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Abstract The hard snowball Earth bifurcation point is
determined by the level of atmospheric carbon dioxide
concentration (pCO,) below which complete glaciation of
the planet would occur. In previous studies, the bifurca-
tion point was determined based on the assumption that the
extent of continental glaciation could be neglected and the
results thereby obtained suggested that very low values of
pCO, would be required (~100 ppmv). Here, we deduce
the upper bound on the bifurcation point using the cou-
pled atmosphere—ocean climate model of the NCAR that is
referred to as the Community Climate System Model ver-
sion 3 by assuming that the continents are fully covered
by ice sheets prior to executing the transition into the hard
snowball state. The thickness of the ice sheet is assumed to
be that obtained by an ice-sheet model coupled to an energy
balance model for a soft snowball Earth. We find that the
hard snowball Earth bifurcation point is in the ranges of
600-630 and 300-320 ppmv for the 720 and 570 Ma conti-
nental configurations, respectively. These critical points are
between 10 and 3 times higher than their respective values
when ice sheets are completely neglected. We also find that
when the ice sheets are thinner than those assumed above,
the climate is colder and the bifurcation point is larger. The
key process that causes the excess cooling when continen-
tal ice sheets are thin is shown to be associated with the fact
that atmospheric heat transport from the adjacent oceans
to the ice sheet-covered continents is enhanced in such
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conditions. Feedbacks from sea-ice expansion and reduced
water vapor concentration further cool the oceanic regions
strongly.
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1 Introduction

Several global glaciations are inferred to have occurred dur-
ing the Neoproterozoic Era of Earth history (1000-540 Ma)
(Ma = million years ago; e.g., Hoffman et al. 1998; Hoff-
man and Schrag 2000, 2002), in which the continents are
suggested to have been completely covered by thick ice
sheets with perhaps only isolated islands remaining ice free
(e.g., Hyde et al. 2000) and the oceans largely covered by
sea ice. The extent of sea-ice cover during these glaciation
events remains unconstrained, due to the complete removal
of relevant sedimentary records by the subduction of ocean
floor. The terms of “hard snowball” or “soft snowball/
slushball” have been applied to the states in which sea ice
either fully or only partially covered the oceans, respec-
tively. Regardless of which of these states best character-
ized the Neoproterozoic glacial climate, it must have been
extremely cold. It is important, however, to know the mag-
nitude of climate forcing, which is required for the Earth to
enter either of these snowball Earth states as this may help
identify the mechanisms that gave rise to the occurrence of
these states.

The weaker solar luminosity of the Neoproterozoic
Era (Gough 1981; Bahcall et al. 2001) was one important
condition that enabled deep glaciation to occur but one
that by itself would have been insufficient for the forma-
tion of either hard or soft snowball climate states; previous
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Table 1 An incomplete list of studies (many other studies especially the early EBM studies determine the snowball bifurcation point in terms of
the reduction of solar constant, not pCO,) that have determined the snowball bifurcation points

Investigators Model name Model type Continental configuration Snowball bifurcation
point (ppmv)?

Crowley et al. (2001), Peltieretal. EBM&UofT GSM  EBM but with active 720 and 570 Ma ~100

(2007) and Liu and Peltier (2010) ice sheets

Jenkins and Smith (1999) GENESIS AGCM Idealized ~1700

Chandler and Sohl (2000) GISS GCM AGCM ~600 Ma <40

Poulsen et al. (2002) FOAM1.4 AOGCM Idealized and 545 Ma <140

Donnadieu et al. (2004) CLIMBER-2 EMIC? ~800 Ma and present ~100

Lewis et al. (2007) UNic ESCM OGCM Idealized ~4000

Voigt and Marotzke (2010) ECHAMS5/MPI-OM  AOGCM Present-day Not applicable

Voigt et al. (2011) ECHAMS/MPI-OM  AOGCM 635 Ma ~500

Yang et al. (2012a) CCSM3 AOGCM Present-day ~20

Yang et al. (2012c) CCSM4 AOGCM Present-day ~70

Liu et al. (2013) CCSM3 AOGCM 720 and 570 Ma ~100

This study CCSM3 AOGCM 720 and 570 Ma with ice sheets  ~600 (720 Ma)
~300 (570 Ma)

 The solar insolation is fixed to 94 % of present-day value in all studies except that in Poulsen et al. (2002) who use a solar insolation 93 % of

present-day value

b EMIC stands for Earth system Models of Intermediate Complexity. Specifically for the CLIMBER-2 here, neither the atmosphere nor the
ocean component is a GCM, but is more complex than EBM and mixed-layer ocean, respectively

analyses have demonstrated that the concentration of
greenhouse gases would also have had to be sufficiently
low. The solar luminosity would have evolved from one
snowball Earth event to the next due to both the (crudely
determined) duration of each event (4-30 million years;
e.g., Hoffman et al. 1998; Bodiselitsch et al. 2005; Mac-
donald et al. 2010) and the significant period of time that
separated the events. For example, the Sturtian glaciation
occurred approximately 715 million years ago (Ma), while
the Marinoan glaciation most probably occurred at approx-
imately 650 Ma (Hoffman and Li 2009). The correspond-
ing difference in solar insolation between the two periods
is ~0.7 %, i.e., about 2.4 W m~2 in global mean. Although
small, some researchers (e.g., Feulner and Kienert 2014)
stressed that different solar insolation should be assumed to
have been associated with each event. However, to simplify
the comparison between different modeling studies, it has
been considered more convenient to fix the solar luminosity
to a certain value, say, 94 % of the present-day value. On
this basis, we may then summarize the critical pCO, below
which a hard snowball Earth would be expected to form
(hereafter we refer to this critical pCO, for hard snow-
ball Earth initiation as the “snowball bifurcation point™)
obtained in different studies and determine the most likely
range of this snowball bifurcation point.

Recently, state-of-the-art coupled Atmosphere and
Ocean General Circulation Models (AOGCMs) such as
ECHAMS/MPI-OM (Voigt and Marotzke 2010; Voigt et al.
2011; Voigt and Abbot 2012) and Community Climate
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System Model version 3 (CCSM3) (Yang et al. 2012a, b;
Liu et al. 2013) or CCSM4 (Yang et al. 2012c) have been
used to determine the bifurcation point. When the (likely
more realistic) value of sea-ice albedo employed in CCSM3
was also employed in ECHAMS/MPI-OM (Voigt and
Abbot 2012), the bifurcation point was constrained by both
models to the range of ~100-200 ppmv when solar inso-
lation was reduced to 94 % of the present-day value. This
smaller range of uncertainty is a significant improvement
compared to the results obtained using atmosphere-only
general circulation models (AGCMs). The range of pCO,
determined using these AGCMs has been found to be as
low as <40 ppmv (e.g., Chandler and Sohl 2000) or as high
as ~1700 ppmv (e.g., Jenkins and Smith 1999). The latest
results, especially those obtained using the CCSM model
versions (~100 ppmv), are also consistent with those of the
earlier work of Poulsen et al. (2001; 2002) and Poulsen and
Jacob (Poulsen and Jacob 2004), who first employed an
AOGCM [the FOAM model (Poulsen et al. 2001)] to argue
that a hard snowball Earth could not form at a value of
pCO, as low as 140 ppmv even when the solar insolation is
93 % of the present-day value (see Table 1 for a summary).

Previous AOGCM studies, however, have all neglected
the influence of continental ice cover on the snowball
bifurcation point. This is understandable since continental
ice sheets evolve on a timescale of thousands of years or
longer (for example the characteristic timescale of the Late
Quaternary ice-age cycle that was significantly forced by
orbital insolation variations was 100 thousand years (kyr)
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(Shackleton et al. 1990); see also Liu and Peltier (2010) for
an illustration of a similar timescale governing the occur-
rence of global glaciation). Although modern coupled
AOGCMs may be run successfully on timescales of a few
thousands of years, the resources required for longer inte-
grations can be prohibitively expensive. As the first step
towards understanding the influence of continental ice
cover on the snowball bifurcation point, we will employ an
initial condition in which the continents are assumed to be
fully covered by ice but the tropical oceans to be free of sea
ice so that the system is in a soft snowball climate state.

The results for the snowball bifurcation point that such
analyses deliver will clearly be upper bounds on the CO,
concentration at the bifurcation point; the surface albedo
of the Earth is maximized by assuming a complete cover-
age of the low-albedo bare land by high-albedo ice. A hard
snowball could form when the continents were only par-
tially covered by ice, in which case the bifurcation point
would certainly be lower due to smaller overall surface
albedo. In reality, the continental ice sheets would first
nucleate on relatively high latitude regions or high eleva-
tions (e.g., Rodehacke et al. 2013) of the supercontinent,
they may thereafter flow to lower latitude or altitude. This
is a very slow process; even if the concentration of green-
house gases is appropriate, it takes many tens or even
hundreds of thousands of years for the ice sheet to grow
to cover the whole continent (Liu and Peltier 2010). If the
concentration of greenhouse gases decreases very rapidly
compared to this time scale of ice sheet growth, a hard
snowball Earth may form when the coverage of the ice
sheet is still sub-continental in scale because the growth of
global sea ice takes only a few 100 years (e.g., Voigt and
Marotzke 2010). In previous AOGCM studies, the forma-
tion of a hard snowball Earth (in terms of sea-ice cover-
age) was investigated in the absence of the existence of
any continental ice sheets. These studies therefore implic-
itly assumed that the concentration of greenhouse gases
decreased so rapidly that no ice sheets could form on the
continents before the Earth entered a hard snowball state.
In the present work, we assume that the concentration of
greenhouse gases decreases slowly enough so that the con-
tinental ice sheets have sufficient time to respond and grow
to their maximum possible extent.

The upper bounds on the snowball bifurcation point will
be obtained herein for two different continental configura-
tions subject to the above described initial condition, i.e.
that the continental ice sheets have fully developed. Com-
pared with previous analyses in which the influence of
continental ice cover was neglected, the bifurcation point
so determined will demonstrate how much more easily the
hard snowball Earth may form. These upper bound results
will also provide useful guidance for future more elabo-
rate analyses in which transient ice sheet evolution into a

state of Neoproterozoic glaciation is fully simulated using
an ice-sheet model appropriately coupled to an AOGCM,;
an initial pCO, may be chosen for such transient analyses
based on the results to be obtained herein. Testing whether
a soft snowball Earth can or cannot form with such future
analyses will be critical, as they will be much more cred-
ible than the analyses performed with an ice-sheet model
coupled to an energy balance model (EBM) (e.g., Hyde
et al. 2000; Liu and Peltier 2010).

As will be described in what follows, by using the
AOGCM CCSM3 we do, unsurprisingly, find that the bifur-
cation point is much higher than that obtained under the
assumption that no land ice is present on the continents.
Moreover, we will demonstrate that thinner ice sheets pro-
duce colder climate under the same solar insolation and
greenhouse gas concentrations, thus representing states that
are more prone to transitioning into a hard snowball state
than would be the case if the continental ice sheets were
thick. This is contrary to what we had initially expected
since lower surface elevation has higher surface tempera-
ture according to some adiabatic or moist adiabatic lapse
rate based analyses. Given this unexpected result we will
also carry out detailed analysis to identify the mecha-
nism that supports the occurrence of colder climate when
the continental ice sheets are thinner. For these additional
analyses, as stated previously, we will employ the atmos-
pheric component of CCSM3, i.e. the Community Atmos-
phere Model version 3 (CAM3). A detailed description of
the numerical experiments we have performed is provided
in Sect. 2. Results are described in Sect. 3, and conclusions
are given in Sect. 4.

2 Design of a suite of Neoproterozoic climate
simulations

2.1 Continental configurations

The two super-continental configurations employed herein
are those for 720 and 570 Ma, previously employed by
Liu and Peltier (2010, 2011) and Liu et al. (2013) and are
distinguished from one another by their latitudinal posi-
tions (see Fig. 1). They were originally reconstructed by Li
et al. (2008) and Dalziel (1997), respectively. We employ
the 570 Ma configuration of Dalziel (1997) rather than the,
perhaps more accurate Marinoan configuration of Li et al.
(2008), in order to investigate the impact upon the results of
a slightly less equatorially centered reconstruction of super-
continent position. This is potentially important because the
accuracy of the paleomagnetic data on the basis of which
such reconstructions are produced continues to be debated.
For these analyses, the supercontinents are assumed to be
flat (with 400 m freeboard) prior to emplacement of the ice
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Fig. 1 Continental configurations (grey), almost completely covered
by ice sheets whose surface elevation is shown in blue-pink. a, b For
720 and 570 Ma, respectively. The ocean is shown in dark blue. The

sheets. Following the emplacement, the deformation of the
bedrock surface and the fall of sea level associated with the
extraction of water from the ocean basins required to build
them are taken into account following the recent discussion
of sea-level change during snowball Earth events by Liu
and Peltier (2013a, b).

2.2 Ice-sheet configurations

The ice-sheet distributions are fixed to those previously
determined for soft snowball Earth states by Liu and Pel-
tier (2010) using a 3-D thermomechanical ice-sheet model
based upon the shallow ice approximation coupled with
an EBM (Fig. 1). It is important to note that the results
obtained in this work and the conclusions that follow from
them should not be impacted significantly by the choice of
ice-sheet distribution so long as the ice sheets cover all the
continents. The particular choice on which the current work
is based has been solely on the basis of ease of implemen-
tation. The ice-sheet thicknesses delivered by other models
may differ slightly, and we test the influence of this uncer-
tainty on the determination of bifurcation point by testing
the sensitivity of the result to reductions in ice-sheet thick-
ness by varying amounts. The reasons why we are testing
sensitivity to reductions in ice sheet thickness rather than
increases are discussed below.

The elevations of the ice-sheet surface obtained in Liu
and Peltier (2010) are similar to, but most probably slightly
higher than those obtained by Donnadieu et al. (2003;
see their Fig. 5d) using an ice-sheet model forced by cli-
mate fields from an AGCM. The elevations we employ are
likely upper bounds because the parameterization in the
EBM tends to overestimate the precipitation in the interior
of the continents compared to that in general circulation
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ice extent does not perfectly match the continents because the ice-
sheet model has different horizontal resolution from the CCSM3 cli-
mate model

models (GCMs) such as CCSM3. The EBM also com-
pletely ignores evaporation. Moreover, the EBM seems
to underestimate the surface temperature in the tropical
region compared to CCSM3, at least for a soft snowball
Earth state (Fig. 2a, d). High surface temperature both
increases surface melting and enhances ice dynamics. For
these reasons, the surface mass balance is overestimated
almost everywhere by the EBM (Fig. 2b) compared to the
CCSM3 model (Fig. 2e). The thicknesses of the continen-
tal ice sheets calculated using the University of Toronto
(UofT) Glacial System Model (GSM) (see Tarasov and
Peltier 1999) for the two surface temperatures and surface
mass balances are shown in Fig. 2c, f. This is one demon-
stration of the possible uncertainties in land-ice thickness
due to the difference between ice-sheet models forced by
the EBM and by a specific GCM; predictions based on the
use of GCMs other than the CCSM3 may of course differ.
Therefore, to test how the bifurcation point might be influ-
enced by the uncertainties in the ice-sheet thickness, three
more cases are analyzed in which the ice-sheet thickness is
reduced uniformly to 75, 50 and 25 % of the original values
used in Liu and Peltier (2010), respectively. These sensitiv-
ity analyses are performed only for the 720 Ma (Sturtian)
continental configuration and associated ice sheets, since
its more equatorially distributed supercontinent provides a
more stringent test of the soft snowball Earth hypothesis;
the formation of a soft snowball Earth on such continental
configuration is more difficult than that on a supercontinent
located more towards the poles (Liu and Peltier 2010). Fur-
ther research on this topic involving coupled climate-ice-
sheet modeling, to be discussed elsewhere, will be based on
this Sturtian continental configuration.

The results we will obtain for the 50 and 25 % ice-sheet
thickness cases will be interesting only from the perspective
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Fig. 2 a, d Surface temperature; b, e Surface mass balance (snow
accumulation plus refreezing minus melting minus evaporation at the
surface); ¢, f The ice thickness in equilibrium with the respective sur-

of a sensitivity study as these are unlikely to be representa-
tive of Neoproterozoic conditions. This is because that the
100 % thickness case calculated by the UofT GSM coupled
with an EBM is consistent with geological inference (Liu
and Peltier 2013a, b); if the ice sheets are 50 % or more
thinner than this control case, the sea level drop associated
with their construction would be too small compared with
observations (Hoffman et al. 2007). Further support for this
argument is provided by the fact that the 100 % ice-sheet
thickness adopted here is in fact close to that previously
obtained by Donnadieu et al. (2003), in which the ice sheets
were calculated for a hard snowball Earth state whose
atmosphere should be much drier than the soft snowball
Earth state (Yang et al. 2012a, b) assumed here.

2.3 CCSM3 configuration
As previously discussed we will be employing the CCSM3

model (Collins et al. 2006) to determine the bifurcation
point. This model simulates four major components of the

face temperature (a, d) and surface mass balance (b, e). The panels
on the left are from the energy balance model (EBM), and the ones on
the right are from the CCSM3 climate model

climate system, namely, atmosphere, ocean, land surface
processes, and sea ice. The respective model components
are the CAM3 atmospheric component, the Parallel Ocean
Program (POP, based on version 1.4.3), the Community
Land Model version 3 (CLM3), and the Community Sea
Ice Model version 5 (CSIMS). These four components are
linked through a flux coupler (CPL6), with no flux cor-
rections between any two components. Both CAM3 and
POP are 3-D general circulation models. CLM3 considers
dynamic vegetation and explicit river routing although the
river routing scheme plays no role in the analysis to be per-
formed here. CSIMS5 accounts for both thermodynamic and
dynamic contributions to the thickness and distribution of
sea ice.

The atmospheric concentrations of CH, (pCH,) and N,O
(pN,0) are assumed to be 805.6 and 276.7 ppbv, respec-
tively, for the purpose of the analyses to be discussed
herein. Aerosols are assumed to be spatially uniform and
temporally invariant, with an optical depth determined by
the variable t. This aerosol layer is parameterized to have
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a net cooling effect; and it was found that t = 0.12 might
be a more reasonable choice for snowball Earth simulations
than the default T = 0.28 (Liu et al. 2013). Ozone is pre-
scribed to be at the level of the preindustrial period, which
varies spatially and monthly (Rosenbloom et al. 2011).
CFCs are removed. The orbital configuration is fixed to be
the same as that at year 1990.

The albedo of bare sea ice depends on both sea-ice
thickness and ice-surface temperature. The albedo for cold
(T, < —1 °C) and thick sea ice (>0.5 m) is assumed to be
0.73 in the visible band and 0.33 in the near infrared. It is
assumed to decrease with decreasing thickness according
to an inverse tangent relationship, and with higher tempera-
ture due to the formation of melt ponds at the surface. More
details can be found in Briegleb et al. (2004). The impor-
tance of this parameterization for snowball Earth forma-
tion has been discussed in detail in Yang et al. (2012a, b).
The albedo of land ice in CCSM3 is 0.8 in the visible band
and 0.55 in the near-infrared band (Oleson et al. 2004). The
control simulations for the bifurcation point analysis to be
performed will always be initialized from a state with zero
sea ice.

For these analyses, the ocean depth will be fixed at
3500 m for all experiments regardless of land-ice volume.
To avoid numerical instability associated with the assump-
tion of a flat-bottom ocean, a straight north—south oriented
Gaussian ridge 2000 m in height and 70° in width is added
in the Northern Hemisphere (see Figs. Al and A2 of Liu
et al. (2013)) for both continental configurations. To avoid
numerical instability associated with the geographic poles,
two circular polar islands of radius ~5° are added to the
poles, similar to (Liu et al. 2013). The ocean circulation
will be initialized from a state of rest with an initial ocean
temperature that is horizontally uniform but vertically
decreasing from 24 °C at the surface to 9 °C in the abyss.
The initial salinity of the ocean is assumed to be uniform
with a value of 35 psu.

The horizontal resolution of the atmosphere and land
components is fixed to T31 (~3.75° x 3.75°), and that of
the ocean and sea-ice components to “gx3” (with 100 and
116 grid points in the zonal and meridional directions,
respectively). In the vertical, the atmosphere and ocean
have 26 and 25 levels, respectively. The atmosphere is also
initialized from a static state with vertically and zonally
uniform temperatures, which varies from 15 °C at the equa-
tor to —25 °C at the poles. The time steps for the atmos-
phere, ocean, land, and sea-ice components are 30, 80, 30
and 60 min, respectively. Fluxes are exchanged once every
hour between the atmosphere and land, and between the
atmosphere and sea-ice components, and once every day
between the ocean and other components. To search for
the bifurcation point, we first run CCSM3 for both conti-
nental configurations for 5000 years at pCO, = 2000 ppmv
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after which time the climate inevitably reaches a state of
statistical equilibrium (the outputs of the last 100 years are
used for analysis). These serve as control runs from which
the model is branched off with successively lower values
of assumed pCO, until a hard snowball Earth forms. The
bifurcation point is then constrained to a small range by
further refinement of the assumed value of pCO,, typically
a few tens of parts per million by volume (ppmv).

When the ice sheet thickness is reduced to test how this
model characteristic may affect the bifurcation point, the
ocean and sea ice are initialized from the equilibrium state
obtained for the original ice sheets while the atmosphere
and land are initialized from some arbitrary state as above
(this method will be referred to as involving a hybrid run in
CCSM3). The model is again run to a new equilibrium state
at pCO, = 2000 ppmv, which typically requires an addi-
tional integration of approximately 1500 model years. The
bifurcation point is then re-determined.

2.4 CAMS3 configuration

The results from the CCSM3 to be discussed in Sect. 3
demonstrate that the climate becomes significantly colder
when the thickness of the continental ice sheets is reduced.
In order to identify the mechanism that is responsible for
such cooling, we turn to CAM3 coupled with a slab ocean
of 50 m depth so as to reduce the number of processes in
the modeled climate. The same resolution of T31, as used
in the atmosphere component of the CCSM3 model, is used
for CAM3. To further simplify the problem, an idealized
continental configuration is employed, which is flat and rec-
tangular (in a cylindrical map projection), centered on the
equator (Fig. 5). The surface of the continent is assumed to
be covered by a flat ice sheet. The ocean heat transport, in
the absence of a good argument to the contrary, is assumed
to be uniformly zero. Trials with other forms of ocean heat
transport, e.g., those from CCSM3 simulations, revealed
that it is difficult to obtain soft snowball solutions for dif-
ferent ice-sheet surface elevations under the same external
climate forcing (e.g., CO, forcing). The ozone and aero-
sols are set to be identical to those specified in the CCSM3
model as described above.

Four pairs of simulations are carried out, and the ice sur-
face elevations of members 1 and 2 of each pair are fixed to
4 and 2 km, respectively. The solar insolation and pCO, are
different for each pair of simulations (see Table 2 for their
values) in order for the obtained climate states to be similar
to the 100 and 50 % thickness cases obtained by CCSM3
(Fig. 8). In the first pair of experiments (DEFAULT), the
CAM3 model coupled with a slab ocean is run to equilib-
rium; all physical processes operate as in the default set-
tings of CAM3 and the slab ocean. This is to determine
whether the result in CCSM3 that thinner ice sheets result
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Table 2 Configuration of the CAM3 experiment pairs

Continent Sea ice Cloud Water Solar insolation pCO, (ppmv) Diff. in SST* Heat transp. to
vapor (Wm™2) over ocn (°C) land (W m™2)
DEFAULT Equator Yes Yes Yes 1325 12,800 —11.47 41.8 (39.9)°
NoCldNoSI Equator No No Yes 1285 1000 —2.63 82.1(64.8)
DRY Equator No No No 1285 1500 —0.80 16.4 (7.7)
DryNoCO, Equator No No No 1285 0 —-0.49 11.7 (5.3)

In each pair, the two experiments differ only in the surface elevation; one is 4 km, the other 2 km

* The difference in sea surface temperature (SST) is calculated by subtracting the SST of the 2 km case by that of the 4 km case. In the dry

atmosphere experiments, the SST is the surface temperature averaged over the land area not covered by ice sheets

® The values in the brackets are for experiments in which the ice sheet thickness = 4 km

in a colder climate can be recovered in this much simpler
model, and whether feedback associated with dynamic
oceanic and sea-ice processes may play significant roles
in cooling the climate when the ice-sheet thickness is
reduced. In the second pair of experiments (NoCIdNoSI),
sea ice is removed but sea surface temperature is allowed to
drop below the freezing point of seawater (e.g., —1.8 °C),
and the radiative effect of cloud is removed as well. In
the third pair of experiments (DRY), the atmosphere is
assumed to be entirely dry, i.e., all water and water vapor
are removed so that there is no feedback due to the pres-
ence of water vapor and snow. In the final pair of experi-
ments (DryNoCQO,), the atmosphere is not only dry but also
free of all greenhouse gases. These experiments are sum-
marized in Table 2. All simulations are run for 33 years
except for the first pair that are run for 50 years, and the
mean results from the last 3 years of the runs are compared.

3 Results and discussion
3.1 Influence of ice-sheet presence on climate

The control climate, defined as the equilibrium climate at
94 % of the present-day solar insolation and 2000 ppmv
pCO,, is obtained for each continental configurations,
namely, those for 720 and the 570 Ma. Compared to the
control climate obtained in Liu et al. (2013) where no ice
sheet was considered, the control climate for each of our
model configuration is significantly colder, as expected,
and the sea-ice edge is much closer to the equator (Fig. 3).
This is not surprising since the presence of the continental
ice sheets increases surface albedo substantially. The dif-
ferences between the two control climates obtained here
and those in Liu et al. (2013) are analyzed using the simple
1-D EBM in Heinemann et al. (2009). This model quan-
tifies the contribution of planetary albedo, emissivity and
oceanic-plus-atmospheric heat transport to the zonal-mean

difference in surface temperature between the two equilib-
rium states. The results of the 1-D EBM clearly indicate
that the higher planetary albedo is the main reason why
the climate is colder when ice sheets are assumed to cover
the continents (Fig. 4), since the planetary albedo is largely
determined by the surface albedo over land ice, sea ice or
snow (not shown).

The feedbacks from sea-ice area expansion and water
vapor reduction also contribute substantially to the cool-
ing by increasing surface albedo and reducing greenhouse
effect, respectively. The influence of the expansion of sea-
ice area is most clearly seen in the Northern Hemisphere,
where the minimum of the red curve in Fig. 4 indicates the
shift of ice edges towards the equator in Fig. 3b, d relative
to that in Fig. 3a, c, respectively. Only within the tropical
region are the influence of the continental ice sheets on
planetary albedo and thus on surface temperature easily
identified, since sea ice is absent in the tropics (Fig. 3). The
water—vapor content in the atmospheric column is reduced
significantly in the colder climate (Fig. 5), and contributes
to the cooling due to the decrease of its greenhouse effect.
This can be inferred from the contribution of emissivity to
the cooling (blue curves in Fig. 4). The emissivity includes
the effects of both water vapor and cloud (and minor effects
of other atmospheric components), where the former may
be playing a major role because the radiative effect of the
cloud turns out to be warming in CCSM3 (Fig. 6).

The shortwave cloud forcing and longwave cloud forc-
ing change in opposite directions when the continents are
covered by ice sheets. The former becomes less negative (a
warming effect) at almost all latitudes, due to the reduction
of low-level cloud fraction (not shown) and the increase of
surface albedo. The latter becomes less positive (a cooling
effect) due to a substantial reduction of high-level cloud
fraction (not shown). The net effect of the two is one of
warming. The effect of cloud (the magnitude or even the
sign of its radiative forcing) is of course highly model-
dependent (Cess et al. 1990), and as a consequence we will
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Fig. 3 Annual mean sea-ice thickness (filled contours) and veloc-
ity (arrows) of the control climates, for which the solar insolation is
94 % of the present-day value and pCO, is 2000 ppmv. The two top
panels (a, c) are the climate states obtained by Liu et al. (2013) when
land-ice sheets were not considered, the two bottom panels (b, d) are
obtained in this study with the continents fully covered by ice sheets

not stress its role in influencing the climate state when con-
tinental ice sheets are considered.

The heat transports of ocean and atmosphere act to
warm the mid latitudes near the sea-ice edges (~30°N and
30°8S, Fig. 3). This is consistent with previous studies, dem-
onstrating that the wind-driven ocean circulation intensi-
fies and transports heat to the sea-ice edges, inhibiting
them from moving further towards the equator (Poulsen
et al. 2001; Poulsen and Jacob 2004; Yang et al. 2012a, b).
The net effect of the oceanic-plus-atmospheric heat trans-
port is close to 0. Therefore, heat transport has very little
net contribution to the globally averaged temperature dif-
ference between the climate with and without continental
ice sheets. However, the ocean heat transport could have an
important indirect effect, by changing the sensitivity of cli-
mate to sea-ice albedo (B. Rose, in preparation).

3.2 Hard snowball Earth bifurcation points

The bifurcation points for the 720 and 570 Ma continen-
tal configurations fully covered by land ice are determined
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(see Fig. 1). The 720 Ma continental configure is on the left, and the
570 Ma on the right. The dark blue area is open ocean, and the grey
area is continent. The hatched regions are where land-snow thickness
is more than 1 cm. All sea-ice areas with grid-box fraction >1 % are
plotted, and the purple curves for grid-box fractions of 50 % are also
indicated

to be between 600-630 and 300-320 ppmv, respectively
(Fig. 7), when complete continental ice cover is assumed
and when transient evolution of the ice sheets is neglected.
In contrast, the bifurcation points for the two continental
configurations were shown to be located at the much lower
values of ~60 and ~100 ppmv for the two continental con-
figurations, respectively, when the influence of land ice
was neglected (Liu et al. 2013). Moreover, and as expected
the equatorially located 720 Ma continental configuration
enters a hard snowball state more easily than the more
poleward 570 Ma continental configuration, which is now
contrary to the finding of Liu et al. (2013) in which the
influence of continental ice cover was neglected. Clearly,
the albedo effect of a large area of low-latitude ice over-
whelms all of the previously identified mechanisms that
otherwise serve to cool the 570 Ma continental configura-
tion surface more efficiently. These previous mechanisms
include more negative cloud forcing and enhanced sea-ice
transport near the edge of sea ice, more snow coverage on
land in the mid to high-latitude region (Poulsen et al. 2002;
Liu et al. 2013), and a more humid (cloudy) tropical region
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Fig. 4 Difference in zonal-mean surface temperature (black dashed
curves) between the climate obtained with and without continen-
tal ice sheets (Fig. 1). Solar insolation is 94 % of the present-day
value and pCO, is 2000 ppmv for both panels. The results are aver-
aged over the last 100 years of the respective runs. The contribu-
tions of planetary albedo (red curves), emissivity (blue curves) and
atmosphere-plus-ocean heat transport (black curves) to the difference
in surface temperature are calculated using a 1-D EBM model (e.g.,
Heinemann et al. 2009). Note that all values have been weighted by
the ratio of the area of the corresponding latitudinal band of 1° to the
total area of the Earth. a, b For 720 and 570 Ma, respectively

(Fiorella and Poulsen 2013) in the more poleward continen-
tal configuration such as that for approximately 570 Ma.

When the thickness of continental ice sheets is reduced
to 75 % of the initial value, the bifurcation point is shifted
upward into the interval 700-800 ppmv for the 720 Ma con-
tinental configuration. When the thickness is thinned further
to an implausible degree (see Sect. 2.2), the bifurcation point
increases dramatically (Fig. 9). It is higher than 900 ppmv for
50 % ice thickness and higher than 1500 ppmv for 25 % ice
thickness. We have also performed a single test for the 570 Ma
continental configuration, and the result is consistent in terms
of the shift of the bifurcation point with the results for the
720 Ma continental configuration (not shown). We stress that
the impacts of reductions in ice sheet thickness are explored
here solely as a means of assessing the uncertainties that might
result from the use of different models; we do not imagine that
the reductions explored are caused by warming. Thickness
reduction caused by warming will cause exposure of bedrock
near the edges of the ice sheets and therefore substantial reduc-
tion of the surface albedo (e.g., Liu and Peltier 2010). Here the
area of the ice sheet is fixed to ensure the state of a soft snow-
ball Earth, thus high surface albedo is retained and climate
remains cold. However, we still find this result to be counter
intuitive because lowering topography usually increases the
surface temperature of the land (or ice sheet), based on the
assumption of a fixed lapse rate, and could thereby result in a
warming of the entire atmosphere. The mechanism underlying
this unexpected behavior of the model is analyzed next.

3.3 Cooler climate for thinner ice sheets

The globally averaged annual-mean surface tempera-
tures obtained for different ice sheet thicknesses at
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Fig. 5 Zonal-mean total water vapor in the atmospheric column when the continents are covered by ice sheets (red) or are ice free (blue). Solar
insolation is 94 % of the present-day value, and pCO, is 2000 ppmv in all four simulations
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continents are covered by ice sheets (red) or are ice free (blue). Solar
insolation is 94 % of the present-day value, and pCO, is 2000 ppmv
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Fig. 7 Time series of global-mean sea-ice coverage. It is calculated
as the total sea-ice area divided by total ocean area, and a hard snow-
ball Earth forms when the value reaches 100 %. The short black curve
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at the beginning of the time series shows the last 50 years of the con-
trol run, from the end of which the climate model is branched off
(colored curves) with reduced pCO,
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pCO, = 2000 ppmv are shown in Fig. 8a. The tempera-
ture decreases monotonically when the ice-sheet thickness,
and thus its topographic height is reduced. Taking the 50
and 100 % ice thickness runs as examples, the spatial dis-
tributions of the difference (the former minus the latter) in
annual-mean surface temperature is shown in Fig. 8b. The
temperature over the ice sheets increases due to the low-
ering of surface elevation as expected; the more the eleva-
tion is reduced the higher the temperature rises, which is
indicated by the larger temperature increase in the interior
of the ice sheets where the elevation changes more signifi-
cantly. The oceans, however, become cooler when the ice
sheets are thinned which is the reason why the bifurca-
tion points shift to higher values. Figure 9 plots the shift
of the bifurcation point determined using the CCSM3 inte-
grations as a function of the extent to which the ice sheets
are thinned relative to the control case. The thinner the
ice sheets or the lower their surface height relative to the
sea level, the higher the value of pCO, at which bifurca-
tion into the hard snowball state would occur. An important
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implication may be that, if the control model ice sheets
were emplaced on initially high topography with respect to
sea level then the pCO?2 required to induce transition into
the hard snowball state would be lower than approximately
600 ppmv for our model of the Sturtian configuration.

We resort to the use of the atmosphere-only model
CAM3 to identify the process that is responsible for the
cooling of the oceans, which accompanies the increase of
the pCO, bifurcation point with decreasing ice-sheet thick-
ness or equivalently decreasing ice-sheet surface height
relative to the sea level. This key process, through gradual
simplifications of the model, as will be described in detail
in what follows, is found to be due to the enhancement of
atmospheric heat transport from the ocean-covered regions
to the ice sheet-covered regions when the ice sheets are
thinned.

The results for the experiments DEFAULT, which use
the atmosphere-only CAM3 model, are consistent with that
of the fully coupled CCSM3 structure; when ice-sheet sur-
face elevation is reduced from 4 to 2 km, the surface tem-
perature increases over the ice sheet but decreases signifi-
cantly over the ocean (Fig. 10a). The magnitudes of surface
temperature decrease (~14 °C) over the ocean are similar
between CAM3 and CCSM3 (compare Figs. 8b, 10a). This
implies that dynamical processes of both ocean and sea ice
do not play a key role in the cooling of the ocean.

When the sea ice and the radiative effect of cloud are
removed (experiments NoCldNoSI), the cooling of the
ocean due to the thinning of the ice sheets is still signifi-
cant (Fig. 10b). The effect of removing only sea ice is also
analyzed, and the result is quite similar to that in Fig. 10b
(not shown). The cooling in the experiments NoCIldNoSI
is much smaller than that in the experiments DEFAULT,
indicating that the sea-ice albedo feedback is very impor-
tant in enhancing the cooling. However, the presence of
overall cooling of the ocean in the experiments NoCIdNoSI
suggests that neither the sea ice nor the influence of cloud
triggers the cooling when the ice-sheet surface elevation is
lowered.

The results of experiments DRY, in which (implicitly)
no ocean exists and no water vapor is present (thus no
cloud, snow and latent heat flux) in the atmosphere, are
still broadly consistent with those of CCSM3 (Fig. 10c).
However, it is now evident that the cooling of the ocean
is much less uniform spatially, particularly in parts of the
polar regions, and warming occurs when the ice sheets
are thinned. This further demonstrates the importance of
the water—vapor feedback, which has the effect of cooling
the ocean more significantly and uniformly in the previ-
ous experiments in this sequence based on the simplified
CAM3 model. Note that the surface temperature increase
over the ice sheets when the elevation of the ice sheets
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Fig. 10 Changes of surface temperature in experiments. a
DEFAULT, b NoCldNoSI, ¢ DRY, and d DryNoCO, when ice thick-
ness is reduced from 4 to 2 km. The boundary of the continent/ice
sheet is indicated by the solid black curve. The sea-ice boundary in
(a) and the —1.8 °C contour in (b) for the 4 km case are indicated by
black dashed curves
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is reduced from 4 to 2 km is much smaller than those in
experiments DEFAULT and NoCldNoSI. This gives rise
to the illusion that the lapse rate in a dry atmosphere must
be much smaller than that in the moist atmosphere. The
cause of this illusory inference is that, in the dry atmos-
phere, there is a highly significant temperature inversion
developed near the surface of the ice sheets (see the red and
blue curves in Fig. 11), similar to that in the polar regions
(especially in winter) of the modern Earth (e.g., Kahl 1990;
Ackerman et al. 1998) and that in the winter hemisphere of
a hard snowball Earth (Pierrehumbert 2005). At elevations
above the temperature inversion, the lapse rate over the ice
sheets in the dry atmosphere is in fact large.

Another process that needs to be considered for the
cooling of the ocean regions is the shifting of air mass from
over the ocean to over the ice sheets when the ice sheets are
thinned. The air mass, and thus the pressure of the air over
ocean decreases if the total air mass is conserved as it is
in both CCSM3 and CAM3. This weakens the greenhouse
effect of CO, due to the reduced pressure broadening of the
absorption spectra of this gas, therefore may cause cool-
ing over the oceans. The surface pressure over the oceans
is diagnosed to decrease only slightly, <5 % for the realis-
tic continental configurations and ice sheets even when the
ice sheets are thinned by 50 %. A simple calculation with a
single column model CliMT (a Python climate modelling
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Fig. 12 Meridional heat transport of the atmosphere in experiments
DRY, in which neither water nor water vapor is present in the system

and diagnostic toolkit available at http://github.com/rod-
rigo-caballero/CliMT), which is configured to use the same
radiative module as CAM3 indicates that the radiative forc-
ing is not only small (<1 W m~2) but also opposite in sign
to what would be required to explain the observation. The
reason for this is that although the weakening of the pres-
sure broadening effect on CO, has a slight cooling effect
in the longwave band, the reduced mass of the N, and O,
scatters less sunlight and has a warming effect in the short-
wave band that is larger (see also Poulsen et al. 2015), the
net effect being one of warming. The calculation based on
CAMS3 in experiments DryNoCO, confirms this, showing
that in an atmosphere without greenhouse gases, the cool-
ing over the ocean still occurs (Fig. 10d).

Therefore, none of processes in the climate system
tested through the preceding analyses has been shown to
be primarily responsible for the cooling over the ocean
when ice sheets are thinned; the only remaining process is
that associated with the dry dynamics of the atmosphere
itself. The circulation of the atmosphere is clearly such
that it transports energy from the region over the relatively
warm ocean to the much colder ice sheet covered conti-
nent, in addition to its more general characteristic, which
is to transport energy from the low-latitudes to the mid- to
high-latitude region. This is most clearly seen from the dry
atmosphere experiments DRY, which shows that the atmos-
pheric heat transport to the mid-latitude region is much
reduced when the ice sheets are thinned (Fig. 12).

The net energy input to the air mass over the ice-sheet-
covered continent by sensible heat transport can be simply
calculated using the radiative imbalance at the top of the
atmosphere over the same region, since at equilibrium the
net energy flux into the air mass should be 0. This calcu-
lation demonstrates that the dry atmospheric heat trans-
port convergence (experiments DryNoCO,), averaged over
the area of the ice sheet covered continent, increases from
5.3 to 11.7 W m~2 when the ice sheets are thinned from
4 km to 2 km. For the wet atmosphere, e.g., in experiments
NoCldNoS]I, this value increases from 64.8 to 82.1 W m™2.
These values correspond to a direct negative forcing of
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~1.7 and 4.3 W m~2 over the ocean, respectively. Values for
other experiments are listed in Table 2.

For the CCSM3 simulations with more realistic conti-
nents and ice sheets corresponding to 720 Ma, this negative
forcing over the ocean is only ~0.5 W m~2 when the ice
sheets are thinned uniformly by 50 %. This value is very
similar to that of the CAM3 experiments DEFAULT. This
seems to be contradictory to the large cooling obtained in
these experiments. The exact mechanism is unclear, but
the sea-ice feedback is clearly playing an important role.
We speculate that as the sea ice grows, the cooling of the
planet, especially the ocean, is then sustained mainly by
the high surface albedo, not by the enhanced atmospheric
heat transport that removes energy from the ocean area.
The growth of sea ice therefore weakens the atmospheric
heat transport towards the ice sheet covered area. However,
we have yet to understand the process of dynamic adjust-
ment that is responsible for this weakening. Indeed, at the
beginning of the simulations when the ice sheets are just
thinned, the energy deficit at the top of atmosphere over
the ice-covered supercontinent is large, approximately 30
and 15 W m? for the CCSM3 and the CAM3 experiments
DEFAULT, respectively, but both gradually decrease to
about 2 W m~2 once the climate system reaches an equilib-
rium. This decrease of energy deficit is observed for other
experiments too, but the magnitude of the decrease is much
less dramatic.

It is relatively straightforward to understand why energy
input to regions covered by land ice must increase when
the ice sheets are thinned. Dynamically, since the thick-
ness of the air over the ice sheets increases, this enables
larger exchange of mass and energy with the surrounding
warm regions over the oceans. The influence of this energy
sink does not reach very far into the ocean area if the
atmosphere is dry (Fig. 10c), but gives the illusion that it
reaches the whole globe due to the feedback of water vapor
(Fig. 10b).

4 Conclusions

We have determined the hard snowball CO, threshold (or
bifurcation point) for both the 720 and 570 Ma continental
configurations using CCSM3 under the assumption that the
solar insolation for both periods may be approximated by a
6 % reduction relative to the modern level. Different from
those previously performed experiments, the superconti-
nents in this study were assumed to be fully covered by pre-
scribed ice sheets, i.e. a soft snowball Earth was assumed to
be the initial condition. In terms of ice-sheet area, the bifur-
cation points obtained in this way provide upper bounds on
the critical pCO,; these bifurcation points would be lower
if the area of continental ice sheets were smaller.
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The influence of the uncertainty in the thickness of ice
sheets on the bifurcation points was investigated. We dem-
onstrated that when the ice sheets are thinner, the climate
can be significantly cooler and the bifurcation point is
shifted to a higher value of pCO,. This cooling was shown
to be caused by increased atmospheric heat transport into
the ice-covered continental regions, which extracted energy
from the surrounding ocean regions, leading to their cool-
ing. The associated sea ice and water vapor feedbacks
enhance this cooling substantially. The dynamics of ocean
and sea ice and the feedback of cloud play insignificant
roles in the cooling.

Therefore, in terms of ice-sheet thickness, the bifurca-
tion points determined herein provide lower bounds on
the critical pCO, because the ice sheets estimated with an
ice-sheet model coupled to an EBM are probably the thick-
est. For these thickest ice sheets, the bifurcation points
are between 600-630 and 300-320 ppmv for the 720 and
570 Ma continental configurations, respectively. These
are 10 times and 3 times higher than their respective val-
ues when the continental ice sheets are ignored (Liu et al.
2013). This is mainly due to high surface albedo of the ice
sheets, but the feedbacks from sea-ice area expansion and
water—vapor reduction are important as well. The feedback
of cloud in the model we employed is negative, i.e. this
feedback inhibits the climate cooling.

If the ice sheets from a more advanced, ice-sheet model
coupled with an AOGCM were found to be thinner than we
have assumed than bifurcation point will be higher. Tak-
ing the 720 Ma continental configuration as an example,
if the ice sheets are thinner than assumed above by 25 %,
the bifurcation point shifts to between 700 and 800 ppmv.
We argue that the ice sheets are unlikely to be much thin-
ner than this for the reasons given in Sect. 2.2. Therefore,
we conclude that the hard snowball Earth bifurcation points
are expected to be close to 700 and 350 ppmv, with possi-
ble ranges of 600-800 and 300—400 ppmv, for the 720 and
570 Ma continental configurations, respectively. These are
much higher values than previously obtained with the same
model but without including the continental ice sheets.
These results suggest that formation of a soft snowball
Earth for equatorially distributed continents may be more
challenging than previously thought, as it would have to
form at pCO, higher than ~600 ppmv. The present study,
however, does not rule out such possibility as it has not
considered the development and dynamics of continental
ice sheets. On the other hand, an implication that we have
not explicitly discussed in detail is that if low-latitude con-
tinental ice sheets were emplaced on a supercontinent with
high topographic relief, the bifurcation point for transition
into a hard snowball state would be shifted to lower val-
ues of pCO, according to the trend in Fig. 9, how much
lower would depend upon the nature of the topography of



Strong effects of tropical ice-sheet coverage and thickness on the hard snowball Earth... 3473

the supercontinent. In other words, ice sheets that extend to
higher elevation warm the ocean surface and hereby inhibit
the transition to a hard snowball Earth.

All of the analyses reported herein, aside from being
based upon the neglect of transient ice sheet evolution, have
also been based upon the neglect of plausible ocean carbon
cycle feedbacks that could well, by themselves, prevent
atmospheric pCO, from decreasing to the level required to
cause transition into a hard snowball state (Peltier et al. 2007,
Liu and Peltier 2011). We view the current paper as contrib-
uting, nevertheless, to efforts to more accurately bound the
conditions under which Neoproterozoic glaciations might
have developed and the nature of the sea-ice cover over the
oceans that would have accompanied them. These bounds
remain rather loose at present, although modern coupled
atmosphere—ocean—sea ice models are contributing to their
refinement. The assumption that a soft snowball Earth forms
before entering a hard snowball Earth is critical to the analy-
ses conducted in this study, yet it has proven possible so far
with only models of intermediate complexity (e.g., Liu and
Peltier 2010). Whether a soft snowball Earth can form is
clearly critical to the understanding of Neoproterozoic gla-
ciations. The present work constitutes the necessary first step
towards the more demanding analyses upon which we will
focus next, in which the transient evolution of a GCM cou-
pled ice sheet model will be employed to further refine our
understanding of the hard snowball bifurcation points.
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