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Abstract

Previous work has shown that a convective cloud feedback can greatly increase high-latitude sur-
face temperature upon the removal of sea ice and can keep sea ice from forming throughout polar
night. This feedback activates at increased greenhouse gas concentrations. It may help to explain
the warm "equable climates" of the late Cretaceous and early Paleogene (~100-~35 million years
ago) and may be relevant for future climate under global warming. Here the factors that determine
the critical threshold CO; concentration at which this feedback is active and the magnitude of the
warming caused by the feedback are analyzed using both a highly idealized model and NCAR’s
single column model (SCAM) run under Arctic-like conditions. The critical CO; is particularly
important because it helps to establish the relevance of the feedback for past and future climates.
Both models agree that, in general, increased heat flux into the high latitudes at low altitudes
decreases the critical CO,. Increases in oceanic heat transport and in solar radiation absorbed
during the summer should cause a sharp decrease in the critical CO;,, but the effect of increases
in atmospheric heat transport depends on its vertical distribution. It is furthermore found that (1)
if the onset of convection produces more clouds and moisture, the critical CO, should decrease
and the maximum temperature increase caused by the convective cloud feedback should increase;
(2) reducing the depth of convection reduces the critical CO, but has little effect on the maximum
temperature increase caused by the convective cloud feedback. These results should help with
interpretation of the strength and onset of the convective cloud feedback as found, for example, in

IPCC coupled ocean-atmosphere models with different cloud and convection schemes.



1. Introduction

Cloud feedbacks represent the most important source of uncertainty in the climate system (Cess
and co authors, 1990, 1996; Baker, 1997; Murphy et al., 2004; Stainforth et al., 2005; Soden
and Held, 2006). This motivates the idea that cloud feedbacks might play an important role in
explaining past "equable climates" and makes understanding clouds important for understanding
future climate under increased greenhouse gas levels. Equable climates, which prevailed during the
late Cretaceous and early Paleogene (~100 to ~35 million years ago), were characterized by warm
high latitudes (e.g., Zachos et al., 2001; Sluijs and coauthors, 2006), particularly during the winter
and over continents (e.g., Greenwood and Wing, 1995), and tropical temperatures only somewhat
higher than modern (e.g., Pearson et al., 2001; Norris et al., 2002; Roche et al., 2006; Tripati
et al., 2003). Various mechanisms have been proposed to explain either the relatively cool tropical
temperatures or relatively warm polar temperatures, including increased ocean heat transport due
to ocean mixing by increased hurricane activity (Emanuel, 2002; Korty et al., 2008), the Hadley
cell extending nearly to the pole (Farrell, 1990), and high-latitude longwave heating due to thick
polar stratospheric clouds (Sloan et al., 1992; Sloan and Pollard, 1998; Peters and Sloan, 2000;
Kirk-Davidoff et al., 2002).

Abbot and Tziperman (2008a) proposed a positive feedback on high-latitude temperatures that
results from the onset of convective clouds. A related suggestion was also briefly made by Sloan
et al. (1999) and Huber and Sloan (1999). In this proposed feedback, an initial warming leads to
destabilization of the high-latitude atmosphere to convection, causing convection, which results
in convective clouds and increased atmospheric moisture, both of which trap outgoing longwave
radiation and lead to further warming.

Over ocean this feedback should occur preferentially during winter (Abbot and Tziperman,

2008b; Abbot et al., 2008) because during summer marine boundary layer clouds block low-level



atmospheric solar absorption so that solar absorption occurs preferentially in the mid-troposphere
and stabilizes the lower atmosphere.

The convective cloud feedback as outlined in Abbot and Tziperman (2008b) and Abbot et al.
(2008) is intimately tied to sea ice, which insulates the ocean and prevents convection when it
is present, while the feedback prevents the formation of sea ice when there is none (Abbot and
Tziperman, 2008b; Abbot et al., 2008). Abbot and Tziperman (2008a), however, found that the
convective cloud feedback can operate based on atmospheric processes alone. This distinction is
important because it underscores the possibility that the convective cloud feedback could lead to
further warming even after the complete removal of sea ice and we will return to it in the discussion
(section 4).

The convective cloud feedback allows for multiple equilibria: one solution which is convecting
and is warm and another solution which is not convecting and is cold. The purpose of this paper is
to determine what parameters control the lowest (critical) CO, value at which the warm state can
exist and the temperature difference between the two states. The critical CO; is important because
it determines whether the convective cloud feedback could have been active during periods of
equable climate and whether it could be active in a future climate under global warming. The
temperature difference between the two states is important because it represents the strength of the
convective cloud feedback.

In section 2 we develop a simple two-level atmosphere-surface model that encapsulates the
most basic physics that can describe the atmosphere-only convective cloud feedback. We use
this model to qualitatively determine the way in which various parameters affect the onset of the
feedback and its strength. This analysis should aid interpretation of the convective cloud feedback
in more complex models, for example the IPCC coupled GCMs in which the convective cloud

feedback has been shown to be active (Abbot et al., 2008).



In Section 3 we extend this analysis using SCAM, the NCAR single column atmospheric
model. SCAM contains the full cloud, convection, and radiation parameterizations of the NCAR
community atmosphere model (CAM), but heat transports into it and velocities acting on it must
be prescribed. We show that SCAM’s behavior is consistent with that of the two-level model and

that the lessons from the simpler model can be used to understand the more complete SCAM.

2. Two-Level Model
a. Developing the Model

In this section we construct a simple two-level model of the atmosphere in which we attempt
to capture the simplest system in which the convective cloud feedback can function. Based on
previous work (Abbot and Tziperman, 2008a,b; Abbot et al., 2008) we expect the convective cloud
feedback to be active at high latitudes (roughly poleward of 60°) during winter, and we will make
assumptions accordingly throughout this section. In this model the top level represents the free
troposphere (200-900 mb) (henceforth the atmosphere) and the lower level (henceforth the surface)
represents the combined boundary layer (900-1000 mb) and surface, for example, a mixed-layer
ocean (top 50 m). In effect we assume that turbulent fluxes tie the surface to the boundary layer so

tightly that they behave as one. Energy balance for this model can be written

dT;

T F,— F.+&cT)} —oT?, (1)
dT,
Ca dt“ = F,+F.+ec(T*-2TH. )

Here C; and C, are the total heat capacities of the surface and atmospheric columns (standard heat
capacity multiplied by total column mass), respectively; 7; and 7, are the surface and atmospheric

temperatures, respectively; F; is the heat flux into the surface and boundary layer from solar radi-



ation and by horizontal heat transport, which can be written Fy = F, +S(1 — o) + F?' where F, is
the meridional ocean heat transport convergence, S is the solar heat flux, o is the albedo, and Fé’l 1S
the atmospheric transport convergence into the boundary layer; F} is the meridional heat transport
convergence into the atmospheric layer; F; is the convective heat flux from the boundary layer to
the free troposphere; € is the emissivity of the free troposphere; and © is the Stefan-Boltzmann
constant.

The convective heat flux, F;, and the free tropospheric emissivity, €, depend on whether or not
there is convection, which in turn depends on the moist stability. We determine moist stability by

comparing the surface moist static energy (My)

M = CpTY + Lry,

with the atmospheric saturation moist static energy (M)

My =C,T,+Lr,+ 824,

where C), is the specific heat of air at constant pressure, L is the latent heat of evaporation, r; is
the surface specific humidity, ) is the free tropospheric saturation specific humidity, g is Earth’s
gravitational constant, and z, is the height of the atmospheric layer (we specify the pressure of this
layer, P,, and calculate z, using a scale height of 8 km). We calculate ry by assuming a constant
boundary layer relative humidity, RH. If My < M, the model is stable to moist convection and
there is no convection, consequently we set the convective heat flux to zero (F. = 0) and we set
the emissivity to a background value (€ = €p). &y represents the free tropospheric emissivity in the
absence of convection, which should be roughly linear in log(CO) (Sasamori, 1968). Otherwise

we choose F; to satisfy the moist stability criticality (M; = M}, see below) and set € = €y + A€.



Our use of F; to satisfy the moist stability criticality represents the basic physics of adjustment to
a neutrally buoyant profile in a moist atmosphere. Our assumption that the atmospheric emissivity
increases from a background emissivity (€y) when there is no convection by some offset (A€) upon
the onset of convection represents the advent of radiatively thick convective clouds and the increase
in high-altitude moisture; this is how the convective cloud feedback manifests itself in this model.
Convective clouds could also affect the model albedo and through it F;, however, based on previous
SCAM and GCM investigations of the seasonality of the convective cloud feedback (Abbot and
Tziperman, 2008b; Abbot et al., 2008), we will focus on high-latitude winters when the incoming
solar radiation, S, is small or zero, making such an effect irrelevant.

We can solve for the steady-state solutions of the model by setting the time tendencies of (1-2)

to zero. First consider the nonconvecting state, in which F, = 0 and € = €y. We have

0 = F+eoTl, —oTd, 3)

0 = F(l+800(]ﬁ_2Ta4l)7 (4)

where the subscript 1 signifies that this is the nonconvecting solution. We can can solve (3-4) for

the nonconvecting surface and atmospheric temperatures

2F,+F, \*

5= (Be) ”
[ eoFitF, \*

Tar = ((2—80)806) ©)

This solution is valid so long as My < M.



When the model is convecting, we obtain the equations

0 = F,—F.+&T}—oT3, (7)
0 = F,+F.+&(T5—-2T%), (8)
CstZ‘f‘LrsZ = CpTa2+Lr22+gZa ©))

where € = €) 4 Ae and the subscript 2 signifies the convecting solution. (9) represents the moist
convective criticality (Ms» = M,). (7-9) can be solved for Ty, T2, and F;. This solution is valid
so long as F, > 0.

We plot the convecting and nonconvecting solutions of the two-level model as a function of gy
in Fig. 1. Here we choose F,=100 W m~2, which is a reasonable high-latitude value (Trenberth and
Stepaniak, 2003), and F;=250 W mfz, which we take, for the most part, to represent heat absorbed
and stored by the ocean during the summer and released back into the atmosphere during the winter.
The simplicity of the model, with only one layer to represent the atmosphere, requires us to choose
an unrealistically high F;=250 W m~2 to achieve above-freezing surface temperatures. F, takes
much smaller values when we use the more realistic SCAM model (section 3). We take Ae=0.3
and P,=600 mb, representing medium-height convection that produces optically thick clouds.

The nonconvecting solution exists at all values of the clear-sky emissivity (&) for these param-
eter choices (solid black line, Fig. 1a). For many other parameter choices, however, the noncon-
vecting solution does not exist at high €y. The convecting solution exists at high &g, but disappears
for £y below some critical €y which we call €. €. is the two-level model analogue of the logarithm
of the critical CO,. Below €., the two-level model is no longer warm enough to consistently sustain
convection (that is, (7-9) yield F. < 0). Because the free tropospheric emissivity is increased by

Ag due to the appearance of convective clouds and increased moisture in the convecting solution,



the convecting solution has a higher surface temperature than the nonconvecting solution at all €.
The vertical temperature profile of the convecting solution follows the moist lapse rate, whereas
the lapse rate of the nonconvecting solution is determined radiatively (Fig. 1d). This causes the

nonconvecting surface temperature to increase much faster with €y than the convecting surface

temperature does (% > ‘22;2, Fig. 1a). Consequently, the maximum difference in surface tem-
perature between the convecting and nonconvecting solutions as a function of €g, (T2 — Ts1)max
occurs at the minimum value of €y at which convection is possible (€9 = €.).

There is a singularity in the nonconvecting atmospheric temperature (6) as €y approaches zero
if F,, the atmospheric heat transport, is nonzero. This leads to a negative lapse rate at low &g
(Fig. 1(d)), which to some extent could be a realistic representation of a high-latitude winter in-
version; however, the extreme increase of 7, as €y goes to zero is due to the simplicity of the

model and is not realistic. In any case, this does not affect the surface temperature (5), which is the

quantity in which we are primarily interested.

b. Using the Model to Understand the Convective Cloud Feedback

We now focus on how the model parameters affect €., the lowest €y at which the convecting so-
lution can exist, and (75 — Ts1)max, the maximum difference in surface temperature between the
convecting and nonconvecting solutions as a function of €y. €. is important for two reasons. First,
since €y can be thought of as roughly representing log(CO,) in this model, €. is related to the
lowest CO; concentration at which the convecting solution can exist, which is critical to whether
or not the convecting solution could be realized during an equable climate or future climate with

T

increased greenhouse gases. Second, as (T2 — Ty ) max OCCUrs at €y = €, and ‘fl L 4l

€0 degy ?

decreasing
€. tends to increase (Ty — Ty1)max, Which is itself important because (7 — Ty )max represents the

strength of the convective cloud feedback. Stated again, the lower the critical CO,, the larger the



maximum temperature increase caused by the convective cloud feedback, all other things being
equal.

In Figs. 2-3, we show how (T, — Ty1)max and €. change as we vary Ag, F, F,, and P,, which
are the important independent model parameters. A€ represents the increase in optical thickness
of the atmosphere associated with clouds and water vapor upon the onset of convection. We see
F; as mostly representing solar heat absorbed by the surface during summer and released into the
atmosphere during the winter. F, represents the convergence of atmospheric heat transport. P,
represents the depth of convection. Our main findings in this section are that changing A€ has a
significant effect on (7y — Ty1 ) max Whereas changing the other variables does not, and that €, tends
to be more sensitive to changes in all the variables than (Ty, — Ty ) nax does.

Increasing Ag causes no change in the nonconvecting solution. Increasing A€ warms the con-
vecting solution, which itself increases (Ts — Ty1 )max, but it also allows the convecting solution to
exist at lower gy (Fig. 3a), which, as explained above, further increases (Ty2 — Ty1 ) max (Fig. 2a).

Increasing F;, which destabilizes the atmosphere to convection, allows the convecting solution
to exist at lower €¢ (decreases €., Fig. 3b); however, Ty — Ty ) max increases slightly as F increases
(Fig. 2b) instead of decreasing as one might expect from the decrease in €.. This is because the
surface and atmosphere are more tightly coupled in the convecting solution so more of the heating
resulting from increasing F; goes into increasing the surface temperature in the nonconvecting
solution than in the convecting solution.

Increasing F;, increases the surface temperature more in the convecting solution than in the non-
convecting solution, which increases (7y2 — Ty1 ) max (Fig. 2¢), because the surface and atmosphere
are more tightly coupled in the convecting solution. The warming effect of F, tends to destabilize
the atmosphere to convection, but this effect is dominated by the direct stabilizing effect of F; so

that €. increases with F, (Fig. 3c). This increase in €. as F, increases helps to explain why the



increase in (Typ — Ty1 ) max With F is so small.

Increasing P, has no effect on the nonconvecting solution. It does cause a large decrease in €,
(Fig. 3d) because it is easier to reach the moist convective criticality if the height of convection is
lower (the gravitational term in (9) is smaller). Decreasing the height of convection also means that
the T} is closer to Ty, so that the atmosphere provides less radiative forcing, and (Ty — Ts1)max
decreases somewhat as P, is increased. This effect is relatively large at any particular value of €,
but the effect on the maximum temperature difference is muted by the fact that €. decreases as well

as P, is increased.

3. SCAM

We next analyze SCAM to determine whether the insight provided by the simple analytical model
regarding the critical CO, needed for the warm convecting state to exist (€.) and the maximum
strength of the convective cloud feedback ((7y2 — Ty1)may) is valid in a more quantitative model.
As in section 2 we are interested in investigating the convective cloud feedback in SCAM at high
latitudes and during winter. Consequently we run SCAM to steady state in simulated polar night
(zero solar forcing, S=0). The real Arctic ocean is not in steady state during polar night: it radi-
ates heat to space throughout polar night and continually cools. We have, however, already shown
that the convective cloud feedback can function in the presence of a seasonal cycle (Abbot and
Tziperman, 2008b; Abbot et al., 2008), and, as our objective here is to understand the feedback in
depth, we feel justified in using the steady state assumption, which greatly simplifies our analysis.
In addition, in an ice-free Arctic ocean, the surface heat capacity would be very high so that the
approximation of considering the steady state solution should be reasonable. In order to obtain
an above-freezing equilibrated surface temperature at realistic atmospheric heat transport (AHT)

values, we need to specify a nonzero net surface heat flux (NSHF) from the surface to the atmo-



sphere. The NSHF represents a combination of the convergence of ocean heat transport and the
winter release of heat that the ocean stored during the summer.

We couple SCAM to a mixed layer ocean of depth 50 m, set the surface wind velocity to
a constant 5 m s~!, and set the vertical velocity to zero at all vertical levels. We run SCAM
with ozone and sea salt aerosol set to their annual mean values at a latitude of 79.5°N and a
longitude of 143.4°W, which is over the Arctic Ocean. We set all other aerosol concentrations
to zero. All boundary conditions that we apply to SCAM are time-invariant. We apply the AHT
to the atmosphere as dry transport equally by mass below 200 mb, with the AHT going to zero
smoothly as a hyperbolic tangent with a vertical thickness of 50 mb. This means that, other than
the smoothing near 200 mb, the applied temperature tendency is the same for each pressure level
below 200 mb. In a related study, Abbot and Tziperman (2008b) found that the apportionment of
AHT between dry and moist transport did not qualitatively affect their results.

When we run SCAM with zero solar forcing (S=0) and large enough AHT and NSHF values,
we find multiple equilibria, with a stable warm and convecting state possibly relevant to both future
greenhouse warming and past equable climates, over a wide range of CO; values (e.g., Fig. 4-5).
In Fig. 4 we show the surface temperature of the warm and cold states with a realistic polar AHT
of 100 W m~2 and different NSHF values, while in Fig. 5 we show that both states exist even
when we drastically change the distribution of heat transports to NSHF=170 W m~2 and AHT=0
W m~2. The solution of SCAM (Fig. 4-5) as a function of log(CO;) looks similar to that of the
two-level model (Fig. 1) as a function €y. There is a wide range in log(CO,) over which both
the warm and cold solutions exist and, particularly in Fig. 5, the surface temperature of the cold
state increases faster with CO, than the surface temperature of the warm state. The cold state sea
surface temperature sometimes reaches the freezing point of seawater, -1.8°C, (Fig. 4) in which

case we hold the sea surface temperature at this value. This represents an extra artificial heat flux

10



from the surface into the atmosphere, in addition to the applied NSHF, however, even with this
extra heat flux the cold state is still stable. Such cold states would approach the ice-states of Abbot
and Tziperman (2008b) if allowed to fully equilibrate in a model that included sea ice.

The warm equilibrium is significantly warmer than the cold equilibrium when both states ex-
ist. For example, with CO,=2 000 ppm, AHT=100 W m~2, and NSHF=70 W m~2, the surface
temperature is 7.0°C in the warm state and -1.8°C in the cold state (it is prescribed not to go below
the freezing temperature of sea water, as described above). The convective cloud feedback is the
major cause of this difference, as the cloud radiative forcing in the warm state (45.7 W m~?) is
nearly double that in the cold state (25.6 W m~2). The change in cloud radiative forcing is due to
more and thicker high clouds in the warm state (Fig. 6¢,d). These clouds result from stronger and
deeper convection (Fig. 6g,h), which leads to increased mid-tropospheric ice condensate (Fig. 6f)
and increased cloud fraction (Fig. 6¢).

SCAM calculates the depth of convection, thickness of clouds, and amount of moisture. So in
SCAM there are no analogues to P, and A€ from the two-level model for us to vary; however, we
can investigate the effect of changing the NSHF (analogue of F; in the two-level model) and the
AHT (analogue of F,, with a complication to be explained) on the convective cloud feedback in
SCAM. The lowest CO, at which the warm state exists (critical CO;, analogue of €. in the two-
level model), one of the most important variables investigated in this paper, decreases sharply as
the NSHF is increased (Table 1), which is consistent with the strong decrease of €. as F; increases
in the two-level model (Fig. 3b). For AHT values comparable to modern Arctic values, the critical
CO; spans the entire plausible CO;, range for the early Paleogene (~250-~4000 ppm, Pagani
et al., 2005; Pearson and Palmer, 2000) when the NSHF is changed by 20 W m~2 (Table 1). This
underscores the importance of the absorption of summer solar radiation for the maintenance of the

warm state.
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The critical CO, in SCAM also decreases sharply as the AHT is increased, which appears to
contradict the increase in €. as F; increases in the two-level model (Fig. 3¢). The main reason for
this is that, as the AHT in SCAM is applied equally throughout the troposphere, it is not a direct
analogue for F, from the two-level model, but should actually be thought of as some combination
of F; and F,. Furthermore, an AHT applied in this way does not directly change the stability, so
that its main effect is to warm the model, which decreases the critical CO,. We should note that the
formulation of the vertical distribution of AHT in SCAM we have used is not necessarily realistic,
as, for example, we have not taken into account reduced near-surface AHT due to surface friction
(e.g., Branscome et al., 1989; Stone and Yao, 1990). The main lesson we should learn from these
SCAM runs and the two-level model is that the effect of the AHT on the critical CO, depends
strongly on the detailed vertical distribution of AHT.

There is no discernible pattern in the change in the maximum surface temperature difference
between the warm and cold states as AHT and NSHF are varied (Table 2). This is consistent with
the relatively small changes in (T, — Ty1 ) max as Fy and F}, are varied in the two-level model (section
2b). Additionally, because of the high sensitivity of the critical CO; to NSHF, we only vary AHT
and NSHF over relatively small ranges compared to the ranges over which we varied Fy and F} in

the two-level model.

4. Discussion

Results from the two-level model (section 2) helped us motivate and understand results from
SCAM (section 3). For example, both models agree that the critical CO, at which the convec-
tive cloud feedback activates is sharply dependent on surface heat flux. As far as the surface heat
flux in these models can be interpreted as the winter release of heat stored by the ocean during

the summer, this suggests that more clouds during summer, which reflect solar radiation and there-
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fore reduce the amount of solar radiation absorbed by the surface, should lead to a higher critical
CO,. The use of both models in conjunction with each other also helped us understand that the
vertical distribution of the atmospheric heat transport is at least as important as its magnitude for
determining the critical CO,. This represents an important limitation on our ability to predict the
critical CO; since currently even the magnitude of the atmospheric heat transport during equable
climates, resulting from a competition between reduced dry static energy transport, due to reduced
meridional temperature gradient, and increased latent energy transport, due to increased subtropi-
cal temperature and moisture, is unknown (Pierrehumbert, 2002; Caballero and Langen, 2005).

The two-level model, however, is useful beyond its relation to SCAM. SCAM interactively
predicts the depth of convection, thickness of clouds, and amount of moisture, whereas, in the
two-level model we are able to vary these at will, through the parameters Ae and P,, to understand
their effect on the convective cloud feedback. The main interesting and unexpected results from
the two-level model are that increasing the height of convection significantly increases the critical
CO; and that increasing the height of convection has very little effect on the maximum surface
temperature difference between the cold and warm state, although it does significantly increase the
convecting solution surface temperature and, therefore, the surface temperature difference at any
particular €9 (COy).

This type of understanding, gained from the two-level model, could be quite useful for in-
terpretation of general circulation model (GCM) results. For example Abbot et al. (2008) found
that the convective cloud feedback increased the uncertainty in winter sea ice forecasts in the cou-
pled ocean-sea ice-land-atmosphere GCMs that participated in the IPCC fourth assessment report
1%/year CO; increase to quadrupling scenario. The extent to which sea ice was lost and the feed-
back was active are related to the critical CO, and perhaps insight from the two-level model could

help us understand the differences between these models.
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Two of the GCMs that participated in the IPCC fourth assessment report 1%/year CO; increase
to quadrupling scenario completely lost winter sea ice at the end of the experiment. The Arctic
winter sea surface temperature in these models was barely above freezing, and the cloud radiative
forcing was about 30 W m~2 which, though significant, is much smaller than roughly 50 W m~2
found in SCAM in this paper and by Abbot and Tziperman (2008b) when the surface temperature
was 10-15°C higher. This difference in cloud radiative forcing was mainly due to the fact that the
convection was shallower in the ice-free GCMs (reaching about 800 mb) than in SCAM (reaching
400-500 mb). Abbot et al. (2008) speculated that the GCMs might have produced deeper convec-
tion and a stronger feedback if the CO;, were further increased or the run were integrated until it
were closer to equilibrium. This paper raises the possibility that the convective cloud feedback
operating in the atmosphere alone could introduce sufficient nonlinearity to allow a hysteresis such
that if the GCMs were started from much warmer ice-free conditions, instead of ice-covered con-
ditions, they might have equilibrated with deeper convection and a higher surface temperature like
SCAM did.

Renno (1997) and Sobel et al. (2007) have found multiple equilibria in single column atmo-
spheric models that include representations of the hydrological cycle. The Renno (1997) study
does not include clouds, so it is quite different from this study. The work of Sobel et al. (2007) is
more similar to this study in that they find two separate steady-states, one convecting, and one not
convecting; however, by using the weak temperature gradient assumption, they focus on the trop-
ics, and their model uses fixed surface temperatures, rather than prognostic surface temperatures
in an energy-conserving model. The convecting and nonconvecting states of Sobel et al. (2007)
are not "warm" and "cold," since both are forced at the same surface temperature, rather they are
"wet" and "dry."

In the two-level model of section 2, we assumed that the atmospheric emissivity increased

14



by a constant offset (A€) upon the onset of convection. One might alternatively suspect that the
radiative effect of convective clouds might increase with the strength of convection. This is the
case in the warm SCAM states of Fig. 4: the cloud radiative forcing increases roughly linearly
with the maximum convective mass flux in the mid-troposphere (not shown). When we modify the
two-level model so that the emissivity increases linearly with the convective heat flux (F.) instead
of all at once when convection starts, we find that the model still exhibits hysteresis and our main
conclusions are unaltered.

The convective cloud feedback could help to keep the Arctic ocean ice-free throughout the
winter. This would likely lead to a situation with relatively warm ocean surrounded by relatively
cold continent. This could lead to a low pressure system over the ocean and possibly, even though
the Coriolis parameter would be large and the Ekman number small, lead to Ekman pumping,
inflow at low levels, and vertical ascent. In this paper, we have specified the vertical velocity to be
zero at every level (section 3), so we have neglected such an effect; however, it seems likely that
such upward motion would augment the convective activity over the ocean.

The two-level model we used in this study is intentionally quite simple and SCAM, though it
has sophisticated cloud, convection, and radiation schemes, lacks dynamics. In both models we
need to specify horizontal heat transports, which define the models’ interaction with surrounding
areas, and prescribe a net surface heat flux to simulate seasonal heat storage. In some sense the
simplicity of these models is a limitation of this study; however, the convective cloud feedback has
been shown to be active in state-of-the-art coupled GCMs (Abbot et al., 2008) and here we have
used the two simple models in conjunction to gain a deeper understanding of the feedback.

A major part of the equable climate mystery is warmth during the winter in continental interiors
(e.g., Greenwood and Wing, 1995). Implicitly, this paper has focused on polar night over oceans

since we have net heat flux from the surface into the atmosphere, which would have to come from

15



either ocean heat transport or the storage of heat during the summer by the ocean and release
during the winter. We are currently investigating the role the convective cloud feedback could play

in warming continental interiors.

5. Conclusions

In this paper we used a simple two-level model of the atmosphere and ocean and NCAR’s single
column atmospheric model coupled to a mixed layer ocean to analyze the critical CO, concentra-
tion at which a high-latitude convective cloud feedback can become active and the strength of this
high-latitude convective cloud feedback, as measured by its ability to raise the surface tempera-
ture. The critical CO, is particularly important because it determines whether the convective cloud
feedback could have been active during periods of equable climate and in a future climate, because
understanding what controls it may aide in understanding why the convective cloud feedback is
more active in some GCMs than in others at the same CO, concentration, and because it has a

large effect on the overall strength of the feedback (section 2b). Our main findings follow.

o If the feedback produces more and thicker convective clouds, it should activate at a lower

CO; and be stronger.

o If the feedback produces deeper convection, it should activate at a higher CO,, be much

stronger at any particular CO,, and have a somewhat larger maximum strength.

o If the net heat released by the surface during winter, produced either by ocean heat trans-
port or by the release of seasonally-stored heat, increases, the critical CO; should decrease

sharply and the strength of the feedback should not change much.

e The effects of atmospheric heat transport are complicated and depend on the detailed vertical

structure of this heat transport.
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FIGURE 1: Solution to the two-level model as a function of €y, which is a proxy for log(CO;) concentra-
tion. (a) Nonconvecting solution surface temperature (7, black solid line) and convecting solution surface
temperature (7, grey dashed line), (b) difference between the surface temperature of the convecting and
nonconvecting solutions (7y — 7Ty1), (c) nonconvecting solution atmospheric temperature (7, black solid
line) and convecting solution atmospheric temperature (7, grey dashed line), (d) nonconvecting solution
lapse rate (751 — 11, black solid line) and convecting solution lapse rate (75, — T2, grey dashed line). Model

parameters are: Fy=250 W m~2, F,=100 W m~2, £p=0.5, Ae=0.3, P,=600 mb, and RH=0.85.
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FIGURE 2: Maximum difference in surface temperature between the convecting and nonconvecting solu-
tions as a function of (a) Ag, the increase in atmospheric emissivity resulting from the onset of convection;
(b) F;, the heat flux into the surface, we view as mostly representing solar heat absorbed by the surface
during summer and released into the atmosphere during the winter; (c) Fy, the heat flux into the atmosphere;
(d) P,, pressure of the atmospheric level (depth of convection). Model parameters, except the parameter
varied, are as in Fig. 1.
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FIGURE 4: Equilibrated surface temperature (TS) of the warm (circles) and cold (crosses) states in SCAM
at different CO, levels with zero solar radiation (S=0 W m~2), an atmospheric heat transport (AHT) of 100
W m~2, and a net surface heat flux (NSHF) of (a) 60 W m 2, (b) 70 W m 2, (c) 80 W m 2.
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FIGURE 5: Equilibrated surface temperature (TS) of the warm (circles) and cold (crosses) states in SCAM
at different CO, levels with zero solar radiation (S=0 W m~2), zero atmospheric heat transport (AHT=0 W

m~2), and a net surface heat flux (NSHF) of 170 W m 2.
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FIGURE 6: Vertical profiles of important SCAM output with zero solar radiation (S=0 W m~2), an atmo-
spheric heat transport (AHT) of 100 W m~2, a net surface heat flux (NSHF) of 70 W m~2, and CO,=2 000
ppm for the warm (red) and cold (blue) states. The effective cloud fraction is the product of the cloud frac-
tion and the cloud emissivity for each layer. The convective cloud fraction is the cloud fraction produced
by the convection scheme. The total cloud fraction in a region with convection is often higher than the
convective cloud fraction because the model often produces stratiform clouds in these regions as well.
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TABLE 1: The critical CO, concentration (ppm), the lowest CO, concentration at which the warm state can
exist (the convective cloud feedback can be active), in SCAM as a function of the prescribed atmospheric
heat transport (AHT) and net surface heat flux (NSHF). We ran SCAM at every doubling of CO, concen-
tration between 250 ppm and 16 000 ppm, as in Figs. 4 and 5. The warm state does not exist at any CO,
concentration below 16 000 ppm for AHT=90 W m~2 and NSHF=60 and 70 W m 2.

| NSHF=60 Wm 2 NSHF=70 W m~? NSHF=80 W m*

AHT=90 W m? - - 2 000
AHT=100 W m 2 8 000 1 000 250
AHT=110 W m 2 250 250 250
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TABLE 2: The maximum temperature difference (°C) between the warm and cold states in SCAM as a
function of the prescribed atmospheric heat transport (AHT) and net surface heat flux (NSHF). We ran
SCAM at every doubling of CO, concentration between 250 ppm and 16 000 ppm, as in Figs. 4 and 5. The
warm state does not exist at any CO, concentration below 16 000 ppm for AHT=90 W m~2 and NSHF=60

and 70 W m 2.
NSHF=50 W m—2 NSHF=60 W m—2 NSHF=70 W m 2

AHT=90 W m 2 - - 3.5
AHT=100 W m 2 8.7 8.8 52
AHT=110 W m2 9.8 10.2 3.5
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