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Abstract. | study the Hadley circulation of a completely ice- 1 Introduction
covered Snowball Earth through simulations with a compre-
hensive atmosphere general circulation model. Because the
Snowball Earth atmosphere is an example of a dry atmo-Geological evidence suggests that during the Neoproterozoic
sphere, these simulations allow me to test to what extent drra (1000 to 541 million years before present), Earth might
theories and idealized models capture the dynamics of realbave repeatedly experienced global glaciations for many
istic dry Hadley circulations. Perpetual off-equatorial as well Millions of years (Kirschvink, 1992; Hoffman et al., 1998;
as seasonally varying insolation is used, extending a previousloffman and Schrag, 2000; Pierrehumbert et al., 2011).
study for perpetual on-equatorial (equinox) insolation. Ver- These glaciations are commonly referred to as Snowball
tical diffusion of momentum, representing the momentum Earth, a term inspired by the high albedo of such an Earth
transport of dry convection, is fundamental to the momen-due to the hypothesized planetary-scale land glaciers and
tum budgets of both the winter and summer cells. In the zonafhe completely sea-ice covered oceans. The global ice cover
budget, it is the primary process balancing the Coriolis force.entails surface temperatures well below freezing and, as a
In the meridional budget, it mixes meridional momentum be-consequence of the Clausius—-Clapeyron equation, an atmo-
tween the upper and the lower branch and thereby decelerat§phere essentially devoid of water. The Snowball Earth at-
the circulation. Because of the latter, the circulation intensi-mosphere thus belongs to the class of dry atmospheres, which
fies by a factor of three when vertical diffusion of momentum traditionally have formed the starting point for theories of the
is suppressed. For seasonally varying insolation, the circulalarge-scale atmospheric circulation. In particular, dry theo-
tion undergoes rapid transitions from the weak summer intdies have been developed for the Hadley circulation that dom-
the strong winter regime. Consistent with previous studies ininates the zonal-mean circulation of Earth’s tropics as well as
idealized models, these transitions result from a mean-flowpther planets (Schneider, 2006).
feedback, because of which they are insensitive to the treat- VOigt et al. (2012) studied the dynamics of the Snowball
ment of vertical diffusion of momentum. Overall, the results Earth Hadley circulation using a comprehensive atmosphere
corroborate previous findings for perpetual on-equatorial in-general circulation model. Their primary motivation was to
solation. They demonstrate that descriptions of realistic dryt€st to what extent dry Hadley cell theories are applicable to
Hadley circulations, in particular their strength, need to in- the Snowball Earth atmosphere and if the assumptions made
corporate the vertical momentum transport by dry convec-by these theories are justified in the context of realistic dry
tion, a process that is neglected in most dry theories and idedtmospheres. The use of a comprehensive atmosphere model
alized models. An improved estimate of the strength of thethat embodies sophisticated representations of diabatic pro-
Snowball Earth Hadley circulation will also help to better C€SSEeS, such as radiation and small-scale turbulence, made
constrain the climate of a possible Neoproterozoic Snowbaltheir study complementary to previous work with idealized
Earth and its deglaciation threshold. atmosphere models that represent diabatic processes in a sim-
plified manner. Voigt et al. (2012) found that vertical diffu-
sion of momentum, representing the dry turbulence and the
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426 A. Voigt: Dynamics of the Snowball Earth Hadley circulation

momentum transport by small-scale (i.e. unresolved) eddiesjeglaciation threshold of a hard Snowball Earth and to judge
is fundamental to the Snowball Earth Hadley circulation andto what extent proposed scenarios for the survival of life dur-
weakens the circulation by a factor of 2 to 3. This resulting such harsh conditions appear plausible. The low heat ca-
is important because dry Hadley cell theories and idealizecpacity of the ice surface allows large seasonal shifts of the
models usually neglect vertical diffusion of momentum and Hadley circulation, yielding an indirect annual-mean circu-
assume that the flow is governed by its resolved large-scalétion and, in contrast to Earth’s modern climate, a zone of
features. However, Voigt et al. (2012) used perpetual equinoxet evaporation around the equator (Abbot and Pierrehum-
solar insolation, with the insolation maximum centered atbert, 2010; Pierrehumbert et al., 2011; Abbot et al., 2013).
the equator and zero insolation at the poles, which mightThe equatorial net evaporation zone lowers the equatorial
be a potential limiting factor for their results because thesurface albedo because bare ice has a much lower albedo than
strength and dynamics of the Hadley circulation are known tosnow (Brandt et al., 2005; Warren and Brandt, 2006; Dadic
change with the location of the insolation maximum. For ex- et al., 2013) and because of accumulation of surface dust.
ample, Lindzen and Hou (1988) showed that the strength oBoth factors facilitate the deglaciation of a hard Snowball
the circulation increases non-linearly in axisymmetric mod- Earth (Abbot and Pierrehumbert, 2010; Le Hir et al., 2010).
els when the insolation maximum is displaced away fromWhile the equatorial net evaporation zone emerges as a ro-
the equator. Moreover, Walker and Schneider (2005), combust feature of climate models (Abbot et al., 2013), its de-
paring the Hadley circulation of an idealized axisymmetric tailed characteristics likely depend on the Hadley circulation.
model with that of an idealized general circulation model, The Hadley circulation also affects other suggested deglacia-
found that large-scale eddies strengthen the circulation fotion factors such as atmospheric dust (Abbot and Halevy,
an on-equatorial insolation maximum, while they weaken2010) and tropical clouds (Abbot et al., 2012). Through its
the winter and strengthen the summer circulation for an off-impact on the tropical precipitation minus evaporation pat-
equatorial insolation maximum. To address the question iftern, the Hadley circulation furthermore influences the flow
the magnitude and effect of vertical diffusion on the Snow- of thick sea ice and the possibility of open narrow seaways
ball Earth Hadley circulation shows a similar sensitivity to that could serve as oases for the survival of life during Snow-
the insolation profile, | here expand the work of Voigt et al. ball events (Campbell et al., 2011; Tziperman et al., 2012;
(2012) to the cases of a perpetual off-equatorial insolationAbbot et al., 2013). Finally, the Hadley circulation plays
maximum as well as seasonally varying insolation. The pri-an important role during the initiation of Snowball Earth
mary goal of the present manuscript is to demonstrate that thepisodes (Voigt and Marotzke, 2010; Abbot et al., 2011;
results of Voigt et al. (2012) do not depend on the location ofVoigt and Abbot, 2012; Yang et al., 2012a, b) during which
the solar insolation maximum. Independent of the solar insoAt progressively approaches the dry limit discussed here. All
lation profile, vertical diffusion of momentum is important to of the above factors depend on the strength of the Hadley cir-
the momentum budgets of the Snowball Earth Hadley circu-culation, which Abbot et al. (2013) found to vary by up to a
lation and substantially weakens the circulation. factor of 4 in annual-mean and a factor of 2 in solstice condi-
The simulations presented here with seasonally varyingions among comprehensive atmosphere general circulation
insolation moreover connect to recent studies by Schneidemodels driven by the same idealized Snowball Earth bound-
and Bordoni (2008) and Bordoni and Schneider (2010) onary conditions. The simulations presented here suggest that
rapid seasonal changes of the Hadley circulation in an idethis difference might, at least partly, be caused by differences
alized atmosphere general circulation model coupled to &@n the models’ treatment of vertical diffusion of momentum.
low thermal inertia surface. Schneider and Bordoni (2008) The paper is organized as follows. The atmosphere gen-
and Bordoni and Schneider (2010) described a mean-floveral circulation model and the simulation setup are described
feedback that, supported by eddies, enables transitions in thie Sect. 2. The simulations with a perpetual off-equatorial
dominant momentum balance from an eddy-dominated suminsolation maximum are presented in Sect. 3; those with sea-
mer and equinox regime to an angular-momentum conservsonally varying insolation in Sect. 4. In both sections, the dy-
ing winter regime. In conjunction with the rapid changes in nhamics of the Hadley circulation are studied through an anal-
the Hadley cell strength and location, these circulations reysis of the zonal and meridional momentum budgets, and the
sembled the monsoons observed for today’s Earth. The ideakffect of vertical diffusion of momentum on the Hadley cir-
ized atmosphere general circulation model used by Schneidezulation is investigated through simulations in which vertical
and Bordoni (2008) and Bordoni and Schneider (2010), how-diffusion of momentum is suppressed. Section 5 illustrates
ever, does not account for vertical diffusion of momentum, briefly how differences in the strength of the Hadley circu-
which raises the question to what extent vertical diffusion of lation translate to differences in the strength of the tropical
momentum affects the rapid transitions. hydrological cycle and equatorial net evaporation zone. The
Understanding the Hadley circulation of a Snowball Earth paper closes with conclusions in Sect. 6.
atmosphere is not only important for the development of
Hadley cell theories. A better characterization of the climate
during Snowball Earth episodes also helps to constrain the
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Fig. 1. Solar insolation at the top of atmosphere in Wn Left panel: perpetual off-equatorial insolation with maximum at 28I5For
reference, the symmetric equinox profile used/aigt et al. (2012) is shown in gray. Right panel: seasonally varying insolation profile
corresponding to a circular orbit with an obliquity of 23.% 360-day calendar is applied, with days counted from vernal equinox.

2 Model and simulation setup water vapor content and surface latent heat flux are 0.01 and
0.1 W n1 2, respectively, which is three orders of magnitude
smaller than in present-day Earth simulations with the same

| use the comprehensive atmosphere general circulatiopnodel. This makes the simulated Snowball Earth atmosphere

model ECHAMS in idealized hard Snowball Earth condi- an examp|e of a Virtua”y dry atmosphere in which latent
tions. The model and boundary conditions are the same ageating and moist convection have no substantial effect on
those used in in Voigt et al. (2012), apart from differencesthe circulation.

in the solar insolation prOﬁle. In contrast to V0|gt et al. The surface is Specified as 0.1 m-thickice, y|e|d|ng asmall

(2012) who used perpetual equinox insolation with solar in-thermal inertia of the surface and thereby allowing rapid

solation maximum at the equator, | here apply perpetual in-Hadley cell transitions as iSchneider and Bordoni (2008).

solation with an off-equatorial solar insolation maximum as gyrface temperature is predicted from the sum of radiative

well as seasonally varying insolation (Fig. 1). The seasonally(jongwave and shortwave) and turbulent (sensible and latent
varying insolation corresponds to a circular orbit with 23.5 heat) fluxes and the surface heat capacity; conductive heat
obliquity. For the perpetual off-equatorial insolation profile, fiyx through ice is assumed to be zero. This setup is equiva-
the insolation maximum is at 23.8I. This profile does not  |ent to a thin “white” mixed-layer ocean without ocean heat
represent the solsticial insolation conditions of the seasONtransport. A flat surface with no orography is applied, elim-
ally varying insolation. Instead, it is chosen as one of manyjnating mountain-induced stationary eddies that could af-
possible examples for off-equatorial insolation maxima andfect the Hadley circulation. Surface roughness length is set
corresponds to the insolation at day 35 after vernal equinoxg 10-3m everywhere. Diurnally averaged insolation is ap-
of the seasonally varying simulations. Interestingly, it will pjied. This is motivated by the fact that Hadley cell theories
turn out below that the rapid Hadley circulation transitions in gg not incorporate the diurnal cycle and furthermore helps to
the seasonally varying simulations are completed at day 35yoid overestimating the diurnal surface temperature cycle
after which the Hadley circulation strength remains almostqye to insufficient vertical resolution of the ice layer (Abbot
constant for 130 days. Because of this, the Hadley circulagt g, 2010). Horizontal resolution is T63 (1°JSvith 31 un-

tion for the perpetual off-equatorial insolation profile closely evenly spaced hybrid-levels in the vertical. The model is

resembles that for solstitial conditions. A 360-day Ca|endarintegrated for 20yr, with statistics calculated from the last

is used. . . o 5yr. Table 1 summarizes the simulations.
For completeness, | briefly summarize the idealized hard

Snowball Earth conditions. A more thorough description is

given in Voigt et al. (2012). A modern solar constant of 3 perpetual off-equatorial insolation maximum
1365 W n1? is used. Atmospheric CQs set to 300 ppmv;

CHa, N2O, CFCs, ozone, and aerosols are all set to zero3.1 Characteristics and momentum budgets of the
Sea-ice albedo is set to 0.75 everywhere. These choices  Hadley circulation

yield tropical surface temperatures of around 220K, and the

simulated atmospheric conditions represent the very cold start with studying the Hadley circulation for perpetual in-
and essentially dry conditions during the early stage of asolation with maximum solar heating at 23M%. The primary
hard Snowball Earth glaciation. The low temperatures entailpurpose of this section is to show that vertical diffusion of
low atmospheric water vapor; the global-mean atmospherenomentum remains important for the Hadley cell dynamics
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Fig. 2. Zonal-mean circulation of the Snowball Earth atmosphere for perpetual off-equatorial insolation. Left panel: potential temperature in
K. Contour interval is 5K between 200, 250 and 10K otherwise. The black solid line depicts the tropopause (see text). Middle panel: mass
stream function in units of fkg s~1. Solid (dashed) contour lines represent counterclockwise (clockwise) circulation. Contour interval is 2
between—10 and 10, and 20 otherwise (gray shading). Left panel: zonal wind inmGontour interval is 4, with a thick zero contour line.

of a Snowball Earth atmosphere also when the insolatiorirable 1. Summary of simulations with different treatment of verti-

maximum is displaced away from the equator. cal diffusion of momentum. All simulations are performed for per-
The insolation maximum at 225 leads to a surface tem- Petual off-equatorial as well as seasonally varying insolation. The

perature maximum of 220K at this latitude (Fig. 2). Around last column indicates whether full or suppressed eddy viscosities

this latitude, potential temperatures are vertically uniform are used for the calculation of turbulent kinetic energy (TKE). See

from the surface up to 500 hPa. The tropopause, defined agxt for details.

the lowest level for which the vertical potential temperature

gradient exceeds 4Kknt (Voigt et al., 2012), resides at Simulation Vertical diffusion of
500 hPa. The tropopause is around 500 hPa also in the mid- Zonal Meridional ~ TKE
latitudes of the summer hemisphere but is close to the surface momentum  momentum
in the high latitudes and the entire winter hemisphere, where STD on on on
a surface inversion forms The Hadley circulation consists UOVOT1 off off on
of a strong winter cell and a much weaker summer cell. The UovoTo  off off off
center of the ascending region is located equatorward of the UOVITL off on on
insolation maximum at I5N. The winter cell attains its max- UOV1TO off on off
imum of 156x 10° kg s~* in the summer hemisphere &t1S. ULVOT1

. . . . . on off on
As in the case of equinox insolation (Voigt et al., 2012), the U1VOTO on off off

winter cell extends up to 500 hPa and is embedded into a deep
weak cell that reaches up to 200 hPa. The summer cell attains
its maximum of 11x 10° kg s~1 at the maximum of the solar
insolation at 23.5N. The winter and summer cells separate
at 20° N. While the winter cell is broad, covering about°30
latitude, the summer cell is not only much weaker but also 53 o 1 a(ﬁcos%) P
confined to a much narrower latitude band. Zonal winds area; ~ %= /7 ¢V~ @5~ toog, g o TP @

generally W(Iaa_k.in the summer hem.isphere, cqnsisten_t WithD” denotes the zonal-mean zonal momentum tendency due
weak baroclinicity there. Stronger winds occur in the winter .\ artical diffusion. Vertical diffusion represents the mo-

Pemlsrihetr%, Whlere Wltnt?ws arel gen%rilly WdESte”); te;]nd a stu mentum transport by dry convection, which results from
TOIFlilfJa 1€ Ievelopsta i € p;) evvtarlz oug n atry_o I € V\f[m ersubgrid-scale dry eddies in response to unstable stratifica-
cell. Upper-ievel easterlies of up to ertain close 10 51 and vertical wind shear. The notation is standard oth-

the equator. erwise. In the Snowball Earth atmosphere, moist convection
1Because the insolation maximum is located in the Northern@nd horizontal diffusion do not substantially affect the zonal

Hemisphere, | will refer to this hemisphere as the summer hemi-momentum budget, which is why they are notincluded in the

sphere, and to the Southern Hemisphere as the winter hemispher@b0ove equation.

| will use the same terminology for the northern and southern cells  Vertical diffusion is of first-order importance to the Hadley

of the Hadley circulation. circulation (Fig. 3). The summer cell is in viscous balance,

In steady state, the zonal-mean zonal momentum budget
in pressure coordinates reads

Earth Syst. Dynam., 4, 425-438, 2013 www.earth-syst-dynam.net/4/425/2013/
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Fig. 3. Zonal-mean zonal momentum budget for perpetual off-equatorial insolatiorrrd@2: (a) Coriolis force,(b) meridional advec-
tion of mean relative vorticity(c) negative of vertical advection of mean zonal moment(dhhorizontal contribution to eddy momentum
flux convergence(e) vertical contribution to eddy momentum flux convergence, @ndertical diffusion of zonal momentum. The contri-
butions from moist convection (i.e. cumulus friction) and horizontal diffusion are negligible.

fv+ D" ~0. Vertical diffusion is also important for the circulation and eddies, respectively. For a cell that attains its
winter cell, although the winter cell shows a more complex maximumw at latitudegpg and pressurgg, the definition of
momentum budget. In the summer hemisphere, vertical difthe mass stream function :—W J3° v(po, p)dp
fusion is the primary process balancing the Coriolis force inallows to decompos® into a mean, an eddy, and a diffusive
the upper branch, with smaller contributions from the meancomponent,
circulation. In the winter hemisphere, however, vertical dif-
fusion is suppressed in the upper branch. Instead, meridiona\F = Wm + Ye + Yo (3)
advection of mean relative vorticity dominates and the cellThe mean component is defined as
is close to angular-momentum conservatiofi-{¢)v ~ 0. Po
Eddies are negligible for both the winter cell, as a result _ 2ma cosgg f M

. . LUy = (o, p) dp, 4)
of easterly winds that shield the upper branch from the in- fog
fluence of the mid-latitude eddies of the winter hemisphere 0
(Charney, 1969; Webster and Holton, 1982), and the summewhere fo denotes the value of the Coriolis parameter at lat-
cell, because baroclinicity and eddy activity are essentiallyitude go; analogous expressions hold for the other compo-
zero there, consistent with the small meridional temperaturénents. Table 2 shows that vertical diffusion of zonal momen-
gradients. tum carries the entire strength of the summer cell and most

The dominant role of vertical diffusion on the strength of of the winter cell.

the Hadley circulation can be demonstrated by decomposing Vertical diffusion not only impacts the zonal momentum
the strength of the winter and summer cells into contribu-budget but also the meridional momentum budget of the
tions from the mean circulation, eddies, and vertical diffu- Hadley circulation. While the flow is in geostrophic balance
sion. Following Schneider and Bordoni (2008) and Bordoni throughout most of the atmosphere, the meridional momen-
and Schneider (2010), | do this by rewriting the zonal mo-tum tendency due to vertical diffusion of meridional momen-

mentum balance as tum approaches values comparable to those for the Coriolis
force and the geopotential gradient in the region of the winter

T = _1 (M +E+ Du). 2) and summer cell. Therefore, and as in the case of equinox in-
solation, the meridional momentum budget is approximately

_ iven b
M—Tv—5i _ PR Cihcssd O i ? y —
_g‘v—a)@andE——ucosg(p 9 ~ o de- __ loo v
note the momentum flux convergence due to the mean/ ¥ = T4 @ + D%, ®)
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430 A. Voigt: Dynamics of the Snowball Earth Hadley circulation

Table 2. Simulations with perpetual off-equatorial insolation and ! ‘ ! ‘ ! ‘ !
different treatment of vertical diffusion of momentum: strength of
the winter and summer Hadley cell and decomposition into contri- 600 | -
butions from the mean circulation(, ), eddies ¥g), and vertical
diffusion Wy ;s ). The attribution is based on Eqg. (3) and accurate to
within 5 % of the cell strength as indicated by the residuum:§).

All values in units of 18 kgs~1.

pressure [hPa]

Simulaton ¥ Wy  WE  Wp Wres %07 B ER
Summer cell 2
-2.8
STD 11 0 0 11 0 a6
UovoT1l 2 0 0 1 1 1000
UovoTOo 2 0 0 2 0
UOV1T1 3 0 1 2 0 fatitude [S]
uoviTo 3 0 1 2 0 Fig. 4. Zonal-mean meridional momentum tendency due to vertical
U1voT1 38 1 1 37 -1 diffusion of meridional momentum in I® m s~2 for perpetual off-
U1voTo 37 2 1 3 -1 equatorial insolation.
Winter cell
200
STD 156 27 7 117 5 radiation
— tical diffusi
UOVOTL 439 269 145 0 25 horizontaladvection
uovoTo 288 133 141 0 14 latent heat release
400
uoviT1 196 120 87 0 —11
UoviTo 158 55 100 0 3 E
ULVOT1 431 98 8 320 5 = /
U1voTo 334 123 9 195 7 3 soor ‘
%]
5
where & denotes the geopotential. Vertical diffusion of 8001
meridional momentum exhibits a distinct spatial pattern
that coincides with the structure of the Hadley circula-
tion (Fig. 4). This pattern implies that vertical diffusion -0.56 -03 0 03 0.74
mixes meridional momentum between the upper and lower temperature tendency [K day ]

branches of the circulation. _ _ o
The temperature tendencies in the region of maximum in-F'g- .5. Tempgrature ten.den0|es for perpetual off-equatorial insola-
solation are shown in Fig. 5. Above the tropopause at 500 hp40" in the region of maximum solar heating, between 15 art\80
the atmosphere is close to radiative equilibrium, with nearlyVertlcaI advection of temperature is negligible because tempera-
L . L ’ . 7 tures are close to the dry adiabat.
zero radiative heating rate. Within the troposphere, which
extends from the surface up to 500 hPa, however, the main

balance is between longwave radiative cooling and heating, strong surface sensible heat and buoyancy fluxes, reach-
by vertical diffusion. The heating by vertical diffusion in- ing about 20 Wm? at the insolation maximum. This near-

cludes a very small and negligible contribution from dissipa- g ,rface destabilization of the troposphere causes dry con-
tive heating, which ensures that the verticql diffusion SChemevection, which explains the strong presence of vertical dif-
conserves energy. Temperature tendencies from other prqysion and the dry adiabatic temperature profile. The long-
cesses are comparably small: the near lack of atmospherig,ye radiative cooling balances the upward transport of dry
moisture implies only small latent heat release, and verticak4tic energy by dry convection. The magnitude of dry con-
advection has no effect on temperature because of the dnygection would be increased if longwave radiative cooling
adiabatic temperature profile. Horizontal temperature transyesiapilized the troposphere on its own, i.e. in the absence
port by the Hadley circul_ation _proyides some heating in thgof upward energy transport by dry convection. Similarly, at-
upper troposphere by displacing isentropes from the vertiy,ogpheric solar absorption could stabilize the troposphere,
cal, which enables the dry Hadley circulation to transportysich would limit the dry convective activity. Pure-radiative

energy (Caballero et al., 2008; Voigt et al., 2012). Overall, gqyilibrium simulations would be needed to test and quantify
however, the troposphere is close to a radiative-convectivgnase effects.

equilibrium. Absorption of solar radiation at the surface leads

Earth Syst. Dynam., 4, 425-438, 2013 www.earth-syst-dynam.net/4/425/2013/



A. Voigt: Dynamics of the Snowball Earth Hadley circulation 431

3.2 Impact of vertical diffusion of momentum on the the loss of vertical diffusion in the zonal momentum bud-
strength of the Hadley circulation get. These eddies have small horizontal length scales of about
2000km and are confined to the equatorial region, i.e. they
The pivotal role of vertical diffusion in the momentum bud- are not of mid-latitude origin. They appear in conjunction
gets of the Hadley circulation motivates the study of how ver-with more easterly winds in the equatorial upper branch of
tical diffusion of momentum impacts the strength of the cir- the winter cell, suggesting that they originate from barotropic
culation. To this end, | perform simulations in which vertical instability. Similar equatorial eddies occurred in the winter
diffusion of momentum is suppressed in the upper branchesells of Schneider and Bordoni (2008). The fact that these
of the Hadley circulation. To clarify whether vertical diffu- eddies only occur when vertical diffusion of zonal momen-
sion of zonal or meridional momentum is more important to tum is suppressed further exemplifies how parameterized di-
the circulation strength, | furthermore perform simulations abatic processes can affect characteristics of the resolved
with vertical diffusion suppressed only for either zonal or large-scale circulation.
meridional momentum. Such an investigation is warranted by In contrast to the winter cell, the presence of vertical dif-
the expected opposing effects of vertical diffusion of zonalfusion of momentum is crucial to the very existence of the
and meridional momentum (Voigt et al., 2012). The zonal summer cell. Vertical diffusion of meridional momentum de-
momentum budget suggests that the circulation is driven bycelerates also the summer cell, which triples in strength in
vertical diffusion of zonal momentum, based on which one simulations in which vertical diffusion of only meridional
expects that suppressing vertical diffusion would weaken thenomentum is suppressed. However, the summer cell col-
circulation. In contrast, the meridional momentum budgetlapses as soon as vertical diffusion of zonal momentum is
suggests that vertical diffusion of momentum decelerates thasuppressed. This collapse is unavoidable because the near-
circulation by mixing meridional momentum between the zero baroclinicity and uniform zonal wind in the summer
upper and lower branches. This suggests that suppressirfgemisphere prevent eddies and the mean circulation to com-
vertical diffusion might lead to a stronger circulation. pensate the loss of vertical diffusion in the zonal momentum
To suppress vertical diffusion of momentum in the upper budget.
Hadley cell branches, | follow the approach of Voigt et al. Combined with the earlier equinox results of Voigt et al.
(2012) and set eddy viscosities to zero above 870 hPa. Vert2012), these simulations establish that vertical diffusion of
tical diffusion of dry static energy remains active through- momentum strongly impacts steady-state Hadley circulations
out the atmosphere, i.e. eddy diffusivities remain untouchedindependent of whether the insolation maximum is located
While being readily implemented, the approach leads toon or off the equator.
an ambiguity in the calculation of turbulent kinetic energy
(TKE), which is used to calculate eddy diffusivity and vis-
cosity. To show that the qualitative results are not sensitive t4  Seasonally varying insolation
this ambiguity, | perform simulations in which TKE is cal-
culated with either the full or the suppressed eddy viscosityThis section studies the dynamics of the Snowball Earth
(see Voigtetal., 2012, for details). Hadley circulation for seasonally varying insolation. | repeat
Simulations with suppressed vertical diffusion of mo- the simulations using a seasonal cycle in insolation as speci-
mentum confirm that vertical diffusion strongly affects the fied in Fig. 1 to determine to what extent the results for time-
strength of the Hadley circulation. In these simulations theconstant insolation carry over to time-varying insolation.
winter cell intensifies by a factor of two to three, depend-
ing on how TKE is treated (Tables 1 and 2). This suggests4.1 Seasonal Hadley circulation, rapid transitions and
that the climate model spread in the strength of the Snow- associated momentum balances
ball Earth Hadley cell strength found in Abbot et al. (2013)
might be caused by differences in the models’ treatment oDuring most of the year, the circulation is dominated by ei-
vertical diffusion of momentum. The intensification results ther the southern or the northern cell, depending on the sun’s
from the decelerating effect of vertical diffusion of merid- location (Fig. 6, top panel). From day 35 to 180 (counted
ional momentum, which is clearly demonstrated by simula-from vernal equinox), when the sun is in the Northern Hemi-
tions in which vertical diffusion of only meridional momen- sphere, the southern cell is in the vigorous winter regime. The
tum is suppressed. The impact of vertical diffusion of zonal strength and location of the southern cell match those simu-
momentum on the strength of the winter cell is much smaller.lated for perpetual off-equatorial insolation: the stream func-
The strength of the winter cell only changes marginally andtion maximum of 160 kg3t is located in the Northern Hemi-
even slightly intensifies when vertical diffusion of only zonal sphere, and the cell extends fron?30to 3¢ S (Fig.6, mid-
momentum is suppressed, in contrast to what one expectdle panel). During the same period, the northern cell experi-
from the zonal momentum budget. The intensification is pos-ences the weak summer regime, with stream function values
sible because increases in the momentum transport by hoclose to or equal to zero. Indeed, between day 80 to 160, the
izontal and, to a lesser extent, vertical eddies compensataorthern cell is collapsed. Reverse conditions occur 180 days
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later between day 215 to 360 when the sun is in the Southern
Hemisphere.

The Hadley circulation exhibits rapid transitions between
states in which either the southern or the northern cell domi-
nates. These transitions are so fast that the Hadley circulation
in fact flips between these two states, yielding a square-wave
dependence of the Hadley circulation strength on time. For
example, at vernal equinox, the southern cell is in the weak
summer regime, in which it remains until day 20. Thereatfter,
however, the southern cell transitions into the vigorous win-
ter regime in only 15 days. At day 35, it has grown to its
full strength and shifted its center into the Northern Hemi-
sphere. The rapid transition is much faster than the change
in solar insolation and manifests also in northward displace-
ments of the vertical mass flux, the boundary between the
southern and northern cell and the latitude of the maximum
low-level potential temperature (Fig. 6, middle and bottom
panels). In contrast, the collapse from the winter regime into
the summer regime is slow. In terms of the cell strength, the
collapse takes 75 days (from day 160 to 235), which is five
times longer than the buildup. The different timescales are
explained by differences in the momentum budgets during
the build-up and collapse as will be shown later in the section.

Because of the square-wave dependence of the circula-
tion strength on time, many of the circulation characteristics
found for perpetual off-equatorial insolation also apply to the
solstitial circulation, which | here calculate as the July circu-
lation from day 100 to 130. The tropopause in the summer
hemisphere extends to about 500 hPa; potential temperatures
are vertically uniform below (Fig. 7). The counterclockwise
southern cell dominates the circulation, with easterlies pre-
vailing in its upper branch. In the zonal momentum budget,
the Coriolis force is primarily balanced by vertical diffusion
of zonal momentum in the summer hemisphere (Fig. 8). In
the winter hemisphere, the winter cell approximately con-
serves angular momentum, which is manifest in local Rossby
numbers close to oR€Fig. 6, bottom panel). In the merid-
ional momentum budget, vertical diffusion of meridional mo-
mentum mixes meridional momentum between the upper and
lower branches, with magnitudes similar to the perpetual off-
equatorial insolation (not shown). The solstitial circulation
and the circulation for perpetual off-equatorial insolation dif-
fer in the high northern latitudes, but these differences are
readily understood from differences in the insolation préfile
For example, the insolation maximum at the north pole in the
solstitial conditions leads to a higher tropopause there and a

mass flux in blue. Bottom: Potential temperature (gray contours) - S - -
and its maximum (thick gray) at 900 hPa. Regions with local RossloyWeak counterclockwise cell, which is visible in the Coriolis
numbers above 0.7 at 700 hPa are shaded in red; note that regionsﬁﬁrm of the zonal momentum budget.
between 2 N/S are masked as the Coriolis parameter is zero at the
equator. The black and blue lines in the middle and bottom figures  2The |ocal Rossby number is definedRs= —¢ /f (Schneider,
track the center of the northern (black dashed) and the southern cefigog).

(black solid) and the boundary between the two (blue solid).

3During solstice, the insolation exhibits maxima af#band
the north pole, with a fairly flat profile in between. The off-
equatorial insolation used in Sect. 3 maximizes at2B.&nd drops
to lower values further poleward.
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Fig. 7. Zonal-mean circulation for seasonally varying insolation during solstitial conditions in July (day 100-130). Left panel: potential
temperature in K. Contour interval is 5 K between 200, 250 and 10 K otherwise. The black solid line depicts the tropopause (see text). Middle
panel: mass stream function in units 01@ s1. Solid (dashed) contour lines represent counterclockwise (clockwise) circulation. Contour
interval is 2 betweer-10 and 10, and 20 otherwise (gray shading). Left panel: zonal wind inlmGontour interval is 4, with a thick zero
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Fig. 8. Zonal-mean zonal momentum budget for seasonally varying insolation during solstitial conditions in July (day 100-130) in
105ms 2 (a) Coriolis force,(b) meridional advection of mean relative vorticifg) negative of vertical advection of mean zonal mo-
mentum,(d) horizontal contribution to eddy momentum flux convergeregyertical contribution to eddy momentum flux convergence,
and(f) vertical diffusion of zonal momentum. The contributions from moist convection (i.e. cumulus friction) and horizontal diffusion are
negligible. The zonal wind is in approximately steady state in July, so that its time tendency is small during this period.

To decipher which processes are most important to thehe weak summer regime. Time tendencies of the zonal wind
strength of Hadley circulation, | use the decomposition of above the winter cell maximum need to be taken into ac-
the zonal momentum budget applied in Sect. 3. Becauseount, which is done by augmenting Eq. (3) by the inertial
the Hadley circulation is dominated by the winter cell, | re- term, ¥,
strict the analysis to the southern cell and the period between

. : . Po
days 0 and 235. During this period, the southern cell expe- 2macosgy [ ou

riences the rapid transition into the vigorous winter regime,\p' = fog Py (6)
the fully developed status as winter cell, and the collapse to 0
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The resulting decomposition, momentum balance at the cell center, with opposing contri-
butions. In particular, the inertial term prolongs the transi-
L O CRE () tion into the summer regime as its contribution to the cell
is calculated for consecutive pentads at the latitude of thestrength is negative at the beginning but positive at the end of
center of the winter cell, which moves in time. the transition. This explains why the transition into the sum-
In the fully developed phase of the winter regime, ver- mer regime is slow, in contrast to the the rapid transition into
tical diffusion is the most important contributor to the cell the winter regime for which the inertial term is small.
strength, carrying more than half of the cell strength (Fig. 9, Vertical diffusion of meridional momentum is substantial
left panel). The mean circulation is the second-largest conthroughout the winter regime and reaches similar values as
tributor. Eddies affect the cell strength only marginally. The for the perpetual off-equatorial insolation. Vertical diffusion
inertial term is substantial, but changes sign over the timeof meridional momentum is especially large during the tran-
of the existence of the fully developed winter cell. Overall, sition into and out of the winter regime, when the maximum
apart from the inertial term, these findings match those forof solar surface heating is close to the center of the winter
perpetual off-equatorial insolation. cell and vertical stability is low (not shown). For the same
Before the transition into the winter regime, the cell is in reason, vertical diffusion of meridional momentum is slightly
linear transient balance, with the Coriolis force on meridional smaller during the solstice period when the solar insolation
momentum being balanced by vertical diffusion of zonal mo- maximum is at the pole, which leads to higher vertical stabil-
mentum and the inertial term. During the transition, how- ity at the cell center and lower eddy viscosities. Nevertheless,
ever, the balance is primarily between the Coriolis force andvertical diffusion of meridional momentum mixes meridional
the momentum transport of the mean circulation, which indi-momentum between the upper and lower branches of the
cates that the cell approximately conserves angular momenwinter cell at all times, consistent with its effect for perpetual
tum. This is supported by calculations of the local Rossbyoff-equatorial insolation.
number: during the transition, local Rossby numbers in the
upper branch above the cell center are close to one, implying.2 Impact of vertical diffusion on the strength of the
that the stream function and angular momentum contours co- Hadley circulation
incide there (Fig. 6, bottom panel; local Rossby numbers are
masked close to the equator becayise zero aty =0). In this subsection, | suppress vertical diffusion of momentum
Because the cell approximately conserves angular momenn the upper Hadley cell branch in simulations with season-
tum during the transition into the winter regime, the cell re- ally varying insolation. | use the same approach as for per-
sponds directly to changes in the thermal driving (Schneiderpetual off-equatorial insolation in Sect. 3.2 and for equinox
2006), and the mean-flow feedback described in Schneideinsolation.
and Bordoni (2008) explains the rapidity of the transition. Di- The Hadley circulation intensifies by a factor of 2 to 3
rectly before the transition, at day 20, the maximum in low- when vertical diffusion of momentum is suppressed as is
level potential temperature and the boundary between theummarized for the winter cell in Table 3; values for the
southern and northern cell are at the equape0; ¢y =0). summer cell are not given, as the latter collapses during sol-
As the maximum solar heating moves farther poleward intostice. The intensification results from the suppression of ver-
the Northern Hemispherey andgy also move away from tical diffusion of meridional momentum, whereas suppress-
the equator into the summer hemisphere, which leads to @ng vertical diffusion of zonal momentum only has a weak
strengthening of the southern cell as expected from Lindzereffect.
and Hou (1988). On top of this, the advection of cold air in  Figure 9 (right panel) shows the strength of the winter
the lower branch of the intensifying southern cell puspes cell and its decomposition by means of the zonal momen-
andgy even further poleward, which leads to an additional tum budget for the simulation UOVOT1. Results for the sim-
strengthening of the circulation. Overall, the rapid transitionsulation UOVOTO are similar. Vertical diffusion of momen-
found here are consistent with the results of Schneider andum neither affects the square-wave dependence of the win-
Bordoni (2008) and Bordoni and Schneider (2010), showingter cell strength on time nor the timing of the transitions. The
that monsoon-like circulations are possible even in the abiatter likely is due to the fact that low-level eddy viscosi-
sence of surface inhomogeneities provided the surface theties remain similar (Schneider and Bordoni, 2008; Bordoni
mal inertia is sufficiently small. and Schneider, 2010). When vertical diffusion of momen-
The dynamics of the transition from the winter into the tum is suppressed, the transition into the winter regime re-
summer regime are qualitatively different from the dynam- mains rapid with a timescale of around 15 days, which is
ics during the transition into the winter regime. Momentum not surprising given that the transition into the winter regime
transport by the mean circulation is weak, leading to smallis dominated by the mean circulation and vertical diffusion
local Rossby numbers in the upper branch of the cell (Fig. 6js small during the transition. Suppressing vertical diffu-
bottom panel; Fig. 9, left panel). Instead, vertical diffusion sion of momentum leads to a slightly faster transition out
of zonal momentum and the inertial term dominate the zonalf the winter regime compared to the simulation with active
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Table 3. Strength of the winter cell for seasonally varying insola- 5 Impact of the Hadley circulation strength on the
tion. Values represent the stream function maximum of the southern  tropical hydrological cycle
cell averaged between day 35 and 160 in units Sfkgos 1.

From the perspective of atmospheric dynamics the Snowball
Simulation ~ Winter cell strength Earth atmosphere is a dry atmosphere, with a hydrological
cycle that is greatly suppressed with respect to Earth’s mod-

STD 136 ern climate. Even so, the Snowball Earth hydrological cycle
38&8% 24712 impacts the flow of sea—icg glaciers and determines the distri-
bution of snow, both of which are important for the Snowball
88&% 14712 Earth climate and its deglagiation (cf. 'Sect. 1). In this sec-
tion | therefore study how differences in the strength of the
U1voTl 380 Hadley circulation caused by differences in the treatment of
U1lvoTo 307

vertical diffusion affect the hydrological cycle.

The tropical annual-mean precipitation minus evaporation
(P — E) pattern exhibits net evaporation in the region around
vertical diffusion (60 days compared to 75 days). To somethe equator and net precipitation in the subtropics. This pat-
extent this is because the winter cell is closer to the angulartern is reversed to modern conditions, while a similar pattern
momentum conserving limit when vertical diffusion of mo- has been reported for Titan (Mitchell, 2008; Schneider et al.,
mentum is suppressed, so that the mean-flow feedback tha012). The pattern robustly emerges in Snowball simulations
causes the rapid transition into the winter regime can alsqAbbot et al., 2013) and results from the rapid seasonal tran-
operate during the transition out of the winter regime. How- sitions of the Hadley circulation, which imply that the as-
ever, the inertial terms causes the transition out of the Win-cent region in which precipitation Outweighs e\/aporation is
ter regime to be markedly slower than the transition into theaimost always located several degrees off the equator.
winter regime also when vertical diffusion of momentum is  while the width of the equatorial net evaporation does not
suppressed. Moreover, regarding the strength of the devekhow any systematic variation with the strength of the Hadley
oped winter cell, suppressing vertical diffusion allows ed- circulation, the magnitude of the annual-meBn- E pat-
dies to contribute substantially and even to dominate betweefbm scales |inear|y with the Strength of the winter cell. The
day 130to 160, in contrast to their only marginal contribution jinear scaling also holds for simulations with perpetual off-
when vertical diffusion of momentum is active. equatorial insolation, which is expected because the annual-

In summary, the results for seasonally varying insolationmean pattern results from the superposition of the two oppo-
corroborate those for perpetual off-equatorial and equinoxsite seasonal patterns. Thus, the linear scaling of the annual-
insolation. They demonstrate that independent of the specmean pattern can be understood from the linear scaling of
ified solar insolation, the net effect of vertical diffusion of the seasonal pattern' which in turn can be understood from
momentum is to decelerate the Hadley cell due to mix-the moisture equation as is shown in the following. Anal-
ing of meridional momentum between the upper and lowerogous approaches have been used to study the response of
branches of the circulation. the present-day Earth’s hydrological cycle to global warm-
ing (Chou and Neelin, 2004; Held and Soden, 2006).
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Fig. 10. Top panel: tropical pattern of precipitation minus evaporatiBn-(E) for simulations with seasonally varying insolation (left)

and perpetual off-equatorial insolation (right) and different treatment of vertical diffusion of momentum. Bottom panel: peak values of the
precipitation minus evaporation pattern versus strength of the winter cell. Triangles show the equatorial minimum, squares the maximum at
around 10-15%latitude. The peak values scale linearly with the strength of the winter cell.

Assuming steady-state conditions, the vertical integral ofHadley circulation strength but do not substantially affect
the zonal-mean moisture equation reads surface temperatures and boundary-layer humidity. Conse-
quently, changes i — E scale with changes in the Hadley

Ps Ps
a1 _ 1 dq v COSyp cell,
P—E=|] V. dp = dp. (8
/ (qu)dp aCOSgo/ g 0P (8)
0 0

Overbars indicate a zonal meangdenotes specific humidity, This explains the linear scaling shown in Fig)
v the meridional wind, and the notation is standard otherwise. '

The decrease of temperatures with height and the Clausius—

Clapeyron equation entail thatis concentrated in the plan- 6 Conclusions

etary boundary layer (BL). Thus, the vertical integral can be

restricted to the planetary boundary layer, which leads to thén this paper, | study the dynamics of the Hadley circulation

8P —ExV-(gLéH). (12)

following scaling of P — E: of a Snowball Earth atmosphere. To this end, | use a compre-
_ hensive atmospheric general circulation model in hard Snow-
P —E oV -(gBLVBL)- (9 pall Earth boundary conditions, which leads to an essentially

Here,qs. andugL represent boundary layer valueswénd ~ dry atmosphere. Doing so offers a test to what extent dry
4. Because the tropical circulation is dominated by its zonal-th€ories and idealized models capture the dynamics of real-
istic dry Hadley circulations. The paper is motivated by and

extends a previous study conducted for equinox insolation
P—E xV-(geLVBL). (10) (Voigt et al., 2012). Here, perpetual off-equatorial and sea-

o ] ) sonally varying insolation is used.
As the meridional mass flux in the boundary layer is propor- - the main result of this paper is that vertical diffusion of

tional to the Hadley cell strengtitf, we canrelate” — E10  omentum is fundamental to the dynamics of the Snow-
H, ball Earth Hadley circulation. This is illustrated in the anal-
P_ExV-(GaH). (11) ysis. of theT zonal qnd meridional momentum bgdgets. Strong
vertical diffusion is present in simulations with perpetual
Finally, in the presented simulations changes in the verti-off-equatorial as well as seasonally varying insolation. To-
cal diffusion of momentum lead to strong changes in thegether with the equinox result of Voigt et al. (2012), this

mean component, one can further write
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