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Abstract

Formation of melt ponds is pervasive on sea ice and ice shelves prior to their disintegration. Such process should be critical for
the deglaciation of a snowball Earth but has never been considered in previous studies. Here we develop a module to explicitly
track the initiation, growth and refreezing of melt ponds on ice. Incorporation of the module into a climate model indicates
that it provides a strong positive feedback to the climate, and previous studies seriously overestimated the threshold COg2 at
which a snowball Earth deglaciates. At CO2 level of 0.1 bar and without the melt pond effect, the annual mean equatorial
surface temperature is only -7.7 °C, far from deglaciating. However, this temperature increases to 6.1 °C in a few tens of years
once melt pond effect is turned on. The results also demonstrate unambiguously that the deglaciation of snowball Earth should

start from the equator, although seasonal melt ponds may appear first in the subtropical regions.
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Abstract

Formation of melt ponds is pervasive on sea ice and ice shelves prior to their
disintegration. Such process should be critical for the deglaciation of a snowball Earth
but has never been considered in previous studies. Here we develop a module to
explicitly track the initiation, growth and refreezing of melt ponds on ice. Incorporation
of the module into a climate model indicates that it provides a strong positive feedback
to the climate, and previous studies seriously overestimated the threshold CO at which
a snowball Earth deglaciates. At CO; level of 0.1 bar and without the melt pond effect,
the annual mean equatorial surface temperature is only -7.7 °C, far from deglaciating.
However, this temperature increases to 6.1 °C in a few tens of years once melt pond
effect is turned on. The results also demonstrate unambiguously that the deglaciation of
snowball Earth should start from the equator, although seasonal melt ponds may

appear first in the subtropical regions.
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1. Introduction

Once Earth enters a snowball Earth state (Hoffman et al., 2017a; Hoffman et al., 2017b;
e.g. Hoffman et al., 1998), it is very difficult to recover because the whole globe will be
covered by highly reflective snow and ice. Early estimates using energy balance models
(EBMs) showed that 0.16 - 0.29 bar of CO, was required to deglaciate the
Neoproterozoic (1000 — 541 Ma) snowball Earth (Caldeira & Kasting, 1992; Tajika,
2003). Later studies using general circulation models (GCMs) obtained similar results,
i.e., greater than 0.1 bar of CO, was required to initiate the deglaciation (Hu et al., 2011;
Le Hir et al., 2007; Pierrehumbert, 2004). To facilitate the deglaciation, deposition of
volcanic dust and other terrestrial dust have been invoked to lower the surface albedo (e.g.
Li & Pierrehumbert, 2011b) or planetary albedo (Abbot & Halevy, 2010). Voluminous
dust in the atmosphere or in the ice could lower the threshold CO, level for snowball
Earth deglaciation to a range of 0.01 — 0.1 bar (Abbot & Halevy, 2010; Abbot &

Pierrehumbert, 2010; Le Hir et al., 2010).

The start of deglaciation is usually judged by whether the maximum monthly mean (Hu
et al., 2011; Pierrehumbert, 2004) or annual mean surface temperatures (Abbot et al.,
2013b; Le Hir et al., 2010) approach 0 °C. The former first appears in the subtropical
regions while the latter appears in the equatorial region. This criterion is quite crude
because melt ponds start to form on ice whenever the instant surface temperature is near
0 °C (Polashenski et al., 2012), i.e. at monthly mean surface temperatures much lower
than 0 °C since there will be strong diurnal and daily temperature fluctuations. Melt
ponds have two effects on snowball Earth climate. The first is that it reduces the surface

albedo and provides a positive feedback to the warming induced by increasing CO,. It
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may thus allow deglaciation to start at a lower CO, than when the melt pond is not
considered. The second effect is that the melt ponds, if prevalent on the ice surface, may
cause thick floating sea ice to break and calve. This has been observed during the calving
of ice shelf Larson B in Antarctic Peninsula (e.g. Banwell et al., 2013). Therefore, finding
when and where extensive melt ponds appear on ice surface may tell us directly at what
CO; concentration the deglaciation will start and whether the deglaciation starts from

subtropical or equatorial region.

Melt ponds on ice can be considered in two distinctly different ways in climate models.
The first is to simply parameterize its albedo effect by assuming a linear reduction of
albedo with surface temperature. This is normal practice in sea-ice modeling in many
climate models but they all differ in when the ice albedo starts to decrease and by how
much (see Fig. 1 of Hu et al., 2011),. For example, in some models the sea-ice albedo
starts to decrease when the instant surface temperature is -10 °C, while others start at -1
°C, and some decrease the sea-ice albedo by as much as 0.25 while others may decrease
by only 0.07 as temperature increases to 0 °C. Moreover, such parameterization does not
track the evolution of thickness of melt ponds and thus does not allow the melt ponds to
persist through diurnal or seasonal cycles. A more sophisticated way of modeling the
effect of melt ponds is to explicitly calculate their depth and their influence on albedo
based on the depth. Our purpose herein is to develop such a scheme in the climate model

and test how they will affect the deglaciation of a snowball Earth.
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Melt ponds form on snow too, especially for thin snow on ice because melt water cannot
percolate downward easily but accumulate on the surface; when undulations of snow
thickness exist, as they normally do, melt ponds tend to form around snow dunes (Petrich
et al., 2012; Webster et al., 2018). We do not intend to consider such detailed processes
here but pay much attention to the effect of snow aging instead. The reason for this is that
we found that the snow depth in a snowball Earth simulated by the climate model was
always thick (~ 1 m water equivalent) if the effect of snow aging was ignored; melt water
of snow, if there was any, would likely drip down into deeper snow rather than
accumulate at the surface. If snow aging was considered, snow thickness on ice has two
contrasting regimes; it was negligible within the equatorial and subtropical latitudinal
bands but very thick (> 0.6 m) in other regions (see Fig. 4d below). Therefore, only melt
ponds on ice need to be considered. Snow aging is an important process in reducing snow
albedo (Le Hir et al., 2010, and reference there) and thus snow thickness, the latter of

which pre-conditions the appearance of melt ponds on ice.

The effect of snow aging was unintentionally ignored in the simulations of Hu et al.
(2011). The model they used was an atmospheric general circulation model (AGCM),
CAMS3, coupled to a land surface module, CLM3. Snow aging and its albedo effect are
considered in CLM3 (Oleson et al., 2004), but not in the thermodynamic sea-ice module
within CAM3 (Collins et al., 2004). Hu et al. (2011) prescribed thick sea ice over the
ocean rather than treating sea ice as continental glaciers (e.g. Abbot et al., 2013b), so they
did have the effect of melt ponds (parameterized) on the albedo of both snow and ice but
not the effect of snow aging. Without snow aging, their simulations gave very cold

climate and melt ponds most likely did not take effect either. Moreover, their simulations
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were carried out for only a few tens of years, far from enough for initial deep snow (1 m
water equivalent) on ice to sublimate and expose the ice below (Liu et al., 2020).
Therefore, they found that the deglaciation of a snowball Earth could not be initiated even
when the atmospheric CO, level (pCO;) was as high as 0.3 bar. We will show herein that
the threshold pCO, is much lower than 0.3 bar once the effect of snow aging is turned on
in the same model. Moreover, we show that seasonal melt ponds develop first at
subtropical regions but perennial and deep melt ponds appear first at the equator if melt

ponds are simulated explicitly.

The rest of the paper is organized as follows. A brief description of the model used is
provided in section 2.1, the formulation for melt ponds on ice is described in section 2.2,
the experiments carried out in this study are summarized in section 2.3. The results are
presented in section 3, and the implication of these results to snowball Earth deglaciation

is discussed in section 4. Finally, conclusions are reached in section 5.

2. Model and experimental design

2.1 Climate Model and snow aging

The Community Atmosphere Model version 3 (CAM3) and Community Land Model
version 3 (CLM3) used in this study were both developed by the National Center for
Atmospheric Research. CAM3 solves the primitive equations in a generalized terrain-
following vertical coordinate. The equations are solved with a spectral dynamic core with
triangular truncation at wavenumber 31 (T31), which is equivalent to a horizontal spatial
resolution of ~3.75° x 3.75°. The model has 26 vertical levels from the surface to

approximately 2 hPa (Collins et al., 2004). The module CLM3 deals with vegetation,
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wetland and lakes, glaciers, hydrological cycle on land, and thermodynamics of soil and
snow (Oleson et al., 2004). Its horizontal resolution is the same as CAM3. The glaciers
are prescribed in the module and thus cannot evolve. The albedo of glacier is 0.6 and 0.4
for the visible and near infrared wavebands, respectively, independent of the solar zenith
angle. This albedo is typical for glacial ice (Paterson, 1994), and is similar to the sea-ice
albedo used in Hu et al. (2011). For all simulations herein, sea ice is considered as glacier

since it is very thick and moves slowly like glaciers (Ashkenazy et al., 2014).

The albedo of snow-covered ground is dependent on the thickness of snow and the solar
zenith angle, and is distinguished for direct and diffuse beam radiation (Oleson et al.,
2004). Here we only describe how snow age is determined and how it affects snow
albedo in CLM3. Newly fallen snow has an age of zero, and its non-dimensional age

increases with time as:
Tsno(t + At) = (1 — 0.1AW;,0) [Tno (t) + (1, (T) + rg)rpAt] (1)

where 1y is 1x 10°s™, At is the model time step, 1;, takes into account of the effect of
grain growth due to vapor diffusion and is dependent on snow temperature, r; considers
the effect of dirt, and AW, is the change in mass of snow (kg m™) relative to the last
time step. The terms in the first bracket on the RHS means that if 10 kg m™ of new snow
falls on the surface of unit area (1 m?), the snow age is restored to 0. The detailed form of
1, is not laid out here since we have no good reason to change it herein but its variation
with temperature is shown in Fig. 1a. The value of 7 is taken to be a constant, 0.3, by
default in the model. However, since the amount of dust is uncertain during a snowball

Earth, a few sensitivity tests will be carried out to test its influence on the snowball Earth
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climate. In these tests, r,; is reduced to 0.2, 0.1 and 0.03, respectively, and its influence on
snow age is shown in Fig. 1b. The non-dimensional snow age is reduced by ~14 percent
when 7 is reduced from 0.3 to 0.03. This change seems to be small but have significant

influence on the simulated surface temperature in a snowball Earth.

Snow albedo decreases with the non-dimensional snow age according to

asno,A = [1 - CA (1 - ! )] asno,A,O (2)

1+Tsno

where the albedo of new snow @y, 4 o 15 0.95 and 0.65 for the visible and near infrared
wavebands and the empirical constant C, is 0.2 and 0.5 for the two wavebands,
respectively. The albedo of oldest snow is then 0.76 and 0.325 for the two wavebands,
respectively (Fig. 1¢). The full spectrum average (with a partition of radiative flux
between the visible and near-infrared wavebands being 53% versus 47%) is thus 0.56,
still higher than that for the glacier. In order to prevent melting of ice sheets over present-
day Greenland and Antarctica, snow age has been hard coded to 0 in CLM3 whenever
snow depth is greater than 800 mm. Such constraint is removed herein because we think
that it will greatly overestimate the albedo of snow especially when precipitation rate is

very low such as in a snowball Earth.
2.2 Melt pond formulation

Deglaciation of a snowball Earth must start with formation of melt ponds on the surface
of thick sea-ice sheet. This process is not considered for the glaciers in CLM3, so we
have to implement one by ourselves. In reality, melt ponds may consist of multiple layers

of water and ice interleaved with each other due to seasonal, daily or diurnal melting and
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freezing (Hunke et al., 2013). Here we simplify the process by considering only three
possible stages of the melt ponds: no melt pond, melt pond without and with one layer of
ice lid (Fig. 2). That is, we do not consider the formation of melt pond on ice lid and new

layer of ice lid on this second layer of melt pond.

The vertical temperature profiles in the ice, melt pond and ice lid are also simplified (Fig.
2). Right before melt ponds start to form, e.g., near noon of a certain day in summer, the

temperature of near surface ice is assumed to be constant and at freezing point (7y = 0 °C)

of pure water (stage I in Fig. 2). This assumption is not bad since the heat of fusion of
water is more than 80 times the heat required to raise the temperature of the same amount
of ice by 1 °C. After melt pond forms, the temperature profile is assumed to be linearly
increasing from 7y at the bottom to the large scale (i.e., model-grid scale) ground surface
temperature 7, calculated by the model. Such assumption is probably not so valid when
the water temperature is below 4 °C as pure water is densest at 4 °C; vertical convection
will tend to reduce the temperature gradient so that the temperature profile may look
more like the dotted curve in stage II of Fig. 2 (Bogorodsky et al., 2006; Roeckner et al.,
2012; Scharien et al., 2014). This temperature profile is mainly used to calculate how
much energy is being transferred to the bottom of pond and melting ice there. When the
surface cools at night, an ice lid may form at the top of melt pond. In this stage, the
temperature of water becomes 7 and the temperature within the lid is assumed to
increase or decrease linearly from 7Trat the bottom to surface temperature 7 at the top.
This latter assumption of linearity is also a simplification of the reality because the

interior temperature of the ice may not respond to surface temperature quickly, and it
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could be higher than the surface temperature due to penetration of sunlight into the ice

interior.

The change of ice lid and pond water is governed by the Stefan condition at the phase

boundaries (Hunke et al., 2013)

dhw _ ATy

pwl— =~ —ky 7~ (3)
on aT
PiLa—tl ~ k; a—Zl 4)

where L is the latent heat of fusion of pure ice per unit volume, p,, and p; are densities of
ice and water, h,, and h; are thicknesses of the pond water and ice lid, k,, and k; are
thermal conductivities of the meltwater and ice lid, and T,, and T; are temperatures near

the phase boundary of pond water and ice lid, respectively.

Because linear temperature profile has been assumed for the whole pond water, the
magnitude of right-hand side (RHS) of equ. (3) may be either underestimated or
overestimated. When pond water is thin, ice can melt by absorbing sunlight directly;
when pond water is a few tens of centimeter thick, the temperature gradient may be
strengthened near the bottom as shown in Fig. 2 (middle); when pond water is a few
meters thick, the temperature gradient may be strengthened again near the bottom
because the temperature of water near the surface is well mixed beneath which a sharp
thermocline forms as often observed in lakes (Axenrot et al., 2009; Schwarz et al., 2016).
For these situations that are of the greatest relevance herein, the temperature gradient in
the RHS of equ. (3) is underestimated. Only when pond water is very thick (>> 10 m), the

temperature gradient may be overestimated because water temperature tends be near

10
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constant below the thermocline in lakes (e.g. Stepanenko et al., 2010). Influence of the
uncertainty in the temperature gradient of equ. (3) on the melt ponds and snowball Earth

climate is tested in section 4.1.

The magnitude of right-hand side (RHS) of equ. (4) is likely always overestimated; when
ice lid is thin, sunlight can penetrate through the lid and increase its bottom temperature,
while when it is thick, interior temperature of the lid responds slowly to the surface
temperature and creates a relatively small temperature gradient near the bottom.
Therefore, both equs. (3) and (4) are expected to underestimate the growth of pond water
when the depth of water is not very thick (e.g. <10 m). Note that ice lid has two phase
boundaries. When surface temperature is high enough, melting always starts at the
surface of the ice lid and melt water produced is assumed to leak into the melt pond
beneath immediately. Nothing happens at the bottom of the lid. Also, no melting will start

at the bottom of melt pond until the lid is completely melt away.

The ice surface is initialized to stage I at the beginning of a run. Stage II starts to appear
when the grid-scale surface temperature is greater than 0 °C. When temperature decreases
to below 0 °C, stage II will transform to stage III but not necessarily all the way to stage |
before temperature starts to rise again. The thicknesses of pond water and ice lid are
tracked at every time step of the model run. Unlike sea ice of present day, which is thin
and pond water may leak into the ocean beneath easily through leads (Eicken et al., 2002;
Richter-Menge et al., 2001), the sea ice is so thick during a snowball Earth that we do not

need to worry about the loss of pond water.

11
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The surface albedo of infinitely thick ice is affected by the presence of pond water

(Taylor & Feltham, 2004),

1-Rg)%sjcee~(T+20hw a;i—R
ap — RO +( 0) ice S — i 0 (5)

1-RgSjcee~(T+20hw 7 7LC€ 1-2Rg+a;iRy

where @; is the albedo of infinitely thick ice (the albedo of glacier) and «,, is the albedo
when there is melt pond of 4, thick. Ry = 0.05 is the Fresnel reflection coefficient of
water, T = 3.55 is the fitting parameter, x = 0.025 m™' is the extinction coefficient of

water. When ice lid of 4; is present, the surface albedo becomes (Briegleb et al., 2004)

ae =frn-a;+ (1= fr) ap fr=min <M 1.0) (6)

arctan(cfh-hlc)

where ¢ = 4, h;, = 0.5 m are empirical parameters, arctan is the inverse tangent

function. When the thickness of ice lid is greater than 0.5 m, the effective surface albedo

is equal to the albedo of glacier.

To get the surface albedo of a grid cell of the climate model, the areal fraction of melt
pond within the grid cell is needed. We assume that the temperature at any point (e.g.,
with an area of 1 m?) is random due to turbulence in the atmosphere and fluctuates
around the grid cell temperature according to a normal distribution, with a standard

deviation ¢ = 1 °C. Then the fraction of grid cell that has temperature greater than 7;is

c=1—q>(ﬂ) 7)

g

where @ is cumulative distribution function of the standard normal distribution (Ross,

2010). Note that this fraction is greater than zero even when 7y is 20 °C below T, but is

12
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negligible. We calculate the formation of melt pond only when 7, range from 7;-20 and

Ty+20. The average temperature over this part of the grid cell is

2
~ o (TrTe)
Tgmelt = Tg + C\/ﬁe 2o (8)

This temperature is used to calculate the thickness of meltwater within each grid cell. The
calculated thicknesses are then multiplied by factor C to get grid-mean thicknesses, which
is used to calculate the grid-mean surface albedo. The value of ¢ is uncertain but 1 °C
should be an underestimate; without considering the air turbulence, the temperature
difference between the southern and northern boundaries of a grid cell can be greater than
1 °C even in the low-latitude region due to the coarse resolution of the model. Increasing

of o enhances formation of melt pond (see section 4.1).
2.3 Experimental design

In all experiments carried out herein, continents and oceans are not distinguished since
both of them are covered by thick ice. The surface of the whole globe is treated as
continental glacier, similar to the setup in Abbot et al. (2013b). The surface topography is
ignored, to be consistent with the model setup in Hu et al. (2011). The initial snow depth
is uniformly 1 m water equivalent. Present-day orbital configuration of the Earth is
assumed. The atmospheric concentrations of CHs, N,O are all pre-industrial level. CFCs
are set to zero. In all experiments carried out here, solar constant is 94% of present-day

value and pCO, s 0.1 bar.

Three sets of experiments are carried out. In the first set of five experiments, the climate

impact of snow aging is tested. Effect of melt pond is not considered in this set of
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experiment. The first experiment (experiment Default) uses the default setting for snow
aging calculation, i.e., snow age is fixed to 0 for snow deeper than 800 mm water
equivalent, and the other four experiments (rd1 to rd4) removes the restriction. In these
four experiments, the snow aging parameter 7, is set to 0.3, 0.2, 0.1 and 0.03,
respectively. In the second set of three experiments, the influence of melt pond on climate
of snowball Earth near deglaciation is tested. In two of the three experiments (IMP80 and
IMP60), implicit melt pond is considered; surface albedo of ice decreases linearly with
instant surface temperature to 80% and 60% of the original value when instant
temperature becomes 0 °C for the two experiments, respectively (Fig. 3). In the third
experiment (EMP_rd1), melt ponds on ice are explicitly modeled using the formulation
above. In all three experiments, the snow aging parameter 7, is fixed to 0.3. The third set
of four experiments (EMP_rdl, ..., EMP rd4) is the same as the last four experiments of
the first set except that here the explicit simulation of melt ponds is implemented. The
second and third sets share one experiment, EMP rdl. All simulations are continued for

at least 400 years, and the last 50 years are used for diagnosis of equilibrium climate state.

3. Results

3.1 Influence of snow aging on the snowball Earth climate

In the default CLM3, snow age is forced to be zero when water equivalent snow depth is
greater than 800 mm and initial snow depth on glaciers is 1000 mm. In this case, the
surface albedo of the whole globe is high for a snowball Earth unless the climate warms
up significantly so that snow depth decreases to below 800 mm. This does not happen

even when pCQO; is 0.1 bar except over three narrow belts around the equator and in
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subtropical regions where sublimation is strong (Figs. 4a and 4c¢). If the 800 mm
restriction is removed, global snow age increases (Fig. 4f) and surface albedo decreases
significantly (Fig. 4b). This causes the surface temperature to increase dramatically
(compare Fig. 4h to 4g) and snow coverage to decrease (Fig. 4d). At equilibrium, the
global mean surface temperature is -19.9 °C, 31.1 °C higher than in experiment Default.
To be consistent with the melt pond formulation in section 2.2, all surface temperature

shown herein mean ground surface temperature.

The global mean surface temperature is almost the same when 7, is decreased from 0.3 to
0.2, and lowered by 1.0 °C and 1.7 °C when 1y is further decreased to 0.1 and 0.03,
respectively (Table 1). Although temperature change is small, the time it takes for the
climate to reach equilibrium increases significantly when 7 is reduced (Fig. 5). The
annual mean temperature around the equator (6°S-6°N) is -7.7 °C and the highest
monthly temperature is -3 °C when r; = 0.3, both below the melting temperature of ice.
The highest monthly temperature is found over the subtropical regions and is higher than
0 °C (Fig. 6). Clearly, these high temperatures will initiate seasonal melting. Whether that
will initiate deglaciation of snowball Earth is hard to judge without considering the effect

of melt ponds.

3.2 Influence of melt ponds on snowball Earth climate

Melt ponds indeed have a strong effect on the snowball Earth climate whether they are
represented implicitly or explicitly in the model (Fig. 7). The implicit melt ponds start to
take effect quickly, within a few years if the more aggressive parameter is used

(experiment IMP60; Fig. 7d). In this case, the annual mean surface temperature around
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the equator rises from about -13.0 °C to the equilibrium temperature of 2.7 °C within 20
years, while it takes 50 years to rise to only -7.8 °C when melt ponds are not considered
(Fig. 7a). When the less aggressive parameter is used (experiment IMP80), temperature
rises more slowly and the equilibrium temperature is -0.5 °C (Fig. 7c). The global mean
surface temperature is approximately 13 °C lower than that around the equatorial mean in

all these three cases (Fig. 7).

When the melt ponds are simulated explicitly (experiment EMP; Fig. 7b), the time it
takes for temperature to reach equilibrium is longer than that when implicit melt ponds
are used. This is probably not surprising because the melt ponds in this case take time to
develop. The final equatorial temperature is 6.1 °C, much higher than those for
experiments IMP80 and IMP60. This is not surprising either because explicit melt ponds
can grow to large depth (black dashed curve in Fig. 7b), and the surface albedo will be
near that of oceans when the pond depth is greater than 1 m. Once the pond is deeper than

1 m, further growth in depth will not have any additional climate effect.

We could have varied the parameter of the implicit melt pond so that its surface albedo
continuously decrease when instant temperature is greater than 0.0 °C, for example, to
0.1 when temperature is 5 °C. However, it will be very unrealistic because low albedo
(equivalent to deep melt pond) will appear suddenly at noon even though the annual
mean temperature is below -20 °C and the monthly mean temperature of the warmest
month is -7 °C (not shown). Our explicit melt-pond modeling shows that deep ponds

(>10 cm) appear only when monthly mean surface temperature is greater than 7y (Fig. 8).
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An example of seasonal evolution of melt pond in the subtropical region (16.7°N) at
model year 40 to 41 is shown in Fig. 8. Note that at this time for this specific case, the
depth of melt pond is still evolving and has a net increase each year (Fig. 8b), so is the
temperature (Fig. 8a). Melt water appears in all months shown in the figure, but is very
shallow and appears only in certain hours of a day during the cold months. In the first
February of the figure, monthly mean temperature is -10 °C, but the maximum instant
temperature can be as high as -0.05 °C, making formation of melt ponds possible. The
mean depth of melt ponds for this month is only 0.2 mm. This depth increases rapidly to
9 cm in May, and increases to a maximum of 60 cm in early December (Fig. 8b). Ice lid
starts to develop near the end of December but its thickness is negligible. It grows to a
maximum of ~60 cm in the second April and then starts to decrease. At this time, there is
still melt water beneath the ice lid but the lid is thick enough so that the surface albedo is
the same as that of glaciers (Fig. 8c). Near the end of the second June, ice lid disappears
and the thickness of pond water recovers to its maximum during the last year. The pond
water continues to grow from the second July to early December, becomes deeper than in
the last year (Fig. 8b). Please see the video in Supporting Information for the complete

evolution of the surface melt ponds.

3.3 Influence of snow-aging parameter when melt ponds are considered

In contrast to results in section 3.1 (e.g. Fig. 5), the snowball Earth climate is much more
sensitive to the snow-aging parameter r; when melt ponds are considered (Fig. 9).
Annual mean equatorial temperature is ~6.1 °C for both r; = 0.3 and 0.2, while it is only
-7.7 °C when r; = 0.1 and 0.03 (Table 1). The latter is almost the same as the

temperatures obtained when melt ponds are not considered (experiments rd3 and rd4,
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Tablel). This is a clear indication that the melt ponds are basically not forming when 7,
is small. Therefore, existence of dust in the snowball Earth climate is very important to

snow aging and its deglaciation.

4. Discussion

4.1 Further sensitivity test of the explicit melt pond model

In section 2.2, the surface temperature is assumed to fluctuate within a grid cell which has
a size of 3.75°x3.75°, and the standard deviation (o in equ. (7)) of the fluctuation is
assumed to be 1 °C. Although we have argued that 1 °C is small compared to the
temperature change between the southern and northern boundaries of the grid cell, it is
helpful to test how sensitive the results are to the value of this parameter. The results are
shown in Fig. 10a. It can be seen that the equilibrium equatorial temperature is insensitive
to the change of o within the range 0 °C — 2.0 °C. When o is lowered to 0.25 °C,
development of melt ponds nearly halts and the equatorial temperature is similar to when
melt ponds are not considered (experiment rd1; Table 1). These tests show that as long as
o is large enough so that some formation of melt ponds can triggered, the positive
feedback between the climate and melt ponds will drive the climate to a warm state and
further increasing o is not useful. Therefore, moderate temperature fluctuation of 1.5 °C
(30 where o = 0.5 °C) within a large grid cell is enough to trigger prevalent formation of

melt ponds and snowball Earth deglaciation (see discussion below) when pCOs is 0.1 bar.

In formulating the melt pond model, we also assumed that the temperature profile of pond
water is linear (Fig. 2). Since this temperature gradient of water determines the downward

growth of pond water (equ. (3)), it is necessary to test how sensitive the result is to this
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temperature gradient. The results show similar bifurcation behavior as those for the tests
of o (Fig. 10), i.e. as long as the gradient is 0.75 times or larger than that implied by the
linear temperature profile, melt ponds will develop significantly and deglaciation will

start.

4.2 Availability of dust

Results in section 3.3 indicate that the dust effect on snow aging cannot be much weaker
than that in present day in order for the effect of melt ponds to kick in. Using a one-
dimensional model, (Abbot & Halevy, 2010) estimated that dust could be abundant in the
atmosphere due to weak hydrological cycle in a snowball Earth. In their estimate, dust
sources were limited to unglaciated land. An additional source could be the dust locked in
the thick sea ice during long snowball Earth period and transported to the net sublimation
region of low latitude (Hoffman et al., 2017a; Li & Pierrehumbert, 2011a). Moreover,
because snow precipitation rate is small during a snowball Earth, little dust may be
needed to mix with surface snow in order for it to age. Therefore, we may expect that
snow aging near the end of a snowball Earth event was as effective in reducing snow

albedo as in present day even though atmospheric dust loading might be lower.

4.3 Difference in results between implicit and explicit melt ponds

In the implicit melt pond formulation, surface temperature can be used as a surrogate for
appearance of melt ponds. Taking the experiment IMP80 as an example, narrow belt of
melt water appears seasonally between 23°N-33°N and 22°S-60°S (Fig. 11a,b) at model
year 25. These belts of melt water expands substantially at equilibrium and the maximum

monthly mean temperature can be as high as 8 °C (Fig. 11c,d). At such high monthly
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temperature, it may be expected that deep melt ponds form and sustain through the year.
However, they always disappear completely during winter under such formulation.
Moreover, it is suspicious that subtropical temperature can reach this high (compared to
the temperature at equator); the too easy formation of melt ponds and strong positive
feedback between melt-pond albedo and temperature may have induced this surprisingly

high monthly temperature.

In this formulation, melt-pond albedo does not decrease once the surface temperature is
higher than 0 °C (Fig. 3). Otherwise, the temperature in these two regions can be even
higher and it might give you the illusion that deglaciation of snowball Earth will start
from these regions. There is no permanent melt ponds appearing at equator, as can be
inferred from Fig. 11c,d. Therefore, it is hard to know where the deglaciation will start
even when a formulation for implicit melt pond is included in the model. If a more
aggressive formulation is used, e.g. experiment IMP60, permanent melt pond appears
near the equator (not shown), but the maximum monthly temperature in the subtropical
regions can reach 12 °C, which again suggest heavy melting and probable deglaciation

there.

Inclusion of explicit formulation of melt ponds in the model removes the ambiguity

above. Although melt ponds first appear seasonally in the mid latitude region during the
run (Fig. 12a,b), permanent deep melt ponds appear only within a wide belt (+20° latitude)
around the equator at equilibrium (Fig. 12¢,d). The results also tell us that the maximum
monthly surface temperature at mid latitude can reach ~15 °C (Fig. 13¢) without forming
permanent melt ponds, because the minimum monthly temperature at the same location

can be as low as -40 °C (Fig. 13).
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The depth of water at equator reaches 10 m at model year 200 and continues to grow with
time (not shown). It demonstrates that at the end of a snowball Earth, large swamps of
water appears over more than half of the globe at all seasons, but deep perennial water
accumulates only at the equator. Eventually, such deep water should become thick

enough to break the ice sheet and start the deglaciation, see more discussion below.

4.4 Deglaciation of a snowball Earth

The dynamics of thick sea ice over oceans during a snowball Earth is very similar to the
ice shelves around Antarctica. The largest difference between them maybe that the ice
sheet in the former is restricted in all directions since there is no open ocean, while the ice
shelves in the latter can move freely towards the ocean in some direction. Nevertheless,
the disintegration of the ice shelves may provide some clue for how the snowball Earth
starts to deglaciate. Many of the disintegration events around Antarctica had been
observed and the mechanisms studied (Scambos et al., 2009; Scambos et al., 2000).
Among these events, the most significant one may be the disintegration of the Larsen B
ice shelf, approximately 3250 km” collapsed in just a few days in March 2002 (Shepherd

et al., 2003).

For all the disintegration events around Antarctica, melt ponds or lakes formed by
meltwater were observed prior to the disintegration. If fractures or crevasses exist on the
ice surface, meltwater infilling will increase the tensile stress at the bottom tip of the
fractures. If the tensile stress is greater than the fracture toughness of the ice, the fractures

will then propagate downward and cut through the whole ice sheet. For this to happen,
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the initial fracture needs to be deep enough and the meltwater supply should be sufficient.
Once it happens, it progresses quickly, normally within one melt season. The critical
initial fracture depth was estimated for the Larsen B ice shelve to be 24-30 m if the upper

limit for the fracture toughness (400 kPa m'”?

) is used (Scambos et al., 2000). Fractures or
crevasses can form near the grounding line where the continental ice sheets become afloat,

and be advected away from the coastal region (Scambos et al., 2000). Therefore, we may

expect that some crevasses exist, even in a snowball Earth.

If there are no pre-existing fractures, the meltwater, if deep enough, can induce cracking
of ice by itself (Banwell et al., 2013). The meltwater normally gathers into discrete lakes
on the ice surface. The lakes depress the ice sheet and rings of forebulges form around the
lakes, where the tensile stress may be large enough to create fractures at the surface. For
an ice shelf of 200 m thick, the depth of lakes needs to be a few meters deep (Banwell et
al., 2013). The ice thickness in a snowball Earth is between 500 — 700 m near the equator
when pCO, is 0.1 bar (Abbot et al., 2013a), the required water depth may thus be greater.
This should not be a problem since the melt season of the equatorial region is all year
long. The subtropical region, however, may not have a long enough melt season to induce
cracks on the ice sheet. Moreover, the general slope of the ice surface is downward from
pole to equator (Li & Pierrehumbert, 2011a) so the melt water produced in the subtropical

region may flow towards the equator. This flow is not simulated in the current work.

Once the ice sheet is cut through by the cracks, the meltwater on the surface will drain
into the oceans beneath. The drainage of one lake induces a train of drainage events
around itself. The drainage events induce more cracking of the ice sheet from the bottom

(Banwell et al., 2013). With ample meltwater supply, the belt of ice sheet around the
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equator will eventually be cut into pieces. The surface melting and the drainage of
meltwater may continuously shrink the ice blocks there and create an area of open ocean.
At the very least, equatorial melt water can grow continuously at the expense of the ice
below; the equatorial ice sheet will be just melt away if breaking does not happen. We
think this marks the start of the snowball Earth deglaciation. Our simulations above show
that 0.1 bar of CO; is enough to trigger the deglaciation of snowball Earth while 0.09 bar

is not (not shown).

5. Conclusions

The deglaciation of a snowball Earth is studied by explicitly simulating the formation of
melt ponds on thick sea-ice sheet. Without considering melt ponds, snowball Earth
cannot start to deglaciate when pCO; reaches 0.1 bar even if the effect of snow aging is
considered; the annual mean equatorial surface temperature is only approximately -7.7 °C.
The formation of melt ponds provides a strong positive feedback and the equilibrium
equatorial temperature is increased to substantially 6.1 °C, indicating that previous
studies not considering melt ponds could have significantly overestimated the threshold
pCO, for snowball Earth deglaciation. More importantly, the results clearly demonstrate
for the first time that although seasonal melt water appears first in the subtropical region,
perennial melt water only appears near the equator. Deep ponds of melt water will form
approximately +15° within the equator. Their depth continues to grow and is expected to
eventually break up the thick ice sheet there. This removes the ambiguity in judging the

start of snowball Earth deglaciation by temperature or implicit melt ponds.
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Table. 1 Summary of experiments and main results.

Experiment Snow aging 6°S~6°N . Global ] Start year of  Surface

parameter r; Temperature (°C) Temperature(°C)  deglaciation  Albedo
Default 0.3* -29.1 -51.0 - 0.74
rdl 0.3 -7.7 -19.9 - 0.61
rd2 0.2 -7.9 -20.1 - 0.61
rd3 0.1 9.1 -21.1 - 0.62
rd4 0.03 -9.7 -21.8 - 0.62
IMP80 0.3 -0.4 -13.7 - 0.53
IMP60 0.3 2.7 -9.9 15 0.46
EMP_rd1 0.3 6.1 -6.9 40 0.38
EMP_rd2 0.2 6.1 -7.0 65 0.39
EMP_rd3 0.1 -7.7 -18.3 - 0.59
EMP_rd4 0.03 -7.8 -18.6 - 0.59

* snow age is fixed to 0 for snow that is deeper than 800 mm water equivalent.
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Fig. 1 Snow aging and its albedo effect. a) change of snow-aging parameter r;, with

temperature; b) growth of non-dimensional snow age with time for different r; when

Nondimensional Snow Age

temperature is fixed at 0 °C and without the change in mass of snow water; c¢) change of

snow albedo with snow age.
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temperature profile when 7 is around 4 °C.
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Fig. 7 Annual-mean equatorial (6°S~6°N) mean surface temperature (red solid curve),
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global mean surface temperature (red dash curve) and global mean snow depth (blue solid

curve) for the a) Default b) EMP_rd1 c¢) IMP80 d) IMP60. Black dashed cure in b)

represents global mean thickness of melt water.

35



652

653

654

655

i
*

\N[ r"

Surface Temperature (°C)

_30IIIIIIIIIIIIIIIIIIIIIII
JFMAMJJASONDJFMAMJJASOND
b
0-807|||||||||||||||||||||
. [ — Meltwater
£ 0.60 Ice Lid
(9]
g L
2 040 |
X
© i
-
£ 020 |
0.00 L
JFMAMJJASONDJFMAMJJASOND
C
0-60:|||||||||||||||||||||||
0.50 |
o 040 f
3 g
030}
< 020
0.10 |
000:IIIIIIIIIIIIIIIIIIIIIII
) JFMAMJJASONDJFMAMUJJASOND
Time (days)

Fig. 8 Time series of daily a) surface temperature, b) thickness of meltwater and ice lid,
and c) albedo from model year 40 to 41 at a point located at (180°E, 16.7°N) in
experiment EMP rdl. The black dashed line in a) indicates the temperature -20 (where o

=1 °C) above which the formation of melt pond is possible.
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Fig. 9 Time series of annual-mean of a) equatorial (6°S~6°N) surface temperature, b)
global mean non-dimensonal snow age and c¢) snow area (both averaged over area only

where snow depth is greater than 0.3 m) for experiments EMP _rd1, to EMP_rd4.
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Fig. 10 Sensitivity of equilibrium annual mean equatorial (6°S — 6°N) surface

temperature to a) ¢ in equ. (7) and b) temperature gradient in equ. (3). The experimental

setup is the same as EMP rdl.
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Fig. 11 Distribution of temperature as a surrogate for implicit melt ponds in experiment
IMP80. All regions with temperature greater than -1 °C (colors excluding the deep blue)

can be approximately considered as having melt ponds.
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Fig. 12 Distribution of thickness of meltwater in February and August in experiment

EMP rdl. a) and b) are for model year 38, c) and d) are for model year 51.
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Fig. 13 Similar to Fig. 12 except here the surface temperature is shown.
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