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Abstract

One of the critical issues of the Snowball Earth hypothesis is how high level of CO, is
required for triggering the deglaciation. Using Community Atmospheric Model version 3
(CAMS3), we study the problem for the CO, threshold. Our simulations show large dif-
ferences from previous results (Pierrehumbert, 2004, 2005). At 0.2bars of CO,, the
January maximum near-surface temperature is about 268 K, about 13K higher than
that in Pierrehumbert (2004, 2005), but lower than the value of 270K for 0.1 bar of CO,
in Le Hir et al. (2007). It is found that the diversity of simulation results is mainly due to
model sensitivity of greenhouse effect and longwave cloud forcing to increasing CO,.
At 0.2 bar of CO,, CAM3 yields 117 Wm 2 of clear-sky greenhouse effect and 32 Wm™2
of longwave cloud forcing, versus only about 77 Wm™ and 10.5Wm™ in Pierrehum-
bert (2004, 2005), respectively. CAM3 has comparable clear-sky greenhouse effect
to that in Le Hir et al. (2007), but lower longwave cloud forcing. CAM3 also produces
much stronger Hadley cells than in Pierrehumbert (2005).

1 Introduction

The Snowball Earth hypothesis is probably one of the most intriguing and fundamental
problems in paleoclimate research in the past 10 years and received intensive debate
(Kirschvink, 1992; Hoffman et al., 1998; Hoffman and Schrag, 2002). One of the
important issues in Snowball Earth studies is the threshold of CO, concentration to
rescue Earth from global glaciations (Pierrehumbert, 2004, 2005). According to the
Snowball Earth hypothesis, the Snowball Earth was deglaciated by strong greenhouse
effect of high-level CO,, which was accumulated due to volcanic eruptions over time
scale of tens of millions of years when weathering reactions between CO, and surface
rocks were cut off by snow-ice coverage.

The CO, threshold was estimated by simulation studies with both energy balance
models (EBMs) and general circulation models (GCMs). EBMs yielded a wide range
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of values (Caldeira and Kasting, 1992; Hyde et al., 2000; Tajika, 2003). As commented
by Pierrehumbert (2005), these different values would converge to about 0.2 ~ 0.3 bars
of CO, as consistent conditions are considered. GCMs have more realistic dynami-
cal and physical processes compared with EBMs and would provide more reliable re-
sults. However, GCM simulations also yielded different CO, thresholds. Using the fast
oceanic atmospheric model (FOAM), Pierrehumbert (2004, 2005) found that even for
0.2 bars of CO, the annual-mean surface temperature at the equator is 30 K short of the
melting point, suggesting that increasing CO, alone would be very difficult to melt the
hard Snowball Earth, and that other mechanisms or feedback processes are needed.
Indeed, Abbot and Pierrehumbert (2010) showed that the required CO, level can be
much lower (e.g., 0.01 ~ 0.1 bar) if there forms a volcanic dust layer over the tropical
surface. The dust layer largely lowers the tropical surface albedo, so that deglaciation
can be triggered at lower CO, levels. Using a different atmospheric GCM (LMDz), Le
Hir et al. (2007) reported that the hard Snowball Earth can be melted at 0.45 bars of
CO,. They showed the major difference between LMDz and FOAM is that LMDz pro-
duces much larger longwave cloud forcing (Hereafter, Pierrehumbert (2004, 2005) and
Le Hir et al. (2007) are also referred as FOAM and LMDz, respectively). The diversity
of GCM simulations suggests that the CO, threshold is model dependent, as pointed
out by Pierrehumbert (2005).

In the present study, we report different simulation results of the CO, threshold from
previous studies. We also show that the differences are not only reflected in radiation,
thermodynamics and cloud physics, but also in atmospheric dynamics, such as the
Hadley circulation.

2 Model and experiments

The model used here is the CAM3 developed by the National Center for Atmo-
spheric Research (Collins et al., 2004). It has a horizontal resolution of approxi-
mately 2.8° x 2.8° in latitude and longitude and 26 vertical levels from the surface to
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(approximately) 2.0hPa. CAM3 includes a thermodynamic sea-ice model, similar to
the Community Sea Ice Model (Briegleb et al., 2004), with which snow depth, surface
temperature, surface albedo, and energy fluxes between ice and overlying atmosphere
can be predicted, while ice thickness and ice fractional coverage are both prescribed by
fixing surface temperature over ice below the model freezing point: —1.8°C (271.35K).

To simulate a hard snowball earth, we prescribe an ocean covered by fixed sea
ice with thickness of 20m. An idealized rectangular supercontinent is centered at the
equator as in Pierrehumbert (2004, 2005) and Poulson (2001). Sea ice is covered
by a snow layer with initial depth of 1 m (liquid water equivalent). Snow depth varies
with time. Solar luminosity is 94% of the present value. Eccentricity, obliquity, and
rotation rate are all defined as present values. We use the same albedo values as
Pierrehumbert (2005), that is, snow albedo is 0.9 and 0.6 for visible and near-infrared
radiation, respectively, and the sea-ice albedo is 0.5, independent of wavelength. Var-
ious CO, levels have been set: 100, 400, 1600, 12800 ppmyv, 0.1, and 0.2 bars, same
as Pierrehumbert (2004, 2005).

It is worth pointing out that the atmospheric component of FOAM used by Pierrehum-
bert (2004, 2005) is derived from CCSM3, i.e., one of the previous versions of CAMS.
CAMS3 has several significant improvements in physical parameterizations relative to
CCSMS3 (Collins et al., 2004), including revised cloud and precipitation parameteriza-
tions with prognostic formulations for the partitioning of cloud water between liquid and
ice phases (Boville et al., 2006), updated radiation schemes for water vapor absorp-
tion in visible and infrared regions (Collins et al., 2002, 2006). As a result of these
changes, CAM3 has a warmer, moister and more stable troposphere, and that major
features of temperature, water vapor, cloud and precipitation in CAM3 are more con-
sistent with observational estimates compared with that in CCSM3 (Hack et al., 2006).
As shown below, these improvements cause significant differences in Snowball-Earth
simulations. The results here will be compared with that in FOAM and LMDz to show
model dependences.
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3 Results

Figure 1a shows January zonal-mean air temperatures at the lowest model level (Tggt)
for various CO, levels. While the bulk meridional temperature structures are similar
to that in FOAM, they show much stronger hemispheric temperature contrast between
summer and winter hemispheres. For 100 ppmv of CO,, the maximum temperature
in the summer hemisphere (Southern Hemisphere) is about 253 K, which is close to
that in LMDz, but about 5K higher than that in FOAM. The maximum temperature is
located at about 45° S, which is consistent with that in LMDz, but more poleward than
in FOAM. The lowest temperature of about 145K is in the winter pole, which is about
20K lower than in FOAM, but 10K higher than in LMDz. As CO, level increases, Tgor
increases faster than in FOAM. At 0.2 bars of CO,, the maximum Tt is about 268 K,
about 5K short of the freezing point. In contrast, FOAM yields a January maximum
Teot Of 255K, and LMDz gives a value of 270K for 0.1 bar of CO,.

Figure 1b shows January maximum, global and annual mean, and annual-mean
equatorial near-surface temperatures as a function of CO, levels. The temperatures
show nonlinear relationship with the logarithm of CO, concentration. At low levels of
CO, (100-1600 ppmv), each quadrupling of CO, causes temperatures increased by
about 1.1-1.4K, even slower than the 2K increase in FOAM. However, temperature
increases become much faster as CO, level gets higher. Especially, for CO, levels
from 12800 ppmv to 0.1 bar, the equatorial annual-mean temperature is increased by
about 12K, equivalent to 4.0K for each doubling of CO,. Temperature increase slows
again as CO, increases from 0.1 to 0.2bars. This is probably because of the sea-
ice prescription that limits ice-surface temperature below —1.8°C (271.35K). Indeed,
further increasing CO, results in Tzt asymptotic to 271.35K. If the equatorial annual-
mean temperature of 273 K is considered as the standard for triggering the deglaciation
of the Snowball Earth, as suggested by Pierrehumbert (2004, 2005), our simulations
suggest that the CO, threshold would be close to 1 bar of CO, for the increasing rate
of 4K for each doubling CO,. This estimated threshold is higher than that in LMDz
(0.45bars), but much more reachable for CO, accumulation than that in FOAM.
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What cause different model sensitivities of near-surface temperatures to increasing
CO,? This can be demonstrated by evaluating the clear-sky greenhouse effect and
longwave cloud forcing, by following Pierrehumbert (2004, 2005). Figure 2a shows
the clear-sky greenhouse effect in January for various levels of CO,. At 100 ppmv of
CO,, the maximum clear-sky greenhouse effect is about 50 Wm™. It is close to that
in LMDz, but about 20 Wm™2 higher than in FOAM. As CO, increases to 0.1 bar, the
maximum clear-sky greenhouse effect is up to 110Wm™. It is about 5 and 45 Wm ™2
higher than that in LMDz and FOAM, respectively. The stronger clear-sky greenhouse
effect is presumably due to the improvement in radiation scheme for water vapor in
CAMB3, which increases the near-infrared absorption by water vapor and leads to a
warmer and moister atmosphere (Collins et al., 2006). Increasing water vapor in the
atmosphere consequently causes a stronger greenhouse effect. The location of the
maximum clear-sky greenhouse effect also shows different meridional shifts from that
in FOAM as CO, increases. It shifts equatorward from about 45° S for 100 ppmv CO,
to about 30°S for 0.2bar of CO,. Such a shift is consistent with that in LMDz, but
opposite to that in FOAM.

For the cold snowball earth condition, clouds exist mainly in the form of ice parti-
cles and thus have greenhouse effect, as pointed out by Pierrehumbert (2004, 2005).
In FOAM, longwave cloud forcing is about 6 Wm™2 for 100 ppmv of CO, and about
10.5 Wm™2 for 0.2 bar of COs,. In contrast, CAM3 has a much stronger longwave cloud
forcing. Figure 2b shows longwave cloud forcing in January for various levels of CO,.
Unlike that in FOAM, the maximum longwave cloud forcing is located in middle lati-
tudes of the summer hemisphere for low levels of CO,, rather than around 12°S, and
the maximum cloud forcing at middle latitudes decreases with CO, levels. We will
address this phenomenon later.

Around 12°S, longwave cloud forcing increases with CO, levels. This is because
increasing CO, warms the tropical surface, which leads to stronger upward motion as-
sociated with the Hadley circulation. Thus, more water vapor is transported into the
atmosphere, causing more ice clouds and stronger greenhouse effect. For 100 ppmy,
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the maximum cloud forcing is about 26 Wm™2, about 20 Wm ™2 higher than in FOAM.
For 0.2 bars of CO,, the cloud forcing is up to 32 Wm™2, about 21.5 Wm 2 higher than
the FOAM value. The longwave cloud forcing in CAM3 is higher than in FOAM. How-
ever, it is lower than that in LMDz. For 330 ppmv of CO,, the maximum cloud forcing
is 50 Wm™2 in LMDz, which is twice larger than the 23 Wm™2 for 400 ppmv of CO, in
CAM3. The above results demonstrate that the higher near-surface temperatures in
CAMS than in FOAM for the same level of CO, is because both clear-sky greenhouse
effect and longwave cloud forcing are much stronger in CAM3.

The decrease in maximum longwave cloud forcing at the summer-hemisphere mid-
dle latitudes can be addressed with Fig. 3. At 100 ppmv of CO,, a layer with relative
humidity above 80% is located between 900 and 400 hPa (Fig. 3a). According to the
threshold for cloud formation in CAM3 (Collins et al., 2004), this layer is the cloud layer.
Indeed, Fig. 3b shows clouds mainly exist in this layer. As CO, is up to 0.2 bars, the
cloud layer is lifted to between 500 and 300 hPa. The rising of the cloud layer has
two opposite effects on longwave cloud forcing. First, ice clouds at higher levels have
stronger greenhouse effect since clouds emit outgoing infrared radiation at lower tem-
peratures. Second, the rising of cloud layer causes less cloud formation because water
vapor concentration decreases with altitudes (Fig. 3c), which would reduce greenhouse
effect. It appears that the latter is dominant and causes the decrease in longwave cloud
forcing.

Different surface albedo in these models also contributes to the difference in near-
surface temperatures (Abott and Pierrehumbert, 2010). At 0.2 bars of CO,, the global-
mean surface albedo is 0.664 in FOAM, while it is about 0.60 in CAM3 due to more
snow melting. It indicates that the surface averagely receives about 20 Wm™2 more
solar radiation in CAM3 than in FOAM. It nearly equals to the difference of longwave
cloud forcing between CAM3 and FOAM.

Model dependence is not only reflected in the physics part of simulations but also
in atmospheric dynamics. Figure 4a shows the meridional mass streamfunction in
January for 100 ppmv of CO,. The Hadley circulation has similar horizontal extent as
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in FOAM, but shallower in depth. A significant difference from that in FOAM is that the
Hadley circulation in CAM3 is much stronger. The maximum mass streamfunction in
Fig. 4ais 300 x 10° kg s , versus 215 x 10° kg s~'in FOAM. Detailed comparison of the
maximum mass streamfunction between CAM3 and FOAM is shown in Fig. 4b. In both
models, the maximum mass streamfunction nonlinearly increases with the logarithm
of CO, concentration, with much faster increasing in CAM3. At 0.2 bars of CO,, the
maximum streamfunction is about 760 x 10° kg s"1, versus 344 x 10° kg s~' in FOAM.
The difference is presumably due to the stronger equator-pole temperature contrast in
CAMS than in FOAM (about 90K versus 70K) since it is considered a major factor in
determining the intensity of the Hadley circulation (Held and Hou, 1980).

4 Summary

We have re-examined the problem for the deglaciation of a hard Snowball Earth with
CAMS. Our simulations show that CAM3 yields higher near-surface temperatures than
that in FOAM at same CO, levels. The higher near-surface temperature in CAM3 is
because it generates much stronger clear-sky greenhouse effect and longwave cloud
forcing. At 0.2 bar of CO,, the clear-sky greenhouse effect and longwave cloud forcing
are 117 Wm™ and 32 Wm'z, respectively, versus 77 Wm™2 and 10.5Wm™2 in FOAM.
The clear-sky greenhouse effect in CAM3 is close to that in LMDz. However, the long-
wave cloud forcing in CAMS3 is much lower than in LMDz, i.e., 23 Wm™2 versus 50 Wm ™2
for about 400 ppmv of CO,. CAMS3 also produces a much stronger Hadley circulation
than in FOAM because of the larger equator-pole temperature contrast. All these sug-
gest that simulations results of the Snowball Earth are model dependent and have
large uncertainty. Detailed analysis and comparison of our simulations with others will
be reported separately.
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Fig. 2. January zonal-mean clear-sky greenhouse effect (a) and longwave cloud forcing (b) for
various CO, levels.
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Fig. 4. (a) January meridional mass streamfunction for 100 ppmv of CO,. Contour interval is
25x 10° kg s (b) January maximum mass streamfunctions as a function of CO, level.
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