the creation of sea ice precedes the deglaciation,
and Milankovitch forcing is not needed for the oscilla-
tion to exist. Some previous simple dynamical mod-
els were able to fit available proxy records quite well
le.g., Saltzman and Sutera, 1984; Paillard, 1998]. The
present model, being more detailed, represents more ex-
plicitly the dynamics and interaction between different
components of the climate system. It therefore predicts
a more detailed and specific sequence of events which
can be verified or falsified by using new sea ice proxies
that are expected to be available in the near future.

It should be clear that the purpose of the model
used in this paper, being highly idealized and neglect-
ing zonal variations, is only to explore a limited set of
feedbacks rather than produce a realistic simulation of
the glacial cycles. The model fails to reproduce, for
example, the synchronous deglaciation of the South-
ern Hemisphere, and the temperature variations are not
necessarily in full agreement with available proxies. Nu-
merous physical feedbacks are ignored and others are
rather poorly represented. In spite of these obvious
shortcomings of our idealized model, we feel this model
has captured some potentially important and interest-
ing feedbacks of the sea ice role in the glacial-interglacial
cycles. The take-home message of this model study is
that sea ice feedbacks may act as climate switches and
may participate in shaping some of the features of the
observed past climate variability. In a subsequent paper
[Gildor and Tziperman, 2000] we take into account the
effects of seasonality in particular and of the variation of
other orbital parameters in general (Milankovitch forc-
ing). We demonstrate there that while the seasonal and
orbital forcings can pace the 100 kyr oscillation in our
model and make it more realistic looking, they do not
change its mechanism as presented and analyzed in this
paper. It is therefore important to understand that the
~ seasonality and Milankovitch forcing are not responsi-
ble for the 100-kyr oscillation mechanism we propose
here, and one of the objectives of the present paper is
to demonstrate this explicitly.

The outline of this paper is as follows. Section 2
describes the model, section 3 is devoted to analyzing
the glacial oscillation mechanism and to formulating a
simple argument for the 100-kyr timescale. The model
sensitivity to its key parameters is presented in section
4, and we conclude in section 5.

2. Model Description

Our coupled meridional box model, schematically
shown in Figure 1, is composed of ocean, atmosphere,

(a)
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land ice
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Figure 1. Box model (a) meridional cross section with
shaded regions representing sea ice cover; (b) top view.

“sea ice, and land ice models. The ocean model (sec-
tion 2.1) includes four surface boxes and four deep
boxes and represents both hemispheres. The two po-
lar boxes represent the regions between 45° and the
poles, while the two midlatitude boxes include the re-
gions between the equator and 45°. The polar boxes
may be covered with sea ice of a variable extent (sec-
tion 2.1). The atmospheric model (section 2.2) is di-
vided into four boxes, representing the same latitude
bands as the ocean boxes. Each atmospheric box may
have four types of lower surfaces: ocean, land, land ice,
and sea ice, each with its specified albedo. The land
part in the polar boxes may be covered by glaciers of
a variable area (section 2.3). All model parameters are
given in Table 1. All prognostic equations are solved
by a leapfrog scheme in time, using a uniform time step
for all variables. A Robert time filter with v = 0.25 has
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Table 1. Parameters Used in the Model

Parameter, Units

Value

Ocean Model
Ly, Ls, 10°m 4.15,10.,10.,4.15
r, 8" 3.x 1074
po, kgm™3 1028.
Ky, m?2s?! 3.5x 1074
K,,ms™! 4.2 x 1078
Duppera m 400
lower, m 4000
T, 8 8.7 x 107
Cpw, J kg™ °K 4180.
Sea ice Model
Dsea‘ice, m 2.
Y, m 0.05
Cpuw, Jhg ' K} 4180.
Psea-ice, kg m_3 917.
Tsea~ice; 8 2.6 x 106
Lf, Jkg™* 3.34 x 10°
Atmospheric Model
W1, -+, Wa, 10" m 1.8,1.8,18, 1.8

fri, - fra 0.5, 0.2, 0.35, 0.5
Qland-ice, O'sea~ice; Xland, Qlocean; Ccloud  0.85, 0.65, 0.20, 0.07, 0.30
R, JKgT'K™! 287.04
Cp, JKg 1K1 1004.
Qs, Wm™? 342.
Piw1,y Prua 0.58, 0.56, 0.54, 0.626
Ky, s~ K2 15.5 x 10%°
Kng, m*s 1 K™! 5.4 x 108
K, més7! 3.3 x 108
A, Pa 2.53 x 10!
B, K 5.42 x 10°
Land ice Model
LlIsink4, Sv 0.076

been used in order to suppress the leapfrog 2AT mode
[Haltiner and Williams, 1980].

2.1. Ocean and Sea Ice Models

The ocean model is a fairly standard meridional box
model similar to those used in many previous studies
[Stommel, 1961; Tziperman et al., 1994]. The north-
south lengths of the oceanic boxes (Ly, - -, Lg) are the
same as those of the atmospheric boxes above them.
The width of the ith ocean box is (1 — fr;)W;, where
fri and W; are the land fraction and width of the ith at-
mospheric box. The thickness of the upper ocean boxes
is Dypper, While that of the lower ones is Diower. The
model dynamics include a simple frictional horizontal
momentum balance and are hydrostatic and mass con-
serving. Advection and diffusion of temperature and
salinity are balanced by surface fluxes. The equation
of state is the full nonlinear equation recommended by
UNESCO [1981]. Under these assumptions, the contin-
uous governing equations become

1 g

0 = ——P,— = 1
2 z pop ()
1

0 = ——P,—rv 2
Po Y @

0 = vy + w, (3)
4 Q%!.m + Qsiga-ice
St+ (vS)y + (wS), = KpSy+ K,S, (5)
+Qgtm + Q?Sea-ice + Q?nd-ice

The finite difference form is like that of Tziperman et
al. [1994]. In the above equations, (y,2) and (v,w) are
the (northward, upward) coordinates and velocities; P
denotes pressure; T and S are ocean temperature and
salinity, respectively; g is gravitational acceleration; pg
is a constant reference water density; r is a friction co-
efficient; Kj and K, are the horizontal and vertical
diffusion coefficients, respectively. Whenever the ver-
tical stratification is unstable, the vertical diffusion co-
efficient is made about 300 times larger than its value
for stable stratification (this larger value gives a mixing
time of 1 year for the upper polar box under unstable
stratification; the value for K, in Table 1 is for stable
stratification).

Q%™ is the heat flux between the atmosphere and the
ocean due to sensible, latent heat and radiative fluxes.
A Haney [1971] type parameterization is used for this
flux component over open ocean water, and the insulat-
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ing effect of sea ice of a thickness Dgeq-ice is included as
well [Walsh, 1982], so that

CpwDupper
Qatm — &0_&”__2139;(9_1’) {fow R — } , (6)
T Dsea-ice

where 6 is the atmospheric potential temperature and
Cpuw is the heat capacity of ocean water. The parameter
7 which has the dimension of time is chosen such that
the heat transport to the northern polar atmospheric
box by the ocean is around 2.3 PW during an inter-
glacial period; f,, and f,; are the fractions of open wa-
ter and sea ice cover in the box, such that fe,, = 1— fg.
The parameter «y represents the insulating effect of the
sea ice.

The freshwater forcing at the ocean surface is trans-
lated into an equivalent salt flux used to drive the ocean
salinity equation

Q%™ = —(P - E)S, (7)

where P—E is the precipitation minus evaporation (sec-
tion 2.2) and Sp is a constant reference salinity.

The heat and equivalent salt fluxes due to the for-
mation or melting of sea ice are given by Q55*°® and
Q¥*® in (4) and (5). When the temperature of the
water in the polar boxes drops below a specified criti-
cal temperature, 7°¢%7°® geg ice is formed. The heat
flux available then for the formation of sea ice is calcu-
lated by using a simple relaxation term using a short
timescale Tsea-ice,

Q%ga-ice — POprchcean (Tsea-ice -T), (8)

Tsea-ice

where Vycean is the volume of the oceanic box. When
the ocean temperature rises above 7€27® and sea, ice
is present, the available heat based on the same expres-
sion is used to melt the sea ice. The short timescale
used in the sea ice melting/freezing term ensure that
the ocean temperature remains very near (fraction of a
degree) to the freezing temperature as long as sea ice is
present. Sea ice thus melts/forms when the ocean tem-
perature is just slightly above/below the freezing point.
The heat flux Q52" is converted into the amount of
sea ice created or melted, by dividing it by psea-iceL 5
where pgea-ice is the density of sea ice and Ly is the la-
tent heat of fusion. The equation for the sea ice volume
is therefore

d(‘/;ea-ice) - Q%ea-ice
dt Psea-iceLf

+ P on-ice)

where Viea-ice is the volume of sea ice in the box and
Pyp-ice is the amount of sea ice buildup due to atmo-
spheric precipitation on the part of the ocean covered
with sea ice. Initially, as sea ice starts forming, its thick-
ness is assumed constant (1.5 m and 2 m in the southern
and northern polar boxes, respectively) until all the box
is covered with sea ice. As part of the sensitivity tests,
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we show that the model is not sensitive to the specified
thickness, as the main effects of sea ice are its albedo
and its insulating effect. In the experiments presented
below, the sea ice never covers the entire box area. The
formation and melting of sea ice in our model also affect
the salinity budget (5), through an equivalent salt flux,

Qgﬂea-ice

Q?a-ice —
Psea-ice L f

SO:

which represents brine rejection due to sea ice forma-
tion or freshwater flux due to sea ice melting. Finally,
Q'andice in (5) is the equivalent salinity flux due to abla-
tion of land ice under the same atmospheric box (section
2.3).

The dominant effect of the sea ice albedo feedback
in the Southern Ocean resulted in a fully sea ice cover
in the Southern Ocean when the ocean covers 80% of
the box area (the same proportion as in the real world).
This occurred because.a sea ice growth leads to a signif-
icantly increased albedo, therefore to atmospheric cool-
ing, and thus to further sea ice growth, until the South-
ern Ocean box is fully sea ice covered (ice albedo feed-
back). Some negative mechanisms should exist in the
real world in order to allow partially covered state. Pos-
sible mechanisms are enhanced vertical mixing, wind-
induced upwelling, and topographic effects, which are
missing in our simple model. A too high sensitivity to
the sea ice albedo feedback is common among many
models, including general circulation models [Ingram et
al., 1989]. We therefore have followed the example of
previous studies and have artificially increased the land
fraction in the southern box from 20% to 50% [e.g., Ha-
sumi, 1997]. This decreases the ocean area and there-
fore weakens the sea ice albedo effect and keeps the sea
ice from covering the entire box area.

2.2. Atmospheric Model

The atmospheric model roughly follows the models
of Marotzke and Stone [1995], Rivin and Tziperman
[1997], and Kagan et al. [1984]. The dimensions of the
atmospheric boxes and the land fractions are similar to
those used by Birchfield et al. [1982]. The averaged
potential temperature of each box is calculated on the
basis of the energy balance of the box, taking into ac-
count (1) incoming solar radiation (as in the case of
North and Coakley [1979]) using box albedo calculated
according to the relative fraction of each lower surface
type in the box, (2) outgoing longwave radiation at the
top of the atmosphere, (3) air-sea heat flux, and (4)
meridional atmospheric heat transport.

The heat equation in pressure coordinates is

diné
GT— =@

where Q is the heating rate per unit mass and
0 = T(PO/P)% is the potential temperature at pres-
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sure P, relative to a reference pressure P,; T is the air
temperature; R is the gas constant for dry air; and Cp is
the specific heat of the atmosphere at a constant pres-
sure. From the heat equation in pressure coordinates
we find df/dt = (1/Cp)0T~1Q. Taking the box model
potential temperature to represent the potential tem-
perature at 500 mbar and letting the reference level be
Py = 1000 mbar, we get /T = 28/Cr so that df/dt =
2R/C»Q/C,. Expressing the heating rate as the diver-
gence of a heat flux, F, such that Q@ = —(1/p)V - F
and integrating the heat equation over the volume of
an atmospheric box, we obtain

00 2F/Cr g
5 Poly *
[(Prop — Fsurface) + (Fimegia —

(9)
l‘t)ll(:ix;'id )] )

where Frop and Fsyrface are the heat fluxes at the top
of the atmosphere and at the surface, respectively, and
where Fit ., — FoUut. . is the net heating due to the
meridional heat flux between the atmospheric boxes.
Equation (9) is the averaged (over the box area a) heat
balance for a column of air extending from the surface
to the top of the atmosphere, with a cross section of
1m?2. Over land and land ice we assume no net heat
flux into the surface; so Fgurface is only the heat flux
between the ocean and the atmosphere, Q™.

Frop is composed of the incoming solar radiation Hipn,
between the latitudes ¢; and ¢y which define the at-
mospheric box boundaries, and the outgoing longwave
radiation Hgyt, for a box with a mean potential tem-
perature 6:

FTop Hin - Hout- (10)
Hy, = (1 - asurface)(l - acloud)R2E (11)
$2
* Qs cos pdpdA
[21
Howw = le0'94> (12)

where R is the radius of the Earth, acjouq is a specified
constant cloud albedo, and agyrface is the box albedo
which is calculated according to relative fraction and
the specified albedo of each surface type (and, Qland-ice;
Qoceans aNd Qgea-ice for land, land ice, ocean, and sea
ice, respectively). The albedo of each surface type is
assumed independent of time, neglecting, for example,
the differences between the albedo of old and new ice
[Gallée et al., 1992] or the zenith angle dependence. Qs
is the solar constant divided by four; o is the Stefan-
Boltzmann constant, and Py, is an emissivity coefficient
which in principle depends on humidity, cloud cover,
land cover and topography, aerosol, CO, concentration,
etc., and is therefore allowed here to vary from box to
box. Py, is taken here to be constant in time, neglect-
ing temporal variations of atmospheric humidity, COa,
and the aerosol concentrations. In principle, one ex-
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pects the emissivity to increase from glacial minima to
glacial maxima owing to the reduced water vapor con-
centration. Similarly, it may be expected that the cloud
cover is larger during interglacial periods, and thus the
cloud albedo should be larger at such times. The pre-
cise dependencies of the emissivity and cloud albedo on
the atmospheric temperature and humidity are clearly
unknown at this time, and we chose to assume that the
two effects cancel exactly, which is equivalent to assum-
ing constant emissivity and cloud albedo as we did. In
the current paper we force the model with annual mean
solar radiation, ignoring seasonal and orbital variations.
In a subsequent paper [Gildor and Tziperman, 2000], we
take into account the effects of seasonality in particular
and of the variation of other orbital parameters in gen-
eral (Milankovitch forcing). We demonstrate there that
while the seasonal and orbital forcing pace the 100-kyr
oscillation, they do not change its mechanism as pre-
sented and analyzed in this paper.
For the meridional heat transport Fineria we use [Chen
et al., 1995]
Freria = KgV#, (13)

where Ky is chosen such that the meridional heat trans-
port by the atmosphere between the two northern boxes
during an interglacial period is about 2.2 PW, close
to the present-day observed value [Peizoto and Oort,
1992]. In finite difference form, the meridional heat flux
between boxes 2 and 3, for example, takes the form

(62 — 63)

Freria = K0m~

Rather than using humidity as a prognostic variable, we
assume constant relative humidity of 0.7 [Manabe and
Strickler, 1964], so that ¢ = 0.7¢, and the saturation
humidity g, at a temperature T is calculated from an
approximate Clausius-Clapeyron equation

= AxeB/T

The meridional atmospheric moisture transport, Fg,
plays an important role in the temperature-precipitation
feedback which, in turn, is responsible for the glacial-
interglacial oscillations in our model. As was mentioned
above, proxy records [Cuffey and Clow, 1997; Alley
et al., 1993; Lorius et al, 1979] and GCMs [Charles
et al., 1994] clearly show that snow accumulation over
high-latitude glaciers is increased during warm periods,
sometimes by a factor of 4 and up to an order of mag-
nitude. This is probably the result of both tempera-
ture changes and changes in the atmospheric circulation
(such as southward shift of the storm track [e.g., Hall
et al., 1996; Ganopolski et al., 1998)).

Given the importance of the meridional atmospheric
moisture flux, we have run the model with several pos-
sible parameterizations for it. The most common choice
of Fyrg = Kmq|V6| Vg [Stone, 1972] was found in-
appropriate for studying the glacial-interglacial cycle:
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when entering a glacial period, the meridional temper-
ature gradient strengthens significantly, and the humid-
ity decreases; but the relatively small change in Vg is
dominated by the large increase in V6, such that the
poleward humidity flux increases rather than decreases
in a cold period. The alternative Farqg = Feria®q/0T,
where Finerig is the meridional atmospheric heat trans-
port (similar to Chen et al., [1995]), based on a lin-
earization of the humidity-temperature relation, is ap-
propriate for studying present-day climate variability
and even tends to increase the meridional moisture flux
during warm periods due to the nonlinearity of the
Clausius-Clapeyron equation. It seems, however, that
the physical mechanism of the temperature-precipitation
feedback should be related to the available atmospheric
humidity [Robin, 1977] rather than to the nonlinearity
of the Clausius-Clapeyron equation. Consequently, we
chose to parameterize the meridional atmospheric mois-
ture transport as
FMq =KMq|V0‘Qv (14)

where ¢ is the humidity of the box to which the humid-
ity flux is directed and the constant K is chosen such
that the meridional water transport between the two
northern boxes during an interglacial is about 0.38 Sv,
close to the present-day value [Schmitt, 1994]. The flux
is down the gradient of absolute humidity (determined
in the model uniquely by the temperature, as relative
humidity being assumed constant). This parameteriza-
tion brings into account both the meridional temper-
ature gradient which controls the strength of synoptic
scale motions and hence also the eddy moisture fluxes
and, more important, the ability of the box receiving the
moisture flux to actually hold and carry this moisture.
Note that if the temperature of the polar box is very
low (glacial period), its humidity g is correspondingly
low, and the box is not expected to be able to carry the
humidity flux from the boundary with the midlatitude
box toward the polar areas where the land glaciers are.
The freshwater flux between the boxes, transported by
atmospheric eddies, will therefore not be able to cross
the border between the midlatitude and polar boxes.
This effect is represented in (14) through the factor g
of the atmospheric box receiving the moisture flux.

The details of this parameterization are clearly not
easily justifiable on physical grounds, but note also that
the more commonly used parameterizations could not
produce the observed changes in snow accumulation at
high latitude during warm periods and therefore can-
not reproduce the glacial oscillations in our box model.
Because of the limitations of simple models such as the
present one (e.g., the zonal averaging and lack of atmo-
spheric dynamics), one needs to resort to such crude and
somewhat less justified choices. Perhaps future studies
with atmospheric GCMs will lead to a better box model
parameterization of the temperature precipitation feed-
back.
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Results of GCMs [Charles et al., 1994] and some
proxy records [Hebbeln et al., 1994] indicate that a sig-
nificant amount of the precipitation feeding the glaciers
comes from high latitudes (as the Norwegian and Green-
land seas). Therefore another source of precipitation
over the land ice sheets in the polar boxes is local evap-
oration from the part of the polar box ocean not covered
by sea ice, parameterized by

Fq = quowq' (15)

The presence of sea ice during cold periods significantly
reduces this source of moisture, as the fraction of open
water ocean, f,,, becomes small, weakening the source
of land ice sheets growth. This effect complements the
temperature-precipitation feedback and the effect of the
sea ice on the atmospheric circulation which reduces
the moisture supply to the glaciers during periods of
extensive sea ice cover. The parameterization (15) is
added, as we feel it is consistent with the above proxy
and mode] studies, although glacial oscillations exist in
our model even without it. The local evaporation and
resulting local precipitation over land in the midlatitude
ocean boxes (as opposed to over land ice in the polar
boxes) is assumed to be compensated by runoff to the
same ocean box and thus does not explicitly appear in
the model equations.

The total precipitation in a given box is calculated as
the convergence of the moisture fluxes

P—E=-V-(Fuq+Fy) (16)

This total precipitation is spread evenly over the box
area. We then calculate the fraction falling on the larnd
ice and sea ice (based on the relative areas covered by
land ice and sea ice). The precipitation falling on the
land and sea ice is assumed to turn into additional land
and sea ice, respectively. Finally, the residue part of
the total precipitation (namely, the precipitation on the
open ocean and the precipitation over bare land which
reaches the ocean by river runoff) is added to the fresh-
water forcing for the ocean model.

2.3. Land Ice Model

The land ice sheet model (Figure 2) assumes a simple
two-dimensional ice sheet, neglecting variations in the
zonal direction [ Weertman, 1976; Ghil, 1994; Pollard et

\
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Figure 2. Land ice sheet geometry.
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al., 1980]. The ice dynamic is approximated as perfect
plasticity, so that the ice sheet thickness, h, is parabolic
in latitude, (h/H)?> = 1 — y/L. Bedrock deflection un-
der the load of the ice is assumed instantaneous [ Weert-
man, 1976; Kdllén et al., 1979; Ghil and Le Treut, 1981;
Peltier, 1994], and is given by the density ratio of the
ice and that of the Earth’s upper strata, resulting in 2/3
of the thickness of the ice sheet being above mean sea
level (the absolute height does not affect the dynam-
ics, as we neglect the elevation-desert effect [Sakai and
Peltier, 1997]). The ice sheet mass balance equation is

dv}ce-sh‘eet

0t 17)

= Llsource — Llsink-

The source (accumulation) term, Llsource, is based on
the amount of precipitation in the polar boxes, assumed
to be distributed evenly in the box. We assume that the
precipitation falling on the ice sheet in the polar boxes
turns into additional ice and supplements the source
term for the glaciers there (it is implicitly assumed that
the temperature is sufficiently cold for the precipitation
to accumulate as new ice). Furthermore, we assume
that close enough to the poles, even when there is no
glacier, the precipitation still is accumulated to form
new ice and supplement the glacier source term. More
specifically, it is assumed that precipitation falling on
the poleward 0.25 area of the polar boxes is accumulated
as new ice even when no ice already exists there. Thus
our accumulation term is

max {0.25 Larea,

Llsrea}
T (P-E), (18)

Llsource =

in which LIggyrce is the amount of precipitation that
turns into land ice, Larea is the land area in the box,
LI, e, is the ice sheet area, and boTares is the total area
of the box. The 0.25 L,.ea factor represents the above
assumption regarding the building of new land ice, and
the model is not sensitive to the exact value of this
parameter (0.20 or 0.30 will produce similar results).
The ice sheet can decrease as a result of ablation
which includes melting followed by ice runoff, evapo-
ration, and calving processes [Paterson, 1994], all rep-
resented by Llgin in (17). We assume that the sum
of these processes is constant in time, as we expect the
source term dependence on the temperature to dom-
inate that of the sink term [Kdllén et al., 1979; Ghil
et al., 1987). Temperature-dependent melting due to
dust loading [Peltier and Marshall, 1995] or due to en-
hanced ice sheet collapse [ Watts and Hayder, 1984] dur-
ing deglaciation was previously used in order to obtain
abrupt glacial terminations. As will be seen below, our
model produces these abrupt terminations with a con-
stant Llsink term, due to the sea ice feedback. As was
noted above, land ice ablation affects the ocean salinity
through @'2nd-ic¢ in (5). In order for the ice sheet to
grow, there should be excess of accumulation over ab-
lation whether the ablation is constant or variable. We
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choose the simplest assumption (of constant ablation)
that allows us to investigate the sea ice switch mecha-
nism. More complex models of the ice sheet mass bal-
ance [Huybrechts and Oerlemans, 1990; Huybrechts et
al., 1991] also indicate that in the glacial-interglacial
states of the climate system the assumption of constant
ablation is fairly reasonable as a first approximation. In
addition, while investigating the role of orbital forcing
[Gildor and Tziperman, 2000] we have allowed the ab-
lation to be a function of the summer insolation, and
the oscillation mechanism has not been affected much
(although its shape has become more realistic).

We calculate the meridional extension of the ice sheet
on the basis of the parabolic geometry which is a re-
sult of the assumed ice sheet dynamics discussed above
[Weertman, 1976; Pollard et al., 1980; Ghil, 1994] and
the calculated ice volume. In the northern box, the
glaciers never cover the full land area as glacier growth
is limited by the sea ice switch mechanism. v

Observed changes in land ice sheet cover between
glacial and interglacial periods occurred mostly in the
Northern Hemisphere [Crowley and North, 1991], while
Antarctica seemed to have always been fully ice covered.
Therefore the land ice in the southern box is constrained
in the model to cover an area equal to Antarctica, and
is kept constant during the model run.

3. Results

We have run the coupled ocean-atmosphere-sea ice-
land ice model and have obtained interesting variability
on a timescale of 100 kyr. In this section we describe
and analyze the results and, in particular, the crucial
role played by the sea ice.

3.1. Analysis of the 100-kyr Cycle Mechanism

The temporal evolution of northern land ice exten-
sion during 1000 kyr is presented in Figure 3. The evo-
lution of some key model variables during our “stan-
dard” run, using the parameters specified in the above
section and in Table 1, is shown in Figure 4. Con-
sider now the full oscillation between years 170,000 and
70,000 in Figure 4 (time is in “before present” model
years, although no correspondence to actual time be-
fore present is meant; such correspondence is relevant
only when Milankovitch forcing is included [Gildor and
Tziperman, 2000]). Initially, the ocean is ice free (Fig-
ure 4b) and the atmospheric temperature (Figure 4c)

0.4
0.3 ’ ‘ a
0.2- '
0.1 v
%000 800 30 a0 200 0
Year (Kyr)

Figure 3. Land ice extent in the northern polar box
as a fraction of land area in the control run.
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and oceanic temperatures (Figure 4g) in the northern
box are rather mild. The amount of precipitation en-
abling glacier growth in the northern polar box exceeds
the melting and calving terms (Figure 4f, year 170,000),
and therefore the glacier gradually grows (the northern
box atmospheric temperature (Figure 4c), while rela-
tively mild, is still below freezing, enabling the glacier
to grow). The spreading of the land glacier increases the
albedo, and consequently the temperature of the atmo-
sphere and of the ocean in the corresponding polar box
decreases slowly with the growing glaciers (Figures 4c
and 4g). Eventually, around year 90,000, the sea surface
temperature (SST) reaches the critical freezing temper-
ature, T°%*7¢, and sea ice (Figure 4b) starts to form
very rapidly. The creation of sea ice further increases
the albedo, further reduces the atmospheric tempera-
ture, and enhances the creation of more sea ice. The
characteristic timescale of sea ice growth is very short,
and in less than 20 years nearly the entire polar box
ocean surface is covered by sea ice. The sea ice “switch”
is now turned to “on.” The sea ice growth is self-

Land ice Mid—lat. Ocn. T
o-g' a sg_ e
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Figure 4. Model result time series for 200 kyr showing
(a) northern land ice extent as a fraction of the polar
land box area, (b) northern sea ice extent as a frac-
tion of polar ocean box area, (c) northern atmospheric
temperature (°C), (d) midlatitude atmospheric temper-
ature (°C), (e) temperature in the northern midlati-
tude deep oceanic box (°C), (f) source term (solid line)
and sink term (dashed line), for northern land glacier
(108 m3 s~1), (g) temperature in the northern upper po-
lar oceanic box (°C), and (h) thermohaline circulation
through the northern polar boxes (106 m3 s=1),

THC
15 h
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limiting: the sea ice grows when the ocean temperature
is cooled by the air-sea heat flux to below the freezing
temperature (see equation (8)). When the sea ice cover
increases, it insulates the ocean from the colder atmo-
sphere and reduces the oceanic heat loss. The oceanic
advection and diffusion of heat from the midlatitudes
then balances the reduced cooling by the atmosphere,
resulting in no more net cooling of the ocean and no
more sea ice growth.

When the sea ice reaches its maximal extent, the at-
mospheric temperature is at its minimum point. At this
stage, the average global temperature is lowest, sea ice
and land ice sheet extents are maximal, and the sys-
tem is at a glacial maximum. Because of the low atmo-
spheric temperature, there is a large decline in poleward
moisture flux. Similarly, the extensive sea ice cover lim-
its the evaporation from the polar ocean and further
reduces the moisture supply to the land glaciers. The
amount of precipitation contributing to the formation
of land ice is therefore reduced to about half of its max-
imum value. As ablation proceeds as before, being less
sensitive to temperature than precipitation, the glaciers
start retreating. As the glaciers waste away, their total
albedo decreases, the atmospheric temperature starts
to rise slowly, and with it ,the oceanic temperature
rises. As long as sea ice is present, however, there is
not enough precipitation to overcome the land ice sink
terms, and the glacier thus reduces fairly rapidly. The
climate system is now in the termination stage of the
glacial period, moving into the interglacial. '

Once in the termination phase, and with land ice
starting to melt, the global temperature starts increas-
ing. This decreases the cooling of the polar ocean and
thus starts a slow melting of the sea ice due to the
heat advected and diffused by the ocean from midlat-
itudes. As long as sea ice exists, the oceanic temper-
ature in the polar box cannot rise above the freezing
temperature. The melting of the sea ice is initially
fairly gradual (Figure 4b, years 90-70 kyr), until the
deep ocean is sufficiently warmed (Figure 4e, years 70
kyr); then the sea ice melting becomes very rapid, and
within 40 years the ocean is free of sea ice. The deep
ocean warms during this phase because it is affected by
vertical mixing from the upper ocean that is, in turn,
affected by the global warming due to the melting of
land ice. Note that the deep ocean therefore plays an
important role in providing a delay time affecting the
sea ice extent. The sea ice switch is now turned to
“off.” The lack of the land ice and sea ice increases
significantly the temperature of both the atmosphere
and the ocean and with it the amount of precipitation
available for land ice growth. By the time the sea ice
reaches its minimal extent, so does the land ice. The
cycle in the glacier volume is equivalent to about 100 m
of sea level change. At the end of the sea ice melting,
the average temperature is at its maximum point, the
ice sheet is at its minimal extent, and the ocean is free
of sea ice. The cycle reaches its starting point again,
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where precipitation on the glacier exceeds melting and
the glacier is in a growth period. The amplitude of
global temperature changes in our model is about 3° in
the atmosphere and 1° in the globally averaged ocean
SST, not far from the Climate: Long Range Investi-
gation, mapping, and Prediction (CLIMAP) estimate
for the ocean (1.6° in the global ocean SST [Crowley
and North, 1991]). Note that our “SST” represents the
upper 400 m of the ocean, and hence a smaller cool-
ing is to be expected for this model temperature than
the observed SST cooling. In any case, while several
of the characteristics of the model glacial cycles do not
match observed features, our take home message from
this model is not the detailed structure of the above
cycle, but the possible role played by the sea ice as a
climate switch.

The thermohaline circulation is often conjectured to
play a major role in creating climate transitions or
transferring climatic signal between different regions
and different components of the climate system [ Broecker
and Denton, 1989]. The THC flowing through the
northern polar box in our model is shown in Figure 4h.
At the beginning of the interglacial period, immediately
after the land glaciers reach their minimal extent and
all the sea ice melts, the polar salinity is low and the
ocean temperature is high. At this stage the THC is
at a minimum, especially owing to the freshwater pulse
associated with the sea ice melting, and is at about 12
Sv. The THC recovers fairly quickly once the freshwa-
ter pulse is mixed within the entire ocean and intensifies
to-about 16 Sv. From that point, the THC is relatively
constant until sea ice starts to form, when the THC
weakens to about 13 Sv. Paleo-observations indicate
that the THC was at its weakest point during the peak
of the last glacial period [Boyle and Keigwin, 1987). It
is believed that less evaporation because of the lower
temperature during glacial times decreased the surface
salinity and enhanced intermediate water formation at
the expense of deep water formation. In our model, this
effect is not very strong, since the reduced evaporation
is offset by reduced precipitation and by the brine re-
jection effect due to sea ice formation. The model THC
is weaker during the coldest period which extends from
the peak glacial into the deglaciation period, which is
consistent with the paleo-observations. However, we
will see below that the THC variability is not essential
to the glacial-interglacial oscillation in our model (sec-
tion 4.4). In fact, the thermohaline circulation changes
and instabilities in our model are not the trigger of rapid
climate changes [Broecker et al., 1985; Rahmstorf, 1995;
Tziperman, 1997] but, rather, are a.result of the rapid
sea ice switches (it is still possible, of course, that in re-
ality, or even in a different variant of our box model, the
THC could play a larger role than that in our present
model simulations).

Rapid climate changes that occurred within a few
decades have been seen in several climate proxies [ Tay-
lor et al., 1993; Alley et al., 1993; Lehman and Keig-
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win, 1992]. In our model, a full retreat of land ice
sheets occurs on a timescale of several thousands years
but changes in the extent of sea ice, and the resulting
changes in atmospheric temperature, in the THC, and
in the rate of accumulation over glaciers are very rapid
and last only a few decades. The sea ice “switch” may
therefore account not only for the glacial-interglacial
transitions on a 100-kyr timescale but perhaps also for
the many rapid climate transitions seen in the proxy
observations in the context of shorter-term variability.

The eight ocean boxes and four atmospheric boxes
present a significantly increased resolution from that
used in previous simple models of the glacial-interglacial
transitions [e.g., Saltzman and Verbitsky, 1993; Pail-
lard, 1998]. Still, one wonders whether the rapid sea
ice switches may be an artifact of the use of a single
box temperature for the entire upper Northern Hemi-
sphere polar ocean. In the actual climate system, sea
surface temperature varies gradually with latitude, and
one might expect the sea ice cover to slowly grow or
retreat as this SST gradient changes slowly in time in
response to changing land glaciers. The extensive sea-
sonal changes of sea ice cover in the present-day north-
ern ocean and during the last glacial maximum | Weinelt
et al., 1996], as well as some previous modeling stud-
ies [Thorndike, 1992], support the feasibility of rapid
sea ice changes that we find to last a few tens of years.
Note that it is only the upper ocean that needs to cool
rapidly to enable the switch behavior, and such an up-
per ocean temperature adjustment is indeed expected
to take tens of years in the real ocean. The deep ocean
still plays an important role, as explained above, in pro-
viding a delayed response due to its large heat capacity.

The present model is forced with annual mean radia-
tion, neglecting seasonal and orbital forcing. These ef-
fects are included in the study presented in a subsequent
paper [Gildor and Tziperman, 2000]. The mechanism
discussed here is shown in that paper to be indepen-
dent of the seasonal cycle and orbital forcing. Specifi-
cally, it is shown that the reduced sunlight during the
winter season when the sea ice cover is maximal does
not inactivate the sea ice switch behavior. Similarly,
it is shown that a seasonal sea ice cover is sufficient to
affect the moisture source for the land glaciers. The
orbital forcing is shown to be important in pacing the
glacial oscillations and phase locking them to the Mi-
lankovitch variations in solar radiations, as was seen in
previous studies using different glacial oscillation mech-
anisms [Saltzman, 1990; Paillard, 1998].

3.2. Why the 100-kyr Timescale?

The glacial oscillation in our model is a nonlinear
relaxation oscillation. Based on the insight we have
obtained into the oscillation mechanism, we can now
formulate a simple argument for the 100-kyr timescale.
Let the variable part of the land glaciers have a vol-
ume AV = Vijax — Viin. Assume that the glacier
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is fed at either a maximum accumulation rate Mpayx
(during an interglacial period) or at a minimum rate
Mpin. This is not a bad approximation to the shaper
of the source term shown in Figure 4f, solid line. Let
the sink term due to ablation be represented by a con-
stant S. The glacier grows from Vi, to Vpax in a
time AV/(Mmax — S). Once reaching Vyax, the sea
ice grows and switches the system to the minimum ac-
cumulation rate Mp,,, and the glacier retreats back
t0 Vipin within AV/(S — Mpin). A full cycle there-
fore lasts 7 = AV[(Mmax — S)™! + (S — Mpin) "]
Now Vmax and Vpin are determined by the land ice
albedo values required to turn the sea ice switch on
and off, while the accumulation rates My, and Mpax
are determined by the atmospheric dynamics. The
timescale 7 as a function of the sink S has a mini-
mum at S = (Mmin + Mmax)/2 (where the oscillation
is symmetric and has equal lengths of the growing and
retreating glacier periods). With order-of-magnitude
values of AV = 2.410'% m3, Mpax = 0.0910% m3/s,
Muin = 0.0310% m3/s, one obtains Tmi, = 50 kyr. For
an asymmetric oscillation where the glacier fills during
85% of the period and retreats during the remaining
15%, one finds S = 0.08110% m3/s and 7 = 100 kyr.
A straightforward linear estimate based on the time it
would take the precipitation to fill up the land glacier
gives a far less realistic Tiinear = AV/Mpax = 10 kyr.

4. Parameter Sensitivity

The study of the model’s sensitivity to some of its key
parameters may shed additional light on the climate
variability mechanism, and we therefore describe now
several sensitivity experiments, devoting a subsection
to each parameter. We will see that the insight gained
from the sensitivity experiments is consistent with the
simple argument given in subsection 3.2 for the source
of the 100-kyr timescale. Table 2 summarizes the sen-
sitivity experiments, their parameter choices, and the
relevant subsection and figure numbers.

4.1." Land Ice Sink Term

This term (LIsink in equation (17)) represents pro-
cesses such as glacier melting, calving, and runoff. When
the Llgjnx term in the Northern Hemisphere is re-
duced by about 4% (experiment SINK1, Table 2), the
timescale of the oscillation becomes shorter by about 10
kyr relative to the control run (Figure 5a). The reduced
sink term allows the glacier to reach faster the critical
size at which the glacier albedo reduces the tempera-
ture sufficiently to allow the sea ice to start growing.
Similarly, the deglaciation phase takes longer when the
sink term that drives the deglaciation is reduced. Con-
sequently, the shape of the oscillation becomes less saw-
tooth like and more symmetric, consistent with the sim-
ple timescale argument given in section 3.2. Similarly,
when LIg;y is increased by 4%, the oscillation timescale
increases by about 16 kyr (Figure 5b). This is again
consistent with section 3.2 which predicts a very long
timescale as the sink approaches the maximum source
value (S — Mpax). Increasing this term even more,
by about 20%, makes the sink term always exceed the
precipitation and formation of new ice, and the glacier
eventually disappears. When reducing the sink term
by a significant amount, say 45%, the longer timescale
of glacier sink term enables the system to adjust into
a nonoscillatory steady state. The Llsgurce term then
equals the LIs;,y term, the sea ice covers about half of
the oceanic box and the land ice covers about 10% of
the land area. Overall, the sensitivity to this param-
eter is not negligible, yet it cannot be used to reduce
the model timescale for the glacial-interglacial cycle to
significantly less than 100 kyr, and the sensitivity is
also completely consistent with the scaling argument of
section 3.2.

4.2. Albedo

In experiments ALBEDO1 and ALBEDO2, the albedo
of the land ice and of the sea ice was varied by 0.05
(i.e., by about 6-7%). A reduction in both albedos
causes an increase in the oscillation timescale, as can

Table 2. Parameters Changed in the Sensitivity Experiments

Experiment Name Parameters Changed Standard Value New Value Section/Figure
SINK1 Llsink,4 0.076 0.073 4.1/5a
SINK2 LIsink,4 0.076 0.079 4.1/5b

ALBEDOI Qland~icey Osea-ice 0.85, 0-65 0.80, 0‘60 4.2/63,
ALBEDO?2 Qlland-ice; Osea-ice 0.85, 0.65 0.90, 0.70 4.2/6b
EMISSIVITY1 P, s Prua 0.58, 0.56, 0.54, 0.626 0.577, 0.557, 0.537, 0.623 4.3/7a
EMISSIVITY2 Prw1s s Prwa 0.58, 0.56, 0.54, 0.626 0.583, 0.563, 0.543, 0.629 4.3/7Ta
THC-MEAN THC'’s strength free to change fixed at mean value 4.4/8

T freeze up Tseatice 274 °K 2745 °K 4.6/-

T freeze down reeatice 274 °K 273.5 °K 4.6/-
Ice thickness up Dysep-ice 2m 3m 4.5/-
Ice thickness down Dyea-ice 2m 1m 4.5/-
Atm merid heat Frerid free to evolve constant 4.7/9
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Figure 5. Time series of land ice extent as a fraction
of the northern land box area in the experiments exam-
ining the sensitivity to the glacier sink term Llginik: (a)
4% reduction in Llgink and (b) 4% increase in LIgink.

be seen in experiment ALBEDO1 (Figure 6a), where
a full cycle requires 112 kyr compared with 100 kyr in
the standard run. A reduced albedo requires that the
land ice becomes larger in order to achieve the same
total albedo effect. This takes more time, hence the
longer cycle. Similarly, increasing both albedos simul-
taneously (ALBEDO?2) shortens the timescale to 87 kyr
(Figure 6b). Less land ice is needed in this case in order
for the land ice albedo to reduce the ocean temperature
below the critical freezing temperature. On the other
hand, during the land ice retreat stage of the glacial
cycle, the glacier should also become smaller than be-
fore to enable a temperature increase that results in
the melting of the sea ice. Thus the increased albedo
shortens the glacier growth phase and lengthens the re-
treat phase. The total effect is a shorter timescale of
the entire cycle and a more symmetric cycle.

Increasing the sea ice albedo in our model by a signif-
icantly larger amount causes the climate system to go
into a state of permanent sea ice cover and no land ice
cover. Decreasing the sea ice albedo significantly will
make it less effective as a climate switch and eventu-
ally eliminate the climate switch mechanism. Increas-
ing the land ice albedo up to 100% just reduces the
amplitude of the oscillation and shortens the timescale,
while decreasing it by a significant amount increases
significantly the timescale needed to turn on the sea ice
switch. When it is too low, the sea ice switch is not
turned on even when the whole polar box is covered by
land ice.

4.3. Emissivity

The longwave emissivity coefficient in the atmospheric
model, P, represents factors such as cloud cover, hu-
midity, and atmospheric concentration of aerosols and
CO, and is different for each atmospheric box. If we
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Figure 6. Land ice extent as a fraction of the northern
land box area in sensitivity experiments to (a) reduction
and (b) increase of the albedo of both land ice and sea
ice by 0.05.
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Figure 7. Land ice extent as a fraction of the northern
land box area in sensitivity experiments to (a) reduction
and (b) increase of the emissivity by 0.003.

assume that the emissivity is composed of a constant
part which does not depend on CO; concentrations,
P}, and a part which includes the CO; effect alone,

P/, then we can write P}, = 0.015 % In[CO2/CO2ref]
[Peltier and Marshall, 1995]. This results in a radiative
forcing of approximately 4 W/m? for a CO, doubling.
A 30% change in CO, concentration, as occurred on
a glacial-interglacial timescale [Bender et al., 1997, is
thus equivalent to changing P, by about 0.003.

A reduction of the emissivity by 0.003 does not change
the model results qualitatively but only increases the
timescale by about 9 kyr (experiment EMISSIVITY1,
Figure 7a). As a teduction of this term is equivalent
to higher CO; intense greenhouse effect, it makes the
whole climate system warmer; so larger glaciers and
longer periods are required for the SST to reach the
freezing threshold. Increasing the emissivity by 0.003
cools the climate, and as a result, the timescale is now
shorter by about 12 kyr (Figure 7b).

Reducing the emissivity even more causes a farther

.increase in the timescale. Increasing the emissivity by

more than 0.005 cools the climate to such a degree that
the sea ice cover becomes permanent and the model’s
glacial-interglacial cycle does not exist.

4.4. Thermohaline Circulation

Changes in the strength of the THC, especially in
the North Atlantic, are known to be correlated with cli-
matic changes [Lehman and Keigwin, 1992; Jansen and
Veum, 1990; Boyle and Keigwin, 1987]. This seems to
have led to a consensus that the changes in the THC
are what caused the climate transitions. This motivates
the experiment THC-MEAN in which the strength of
the THC between each pair of ocean boxes in exper-
iment THC-MEAN is set to be constant in time and
equal to its mean value in the standard run. The tem-
perature and salinity in the ocean still vary, but the
resulting density variations do not affect the strength
of the THC.

Figure 8 shows the land ice extension (Figures 8a
and 8d), the amount of heat transfered to the atmo-
sphere by the ocean in the northern polar box (Fig-
ures 8b and e), and the THC through the northern polar
box (Figures 8c and g) from the standard (Figures 8a,
8b, 8¢c) and from experiment THC-MEAN (Figures 8d,
8e, 8f). The glacial-interglacial oscillation still exists
with the “frozen” THC and is qualitatively similar to
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Figure 8. Model results (a,b,c) in the control experi-
ment and (d,e,f) when setting the strength of the THC
to a constant in time. (a,d) Land ice extent as a fraction
of the northern land box area. (b,e) Heat transferred
to the atmosphere from the northern polar oceanic box.
(c,f) THC through the northern polar oceanic box (Sv).

its shape in the control run. This seems to indicate
that the THC variability is not an essential component
of the glacial-interglacial oscillation mechanism in our
model. Given that the THC variability in the control
run is small (Figure 4h), it is not surprising, perhaps,
that the glacial cycle is not strongly affected by freez-
ing the amplitude of the THC in our model. However,
the glacial-interglacial oscillations mechanism analyzed
above clearly does not depends on THC feedback. We
therefore propose that the THC is not necessarily a cru-
cial component of the glacial dynamics, but perhaps
only responds to and somehow amplifies the variability
of other climate components.

There are quantitative changes to the glacial cycle in
experiment THC-MEAN. The timescale of the oscilla-
tion in this experiment is a bit shorter for two reasons.
First, near the initial sea ice growth stage, when the
THC is weaker than that in the standard run, less heat
is transported to the polar ocean box. The colder polar
box therefore requires a bit less of the land ice albedo
effect to cross the threshold for initiating sea ice growth
(the slightly reduced maximal extension of land ice can
be seen in Figure 8a compared with Figure 8d). Sec-
ond, during the stage of rapid melting of sea ice, at the
final stage of the deglaciation, the THC is stronger than
that in the standard run, bringing more heat and accel-
erating the melting. The combined effect is to shorten
by a few kiloyears the time of a full glacial-interglacial
oscillation.

As was noted above, the oceanic meridional heat
transport carried by the THC in the model is 2.3 PW in
the standard run. Glacial oscillations are seen to exist
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in the model, however, for a wide range of such trans-
port, up to 3.3 PW, again demonstrating the robustness
of the oscillation mechanism.

4.5. Ice Thickness

We have tested the sensitivity of the model to the
specified sea ice thickness. While in the standard case
the sea ice formed in the northern polar box has a uni-
form thickness of 2 m, we ran the model also with thick-
nesses of 1 m and 3 m (runs “ice thickness down” and
“ice thickness up” in Table 2). There are only very mi-
nor differences between these experiments. This is not
surprising, as the sea ice influences the climate system
mainly through its albedo and its insulating effect. The
insulating effect depends very weakly on the ice thick-
ness, and the albedo effect is determined by the area
covered by sea ice.

4.6. Freezing Temperature

As sea ice plays a most important role in the sug-
gested mechanism, we have conducted sensitivity ex-
periments to another parameter of the sea ice model,
the critical temperature of freezing. We conducted two
experiments, raising and lowering the critical temper-
ature by 0.5° (“T freeze up” and “T freeze down” in
Table 2). In both cases, similar glacial-interglacial os-
cillations still exist: when lowering the freezing temper-
ature, the timescale becomes longer by about 20 kyr;
when increasing the freezing temperature, the timescale
becomes shorter by about 20 kyr. The mechanism re-
sponsible for these changes is similar to that discussed
in section 4.3.

4.7. Atmospheric Meridional Heat Transport

Meridional heat transport is expected to be crucial
in the suggested mechanism, as it affects the northern
box temperature and hence the amount of precipitation
available for glacier growth. We have therefore ran the
model with two other types of meridional heat trans-
port parameterizations: Stone’s type parameterization
[Stone, 1972] and constant meridional transport of heat
(run "atm merid heat” in Table 2). The model glacial
oscillation exists with minor differences with these two
types of meridional heat transport parameterizations.
Figure 9 compares the constant meridional heat trans-
port case with the standard run, in which there are
significant differences in the meridional heat transport
between glacial and interglacial periods. Nevertheless,
as can be seen, the results in both cases are quite simi-
lar.

5. Conclusion

We have used a simple zonally averaged coupled at-
mosphere, ocean, land ice, and sea ice box model to
demonstrate a novel mechanism for the glacial-intergla-
cial cycles, with some of the main observed character-
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Figure 9. Model results (a,b) in the control experiment
and (c,d) when setting the strength of the atmospheric
meridional heat transport to a constant in time. (a,c)
Land ice extent as a fraction of the northern land box
area. (b,d) Meridional heat transport (PW).

istics such as the the 100-kyr timescale and the asym-
metric sawtooth shape. Both of these features are fairly
robust: the timescale of the oscillation has not deviated
from 100 kyr by more than 30% for reasonable param-
eter choices, and the asymmetric sawtooth structure is
inherent to our oscillation mechanism (being a relax-
ation oscillation mechanism). We were also able to for-
mulate a simple explanation for the 100-kyr timescale,
based on the analysis of the glacial cycle mechanism in
our model. The glacial-interglacial oscillations in our
model result from a combination of the temperature-
precipitation and temperature-albedo feedbacks [Kallén

et al., 1979]. However, both the timescale and the asym-

metric sawtooth structure are determined in our model
by a novel sea ice feedback in which the sea ice grows
and melts within a few decades and acts as a switch of
the climate system, switching it between growing and
retreating land ice modes. The large albedo effect of a
significant sea ice cover dramatically reduces the atmo-
spheric temperature, the atmospheric humidity avail-
able for precipitation, and the local evaporation from
the polar ocean. These combine to also reduce the at-
mospheric precipitation over the land glaciers. The land
glaciers, lacking the moisture source for their growth,
start to retreat relatively rapidly owing to ablation. The
sea, ice switch plays a similar role in switching the sys-
tem back to a growing land ice mode. As the land
glaciers shrink, the atmospheric temperature increases
slowly through the land ice albedo feedback, until the
sea ice switch is turned to off, i.e., no sea ice. The disap-
pearing of sea ice causes the atmospheric temperature

to increase, and as a result the meridional atmospheric -

transport of moisture increases as well. Similarly, with-

out the insulating sea ice cover, the extraction of mois-

ture from the polar ocean increases, and together with
the increased meridional moisture flux, this provides
a stronger rate of precipitation over the land glaciers,
which can now grow again.
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The switch-like behavior of sea ice in our model
is consistent with its well-known rapid response time
to changes in the climate system, even on a seasonal
timescale. Other model results [Thorndike, 1992] also
support the idea that reasonable changes in the heat
budget of the northern ocean can cause dramatic changes
in the sea ice cover. Sea ice impact on the availability
of atmospheric moisture sources for ice sheet growth
was already recognized in early studies [Stokes, 1955;
Ruddiman and McIntyre, 1981], and so was its crucial
effect on the Earth’s albedo. Rapid climate changes
abound in the proxy record, and one wonders if the
rapid and drastic response of the sea ice to atmospheric
and oceanic temperature changes might provide a nat-
ural and simple explanation for these observed climate
switches, in addition to the role we are proposing for it
in shaping the 100-kyr glacial cycle.

An important aspect of our model solution is the
occurrence of land ice deglaciation in phase with ex-
tensive sea ice cover and hence a relatively cold pe-
riod. Presently available sea ice proxy data [de Ver-
nal and Hillaire-Marcel, 2000; de Vernal and Peder-
sen, 1997] still lack the spatial and temporal resolution
which would enable us to resolve the sea ice phase rel-

. ative to that of the major deglaciation. Nevertheless,

they seem to indicate that extensive sea ice cover has ex-
isted for a few kiloyears after the last glacial maximum.
Melt water pulses due to deglaciation were believed for
some time to have occurred during the Bglling/Allergd
and Preboreal warm periods [Fairbanks, 1989]. This
was challenged by more recent studies [Bard et al., 1996]
which showed evidence for one rather than two pulses,
showed that a more constant rate of deglaciation fits the
data well, and placed the melt water pulse within a cold
event that followed the initiation of the Bglling/Allergd
warm period. In addition, note that the temperature
effect of the sea ice switch is mostly in the atmospheric
temperature, while the high-latitude ocean temperature
reflected in ocean sediment proxies is already cold dur-
ing all phases of the glacial cycle and is not expected to
vary very dramatically owing to the presence of sea ice.
Isotopic composition of precipitation over land, which
is used in ice core proxy measurements of atmospheric
temperature, may be influenced by the source of the
precipitation, and this source can vary very dramati-
cally owing to the effects of sea ice on the atmospheric
circulation [Charles et al., 1994]. Given these uncer-
tainties and especially given the lack of a satisfactory
detailed physical mechanism for the glacial cycles (as
opposed to just a fit to the available proxies), we ar-
gue that it would be useful to keep an open mind re-
garding a possible sea ice control of glacial dynamics,
while examining both the available proxy record and
new proxy data that become available. Because of the
difficulties in correlating climate proxies from different
sources, what is needed are proxies from which informa-
tion on the relative timing of sea ice and land ice can
be extracted.
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The glacial cycles are purely periodic in our model
as long as the processes described above are the only
ones to operate. In reality, Milankovitch forcing intro-
duces some additional variability [Gildor and Tziper-
man, 2000], volcanic eruptions may affect the radiation
balance and hence the temperature, the isostatic adjust-
ment neglected here may introduce additional shorter
timescales, instabilities in the glaciers may (a)periodica-
lly discharge large icebergs, and the system’s nonlinear-
ity may lead to a chaotic behavior even without such
external stochastic factors [Ghil, 1994].

The purpose of the present model, being highly ideal-
ized, is to explore a limited set of feedbacks rather than
produce a realistic simulation of the glacial cycles. The
model fails to reproduce, for example, the synchronous
deglaciation of the Southern Hemisphere. There are al-
most no changes in sea ice cover in the southern polar
box during the cycles. A more explicit representation
of the Southern Ocean dynamics which takes into ac-
count the wind-driven upwelling, for example, is needed.
The lack of Southern Hemisphere changes could also be
due to the lack of CO, feedback which could transmit
information between the hemispheres [Genthon et al.,
1987] or due to the lack of an explicit sea level glacier
instability mechanism which could be especially impor-
tant for the Antarctica ice sheet [Paterson, 1994; Huy-
brechts and Oerlemans, 1990]. It should be noted that
the glacial oscillation analyzed above exists within a
certain parameter regime which, although not small, is
still finite. Outside this regime, various steady states of
the climate system can be found in the model (charac-
terized by constant land glacier extent, or by no land
glaciers, or no sea ice, or possibly by an ice-covered
Earth, etc). The model behavior in the investigated
parameter regime seems to be relevant to the observed
glacial cycles and, we hope, helps elucidate the role of
sea ice in these cycles.

In spite of these obvious shortcomings of our ideal-
ized model simulation, we feel this model has captured
some potentially important and interesting feedback of
the sea ice role in the glacial-interglacial cycles. In a
subsequent paper we explore the role of Milankovitch
forcing in the glacial-interglacial oscillation mechanism
analyzed here [Gildor and Tziperman, 2000]. We plan
to approach the role of the ocean geochemistry and vari-
able greenhouse gases at the next stage.
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