A snowball Earth versus a slushball Earth: Results from Neoproterozoic

climate modeling sensitivity experiments

Arne Micheels*

Senckenberg Research Institute, Senckenberganlage 25, D-60325 Frankfurt am Main, Germany

Michael Montenari

Earth Sciences and Geography, Keele University, Newcastle, Staffordshire ST5 5BG, UK

ABSTRACT

The Neoproterozoic was characterized by
an extreme glaciation, but until now there
has been no consensus as to whether it was
a complete glaciation (snowball Earth) or a
less severe glaciation (slushball Earth). We
performed sensitivity experiments with an
Earth model of intermediate complexity for
this period of dramatic global cooling. Our
simulations focus on the climate response on
a cool versus a cold ocean, on a desert versus
a glacier land surface, and on a lower versus a
higher CO, concentration. All Neoproterozoic
model experiments represent much colder
conditions than today and widespread glacia-
tion. In case of an initial forcing representing
a snowball Earth, the model maintains its
complete glaciation, and temperatures are as
low as —45 °C in equatorial latitudes. At the
poles, the snowball experiments demonstrate
annual average temperatures of <-70 °C. If the
initial model forcing is more moderate (slush-
ball Earth), polar temperatures are <-50 °C,
but temperatures in low latitudes stay well
above the freezing point of water, and there-
fore ice-free ocean areas remain. Based on
our simulations, we are able to observe that
global climate reacts less sensitively to reduc-
tions of atmospheric CO, during times with
increased glaciations. Our results suggest that
the development of glaciers on land contrib-
utes significantly to intense ice coverage of
the oceans. Because simulations initialized
without complete ice cover do not reach the
global glaciation condition, we conclude that
our simulations support the rather moderate
scenario of a slushball Earth than the extreme
snowball Earth hypothesis. The experimental
design and the model might, however, limit
the interpretation of our results.
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INTRODUCTION

The Neoproterozoic (1000-542 Ma; Grad-
stein et al., 2004) was a rather cold epoch in
Earth’s history. Neoproterozoic sedimentary
deposits can be found across the world and they
document an intense degree of glaciation for that
time (e.g., Young and Gostin, 1989; Hoffman et
al., 1998b; Evans, 2000; Evans et al., 2000).
Based on lithostratigraphic and chemostrati-
graphic evidence from Australia, Canada,
Congo, Namibia, and Spitzbergen (Meert et al.,
1995; Schmidt and Williams, 1995; Kaufman
et al., 1997, and references therein; Sohl et al.,
1999), as many as five successive ice ages have
been proposed for the entire Neoproterozoic
(e.g., Hoffman et al., 1998a; Saylor et al., 1998).
However, analyzing the available data, Kennedy
et al. (1998) concluded that only two major
glaciations can be identified with confidence.
The existence of a third, possibly Marinoan-
aged, major glaciation, evidenced by glacigenic
deposits at the Varanger Peninsula in northern
Norway (Fairchild and Hambrey, 1984; Knoll
et al., 1986), is debated (e.g., Kennedy et al.,
1998, Gradstein et al., 2004). Based on paleo-
magnetic reconstructions, glacial conditions in
the Neoproterozoic advanced even into equato-
rial latitudes (e.g., Evans, 2000, and references
therein). Owing to the widespread occurrence
of glacial deposits in the Neoproterozoic, some
studies proposed a rather extreme and pro-
vocative scenario, which is now well known as
the so-called Neoproterozoic snowball Earth
hypothesis (e.g., Kirschvink, 1992; Hoffman et
al., 1998b; Schrag et al., 2002). However, seri-
ous doubts arose as to whether the Neoprotero-
zoic Earth was really completely glaciated (e.g.,
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Christie-Blick et al., 1999; Leather et al., 2002).
For example, some massive geological deposits
indicate an actively working hydrological cycle
during the Neoproterozoic (e.g., Christie-Blick
etal., 1999; Leather et al., 2002). In addition, the
organic geochemical analysis of several chemo-
fossils (so-called biomarkers) extracted from
low-latitude Neoproterozoic synglacial black
shales of the Sdo Francisco craton in southeast-
ern Brazil document the existence of a wide-
spread, photosynthetic, active, and therefore
light-dependant, complex microbial ecosystem
(Olcott et al., 2005). Likewise, silicified micro-
fossils from preglacial and synglacial deposits in
the Death Valley area, California, and acritarchs
from preglacial and postglacial successions of
Australia show no evidence for a prominent
extinction phase during that time (Corsetti et
al., 2003, 2006). These facts contradict the sce-
nario of a snowball Earth, which implies that the
oceans froze to a depth of ~1 km (Hoffman et
al., 1998b; Runnegar, 2000), thereby forming a
dense to non-light-transmissive layer, and sup-
port a modified version of a less severe Neopro-
terozoic glaciation (i.e., a slushball Earth).

It is a matter of an ongoing discussion whether
it was a Neoproterozoic snowball or slushball
Earth (e.g., Christie-Blick et al., 1999; Hoffman
and Schrag, 1999; Leather et al., 2002; Allen and
Hoffman, 2005). Not at least because of this con-
troversial debate on the degree of the glaciation,
the Neoproterozoic paradox has attracted the
interest of paleoclimate modelers. Using sensi-
tivity experiments with climate models of differ-
ent complexity, modelers analyzed the various
processes that might have initiated (e.g., Chan-
dler and Sohl, 2000; Donnadieu et al., 2004a)
or terminated (e.g., Pierrehumbert, 2004) the
Neoproterozoic glaciation. These climate mod-
eling studies focused on the role of a reduced
solar luminosity and a different configuration
of the Earth’s orbit, the effects of different
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concentrations of atmospheric carbon diox-
ide, the relevance of the paleogeography and/
or paleo-orography and changed land surface
cover, and the ocean (e.g., Chandler and Sohl,
2000; Hyde et al., 2000; Poulsen et al., 2001,
2002; Donnadieu et al., 2003, 2004a, 2004b;
Poulsen, 2003; Pierrehumbert, 2004; Poulsen
and Jacob, 2004; Romanova et al., 2006). One
could think that models give a consistent view
on the Neoproterozoic because they are based
on (more or less) unalterable physical principles.
‘With some limitations, different climate models
produce quite consistent results when applied to
the present situation and future climate change
(e.g., Cubasch et al., 2001). It is, however, inter-
esting that the different climate model experi-
ments do not give consistent answers to the
Neoproterozoic climate paradox. For example,
Poulsen et al. (2001) used an atmosphere model,
which was coupled to an ocean circulation
model and to a slab ocean model. The results of
both modeling approaches differ significantly.
The fully coupled model was not able to get
into full glaciation, while the other, with its slab
ocean, was. In another model study with a fully
coupled atmosphere-ocean model, Poulsen and
Jacob (2004) obtained full snowball conditions,
but only if the crucial parameters of wind-driven
circulation and cloud-radiative forcing were
absent. What is wrong if model simulations
(even of the same study) contradict each other
that much (e.g., Chandler and Sohl, 2000; Hyde
et al., 2000; Poulsen et al., 2001; Donnadieu et
al., 2003, 2004a, 2004b)?

The ocean circulation and ocean heat trans-
port in particular play prominent roles (e.g.,
Covey and Thompson, 1989; Rind and Chan-
dler, 1991; Cohen-Solal and Le Treut, 1997),
not only for the present-day climate (e.g., Miko-
lajewicz and Voss, 2000) but also for past time
intervals (e.g., Maier-Reimer et al., 1990; Rind
and Chandler, 1991; Mikolajewicz and Crowley,
1997; Brady et al., 1998; Bice et al., 2000; Step-
puhn et al., 2006). Poulsen et al. (2001) studied
the role of the ocean with respect to the onset of
a Neoproterozoic glaciation with a slab ocean
and a fully coupled climate model: the atmo-
sphere model coupled to a mixed-layer ocean
model produced a snowball Earth, but even for
present-day conditions, sea ice extends too far
toward the equator with the used model configu-
ration. Therefore, the reliability of the solution
of a snowball Earth in that study is question-
able. Other Neoproterozoic model experiments
also include some simplifications, such as an
idealized continent (e.g., Poulsen et al., 2002)
or a uniform paleo-orography (e.g., Donnadieu
et al., 2004a), or used even modern boundary
conditions (e.g., Romanova et al., 2006). This is
justified partly because detailed information is
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lacking and partly because of the experimental
design as sensitivity simulations, but at least it
also documents the problems in explaining the
Neoproterozoic icehouse phase.

The inconsistencies and shortcomings of
previous Neoproterozoic simulations and the
contradictory interpretations of the geological
record demonstrate that the Neoproterozoic gla-
cial phase is not well understood. Also, there are
still many uncertainties with respect to various
parameters such as the paleogeography (e.g.,
Meert and Powell, 2001; Torsvik, 2003); this
motivates our study. We define some climate
modeling experiments to investigate some fun-
damental processes with an Earth system model
of intermediate complexity, i.e., an atmospheric
general circulation model coupled to a slab
ocean model. The Neoproterozoic simulations
are designed as sensitivity experiments and
consider basically two different ocean settings,
a cool and a cold situation. In addition, we ana-
lyzed the climate response on different global
land surface cover (desert versus glacier), and
we investigated the relevance of variations of
atmospheric pCO, (510 ppm versus 280 ppm).
On the one hand, we analyzed the climate
response to these changed initial conditions, and
on the other hand, we checked how consistent
our results are compared to other modeling stud-
ies and the fossil record. We could not analyze
the climate response to all parameters relevant
for past climate changes within our present
study; however, we established a set of bound-
ary conditions that can be used as a basis for
further model experiments.

EXPERIMENTAL DESIGN
EMIC Planet Simulator

We performed climate modeling sensitivity
experiments for the Neoproterozoic. For these
purposes, we used the Earth system model of
intermediate complexity (EMIC) Planet Simu-
lator (e.g., Fraedrich et al., 2005a, 2005b). The
core module is the simple atmospheric general
circulation model (AGCM) PUMA-2, which is
coupled to a slab ocean and thermodynamic sea
ice model. PUMA-2 is based on the primitive
equations representing, for example, the con-
servation of mass and momentum, and the first
principle of thermodynamics. As compared to
its previous dry-dynamics version (e.g., Fraed-
rich et al., 1998; Frisius et al., 1998), the atmo-
sphere model was improved and includes now
schemes for various physical processes such as
radiation transfer, large-scale and convective
precipitation, and cloud formation. The AGCM
is coupled to a thermodynamic sea ice and to
a mixed-layer ocean model (i.e., the model
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does not simulate the ocean circulation, but it
accounts for the heat exchange between atmo-
sphere and ocean). It is also possible to force the
model with observational climatological fields
such as present-day sea surface temperatures.
As compared to the highly complex circula-
tion models, the EMIC Planet Simulator con-
sists of simpler parameterization schemes, e.g.,
for radiation transfer. For further details about
the model physics, see Fraedrich et al. (2005a,
2005b). At the expense of some uncertainties,
intermediate complexity models such as the
Planet Simulator or CLIMBER-2 (e.g., Petouk-
hov et al., 2000) are generally computationally
much more efficient than the more realistic
complex general circulation models. For some
specific applications, EMICs are useful tools
as they bridge the gap from the rather simple to
highly complex models (Claussen et al., 2002).
The Planet Simulator was used for the present-
day climate (e.g., Fraedrich et al., 2005b; Junge
et al., 2005; Grosfeld et al., 2007; Kleidon et al.,
2007), where it proved its reliability. Micheels
et al. (2006) also used the model for a late Mio-
cene sensitivity study. This Miocene experiment
gives quite consistent results as compared to a
late Miocene simulation with the highly com-
plex AGCM ECHAM4 coupled to a slab ocean
model (e.g., Steppuhn et al., 2006; Micheels et
al., 2007). We emphasize that Romanova et al.
(2006) applied the model for some Neoprotero-
zoic sensitivity experiments, even though they
used largely modern boundary conditions.

The horizontal resolution of the spectral
atmospheric model is T21, which corresponds
to a Gaussian grid of ~5.6° x 5.6° for the longi-
tude and latitude. The vertical domain is repre-
sented with five layers using terrain-following
o-coordinates. With the Planet Simulator, we
perform a present-day control experiment
(referred to as CTRL). The control run uses the
same set of boundary conditions as the highly
complex AGCM ECHAMS (e.g., Roeckner et
al., 2003, 2004). For CTRL, we force the model
with present-day sea surface temperatures
(SSTs) and sea ice cover (SIC), the modern veg-
etation, and atmospheric CO, set to the prein-
dustrial concentration of 280 ppm.

Neoproterozoic Boundary Conditions

We performed Neoproterozoic sensitivity ex-
periments, which use an adapted paleogeography
and paleo-orography, and consider a lower solar
luminosity by —6% as compared to today (e.g.,
Gough, 1981). The configuration of orbital
parameters refers to present-day conditions. In
contrast, SSTs, SIC, land surface cover, and
atmospheric pCO, differ in the simulations.
We performed eight Neoproterozoic sensitivity



experiments, the experimental design details of
which are described in the following (for a sum-
mary of the specifications, see Table 1).

Paleogeography and Paleo-orography

Figure 1 illustrates the Neoproterozoic paleo-
geography and paleo-orography. The land-
sea distribution is based on the software Plate
Tracker(http://www.scotese.com/software.htm).
It represents almost one supercontinent known
as Rodinia (e.g., Dalziel, 1991; Moores, 1991;
Hoffman, 1991). Within the paleogeographical
concept of Rodinia, Laurentia is placed in the
core of the supercontinent, which is surrounded
by the landmasses of Baltica—Amazonia—Rio
Plata—Congo to the south and the east as well
as the continents Siberia—south China—Aus-
tralia—East Antarctica—India to the north and
west (Torsvik, 2003). This supercontinent con-
figuration seems to be generally supported by
paleomagnetic data (e.g., Powell et al., 1993;
Torsvik et al., 1996, 2001; Weil et al., 1998).
From model experiments, it is assumed that the
breakup of Rodinia initiated the transition into
the Neoproterozoic glaciation (e.g., Donnadieu
et al., 2004a) and that the supercontinent con-
figuration with its positioning in lower latitudes
is needed for an extreme degree of glaciation
during the Neoproterozoic (e.g., Donnadieu et
al., 2003). Even though there is debate about the
exact continent configuration (e.g., Meert and
Powell, 2001; Torsvik, 2003), the land-sea dis-
tribution in our simulations is largely consistent
with other studies (e.g., Donnadieu et al., 2003,
2004a, 2004b).

We also adapt the paleo-orography (Fig. 1).
We assume that mountains at the continental
plate margins were formerly as much as 1000 m
high. For interior parts of the landmasses, we
used a paleoelevation of 50 m. Previous Neo-
proterozoic model simulations often considered
a uniform altitude of ~100 m (e.g., Donnadieu
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et al., 2004a) because precise information about
the paleo-orography is lacking. Donnadieu et
al. (2003) first introduced a topographic recon-
struction for the Neoproterozoic, estimating
that mountains had peak elevations of 2000 m.
Poulsen et al. (2001) described mountain chains
of maximum 500 m height. In our Neoprotero-
zoic sensitivity simulations, the paleo-orography
is not necessarily fully realistic, but it is between
previous estimates (Donnadieu et al., 2003;
Poulsen et al., 2001). Also, it is known that Neo-
proterozoic orography was not the driving factor
responsible for the initiation of snowball condi-
tions (Romanova et al., 2006).

Land Surface Cover: Desert versus Glacier
For the land surface, we define two scenar-
ios: desert and glacier. The glacier simulations
(NEO-1 to NEO-4) include a set of surface
parameters corresponding to fully ice-covered
continents. For the desert experiment (NEO-5),
surface parameters refer to a completely ice-free
situation with desert covering the landmasses.
For both scenarios, we adapted the set of surface
parameters (vegetation cover, albedo, rough-
ness length) based on Claussen (1994). The soil
water capacity was modified after Hagemann et
al. (1999). For the desert scenario, we specified
conditions of a sand desert because it has a higher
albedo (0.=0.35) as compared to a normal desert
(0.=0.20). This setting should contribute to force
arather cold state in the model experiments.

CO,: Higher versus Lower

The present-day control experiment CTRL
uses a carbon dioxide concentration of 280 ppm.
The Neoproterozoic experiments also require a
specification of atmospheric CO,. However,
this is not an easy task because knowledge
about the concentration of carbon dioxide in
the atmosphere is less well known the further
one looks back in time (e.g., Berner, 1997;

Ridgwell et al., 2003). There is debate on CO,
concentrations even for the well-known late
Tertiary (e.g., Kiirschner et al., 1996; Pagani et
al., 2005; MacFadden, 2005), and for the Neo-
proterozoic (Hoffman et al., 1998b; Ridgwell et
al., 2003). A climate modeling experiment for
the Neoproterozoic suggests that the breakup of
the supercontinent Rodinia lead to a decrease
of atmospheric CO,, resulting in values of
~510 ppm (or even lower) because of increased
continental weathering rates (e.g., Donnadieu et
al., 2004a). Following this study, we prescribe
an atmospheric carbon dioxide concentration
of 510 ppm in a first set of sensitivity experi-
ments (NEO-1 to NEO-5). Owing to uncertain-
ties of reconstructing past concentrations of
CO,, a second set of simulations (NEO-3-280
to NEO-5-280) uses the preindustrial CO, level
of 280 ppm. For the snowball Earth simulations
NEO-1 and NEO-2, we did not perform simula-
tions with reduced pCO, because both simula-
tions were able to maintain their full glaciation.

Initial Ocean Conditions: Cool Ocean versus
Cold Ocean

For the ocean setup, we adjusted the deep-
sea temperature (DST), the SST, and the depth
of the mixed-layer (MLD). The initializa-
tion of the deep ocean considers a global con-
stant temperature close to the freezing point
(DSTgloba] =273 K). The depth of the mixed-layer
is also initialized with a globally constant value
(MLDglobﬂ] =50 m). With respect to the SSTs and
SIC, we defined cold (NEO-1 and NEO-2) and
cool (NEO-3 to NEO-5) ocean scenarios. The
cold ocean scenario uses global constant SSTs of
271 K, which correspond to the freezing point of
seawater (T, =271.15 K) in the Planet Simula-
tor. Contrarily, SSTs of the cool scenario vary as
a function of the cosine of the latitude [SST(¢) =
flcos @)]. At the equator, initial SSTs are set to
280 K and decline to 265 K at the poles.

TABLE 1. THE SPECIFICATIONS OF THE PRESENT-DAY CONTROL RUN AND THE NEOPROTEROZOIC SENSITIVITY EXPERIMENTS

Experiment Boundary conditions

identification

CTRL CO, =280 ppm, Sy = 100%, present-day geography, orography, vegetation, SSTs, and SIC
NEO-1 + desert land + cold ocean + global sea ice
NEO-2 CO, =510 ppm, Sy = 94%, + glaciated land + cold ocean + global sea ice
NEO-3 paleogeography, paleo-orography, + glaciated land + cool ocean + polar sea ice + sea ice around continent
NEO-4 no explicit flux correction + glaciated land + cool ocean + polar sea ice
NEO-5 + desert land + cool ocean + polar sea ice
NEO-3-280 as NEO-3, but CO, = 280 ppm

NEO-4-280 as NEO-4, but CO, = 280 ppm

NEO-5-280 as NEO-5, but CO, = 280 ppm

Note: CTRL—present-day control experiment; SST—sea surface temperature; SIC—sea ice cover.
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Figure 1. The paleogeography and paleo-orography (in meters) as used for all Neoprotero-

zZoic sensitivity experiments.

The described SSTs and MLDs are required
for the initialization of the slab ocean model,
but ocean properties change according to atmo-
spheric conditions during the model integra-
tions. In order to realistically represent the heat
exchange between the atmosphere and the ocean,
slab ocean models usually use a flux correction,
but it is usually difficult to obtain a good estimate
for the flux correction for past climate situations
(e.g., Steppuhn et al., 2006). In particular, if the
paleogeography differs from the present-day
situation, there are some problems in adapting
ocean properties. A changed land-sea configu-
ration can make it even impossible to use the
present-day flux correction. Present-day ocean
grid cells could have been land surface points in
the past (and vice versa). In that case, the model
can drift toward numerically unstable conditions.
The information about ocean properties in Neo-
proterozoic time is quite poor, and no explicit
flux correction was used; i.e., it is not zero but is
restored to the previous year’s climatology cal-
culated during our model simulations.

Consistent with the setup of the ocean sur-
face conditions, we initialized the sea ice of the
thermodynamic sea ice model. The cold ocean
scenario is initialized with a global ice cover of
a depth of 1 m. For the cool ocean, we allow
ice cover where SSTs are below the freezing
point and set ice depth to 1 m. Based on the cool
ocean, we defined an additional scenario, which
has sea ice around the landmasses. For any sea
grid point, which is adjacent to land, the initial
sea ice depth is set to 1 m and SSTs are cor-
rected to the freezing point.

With the set of boundary conditions, we per-
formed eight Neoproterozoic sensitivity experi-
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ments (Table 1), where NEO-1 and NEO-2 refer
to a snowball Earth and the others to a slushball
Earth. In order to achieve equilibrium for the
initially fully glaciated scenarios NEO-1 and
NEO-2, we ran the Planet Simulator for 4 k.y.
(Fig. 2). The other simulations reacted less slug-
gish and were integrated over 1 k.y. Figure 2A
illustrates that the global temperature immedi-
ately drops when starting the simulations, but the
model needs to be integrated over several decades
more as temperatures decrease further. The sea
ice (Fig. 2B) strongly increases in the first one or
two simulation years, but it continuously declines
after reaching this peak. The stronger the model
forcing toward snowball conditions, the longer
the sea ice needs to get into equilibrium. This
is caused by the development of the ice depth
(Fig. 2B), whereas the ice cover is relatively fast
in its equilibrium. For our further analysis, we use
the averages of the past 10 yr of each simulation.

RESULTS AND DISCUSSION
Global Temperature and Sea Ice Cover

The energy budget is the simplest version of
a climate model. As a first approximation, it is
possible to calculate the global average tem-
perature from the global energy balance of the
incoming (shortwave) and the outgoing (long-
wave) radiation fluxes:

glog
(1-o)S, -mR; =oT* -4nR;

7= 4{(l—oc)So ’
40
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)

where T (K) is the global average temperature, S
and ST (W/m?) are the solar and terrestrial radia-
tion flux, S (W/m?) is the solar constant, o (frac-
tional) is the planetary albedo, 6 = 5.67-10° W
m K is the Stefan-Boltzmann constant, and R,
= 6378 km, the radius of the Earth.

For the present-day planetary albedo of o =
0.3, this simple energy budget results in a global
average 7'=-18.2 °C. The global temperature of
CTRL is T=14.6 °C (Fig. 3). The control simu-
lation is warmer than the theoretical value (AT
= +32.4 °C) because equation 1 neglects, for
example, the greenhouse effect. If we assume
a Neoproterozoic snowball Earth with a plan-
etary albedo corresponding to ice (o0 = 0.7) in
equation 1, the resulting 7 = —70.5 °C. In the
coldest Neoproterozoic simulation NEO-2, the
global average temperature (7' = —68.2 °C) is
close to the hypothetical value (AT = +2.3 °C).
NEO-2 represents a fully glaciated snowball
Earth (Fig. 3). In a snowball situation compared
to today, processes affecting the atmospheric
radiation transfer are almost negligible. This is
because much of the incoming shortwave radia-
tion energy is directly reflected at the icy sur-
face; little energy is converted into the longer
wave spectrum and trapped in the Earth system
by the greenhouse effect, which is most efficient
in the longwave spectrum.

The global temperatures of the other Neo-
proterozoic experiments are also well below the
freezing point (Fig. 3). NEO-5 (T = -25.7 °C)
is the warmest Neoproterozoic experiment. As
compared to CTRL, NEO-2 shows the maxi-
mum temperature difference of AT = -82.8 °C,
but even for the relatively warm simulation
NEO-5, the difference (AT = —40.3 °C) is sig-
nificant. According to the cold conditions, all
Neoproterozoic model simulations demonstrate
a strongly increased degree of glaciation as
compared to CTRL (Fig. 3). NEO-1 and NEO-2
maintain their initial full global sea ice cover,
but the other experiments do not achieve full
glaciation. Their global average SIC is between
66% (NEO-5) and 86% (NEO-3-280).

The snowball experiments NEO-1 and NEO-2
demonstrate much colder global temperatures as
compared to other modeling studies (e.g., Don-
nadieu et al., 2003, 2004b). Achieving a full gla-
ciation, the AGCM LMD represented a global
temperature of —40 °C for the Neoproterozoic
(Donnadieu et al., 2003), which was consis-
tently found from another study with the EMIC
CLIMBER-2 (Donnadieu et al., 2003). As in
our study, a Neoproterozoic modeling study
with the Planet Simulator, which prescribed
full initial glaciation, indicated an average of
~=51 °C (Romanova et al., 2006). This is much
warmer than NEO-1 and NEO-2 (cf. Fig. 3), but
Romanova et al. (2006) used largely modern
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Figure 2. The time series of (A) the global average temperature, and (B) the global sea ice depth of the Neoproterozoic experiments.

boundary conditions, such as the present-day
geography and orography. Global average tem-
peratures of NEO-3 to NEO-5-280 are closer to
other Neoproterozoic model studies (e.g., Don-
nadieu et al., 2003; Romanova et al., 2006).
With respect to the degree of sea ice cover,
we observe that our snowball scenarios (NEO-1
and NEO-2) maintain their global ice cover. An
AGCM coupled to a slab ocean model demon-
strated a drift into snowball conditions, while a
fully coupled atmosphere-ocean model was not
able to produce a globally ice-covered planet
(Poulsen et al., 2001; Poulsen, 2003). Our sim-

ulations NEO-3 to NEO-5-280 are consistent
with the fully coupled model, but not to the slab
ocean model of Poulsen et al. (2001). This could
indicate that the initialization of the slab ocean is
weaker than the forcing of the mixed-layer ocean
model of Poulsen et al. (2001). Chandler and
Sohl (2000) triggered an AGCM coupled to a
slab ocean model with a strong forcing (e.g., low
CO, and decreased ocean heat transport) toward
cold conditions, but they did not achieve global
ice cover. This is consistent with our results. With
the same EMIC as used in our study, Romanova
et al. (2006) showed that their simulations
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did not get into the snowball state. NEO-3 to
NEO-5-280, however, represent a larger exten-
sion of sea ice reaching farther toward equato-
rial latitudes than the study of Romanova et al.
(2006), who largely used present-day boundary
conditions. We obtain a snowball Earth (NEO-1
and NEO-2) only, if the setup strongly pushes
the model into this situation.

Effects of CO,

Focusing on the effects of CO, (NEO-3,
NEO-4, NEO-5 minus NEO-3-280, NEO-4-280,
NEO-5-280), Figure 3 illustrates that the reduction
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Figure 3. The global average temperatures (red bars) and the global average sea ice cover
(blue bars) of the present-day control run and the Neoproterozoic experiments.

of atmospheric CO, from 510 ppm to 280 ppm
triggers the climate toward cooler conditions.
The temperature difference between NEO-5
and NEO-5-280 is —4.3 °C and the SIC dif-
fers by +5%. NEO-3 and NEO-3-280 dem-
onstrate smaller differences (AT = -1.1 °C,
ASIC = +1%). On a global scale, experiments
NEO-3 versus NEO-3-280 and NEO-4 versus
NEO-4-280 represent almost the same climatic
conditions. Thus, the stronger the degree of the
Earth’s glaciation in our Neoproterozoic simu-
lations, the less sensitive is the climate system
reaction to variations of greenhouse gas concen-
trations. This is consistent with the comparison
of NEO-2 with the simple energy budget equa-
tion (see above). These results might indicate
that an escape from an extreme glaciation should
require a strongly enhanced CO, concentration,
which finally should have resulted in a super-
greenhouse environment.

Effects of Land Surface Cover

From the comparison of the scenarios with
different land surface covers, we observe that,
due to their lower albedo, the desert simulations
(NEO-1, NEO-4, and NEO-4-280) represent
globally warmer conditions and less sea ice
than the runs with continental glaciers (NEO-2,
NEO-5, and NEO-5-280). This indicates that
the formation of continental glaciers via the
positive ice-albedo feedback might have con-
tributed significantly to a widespread freezing of
the Neoproterozoic Earth. With an atmosphere
and ice-sheet model, Hyde et al. (2000) demon-
strated that ice-sheet expansion contributed to
force the Neoproterozoic climate into a snow-
ball situation. Romanova et al. (2006) found an
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intense response of the global temperature on
variations of the surface albedo. This is consis-
tent with our results, but the cooling (=18 °C) in
the Romanova et al. (2006) experiments due to a
decreased albedo was more pronounced than in
our runs. The weaker response in our study can
be explained by different sets of boundary con-
ditions. For example, Romanova et al. (2006)
assumed a lower albedo for desert (o0 = 0.20) as
compared to our study (o = 0.35).

Spatial Temperature Patterns and Sea Ice
Margins

Figure 4 shows the mean annual tempera-
tures (MAT) and the sea ice margin of the
Neoproterozoic simulations. NEO-3-280 and
NEO-4-280 are not illustrated because their dif-
ferences to NEO-3 and NEO-4 are rather small
(see above). In NEO-5 (Fig. 4E), polar tempera-
tures are —40 °C in the Southern Hemisphere and
=50 °C in the Northern Hemisphere. In equato-
rial regions, MATs are above 0 °C in NEO-5
and exceed +5 °C over continental areas. Cor-
respondingly, the ocean between 30°S and 15°N
remains ice free in NEO-5. The pronounced
asymmetry between the Northern Hemisphere
and the Southern Hemisphere is due to the
usage of the modern orbital parameters and the
land-sea configuration. NEO-5-280 represents
slightly cooler conditions than NEO-5 (Fig. 4F).
The Southern Hemisphere and especially high
southern latitude temperatures (<—45 °C) are
colder in NEO-5-280 than in NEO-5 (Fig. 5). In
the Northern Hemisphere, the temperature dis-
tribution and, hence, ice cover are not noticeably
affected in NEO-5-280 as compared to NEO-5
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(Figs. 4F and 5). The ice margin migrates toward
15° to 20° in both hemispheres, but still large
ocean areas are not ice covered in NEO-5-280.

If glaciers cover the entire land surface
(NEO-4), the temperatures further decrease as
compared to NEO-5 and NEO-5-280 (Figs. 4D
and 5). The poles of both hemispheres are colder
than =50 °C in NEO-4. For the tropical oceans,
temperatures are between —5 °C and 0 °C. Over
the equatorial landmasses, temperatures even
fall below —15 °C in NEO-4 (Fig. 4D). Despite
cool tropical conditions in NEO-4, oceans of lat-
itudes between 15°S and 15°N remain ice free.
If the Planet Simulator is initialized with gla-
ciers on land and with sea ice along the coastline
(NEO-3), the conditions in the lower latitudes
are cold (Fig. 4C), but warmer than in NEO-1
and NEO-2 (Fig. 5). Farther toward middle to
high latitudes, the slushball simulation NEO-3
is as cold as the snowball scenarios NEO-1
and NEO-2 (Fig. 5). NEO-3 maintains the ini-
tial ice cover adjacent to the landmasses (also
in the tropics), but there still remain ice-free
ocean areas between 15° in both hemispheres.
The freezing line in NEO-3 does not noticeably
move farther toward the equator than in NEO-4.
The experiments NEO-3 to NEO-5 do not repre-
sent a Neoproterozoic snowball Earth, but they
do correspond to a slushball Earth.

NEO-1 and NEO-2 demonstrate extremely
cold conditions, which are sufficient to maintain
the initial global glaciation (Fig. 3). In NEO-1
(Figs. 4A and 5), polar temperatures are com-
parable with NEO-3 (<-55 °C), but NEO-1 is
also rather cold in the low latitudes. Over ocean
surfaces the temperatures are below —45 °C, and
the desert land surfaces are the warmest regions
in NEO-1 with maximums of 25 °C. In NEO-2
(Fig. 4B), the landmasses with glaciers indicate
temperatures of generally <—60 °C. Tropical
oceans tend to be slightly warmer, but MAT's are
still <55 °C. In NEO-2, the low latitudes are
even colder than the poles in NEO-1 (Fig. 5).
The high latitudes in NEO-2 demonstrate mean
annual temperatures of <70 °C. The strong
cooling due to the ice-albedo feedback mecha-
nism in NEO-2 leads to a rather weak meridi-
onal temperature gradient (Fig. 5), but there
is an extreme seasonal temperature contrast.
Monthly average temperatures in low latitudes
vary between —55 °C in the warmest month and
—60 °C in the coldest month, and at the poles the
span ranges from -95 °C to —40 °C (Fig. 5).

Hydrological Cycle and the Fossil Record

The geological record supports a widespread
glaciation in the Neoproterozoic (e.g., Hambrey
and Harland, 1985; Evans, 2000). In particu-
lar, Hoffman et al. (1998b) found evidence for
glaciation at around 12°S during the Sturtian
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Figure 4. The mean annual temperatures (°C) and sea ice margin (red line) of the Neoproterozoic experiments.

Ice Age. Of course, any indication of glacial
deposits (e.g., Evans, 2000; Schrag et al., 2002)
fits with our snowball simulations NEO-1 and
NEO-2. However, the sea ice margin of the
slushball experiments and especially in NEO-3
is relatively close to the equator (~15°). Based
on Evans (2000), Schrag et al. (2002, Fig. 2
therein) illustrated reliable occurrences of Neo-
proterozoic glacial sediments at paleolatitudes
between 30° and 40°. Any of our sensitivity

simulations NEO-3 to NEO-5-280 supports that
sea ice advanced that close into low to middle
latitudes. Thick layers from some formations of
the Neoproterozoic glacial phase (e.g., Prave,
1999) support that there was an actively work-
ing hydrological cycle (e.g., Christie-Blick et
al., 1999; Leather et al., 2002). If the evidence
contradicts the snowball hypothesis (e.g., Chris-
tie-Blick et al., 1999), it agrees fully with the
ice-free ocean belt in our slushball scenarios.
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The scenario of a more or less completely
frozen snowball Earth includes serious conse-
quences for the biosphere. A massive extinc-
tion of global proportions should especially
affect the light-dependent organisms, such as
photoautotrophic prokaryotes and eukaryotes.
We note, however, that there is no reliable evi-
dence for a global extinction event. In contrast
to an extinction event, microfossil assemblages
show basically no corresponding response to
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the glaciation events (Corsetti et al., 2003).
Furthermore, Corsetti et al. (2006) were able
to document a slight increase in the diversity of
synglacial microbiota, which clearly contradicts
the assumed effects of a mass extinction event
on these organisms.

Low Temperatures and CO,

Carbon dioxide has a sublimation and/or
deposition point of 7' = —78.45 °C under stan-
dard atmospheric pressure (p, = 101.325 kPa),
where CO, changes between the gaseous and
solid phase (so-called dry ice). Because of ther-
modynamic reasons, liquid CO, does not natu-
rally occur under surface conditions. Minimum
temperatures in NEO-2 fall much below the sub-
limation and/or deposition point of CO, (Fig. 5).
Other model experiments demonstrated that
temperatures can be extremely low for snowball
situations; Donnadieu et al. (2003) emphasized
that polar temperatures reach down to —110 °C
and tropics never exceed —25 °C. As compared
to results of Donnadieu et al. (2003), NEO-1 and
NEO-2 are not so cold in polar regions and not
so warm at the equator (Fig. 5), but the trends are
comparable. If the Neoproterozoic was really so
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cold in the high latitudes such as represented in
NEO-2 or even colder (Donnadieu et al., 2003),
the question arises whether it is possible and rea-
sonable that CO, could have changed from its
gas into its solid phase in winter. CO, in its solid
phase would mean that the greenhouse effect of
increasing concentrations of CO, could be nul-
lified. From that point of view, the Neoprotero-
zoic Earth could be an analogue to other planets
(or vice versa) such as Mars, for which recent
results indicate the occurrence of frozen carbon
dioxide (e.g., Bibring et al., 2004; Colaprete et
al., 2005). However, solid CO, should have only
been possible during winter, because summer
temperatures are well above the sublimation
and/or deposition point of CO,. Moreover, phase
changes of gases depend not only on tempera-
ture but also on pressure. Thus, carbon dioxide
does not necessarily go into its solid phase, even
though temperatures are low. In addition, it usu-
ally needs some degree of saturation, for exam-
ple, with water vapor, to produce rainfall and/
or snowfall. In order to have fallout of carbon
dioxide, it would also need a certain concentra-
tion. If the escape mechanism out of a snowball
situation is a strongly enhanced CO, concentra-
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tion, this would mean that the possibility of the
occurrence of carbon dioxide ice increases. Con-
ditions on Mars demonstrate that the occurrence
of water and carbon dioxide ice is generally pos-
sible (e.g., Bibring et al., 2004; Colaprete et al.,
2005). However, the escape out of a snowball
Earth becomes really difficult if atmospheric car-
bon dioxide and, therefore, the greenhouse effect
are reduced due to phase changes of CO,. In addi-
tion, photoautotrophic organisms are dependent
on gaseous or dissolved CO, in order to carry
out the photosynthesis via the carbon-fixating
enzyme ribulose-1,5-bisphosphate-carboxylase-
oxygenase (RuBISCO; e.g., Lawlor, 2001, and
references therein). Because of the inability of
photosynthetic organisms to fixate CO, as dry
ice, a change of CO, from the gaseous phase
into the solid state would have terminated the
photosynthesis, and therefore inevitably led to
a mass extinction among the photosynthetic
active primary producers. As mentioned above,
no extinction can be observed. Nevertheless, we
suggest that the possibility of freezing carbon
dioxide could be tested with atmospheric mod-
els including a sophisticated scheme for atmo-
spheric chemistry.



Weak Points of the Model Runs

As none of the simulations without initial
global glaciation (i.e., NEO-3 to NEO-5-280)
can step into the snowball state, we conclude that
the slushball Earth is the more realistic scenario.
However, our sensitivity experiments include
some assumptions and simplifications (as well
as the EMIC model concept). For example, we
use no explicit flux correction and do not con-
sider that ocean currents east of Rodinia should
transport warmer water masses toward middle
and high latitudes, while western ones should
bring cooler water into low latitudes. This might
modify but should not fundamentally change the
climate response in our simulations. Romanova
et al. (2006) demonstrated that climatic dif-
ferences due to variations of the ocean heat
transport are small. Also, our sensitivity studies
might include some uncertainties with respect to
the paleogeography and paleo-orography (e.g.,
Meert and Powell, 2001; Torsvik, 2003). How-
ever, if a supercontinent configuration (such as
realized in our simulations) is a major prereq-
uisite for initiating snowball conditions, this
should modify but not substantially change our
results. Further model experiments could focus
on the sensitivity with respect to the paleogeog-
raphy and paleo-orography.

SUMMARY

With the Earth system model of intermediate
complexity, Planet Simulator, we performed a
series of sensitivity experiments for the Neo-
proterozoic, which considered a cool versus a
cold ocean, a desert versus a glacier land sur-
face, and a higher versus a lower atmospheric
concentration of carbon dioxide. The results of
the sensitivity simulations can be summarized
as follows.

NEO-1 and NEO-2 represent a Neoprotero-
zoic snowball Earth with extremely cold condi-
tions. This is not surprising because the initial
glaciation of both runs provides a strong model
forcing via the ice-albedo feedback mecha-
nism. Global average temperatures of NEO-1
and NEO-2 are close to the hypothetical value,
which results from the energy balance model in
its simplest version (i.e., S* = ST). Depending
on the latitude, minimum temperatures in the
extremely cold experiment NEO-2 are close to
or even fall below the sublimation and/or depo-
sition point of CO, (T'=-78.45 °C).

If we use a less extreme model forcing, the
simulations NEO-3 to NEO-5 achieve mod-
erately cold slushball conditions with a more
or less distinct ice-free ocean belt in lower
latitudes. The climate response to variations of
atmospheric pCO, is minor in our Neoprotero-
zoic simulations. This might indicate that the
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exit out of a frozen situation via the greenhouse
effect should require a strongly enhanced CO,
concentration, which should finally result in an
extreme greenhouse world.

With respect to the land surface cover, our
sensitivity experiments demonstrate that those
runs with the deserted land surface are relatively
warmer than those with glaciers. The glaciation
of the continents contributes to an increased
degree of glaciation of the oceans. Hence, it
provides a mechanism to explain a rather strong
Neoproterozoic glaciation.

Our sensitivity experiments with the Planet
Simulator support the Neoproterozoic slush-
ball Earth more than the snowball Earth, but the
specified sensitivity experiments include some
simplifications (e.g., the ocean setup) that can
limit the reliability of the model results. Since
the escape mechanism out of a snowball Earth
is an enhanced greenhouse effect, further model
studies should address the question of how much
CO, is necessary to melt a snowball Earth.
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