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Abstract We use the coupled atmosphere—ocean general
circulation model ECHAMS/MPI-OM to investigate the
transition from the present-day climate to a modern
Snowball Earth, defined as the Earth in modern geography
with complete sea-ice cover. Starting from the present-day
climate and applying an abrupt decrease of total solar
irradiance (TSI) we find that the critical TSI marking the
Snowball Earth bifurcation point is between 91 and 94% of
the present-day TSI. The Snowball Earth bifurcation point
as well as the transition times are well reproduced by a
zero-dimensional energy balance model of the mean ocean
potential temperature. During the transition, the asym-
metric distribution of continents between the Northern
and Southern Hemisphere causes heat transports toward
the more water-covered Southern Hemisphere. This is
accompanied by an intensification of the southern Hadley
cell and the wind-driven subtropical ocean cells by a factor
of 4. If we set back TSI to 100% shortly before the tran-
sition to a modern Snowball Earth is completed, a narrow
band of open equatorial water is sufficient for rapid melt-
ing. This implies that for 100% TSI the point of unstop-
pable glaciation separating partial from complete sea-ice
cover is much closer to complete sea-ice cover than in
classical energy balance models. Stable states can have no
greater than 56.6% sea-ice cover implying that ECHAMS/
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1 Introduction

Earth’s climate can exhibit at least two entirely different
modes as suggested by climate models (Budyko 1969;
Sellers 1969; Poulsen and Jacob 2004; Marotzke and
Botzet 2007). One is the present-day climate with ice-cover
only in the polar regions, the second is the so-called
Snowball Earth climate with completely sea-ice covered
oceans, potentially accompanied by glaciers on land.
Below a certain level of atmospheric carbon dioxide or
total solar irradiance (TSI), respectively, the present-day
like mode disappears and the Snowball Earth mode is the
only stable equilibrium (Budyko 1969; Sellers 1969). We
will refer to this critical threshold as the Snowball Earth
bifurcation point. Here, we use the state-of-the-art climate
model ECHAMS5/MPI-OM to study the transition from the
present-day climate to a hypothetical modern Snowball
Earth, which we define as the Earth in modern geography
with complete sea-ice cover.

The Snowball Earth is of interest both from a geological
as well as a climate modelling perspective. On the one
hand, based on glacial deposits in Neoproterozoic (~ 750—
550 Ma) rock sequences it has been argued that several
Snowball Earth events might have occurred during
Earth’s history (Kirschvink 1992; Hoffman et al. 1998). On
the other hand, the Snowball Earth challenges climate
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modellers to confront their models and understanding of
the climate system with the extreme climate of a Snowball
Earth. Indeed, the work of Budyko (1969) and Sellers
(1969), who used one-dimensional energy balance models
and a temperature-dependent albedo parametrization to
show that the entire Earth might become ice-covered if TSI
was decreased by a few percent, stimulated a whole series
of Snowball Earth modelling studies using the whole
hierarchy of climate models, ranging from energy balance
models (e.g., Held and Suarez 1974; North 1975), over
Earth system models of intermediate complexity (e.g.,
Stone and Yao 2004; Donnadieu et al. 2004b; Romanova
et al. 2006; Lewis et al. 2007), and atmosphere general
circulation models with simplified ocean models (e.g.,
Jenkins and Frakes 1998; Chandler and Sohl 2000), to fully
coupled atmosphere—ocean general circulation models
(e.g., Poulsen et al. 2001; Poulsen and Jacob 2004). Some
studies even incorporated dynamic ice sheet models (Hyde
et al. 2000; Crowley et al. 2001; Peltier et al. 2004). Most
studies attempted to estimate the Snowball Earth bifurca-
tion point of the applied climate model by simulating the
equilibrium climates for reduced values of TSI (justified by
the “faint young sun” phenomenon) and/or reduced levels
of atmospheric carbon dioxide. Several studies addressed
the importance of various elements of the climate system
such as ocean dynamics (Poulsen et al. 2001), surface
winds (Poulsen and Jacob 2004), sea-ice dynamics (Lewis
et al. 2007), sea-ice glaciers (Goodman and Pierrehumbert
2003; Pollard and Kasting 2005), and clouds (Le Hir et al.
2007; Poulsen and Jacob 2004), including their represen-
tation in the models.

However, except for the work of Donnadieu et al.
(2004b), who used an Earth system model of intermediate
complexity, previous studies focussed on whether a distinct
combination of reduction in TSI and atmospheric carbon
dioxide triggered a Snowball Earth, and they did not
attempt to model the entire transition between the present-
day like mode and the Snowball Earth mode. Instead of
initializing the models from the present-day like mode,
initial ocean temperatures were chosen to reduce the time
required to reach equilibrium (see e.g. Poulsen and Jacob
2004). In contrast, we here start our simulations from the
pre-industrial control climate of our climate model and
apply an abrupt decrease of TSI or atmospheric CO, to
trigger the transition to a modern Snowball Earth. We
thereby follow the same experimental strategy as Marotzke
and Botzet (2007), but we apply a wide range of TSI
reductions instead of a single reduction of TSI to 0.01% of
its today’s value. In this study, we assess the following
three issues.

First, we estimate both the Snowball Earth bifurcation
point of the climate model ECHAMS5/MPI-OM and the
time needed to complete the transition from the present-day
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climate to a Snowball Earth. To our knowledge, there is
only one study, with a simple energy balance model cli-
mate model, that estimates the transition time after a time-
dependent reduction of TSI by 30% (Walsh and Sellers
1993).

Second, we analyze the response of the atmosphere and
ocean heat transports and mean meridional circulation
during the transition, with a focus on the Hadley cell and
the Atlantic meridional overturning circulation. We com-
pare our findings to the study of Donnadieu et al. (2004b)
and find important differences.

Third, we study the degree of sea-ice cover that guar-
antees an unstoppable glaciation. This allows us to assess
which extent of open equatorial water is possible, that is,
whether our climate model exhibits solutions with near-
complete sea ice cover but open equatorial waters.

The paper is organized as follows. Section 2 describes
the climate model, and Sect. 3 the setup of the ECHAMS/
MPI-OM simulations. Section 4 investigates the Snowball
Earth bifurcation point. Section 5 presents a zero-dimen-
sional energy balance model of the mean ocean potential
temperature and compares the results of the climate model
ECHAMS5/MPI-OM  with this zero-dimensional model.
Section 6 analyzes the atmosphere and ocean meridional
circulations and heat transports, followed in Sect. 7 by an
investigation of the degree of sea-ice cover needed for an
unstoppable glaciation. Section 8 gives a general discus-
sion of the results, Sect. 9 follows with conclusions.

2 Model

We use the the Max Planck Institute for Meteorology
coupled atmosphere—ocean general circulation model
ECHAMS5.3.02p2/MPI-OM-1.2.3p2 (labelled by ECHAMS/
MPI-OM in the following). The atmosphere component
ECHAMS is the fifth generation of the ECHAM model series
that originally evolved from the weather prediction model of
the European Centre for Medium Range Weather Forecasts.
The details of ECHAMS are comprehensively described in
Roeckner et al. (2003). ECHAMS employs a dynamical
spectral core with vorticity, divergence, temperature, and the
logarithm of surface pressure being represented in the hori-
zontal by a truncated series of spherical harmonics. In the
vertical a hybrid sigma-pressure coordinate system is
applied. The shortwave radiation scheme (Fouquart and
Bonnel 1980) uses four spectral bands. For longwave radi-
ation ECHAMS employs the Rapid Radiative Transfer
Model (RRTM) developed by Mlawer et al. (1997) with 16
spectral bands. ECHAMS uses a stratiform cloud scheme
including a cloud microphysical scheme and prognostic
equations for the vapour, liquid, and ice phase, respectively.
Snow at the surface and the inception of snow at the canopy
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are modeled explicitly. Most important for our study is the
treatment of surface albedo. The grid-mean surface albedo
depends on a prescribed background albedo. Snow on land
changes this background albedo according to the fractional
snow cover of the grid cell. The fractional snow cover itself is
a function of the snow depth measured in metres of water
equivalent, but also of the orographic standard deviation so
that sloping terrains require a larger snow depth than flat
terrains to reach the same fractional snow cover. The albedo
of snow on land depends on the land surface temperature and
ranges from 0.3 at 0°C to 0.8 at or below —5°C. Moreover,
the shielding effect of forests is accounted for in the surface
albedo. In forest areas the surface albedo is further modified
by snow cover on the canopy and the resulting canopy
albedo.

The ocean component MPI-OM employs the primitive
equations on an orthogonal curvilinear C-grid (Arakawa
and Lamb 1977), with the North Pole shifted to Greenland
to avoid a singularity at the geographical North Pole. The
grid South Pole is located over Antarctica. In the vertical,
the model employs unevenly spaced z-levels with the
bottom topography being resolved by way of partial grid
cells (Wolff et al. 1997). Technical details of MPI-OM
can be found in Marsland et al. (2003). We here only give
a short description of the embedded sea-ice model, which
follows the dynamics of Hibler (1979) while the thermo-
dynamics are incorporated by a zero-layer Semtner model
relating changes in sea-ice thickness to a balance of
radiant, turbulent, and oceanic heat fluxes (Semtner 1976).
The freezing point of sea water is fixed to —1.9°C inde-
pendent of salinity. Snow on ice is explicitly modeled,
including snow/ice transformation when the snow/ice
interface sinks below the sea level because of snow
loading. The effect of ice formation and melting is
accounted for by assuming a sea-ice salinity of 5. The
albedo of bare sea ice depends on the ice surface tem-
perature and ranges from 0.5 at 0°C to 0.75 at or below
—1°C. Snow on sea ice leads to a significant albedo
increase: if the water equivalent of snow depth is larger
than 0.01 m, the sea ice is treated as being snow-covered.
The albedo of snow-covered sea ice depends on the snow
surface temperature and ranges from 0.6 at 0°C to 0.8 at
or below —1°C. Sea ice thickness is limited to about 8 m,
75% of the thickness of the top layer of MPI-OM, to avoid
the problem of dry model levels.

The atmosphere model ECHAMS is coupled to the
ocean model MPI-OM via the Oasis3 coupler (Valcke et al.
2003) with a coupling time step of one day. The ocean
passes the sea surface temperature, sea-ice concentration
and thickness, snow depth on ice, and ocean surface
velocities to the atmosphere. The atmosphere provides the
wind stress, heat flux, freshwater flux including river runoff
and glacier calving, and 10 m wind speed to the ocean

model. In the presence of sea ice the fluxes are calculated
separately for sea-ice covered and open water parts of the
grid cells. No flux adjustments are applied.

ECHAMS5/MPI-OM has been extensively and success-
fully evaluated against observations (Hagemann et al.
2004; Jungclaus et al. 2006; Roeckner et al. 2006; Wild
and Roeckner 2006) and was used for the integrations for
the fourth assessment report of the Intergovernmental
Panel on Climate Change (Brasseur and Roeckner 2005;
Bengtsson et al. 2006; Landerer et al. 2007). Here, we use
the low-resolution version of ECHAMS/MPI-OM to per-
form long simulations of up to 1,000 years length. The
atmosphere component uses 19 vertical levels and has a
horizontal resolution of T31 (~3.75°). The ocean model
uses 40 vertical levels and has a horizontal resolution
varying between 30 km near Greenland and 390 km in the
tropical Pacific.

In contrast to most Snowball Earth model simulations,
the location of continents, the mountain topography and the
ocean bathymetry are all kept at their present-day values.
Orbital parameters have modern values. Ozone follows the
1980-1991 climatology of Fortuin and Kelder (1998).
Vegetation is prescribed according to a present-day cli-
matology with monthly varying vegetation cover and leaf
area indices for each surface grid cell. Land glaciers are
fixed to their present-day extent. While the choice of
modern boundary conditions inhibits the simulation of a
Neoproterozoic Snowball Earth, it enables us to start our
simulations from the present-day control climate and hence
to simulate the entire transition from the present-day cli-
mate to a modern Snowball Earth. Atmospheric greenhouse
gases are kept at pre-industrial levels (CO, = 286.2 ppm,
CH,4 = 805.6 ppb, N,O = 276.7 ppb, no cfc), except for
one simulation where we set the atmospheric CO, con-
centration to 0.1% of its pre-industrial value, i.e.,
0.2862 ppm. This will then be stated explicitly.

3 Setup of ECHAMS/MPI-OM simulations

We conduct two different sets of ECHAMS/MPI-OM
simulations. In the first set, we estimate the Snowball
Earth bifurcation point by starting from the present-day
control climate of ECHAMS/MPI-OM (simulation CTRL
with today’s TSI, TSIy = 1,367 Wm_z, and pre-industrial
greenhouse gas levels) but decreasing TSI with respect to
TSIy. The model is run until it reaches a new equilibrium,
which is either a modern Snowball Earth characterized by
complete sea-ice cover or a climate with extended but not
complete sea-ice cover. As a byproduct we also obtain the
transition times to a modern Snowball Earth as a function
of the reductions in TSI as well as the atmospheric and
oceanic dynamics and heat transports during the entire
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transition. We also conduct one experiment where we keep
TSI at its present-day value but reduce atmospheric CO, to
0.1% of its pre-industrial value (simulation no CO,). All
simulations of this first set are summarised in Table 1.

In the second set of simulations, we investigate which
degree of sea-ice cover guarantees an unstoppable glacia-
tion. When the climate model is on the way to a modern
Snowball Earth due to a decrease of TSI below the
Snowball Earth bifurcation point, we increase TSI abruptly
at different stages of sea-ice cover before the transition to a
modern Snowball Earth is completed. This allows us to
study the point of unstoppable glaciation that separates the
present-day like states with partial sea-ice cover from
Snowball Earth states with complete sea-ice cover. The
different degrees of sea-ice cover are provided by simula-
tion TSI91 (cf., Table 1). The simulations of the second set
are summarised in Table 2, with the letter “R” indicating
that these simulations are restarted from simulation TSI91
of the first set. Climate variables other than sea-ice cover,
such as sea-ice thickness and mean ocean potential tem-
perature, certainly also influence the response of the cli-
mate system to an increase of TSI. To account for this we
also conduct two simulations where we set TSI back to
100% 1 and 2 years, respectively, before global sea-ice
cover is completed in the simulation R2-TSI194. These two
simulations marked by “RR” are included in Table 2.

4 Snowball Earth bifurcation point and transition time

We now describe the response of sea-ice cover to an abrupt
decrease of TSI (cf., Fig. 1; Table 1). Setting TSI close to
zero triggers global sea-ice cover within 14 years. All TSI
values smaller than or equal to 91% TSI lead to a modern
Snowball Earth, but the transition time increases with TSI
coming closer to TSI,. For example, decreasing TSI to
50% leads to a modern Snowball Earth within 36 years,
decreasing TSI to 75% leads to a modern Snowball Earth

within 111 years, and decreasing TSI to 91% leads to a
modern Snowball Earth within 480 years. The increase in
global sea-ice cover accelerates strongly in time. In the
simulation with 91% TSI, for example, freezing of the last
50% of the ocean only takes 45 years whereas freezing of
the first 50% takes 431 years. Note that a modern Snowball
Earth is also obtained by keeping TSI at 100% TSI, but
setting the atmospheric CO, concentration to 0.1% of its
pre-industrial level. The transition time for this virtually
CO,-free atmosphere is 240 years and hence between the
transition times for TSI set to 75 and 87% TSI, with the
atmospheric CO, kept at 100%.

In contrast, a reduction of TSI to 94% TSI, does not lead
to global sea-ice cover within 1,000 years, but the sea-ice
line shifts to 40°N/S with a very slow trend to increase.
Given that 91% TSI, triggers a modern Snowball Earth but
94% does not, we find that the Snowball Earth bifurcation
point in ECHAMS/MPI-OM is between 91 and 94% of the
present-day total solar irradiance TSI.

Immediately after the reduction of TSI sea ice in the
Southern Hemisphere decreases while the Northern
Hemisphere sea ice does not show any initial dip. For TSI
reductions below or equal to 50% TSI, sea ice then grows
faster in the Northern Hemisphere than in the Southern
Hemisphere due a deeper ocean bathymetry in the Southern
Hemisphere. In contrast, for TSI reductions between 75 and
91% TSIy, sea ice then grows faster in the Southern
Hemisphere than in the Northern Hemisphere (not shown).
An explanation for this will be given in Sect. 8. The
Atlantic freezes over faster than the Pacific, with the time
lag increasing from 3 months for the simulation TSIOO to
10 years for the simulation TSI91. Sea ice quickly becomes
covered with snow, causing an albedo increase compared
to bare sea ice by up to 0.1 in all simulations. In contrast,
the formation of snow on land depends strongly on the TSI
reduction. For simulations with drastic TSI reductions and
hence shorter transition times, land snow cover is more
spatially homogeneous but reaches lower maximum values.

Table 1 Summary of the first

set of ECHAMS5/MPLOM Simulation TSI (%) CO, (%) Simulated years Result
simulations to study the CTRL 100 100 100 Pre-industrial control simulation
response of the present-day o
climate o reductions in TSI TSI00 0.01 100 16 SE within 14a
TSI25 25 100 24 SE within 20a
TSI38 38 100 28 SE within 26a
TSI44 44 100 31 SE within 31a
The applied total solar TSI50 50 100 51 SE 37a
irradiance is given in percentage TSI75 75 100 151 SE 109a
of the present-day value TSI87 87 100 301 SE 285
1,367 Wm_z, the atmospheric a
carbon dioxide concentrations TSIO1 91 100 501 SE within 480a
%ﬂ percentage of its pre- TSI94 94 100 1,000 sea-ice line at 40N/S after 1000a
industrial level 286.2 ppm 10CO2 100 0.1 331 SE within 240a

SE Snowball Earth
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Table 2 Summary of the second set of ECHAMS/MPI-OM to investigate the point of unstoppable glaciation

Simulation TSI (%) CO;, (%) Restart from Sea-ice cover at restart Sim. years Result
(December mean) (%)

RI1-TSI100 100 100 TSI91, year 478 87.7 72 Melting

R2-TS194 94 100 TSI91, year 460 56.6 400 SE within 393a

R3-TS194 94 100 TSI91, year 340 34.1 100 Melting

R4-TSI93 93 100 TSI91, year 460 56.6 60 SE within 52a

RR1-TSI100 100 100 R2-TSI94, year 850 81.7 60 Melting

RR2-TSI100 100 100 R2-TSI94, year 851 87.7 20 SE within 2a

The applied total solar irradiance is given in percentage of the present-day value 1,367 Wm ™2, the atmospheric carbon dioxide concentrations in
percentage of its pre-industrial level 286.2 ppm, sea-ice cover in percentage of the global ocean area

SE Snowball Earth
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Fig. 1 Time evolution of sea-ice cover in percentage of global ocean
area as a response to an abrupt decrease of TSI to 0.01-50% of its
present-day value TSIy (upper panel) and 75-94% of the present-day
TSIy (lower panel). The applied TSI value in percentage of the
present-day TSIy is indicated by the last two digits in the simulation
labels. The lower panel includes the simulation noCO2 for a virtually
CO,-free atmosphere. The dashed gray lines depict complete sea-ice
cover and hence a Snowball Earth

For example, land snow cover at the end of simulation
TSIO0 exceeds 0.2 m water equivalent everywhere except
in the the tropical regions of Africa, South America and
China, whereas at the end of simulation TSI91, most land

areas show no or only little snow cover (below 0.05 m
water equivalent), and heavy snow cover of water equiv-
alents of 1 m or more is restricted to the Himalaya, the
Rocky Mountains, the Andes, and tropical Africa.

We now analyze the role of clouds and water vapor
during the transition to a modern Snowball Earth as mod-
elled in simulation TSI91. In the case of longwave radia-
tion we can disentangle the radiative effect of clouds from
the effect of water vapor by means of the all-sky and clear-
sky radiation fluxes at the top of the atmosphere. These are
simultaneously calculated in ECHAMS. During the tran-
sition the effective surface emissivity ¢, defined as the ratio
of outgoing all-sky longwave radiation at the top of
atmosphere and the upward longwave radiation emitted by
the Earth’s surface, increases from 0.6 to 0.86, meaning a
strong decline of the greenhouse effect, g = 1 — ¢, with the
cooling of the Earth. The longwave effect of water vapour
(€clearsky,) can be disentangled from the effect of clouds
(Eclouds;) by

allsky
€ = Eclearsky T €clouds = LWTOA /LWT,surface

(1)
with

clearsky
€clearsky — LWTOA / LWT,surface~

(2)

Here, LW1o4 denotes the globally averaged annual long-
wave radiation at the top of the atmosphere with the
superscripts marking the all-sky and the clear-sky fluxes.
LW; curface labels the globally averaged annual upward
longwave radiation at the Earth’s surface. Figure 2 shows
that the effect of clouds on the effective surface emissivity
stays constant during the entire transition to a modern
Snowball Earth. The increase in the effective surface
emissivity is indeed entirely caused by the increase in the
clear-sky surface emissivity itself resulting from the
decrease in atmospheric water vapour content (see Fig. 3).
We also find the logarithmic dependence of the clear-sky
greenhouse effect gicarsky = 1 — €clearsky ON  the atmo-
spheric water vapour content (Raval and Ramanathan
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1989) over the whole range of water vapour content from
0.3 to 18 kg m~? (not shown).

In the case of shortwave radiation the effect of clouds
can be characterized by the difference of the all-sky
planetary albedo otysky = SW‘T’I,ITSIE)YA/SW 1 toa and the clear-
sky planetary albedo tcjearsky = SW%{%%S}QY ! SW| toa With
the indices having the same meaning as in (1) and (2). Note
that this difference is not equal to the albedo of clouds
(Pierrehumbert 2002) although it quantifies the effect of
clouds on the planetary albedo. During the transition to a
modern Snowball Earth, clouds become less and less
important for the reflection of shortwave radiation (see
Fig. 4). This is a consequence of the strong increase in
surface albedo with the advancement of sea ice, making the
reflection of shortwave radiation by clouds dispensable.

In terms of cloud radiative forcing CRF = (LW5&a™ —
LWaEK) + (SWAEK — SWEUskyy clouds cool the Earth
during the entire transition by —18 W/m? during the first
300 years (see Fig. 5). From year 300 to the completion of
sea-ice cover in year 480, the cloud radiative forcing
declines to zero in year 480. The forcing over land
increases from —10 Wm ™2 during the first 190 years to 5
Wm ™ at year 480 when the transition to a Snowball Earth
is completed. Over sea-ice free ocean areas, clouds have a
large cooling effect that even increases during the transi-
tion. Shortly before sea-ice cover is complete the cloud
forcing over open ocean areas declines to zero as no year-
round sea-ice free ocean areas are left at this point. Ocean
areas with more than 95% annual mean sea-ice cover
experience an almost zero cloud radiative forcing. In
contrast to the expectation of a small shortwave contribu-
tion but presumably still significant longwave contribution
over sea ice, clouds over sea ice only exert a rather weak

1 . . . .

0971 -
o7 -]
07hcemmmm e mm === === " " 1
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0571
0471 Lo
oal eff. surface emissivity €
0:2 | = = = Clear sky eff. surface emissivitysclearsky
01} effect of clouds €
clouds
0 L
-0.1 : ‘ : :
1 100 200 300 400 500
Time [years]

Fig. 2 Time evolution of the effective surface emissivity e (black
solid), the clear-sky effective surface emissivity eclearsky (black
dashed), and the effect of clouds (gray dashed) on the effective
surface emissivity for a decrease of TSI to 91% of its present-day
value (simulation TSI91)
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Fig. 3 Time evolution of the vertically integrated atmospheric water
vapour for a decrease of TSI to 91% of its present-day value
(simulation TSI91). Sea-ice cover is completed by year 480
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Fig. 4 Time evolution of planetary albedo (black solid), clear-sky
planetary albedo (black dashed), and the effect of clouds on the
planetary albedo as characterized by the difference of the planetary
albedo and the clear-sky planetary albedo (gray dashed), for a
decrease of TSI to 91% of its present-day value (simulation TSIO1)

longwave forcing of about 8 Wm ™2 in ECHAMS5/MPI-OM.
Also note after the transition, the cloud radiative forcing is
slightly negative (—0.5 Wm™?) due to negative cloud
radiative forcing over sea ice.

The analysis of the ocean heat flux for simulations with
TSI set to 87, 91, and 94% TSI, shows a strong ocean heat
loss directly after the TSI decrease (see Fig. 6). Then the
ocean continues losing heat in all three simulations, but the
rate of ocean heat loss decreases with time. For 87% TSI it
is still larger than 2 PW after 220 years. For 91% TSI, the
ocean heat loss almost stabilizes near 1.5 PW, and its
15-year running mean never falls below 1 PW. The final
freezing-over of the ocean is preceded by a strong pulse in
ocean heat loss. In contrast, the simulation with 94% TSI
shows a monotonic decrease of ocean heat loss, which
comes to close to zero after 1,000 years.
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Fig. 5 Time evolution of the cloud radiative forcing for a decrease of
TSI to 91% of its present-day value (simulation TSI91). Sea-ice cover
is completed by year 480. When calculating the individual contribu-
tion of land, ocean and sea-ice areas, we dismissed “mixed” land—
ocean cells. For the cloud radiative forcing over ocean areas, we only
considered ocean cells with zero annual mean sea-ice cover. For the
cloud radiative forcing over sea-ice areas, we only considered ocean
cells with annual mean sea-ice cover greater than 95%
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Fig. 6 Time evolution of global ocean heat loss for reductions of TSI
to 87% (black), 91% (black dashed) and 94% (grey) of the present-
day TSI,. Positive values correspond to heat loss of the ocean,
negative values to heat gain. A 15-year running mean is applied

The ocean eventually “decides” whether a given
decrease of TSI triggers the transition to a modern Snow-
ball Earth, since complete sea-ice cover requires not only
the surface layers of the ocean to cool to close to the
freezing point but also large parts of the underlying water
column. For salinities >24.7 the density maximum of sea
water is at its freezing point and the formation of sea ice at
the surface must therefore be preceded by convection due
to stability reasons (e.g., Washington and Parkinson 2005).
This cooling of the ocean to close to the freezing point of
sea water before the accomplishment of complete sea-ice
cover is also seen in ECHAMS/MPI-OM (Fig. 7). That the

freezing point in MPI-OM does not depend on the salinity
but is fixed to —1.9°C is not a problem for the above
mechanism as the vast majority of ocean areas have
salinities greater than 24.7.

5 Comparison to a zero-dimensional energy balance
model of mean ocean potential temperature

The ocean is by far the largest heat reservoir of the climate
system and has to cool down to close to the freezing point
before a modern Snowball Earth is possible. In the light of
this outstanding role of the ocean, we devise a zero-
dimensional energy balance model of the mean ocean
potential temperature (shortly called energy balance model
in the following). By modelling the response of the mean
ocean potential temperature to a decrease in TSI, this
energy balance model will allow us to estimate the tran-
sition time from the present-day climate to a modern
Snowball Earth as well as the Snowball Earth bifurcation
point.

We assume that the ocean is perfectly mixed in both the
horizontal and the vertical directions. While this assump-
tion is clearly daring for the present-day ocean, it becomes
more and more reasonable as the Earth’s climate approa-
ches the Snowball Earth as described at the end of the
preceding section. The energy balance model neglects
the heat stored in the atmosphere and land components of
the climate system.

In the energy balance model the heat flux at the ocean’s
surface is described by the (im)balance of shortwave and
longwave radiation, and the mean ocean potential
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Fig. 7 Time evolution of horizontally averaged global ocean
potential temperature in °C for a reduction of TSI to 91% of its
present-day value (simulation TSI91). Contour intervals are 2°C for
temperatures above 2°C and 1°C for temperatures below 2°C. The
low-temperature region is highlighted with contour labels and thicker
contour lines
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temperature (referred to as ocean temperature in the fol-
lowing), 0, consequently obeys the budget equation

do (1 —ua)
cC— =

dt 4

TSI — ec* (3)

with ¢ denoting the specific heat capacity of the ocean per
unit area. Based on the MPI-OM parameters for the specific
heat capacity of sea water, the density of sea water, and the
global ocean volume and surface area, we obtain
¢ =153 x 10" J K" m~2 The exact value of ¢ is not at
all crucial for the results of the energy balance model
though it ensures that the two tuning parameters « and €
take reasonable values. The parameter o models the
reflection of solar radiation by clouds and by the ocean’s
surface and hence can be thought of as the planetary
albedo. The parameter e can be thought of as the effective
surface emissivity and hence the efficiency of ocean heat
loss by longwave radiation.

We use this energy balance model to predict the time
evolution of the ocean temperature ( after an abrupt
decrease of TSI. The model is only valid for ocean tem-
peratures above the freezing temperature of sea water
0¢ = —1.9°C. This is enough for our purposes here since
we are only interested in the transition to a modern
Snowball Earth, which in the energy balance model is
defined by 0 = 0;. The temperature of the present-day
ocean is diagnosed from the control simulation CTRL to be
0pa = 4.35°C and is used as the initial condition to (3).
Requiring that the present-day ocean is a stable solution of
(3) for the present-day TSIy = 1,367 Wm ™2, the ratio of
the two tuning parameters « and € is fixed to

4

(1—a) Opd
—4 ~ 0.9838. 4
p ITs1, = 00 )

The value of e is determined by demanding that the energy
balance model matches the transition time of 14 years
found in the ECHAMS/MPI-OM simulation TSI00. In this
case, the solar radiation term in (3) can be neglected, and in
conjunction with the initial condition 0 = 0,4 and the
constraint 0 = 0 for t = 14 years, we arrive at ¢ = 0.6736.
This fitted value of e is taken to be constant for all TSI
values. With (4) it follows that « = 0.3373. In contrast to
the energy balance models of Budyko and Sellers the
albedo is held constant for all ocean temperatures between
the freezing temperature of sea water and the present-day
ocean temperature. Although we thus do not allow for an
ice-albedo feedback in our energy balance model, this has
the advantage that the estimate of the Snowball Earth
bifurcation point gained with our energy balance model
does not dependent on a chosen albedo parametrization as
in the Budyko-Sellers models.

The fitted albedo of the energy balance model is close to
the present-day planetary albedo, ap,g, which is estimated in
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the ECHAMS/MPI-OM control simulation CTRL to
opa = 0.326. When comparing the effective surface emis-
sivity of the energy balance model to the present-day
effective surface emissivity e, as modeled in the
ECHAMS/MPI-OM control simulation CTRL, we need to
include a form factor in €y,q to incorporate that the sea
surface temperature is larger than the vertically averaged
mean ocean potential temperature used in the energy bal-
ance model to describe the energy loss by longwave radi-
ation. With a present-day mean sea surface temperature of
SST,q = 11.31°C, a present-day mean ocean potential
temperature 0,q = 4.35°C, and a present-day mean effec-
tive surface emissivity epg = 0.583 as estimated in the
ECHAMS/MPI-OM control simulation CTRL, we arrive at
a “corrected” value for the present-day effective surface
emissivity of €3" = €p (SSTpd/de)4 = 0.644 (with both
Opa and SST,q given in Kelvin). As for the albedo the
effective surface emissivity of the energy balance model is
thus close to its present-day value though slightly larger.
With these choices for o and €, we use the energy bal-
ance model to estimate the transition time to a Snowball
Earth as a function of decrease in TSI. This is done by
solving (3) with the initial condition 6 = 0,4 and the final
condition # = 0. The resulting transition times are shown
in Fig. 8 (gray line), which also includes the transition
times found by the ECHAMS/MPI-OM simulations (black
filled squares). The energy balance model is in good
agreement with the ECHAMS/MPI-OM results for TSI
values in the range of 0-50% TSI,. This shows that TSI
reductions to less than 50% are well described by radiative
cooling of the ocean. In contrast, the energy balance model
underestimates the transition times for the two TSI values
75% TSI, and 87% TSIy. This underestimation is
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Fig. 8 Transition time from the present-day climate to a modern
Snowball Earth in dependence of TSI given in percentage of its
present-day value. Black filled squares denote the results of
ECHAMS5/MPI-OM simulations, the gray line denotes the transition
time as modelled by the zero-dimensional energy balance model of
the mean ocean potential temperature
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somewhat surprising since one would expect that neglect-
ing the ice-albedo feedback should result in an overesti-
mation of the transition times compared to the ECHAMS/
MPI-OM simulations. However, the energy balance model
does not only miss the positive ice-albedo feedback, but
also other processes that potentially could retard the tran-
sition, and these processes are only modelled by the value
for € tuned to the ECHAMS/MPI-OM simulation TSIOO.
The underestimation of the transition times in this range of
TSI values might therefore indicate that delaying mecha-
nism such as ocean dynamics as suggested by Poulsen
et al. (2001) come into play for less drastic TSI reductions.
For 91% TSI, the energy balance model is again in
agreement with the ECHAMS/MPI-OM simulations. We
interpret this agreement for 91% TSI, as a zero net effect of
neglecting delaying mechanisms as well as the ice-albedo
feedback in our energy balance model.

The energy balance model predicts that for TSI greater
than 91.3% TSI, the ocean temperature never falls below
the freezing temperature of sea water. This is expressed by
the transition times becoming infinite above 91.3% TSI,
(see Fig. 8). Although the energy balance model (EBM)
itself does not experience a bifurcation at 91.3% TSI, we
interpret this value as the EBM estimate of the Snowball
Earth bifurcation point. This estimate is consistent with
ECHAMS/MPI-OM giving a range of 91-94% TSI,. We
stress that the EBM estimate of the Snowball Earth bifur-
cation point does not depend on the individual values for «
and ¢, but only on their ratio in (4). On the one hand, this
means that we could also tune « and € to any ECHAMS/
MPI-OM simulation with a TSI reduction below or equal to
91% TSI, without changing the EBM estimate of the
Snowball Earth bifurcation point. On the other hand, if we
chose a larger ratio, or equivalently a larger present-day
ocean temperature 0,4, the EBM estimate of the Snowball
Earth bifurcation point would shift towards lower TSI.
Therefore the present-day climate, represented in the
energy balance model by the present-day ocean tempera-
ture, entirely controls the EBM estimate of the Snowball
Earth bifurcation point through (4).

6 Atmosphere and ocean circulations and heat
transports

We now study the atmosphere and ocean circulation both
for a climate with extended but not complete sea-ice cover
and for the entire transition period to a modern Snowball
Earth. The focus will be on the Hadley cell in the atmo-
sphere and the Atlantic meridional overturning circulation
(AMOC). We also investigate atmosphere and ocean
meridional heat transports and analyze how they are related
to changes in the mean meridional circulation. For the

atmosphere, we analyze the total advective heat transport
and its decomposition in mean meridional and eddy
transports. We use six-hourly instantaneous data and define
the eddy terms as the deviation from the monthly and zonal
mean. For the ocean, we report on the total ocean heat
transport (calculated as the implied ocean heat transport
based on monthly data of the heat and water fluxes at the
ocean surface as well as monthly data of the ocean
potential temperature) and the contribution of the meridio-
nal overturning circulation (calculated by monthly data of
the horizontal velocity field and the ocean potential tem-
perature). Moreover, we study the transport of latent heat
due to sea-ice dynamics, which we calculate as the product
of the transported sea ice volume times the melting
enthalpy of sea-ice of 320 x 10°J m™—.

We here analyze two simulations. First, we investigate
the last 50 years of the simulation TSI94 as representative
for an equilibrium climate with extended but not complete
sea-ice cover. Second, we study the transient simulation
TSI91 from the abrupt decrease of TSI to 91% until
completion of sea-ice cover after 480 years.

We start with the analysis of the last 50 years of the
simulation TSI94. The total advective atmospheric heat
transport shown in Fig. 9 decreases in the Southern as well
as the Northern Hemisphere with a decrease of the maxi-
mum heat transport around 35N/S by 0.8 PW. This
decrease is mainly due to a decrease of eddy transport
around 35N/S, which is caused by a decrease of eddy latent
heat transport while the eddy dry static heat transport is
virtually unchanged compared to the control simulation
(not shown). The total heat transport by the mean meridi-
onal circulation changes very little, but this is a zero net
effect of strong decreases in the magnitudes of the dry
static heat transport and latent heat transport by the mean
meridional circulation, which are opposite to each other.
We see a weakening of the Hadley cell in the Southern
Hemisphere and a break-down of the Ferrell cell in the
Northern Hemisphere (not shown); however, the primary
reason for the decrease in advective atmospheric heat
transport are not changes in the atmospheric circulation but
the strong decrease of atmospheric water vapour content by
55% compared to CTRL.

Global ocean heat transport decreases in TSI9%4
throughout the Northern Hemisphere, but stays constant in
the Southern Hemisphere subtropical region and even
increases in Southern Hemisphere midlatitudes (see
Fig. 10). These changes in total ocean heat transport are
mainly due to changes in the ocean heat transport due to
the meridional overturning circulation (MOC, Fig. 10).
The gyre transport comes close to zero polewards of 40N/
50S due to the expansion of sea ice and intensifies slightly
around the equator. The hemisphere-dependent behaviour
of total ocean heat transport can be traced back to the
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Fig. 9 a Total advective atmospheric heat transport, b contribution of
the mean meridional circulation, and ¢ contribution of eddies; for the
control simulation CTRL (gray dashed) and averaged over the last
50 years of the simulation TSI94 (black solid)

Atlantic while the total ocean heat transport in the Indo-
Pacific Ocean shows a small decrease of its peak values
around 15N/S in both hemispheres. Indeed, the present-day
asymmetry of the AMOC, which in CTRL leads to
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Fig. 10 a Total global ocean heat transport, and b contribution of the
meridional overturning circulation (MOC); for the control simulation
CTRL (gray dashed) and averaged over the last 50 years of the
simulation TSI94 (black solid)

northward ocean heat transport even in the Southern
Hemisphere, is much weaker at the end of the simulation
TSI94, and we even see a slight southward heat transport in
the Southern Hemisphere. The AMOC shows a North
Atlantic Deep Water (NADW) cell shallower and weaker
by 7 Sv. In contrast the Antarctic Bottom Water (AABW)
cell strengthens by 6 Sv and now extends up to 2,200 m
instead of 2,700 m in CTRL. In the surface layers the wind-
driven subtropical cells increase by 8-10 Sv in both
hemispheres. At the end of the simulation TSI94 sea-ice
transport contributes about 0.2 PW to the meridional
transport of heat at SON/60S, which is five times more than
its maximum in CTRL (see Fig. 11).

Simulation TSI91 accomplishes a modern Snowball
Earth within 480 years. Total advective atmospheric heat
transport initially decreases slightly in both hemispheres,
then increases slowly in the Southern Hemisphere after
200 years (Fig. 12). After 280 years, the peak value of
heat transport in the Southern Hemisphere starts to shift
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Fig. 11 Global ocean latent heat transport due to sea-ice transport in
the control simulation CTRL (gray dashed) and averaged over the last
50 years of the simulation TSI194 (black solid)

northwards. In contrast, the total advective atmospheric
heat transport in the Northern Hemisphere continues to
decline and hardly alters its meridional shape. This domi-
nance of southward heat transport is due to large changes in
the heat transport by the mean meridional circulation after
year 300. At this moment the annual-mean heat transport
by the mean meridional circulation resembles strongly the
mean meridional heat transport during boreal summer
(June, July, August) of CTRL. The changes in the heat
transport by the mean meridional circulation are associated
with substantial changes in the shape and magnitude of the
Hadley cell. While the Hadley cell decreases in strength
during the first 280 years in both hemispheres, its southern
branch strongly intensifies after year 280 reaching a
maximum strength of 41 x 10'° kg s™' at year 467 and
weakening shortly before the accomplishment of complete
sea-ice cover (see Fig. 13). The eddy heat transport in
TSI91 after 280 years exhibits a slight increase in the
Southern Hemisphere and a decrease in the Northern
Hemisphere but hardly changes its meridional shape with
the advancement of sea-ice.

The total heat transport by the global ocean first
increases after the abrupt decrease of TSI in TSI91 but
shows a strengthening of southward heat transport in the
Southern Hemisphere and a decrease of northward trans-
port in the Northern Hemisphere after 200 years (see
Fig. 14). This is also reflected in the contribution of the
meridional overturning circulation showing a strong
intensification of southward heat transport close to the
equator after 250 years. The initial increase of northward
heat transport in the Northern Hemisphere is related to an
intensification of the NADW cell in the Atlantic. Figure 15
illustrates the time evolution of the peak values of the
NADW cell and the AABW cell, which we define as
the maximum (NADW) and minimum (AABW) values of
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Fig. 12 Hovmoeller plot of a the total advective atmospheric heat
transport, b the contribution of the mean meridional circulation, and ¢
the contribution of eddies (all given in PW); for a reduction of TSI to
91% of its present-day value (simulation TSI91). The thick black lines
display the zero contour level. Contour intervals are 0.5 PW. A 15-
year running mean is applied. Sea-ice cover is completed by year 480

the meridional overturning below 600 m, respectively.
After the abrupt decrease of TSI, the NADW cell increases
by 18 Sv in the first 50 years but then declines until the
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Fig. 13 Annual mean absolute maximum values of the Hadley cell
branch in the Northern Hemisphere (black) and the Southern
Hemisphere (gray) for a reduction of TSI to 91% of its present-day
value (simulation TSI91)
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Fig. 14 Hovmoeller plot of a the total global ocean heat transport,
and b the contribution of the MOC (both given in PW); for a
reduction of TSI to 91% of its present-day value (simulation TSIO1).
The thick black lines display the zero contour level. Contour intervals
are 0.5 PW. A 15-year running mean is applied. Sea-ice cover is
completed by year 480
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Atlantic becomes completely sea-ice covered in year 470.
The AABW cell strengthens in the course of the simulation
TSI91 until both cells decline after the completion of sea-
ice cover in year 470 (upper panel of Fig. 15). The strength
of the NADW and AABW cells are negatively correlated
with a regime shift between year 290 and 312: the circu-
lation changes from a strong NADW and weak AABW cell
to a weak NADW and strong AABW cell (lower panel of
Fig. 15). The regime shift in the NADW and AABW cells
coincides with the increase of the southern branch of the
Hadley cell. The wind-driven subtropical cells in the
Atlantic do not show any immediate response to the abrupt
decrease of TSI but slowly increase during the simulation
and eventually are up to four times stronger than in CTRL
(see Fig. 16). The strength of the clockwise northern cell
and the anticlockwise southern cell are correlated although
the southern cell intensifies by a factor of 4 while the
northern cell only strengthens by a factor of less than two
compared to CTRL. The regime shift from NADW to
AABW as dominating AMOC cell is connected to the
above-mentioned increase of southward ocean heat trans-
port at this stage of the simulation TSI91. After 400 years
the wind-driven subtropical cells in the Atlantic decline
rapidly with the advancement of sea ice to the tropical
Atlantic. In the Indo-Pacific the subtropical cells similarly
intensify during the simulation with the southern cell even
strengthening by a factor of 6 compared to CTRL around
year 450 (not shown).

Poleward latent heat transport by sea ice increases sig-
nificantly after 250 years and reaches a peak value of 1 PW
in the Southern Hemisphere (see Fig. 17). However, the
maximum sea-ice transport is not close to the equatorward
edge of the sea-ice extent but centred around 40S.

7 Point of unstoppable glaciation

We will now turn to the second set of our experiments
summarized in Table 2. At different stages of sea-ice cover
of the simulation TSI91 we increase TSI to investigate
which degree of sea-ice cover guarantees an unstoppable
transition to a modern Snowball Earth, even if TSI is
increased at this point (see Fig. 18). Setting TSI to 100%
causes rapid melting of sea ice even for an almost com-
pletely frozen ocean with 87.7% sea-ice cover (simulation
R1-TSI100). Although the Atlantic and the Indian Ocean
are already completely covered with sea ice and only a
narrow band of open water is left in the equatorial Pacific,
sea-ice cover decreases rapidly after the increase of TSI to
100%. This picture is different if TSI is increased to less
than 100%. Even if we start from simulation TSI91 with
only 56.6% sea-ice cover, a TSI increase to 94% does not
prevent a Snowball Earth but complete sea-ice cover is
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Fig. 15 a Time series of the absolute peak values of the NADW and
AABW cells in the Atlantic for a reduction of TSI to 91% of its
present-day value (simulation TSI91). The thick lines depict the 15-
year running means. b Phase-space trajectory of the 15-year running
means. Sea ice in the Atlantic is completed by year 470

realized within 393 years (simulation R2-TSI94). The
intermediate state with constant sea-ice cover of 55%
during 300 years but slow cooling of the ocean by a rate of
0.3 PW (corresponding to 0.8 Wm™2) has a very sharp sea-
ice edge at 10S showing almost no seasonal or interannual
variability. In the Northern Hemisphere, the sea-ice edge is
less uniform and shows more interannual and seasonal
variability with sea ice reaching 30N in March and
retreating to 55N in September in the North Pacific. That
this intermediate state for 94% TSI, eventually freezes
over implies that also for TSI values below 94% TSI, sea-
ice cover above 56.6% is unstable and results in a modern
Snowball Earth. This is confirmed by simulation R4-TSI93.
Increasing TSI to 94% at 34.1% sea-ice cover in the simu-
lation TSI91 leads to melting of sea ice with sea-ice cover
after 100 years being close to that at the end of simulation
TSI94. This implies that if we start from the present-day
control climate and reduce TSI to values between 94 and
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Fig. 16 a Time series of the absolute peak values of the wind-driven
subtropical ocean overturning cells of the Atlantic for a reduction of TSI
t0 91% of its present-day value (simulation TSIO1). The thick lines depict
the 15-year running means. b Phase-space trajectory of the 15-year
running means. Sea ice in the Atlantic is completed by year 470
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Fig. 17 Hovmoeller plot of the latent heat transport due to sea-ice
transport in PW for a reduction of TSI to 91% of its present-day value
(simulation TSI91). Contour intervals are 0.1 PW. A 15-year running
mean is applied
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Fig. 18 Response of sea-ice cover in percentage of ocean area after
an increase of TSI at different stages of the simulation TSI91 (black).
Green means an increase of TSI to 93%, blue an increase of TSI to
94%, and red an increase of TSI to 100% of its present-day value. The
plot also includes two simulations where we set TSI back to 100%
one year before complete sea-ice cover is accomplished in the
simulation R2-TSI94. The simulations can be identified by the labels
attached to the lines of sea-ice cover evolution (cf. Tables 1, 2)

100% TSIy, sea-ice cover will not exceed 34.1% in
ECHAMS/MPI-OM. Assuming that ECHAMS/MPI-OM
does not exhibit an additional stable mode between
the present-day like and the Snowball Earth mode, we
conclude that stable states can have no greater than 56.6%
sea-ice cover.

To study the extent to which the point of unstoppable
glaciation for 100% TSI, depends on sea-ice thickness and
mean ocean potential temperature, we conduct the simula-
tions RR1-TSI100 and RR2-TSI100 where we set TSI back
to 100% shortly before global sea-ice cover is realized in the
simulation R2-TSI94. Increasing TSI to 100% prevents the
transition to a Snowball Earth for a sea-ice cover of 81.7%
(simulation RR1-TSI100) but does not inhibit complete sea-
ice cover for a slightly higher sea-ice cover of 87.7%
(simulation RR2-TSI100). The simulation RR2-TSI100
starts from the same degree of sea-ice cover as the simu-
lation R1-TSI100, but sea-ice is 0.5 m thicker and the ocean
is 0.42 K colder than for the experiment R1-TSI100 (see
Table 3). While it is not surprising that the point of
unstoppable glaciation is shifted to smaller degrees of

sea ice cover with lower ocean temperatures and thicker sea
ice, we can estimate a lower bound for the point of
unstoppable glaciation for 100% TSI,. As ECHAMS/MPI-
OM at the beginning of the simulation RR1-TSI100 is
already close to the maximum value of sea-ice thickness of
8 m and minimum value of mean ocean potential temperature
of —1.9°C, the point of unstoppable glaciation for 100%
TSI, should be above 80% sea-ice cover, independent of the
explicit state chosen to set TSI back to 100%. Together with
the simulations R2-TSI194 and R3-TSI94 showing that the
point of unstoppable glaciation for 94% TSI, is below
56.6% sea-ice cover, this demonstrates a strong dependence
of the point of unstoppable glaciation on TSI.

The classical energy balance models of Budyko (1969)
and Sellers (1969) describe the climate only in terms of
sea-ice cover and neglect other variables of the climate
system. This is certainly an oversimplification of the
ECHAMS/MPI-OM model as well as the “true” climate
system. We now analyze how strong this simplification is
in the case of ECHAMS/MPI-OM, by investigating the
correlation of mean ocean potential temperature and sea-
ice cover for various ECHAMS/MPI-OM simulations (see
Fig. 19). If the energy balance models, and hence the
Budyko-Sellers diagram, were a complete description of
the ECHAMS/MPI-OM model, all simulations would give
exactly the same mean ocean potential temperature for the
same sea-ice cover indicating that sea-ice cover completely
describes the state of the climate system. Indeed, all simu-
lations of the transition from the present-day climate to a
modern Snowball Earth triggered by an abrupt decrease of
TSI (cf. Table 1) roughly show the same dependence of
mean ocean potential temperature on sea-ice cover. Note
that simulations of the first set not included in Fig. 19 fall
in the region covered by the selected simulations shown in
Fig. 19. This shows that sea-ice cover is a sufficient
description of the climate state of ECHAMS/MPI-OM
when the climate model evolves from the present-day cli-
mate into a modern Snowball Earth. The physical reason
here is that the formation of sea ice requires that most parts
of the underlying water column are cooled to close to the
freezing point (see Sect. 4). In contrast, the simulation
RI1-TSI100 (cf. Table 2) is not in accordance with the
above correlation of mean ocean potential temperature and

Table 3 Summary of sea-ice cover in percentage of the total ocean area, mean sea-ice thickness and mean ocean potential temperature before
the increase of total solar irradiance to 100% for three simulations of the second set of ECHAMS5/MPI-OM simulations

Simulation Sea-ice cover at Sea-ice thickness at Mean ocean temperature at Result
restart (December mean) (%) restart (December mean) (m) restart (annual mean) (K)

R1-TSI100 87.1 5.98 271.94 Melting

RR1-TSI100 81.7 6.12 271.54 Melting

RR2-TSI100 87.7 6.48 271.52 SE within 2a

SE Snowball Earth

@ Springer
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Fig. 19 Annual mean ocean potential temperature in dependence of
sea-ice cover for four simulations applying an abrupt decrease of TSI
(black, red, blue, green) and one simulation where we increased TSI
to 100% shortly before sea-ice cover is complete (magenta)

sea-ice cover, because melting of sea ice only requires to
warm the ocean surface layers and hence leaves the mean
ocean potential temperature largely unaffected.

8 Discussion

In the coupled atmosphere—ocean general circulation model
ECHAMS/MPI-OM, the Snowball Earth bifurcation point
for the transition to a Snowball Earth is in the range of 91 to
94% of today’s TSI. This is in agreement with the FOAM
atmosphere—ocean general circulation model despite dif-
ferences in the applied geography (Poulsen and Jacob 2004).

The transition times to a Snowball Earth have only been
studied with a simple climate model (Walsh and Sellers
1993); a time-dependent decrease of TSI by 30% over
90 years resulted in a Snowball Earth within 81 years. This
is broadly consistent with our simulation with 75% TSI,
giving a transition times of 109 years, although the sim-
plicity of this earlier model and the different strategy of
TSI decrease render a comparison difficult.

In contrast to a previous study with the Earth system
model of intermediate complexity PUMA (Romanova et al.
2006), our model ECHAMS/MPI-OM is very sensitive to a
decrease in atmospheric carbon dioxide. When we remove
virtually all carbon dioxide from the atmosphere, the Earth
freezes over even with 100% TSI,. While the sole radiative
effect of CO, is too small to trigger a Snowball Earth,
removing CO, activates the ice-albedo and water-vapor
feedbacks. In contrast to the Snowball Earth literature,
which almost exclusively focuses on the ice-albedo feed-
back alone, we find that the water-vapor feedback is also key
to the initiation of a Snowball Earth, as seen by the strong
increase in the clear-sky emissivity (see also Pierrehumbert

2002 and Fraedrich 1979). We speculate that ECHAMS/
MPI-OM has less difficulties generating a Snowball Earth
partly due to a strong water-vapor feedback in our model,
consistent with ECHAMS/MPI-OM simulations of the
Paleocene—Eocene (55 Ma BP) presented in Heinemann
et al. (2009). There, strong reduction in the clear-sky surface
emissivity are key to explain the high climate sensitivity of
those simulations, and the water-vapor feedback is thought
to be one of the main reason for the simulated reduction in
clear-sky surface emissivity. Clouds in ECHAMS/MPI-OM
always exert a negative radiative forcing, even above com-
pletely sea-ice covered regions. This is in contrast to the
results of Poulsen and Jacob (2004) and makes clear that
clouds are an important point of discrepancy between
models (see also Le Hir et al. (2007) for the influence of
clouds on the deglaciation threshold of a Snobwall Earth).
Our analysis of the climate with sea ice extended to
40N/S due to a decrease of TSI to 94% shows a decrease of
atmospheric heat transport compared to the present-day
control simulation CTRL. In the literature, there is only a
single study that systematically investigates the response of
atmospheric heat transport to sea-ice expansion. Using the
CLIMBER-2 model with a Neoproterozoic continental
reconstruction, Donnadieu et al. (2004b) found that a
decrease of atmospheric carbon dioxide from 3,500 to
500 ppm caused an expansion of sea ice from 60N/S to
40N/S. These simulations should therefore be comparable
to our present-day control simulation CTRL and our
simulation TSI94 with 94% TSI,. While in CLIMBER-2
sea-ice expansion lead to an increase of atmospheric heat
transport in both its mean meridional and eddy compo-
nents, our simulations suggest the completely opposite. We
find a decrease in atmospheric heat transport, which is
entirely due to a decrease of atmospheric eddy heat trans-
port. This questions the conclusion in Donnadieu et al.
(2004b) that atmospheric heat transport represents a
negative feedback working against sea-ice advance, and
illustrates that the role of atmospheric heat transport during
the transition to a Snowball Earth is still unclear. Con-
cerning the ocean heat transport, we find similar hemi-
sphere-dependent changes as in Donnadieu et al. (2004b).
Why do we see an intensification of southward and a
decline of northward atmospheric and oceanic heat trans-
ports as sea ice comes close towards the equator? The
answer lies in the present-day asymmetric distribution of
the continents. In ECHAMS/MPI-OM, sea-ice covered
ocean areas have a substantially higher albedo than frozen
land areas because of two reasons. First, the albedo of
snow-free land largely depends on the assumed background
albedo, which is in the range of 0.1 to 0.3 for most land
areas. This is much lower than the albedo of sea ice.
Second, snow causes less albedo increase on land than on
sea ice, since snow on land has a lower minimum albedo
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than snow on sea-ice, and the albedo effect of snow on land
is further diminished by the shielding effect of forests as
well as the effect of decrease in fractional snow cover as a
consequence of sloping terrain. This difference in the
albedo of sea-ice areas and frozen land areas results in a
larger surface albedo in the Southern than the Northern
Hemisphere after year 240 for a reduction of TSI to 91% of
its present-day value (see Fig. 20). Consequently, the
Southern Hemisphere receives less shortwave radiation
than the Northern Hemisphere, and this deficit must be
balanced by anomalous southward heat transport, com-
pared to the present-day climate. This also explains the
faster expansion of sea ice in the Southern Hemisphere
seen for the simulations with 75 to 91% TSI, (cf., Sect. 4).

How do our simulations then help us understand the role
of atmosphere and ocean heat transports and dynamics?
First, we can say with confidence that the wind-driven
meridional overturning circulation intensifies strongly
during the transition and hence becomes more and more
important for meridional ocean heat transport as sea ice
spreads towards the equator. This is in agreement with a
previous sensitivity study with an atmosphere—ocean gen-
eral circulation model that showed that the wind-driven
ocean circulation is an important factor to make global
glaciation more difficult (Poulsen and Jacob 2004). Second,
we also see the importance of sea-ice dynamics in our
simulations, in accordance with Lewis et al. (2003, 2007).
Meridional sea-ice transport not only leads to poleward
latent heat transport and hence a cooling of the open water
regions, but it also cools the preciously open water regions
by the high albedo of the exported sea ice. Third, we see a
strong intensification of the Hadley cell when sea ice enters
the tropical region, and a weakening of the Hadley cell just

Surface albedo during simulation TSI91
0.8

0.6}

05}

Northern Hemisphere

0.4 Southern Hemisphere

0.3

0.2

0.1 ‘ ‘
0 80 160 240 320 400 480

Time [years]

Fig. 20 Surface albedo of the Northern and Southern Hemisphere
during the transition to a modern Snowball Earth triggered by a
reduction of TSI to 91% (simulation TSI91). Sea-ice cover is
completed by year 480
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prior to the accomplishment of final glaciation, again in
accordance with Poulsen and Jacob (2004). The simulta-
neous increase of southward heat transport in the tropics by
the mean meridional circulations in the atmosphere and the
ocean reflects the strong coupling between both mecha-
nisms (cf., Held 2001). A stronger Hadley cell means
stronger surface winds and consequently an increase in the
wind-driven subtropical ocean cells. This confirms the
peculiar role of surface winds that has also been recognized
in previous studies (Poulsen and Jacob 2004; Lewis et al.
2003, 2007).

While the existence of the point of unstoppable glacia-
tion and hence a runaway ice-albedo feedback is inevitable
as soon as the meridional heat transport is nonzero (Held
and Suarez 1974), it is a priori unknown where this point is
located. For 100% TSI, we find that this point should be
above 80% sea-ice cover, which is much closer to complete
sea-ice cover than the position of the unstable branch in
classical energy balance models (e.g., North 1975). The
melting of a near-Snowball Earth in Poulsen (2003) is
consistent with our simulations for an increase of TSI to
100% TSI,. However, this alone does not justify the con-
clusion of a weak runaway ice-albedo feedback for Neo-
proterozoic boundary conditions drawn in Poulsen (2003)
due to the strong dependence of the point of unstoppable
glaciation on TSI found in our study.

In ECHAMS/MPI-OM there is no TSI value resulting in
stable climates with sea-ice cover above 56.6%, i.e. we do
not find stable states with near-complete sea ice cover but
open equatorial waters. This is in contrast to Poulsen and
Jacob (2004) who find that 65% sea-ice cover is stable in the
FOAM model. Obvious reasons for this discrepancy are
differences in the cloud radiative forcing above sea ice
(close to zero in ECHAMS/MPI-OM, but about 30 Wm 2in
FOAM) and missing sea-ice dynamics in FOAM. Differ-
ences in the strength of the water-vapor feedback and dif-
ferent values for sea-ice albedo might also be important, but
a comparison is hindered as Poulsen and Jacob (2004) do
not provide data for these variables. To judge whether dif-
ferences in the applied geography (modern in our study, but
equatorial supercontinent in Poulsen and Jacob 2004) are
important for the differences in the stability threshold would
require to repeat our simulations with Neoproterozoic
continents, which is beyond the scope of this study. There
are nonetheless two interesting issues regarding the location
of continents. First, the strong southward heat transport seen
in our study clearly is a consequence of choosing modern
continents due to the vastly different albedo of ocean, sea
ice, and land. Second, it recently has been demonstrated that
ocean heat transport plays a major role in setting the latitude
of the sea-ice edge (Rose and Marshall 2009; Ferreira et al.
2009) as sea ice tends to rest at minima of ocean heat
transport, and that the structure of meridional ocean heat
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transport itself is sensitive to continental boundaries (End-
erton and Marshall 2009). Altogether, this proposes a new
and yet unexplored mechanism of how the location of
continents might influence the stability threshold.

ECHAMS/MPI-OM neither includes a dynamic vege-
tation nor an ice sheet model. The use of a vegetation mask
fixed to the present-day climate results in too low land
albedos for regions with present-day forest cover like
Siberia or the tropical rain forest regions due to the
shielding effect of forests. The same is true for the lack of a
dynamic ice sheet model although we consider it to be less
important for our study as most of our simulations are
rather short. Finally, the restriction of sea-ice thickness to
about 8 m in MPI-OM to avoid dry model layers introduces
an artificial heating source below the sea ice. Altogether,
these three deficits bias our model results to an overesti-
mation of the transition times. Similarly, the estimated
range of the Snowball Earth bifurcation point would shift
to higher TSI values if these three deficits were removed.
They should be addressed when one attempts to simulate
the equilibrium climate of a Snowball Earth, but we here
consider them not to be of first order for modelling the
transition from the present-day climate to a Snowball
Earth. Apart from the transition to a modern Snowball
Earth, including an ice sheet model would allow us to test
the existence of “oasis” solutions in an atmosphere—ocean
general circulation model. These “oasis” solutions, found
in an energy balance model coupled to an ice sheet model
(Crowley et al. 2001; Peltier et al. 2004, 2007), exhibit
tropical land glaciers while tropical oceans remain sea-ice
free and are located in between the present-day like mode
and the Snowball Earth mode in plots of global surface
temperature versus TSI or longwave CO, forcing.

We have only modelled the physical climate system
comprising atmosphere, ocean, and sea ice. Atmospheric
carbon dioxide levels are fixed in our study. It is certainly
interesting to include the interactions of climate and carbon
dioxide in Snowball Earth simulations. For example, the
continental break-up of Rodinia was shown to trigger a
Snowball Earth due to an increase in runoff and due to basaltic
traps in the GEOCLIM model (Donnadieu et al. 2004a;
Godderis et al. 2007). Moreover, it has been suggested that
including the Neoproterozoic carbon cycle proposed by
Rothman et al. (2003) may inhibit global glaciations (Peltier
et al. 2007) though this is still a matter of debate (Godderis and
Donnadieu 2008; Hoffman et al. 2008; Peltier and Liu 2008).
We leave these issues for future research.

9 Conclusions

Based on our simulations with the coupled atmosphere—
ocean general circulation model ECHAMS/MPI-OM to

study the transition from the present-day climate to a
modern Snowball Earth, we conclude the following:

1. The Snowball Earth bifurcation point of ECHAMS/
MPI-OM is between 91 and 94% of the present-day
total solar irradiance (TSI), in agreement with the
FOAM atmosphere ocean general circulation model
(Poulsen and Jacob 2004). The transition time from the
present-day climate to a modern Snowball Earth
increases from 14 years for virtually switching off
the sun to 480 years for decreasing TSI to 91% of its
present-day value.

2. The Snowball Earth bifurcation point and the transition
time found with ECHAMS/MPI-OM are well repro-
duced with a zero-dimensional energy balance model
of the mean ocean potential temperature.

3. The asymmetric distribution of continents between the
Northern and Southern Hemisphere causes strong heat
transports toward the more water-covered Southern
Hemisphere as sea ice spreads towards the equator.
The southern Hadley cell and the wind-driven sub-
tropical ocean cells strengthen by a factor of 4 as sea-
ice approaches the equator.

4. For 100% TSI the point of unstoppable glaciation is
much closer to complete sea-ice cover than in classical
energy balance models. Stable states have no greater
than 56.6% sea-ice cover implying that ECHAMS/
MPI-OM does not exhibit stable states with near-
complete sea-ice cover but open equatorial waters.
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