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Abstract. At the beginning of the Archean eon 1 Introduction

(ca. 3.8hillion years ago), the Earth’s climate state was

significantly different from today due to the lower solar

luminosity, smaller continental fraction, higher rotation During the Archean eon (3.8 billion years to 2.5 billion years
rate and, presumably, significantly larger greenhouse gad90), the Sun's luminosity increased from about 75% to
concentrations. All these aspects play a role in solutions@bout 82% of its present-day valuBahcall et al. 2001).

to the “faint young Sun paradox” which must explain why In this light, indicators of liquid surface wateltgwe, 198Q

the ocean surface was not fully frozen at that time. Here Walker, 1982 raise the question regarding which mecha-
we present 3-D model simulations of climate states that ardlisms counteracted this lower luminosity, a problem that was
consistent with early Archean boundary conditions and havdirst explicitly phrased bysagan and Mullerf1972 and is
different CQ concentrations, aiming at an understanding known as the “faint young Sun problenfguiney 2012).

of the fundamental characteristics of the early Archean Most solutions that have been suggested involve larger
climate system. In order to do so, we have appropriatelygreenhouse gas concentrations. Their warming impacts on
modified an intermediate complexity climate model that 9lobal temperature and thus glaciation have mainly been
couples a statistical-dynamical atmosphere model (involvingStudied with 1-D radiative-convective models (ekgsting
parameterizations of the dynamics) to an ocean generdft @, 1984 Kiehl and Dickinson 1987 von Paris et al.
circulation model and a thermodynamic-dynamic sea-ice2009. However, these models do not represent any 3-D ef-
model. We focus on three states: one of them is ice-freef€cts as meridional heat transport or albedo changes due to
one has the same mean surface air temperature of 288 K &ontinents, sea ice or cloudsdsting 2010. A few early
today’s Earth and the third one is the coldest stable state iftudies of the Archean climate applied 3-D moddksnkins
which there is still an area with liquid surface water (i.e. the 1993a 1996. However, while these simulations are based
critical state at the transition to a “snowball Earth”). We find On an atmospheric general circulation model (GCM), they
a reduction in meridional heat transport compared to today,do not involve full ocean or sea-ice modules. Furthermore,
which leads to a steeper latitudinal temperature profile and?€Nkins(19933 has reduced the solar constant compared to
has atmospheric as well as oceanic contributions. OceafPday by 10 and 15 % which does not correspond to the actual
surface velocities are largely zonal, and the strength of théirchean values. Due to a limited number of simulations, no
atmospheric meridional circulation is significantly reduced cfitical CQO, partial pressure required to prevent the Earth's
in all three states. These aspects contribute to the observedyrface from fully freezing was explicitly identified in these
relation between global mean temperature and albedo, whichtudies.

we suggest as a parameterization of the ice-albedo feedback This is the second in a series of papers investigating the

for 1-D model simulations of the early Archean and thus theArchean climate with 3-D model simulations using a fully
faint young Sun problem. coupled ocean-atmosphere-sea ice model. The ocean com-

ponent of the model is a GCM, but the atmosphere is sim-
pler than a GCM and involves several parameterizations.
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The sea-ice component takes into account thermodynamicBaction is very limited Emith et al, 2006 Marshall et al,

as well as dynamics. In the first paper, we have shown thaR007 Enderton and MarshalR009 Ferreira et al.2010,

the critical CQ partial pressure required to prevent the Earthand none of them employs Archean boundary conditions.
from freezing amounts to 0.4 baKienert et al, 2012. Be- Here, we show how the early Archean must have dif-
cause of the 3-D effects mentioned above, this is significantlyfered from the present-day climate, especially with respect
higher than previous results with radiative-convective modelsto its energy balance, which determines the critical green-
(Kasting et al. 1984 Kiehl and Dickinson 1987 von Paris  house gas concentrations. Therefore, we put a special focus
et al, 2008. A partial pressure of 0.6 bar is sufficient to keep on albedo and heat transport when analysing the simulated
the Earth at a temperature close to the present-day mean SAdlimate states. We will first, in Sec2, describe the model

of 288 K. The difference between the g@artial pressures as well as the modifications that were implemented in or-
corresponding to the critical state and the state with 288 Kder to allow for the application of early Archean boundary
is very small (factor of 1.5), which is mainly caused by the conditions (see Secs). We will continue in Sect4 with de-

ice albedo feedback that is neglected in the 1-D model studscribing the key characteristics of the early Archean climate
ies. Here, we use the same model with identical parameterstates with a special focus on albedo and heat transport which
to study key characteristics of the early Archean climate, inare essential for setting up a relation between greenhouse
particular albedo and heat transport. gases and global mean temperature. In Sgolve investi-

On the most fundamental level, the Earth’s global energygate the robustness of our results with respect to uncertainties
balance is set by solar irradiance and planetary albedo. Corin model parameters and boundary conditions. Then, we use
tributions to albedo variations especially arise from cloudsa larger set of simulations in Seétin order to suggest a pa-
and changes in surface type. Due to the high reflectivityrameterization of the ice-albedo effect in the early Archean
of snow and ice, the sea-ice albedo feedback plays an imfor 1-D radiative-convective models. Open issues and sug-
portant role in case of significant glaciation, as was al-gestions for future work are discussed in Se¢tand8, re-
ready shown four decades ago Bwdyko (1969. There  spectively, before our results are summarized in Sact.
are times in Earth’s history, for which strong indications
for extensive sea-ice cover or even for the occurrence of a
fully frozen ocean surface in a so-called “snowball state”2 Model description
(Kirschvink, 1992 have been found. In this context, the
question of critical greenhouse gas amounts with respect t@2.1  Original model and main settings
global glaciation has already been posed and studied for the
Marinoan Earth (about 650 Myr ago). In contrast to researchThe simulations of the Archean climate are performed with
on the Archean climate, several palaeostudies on that tima modified version of CLIMBER-@ (Montoya et al.2005,
period even use full atmosphere-ocean GCMs {oigt and  which is an earth system model of intermediate complexity
Marotzke 201Q Voigt et al, 2011) and thus also include the (EMIC, Claussen et g12002. CLIMBER-3« basically con-
albedo effect of changing sea-ice cover. sists of an improved version of the ocean general circulation

Meridional heat transport from low to high latitudes is ef- model MOM3 Pacanowski and Griffiesl999 Hofmann
fecting the latitudinal temperature profile and is thus coupledand Morales Maqued&006, the statistical-dynamical at-
to the formation of sea ice. Therefore, the specific horizon-mosphere model POTSDAM-Pé&toukhov et al.2000 and
tal redistribution of heat in the climate system indirectly af- the thermodynamic-dynamic sea-ice model ISFcliefet
fects the global energy balance. In order to characterize thisnd Morales Maquedd997. Under pre-industrial condi-
heat transport and the underlying atmospheric and oceanitions, the model reacts to a doubling of the atmospherig CO
dynamics, not only a 3-D model with appropriate external concentration with a rise in surface air temperature by 3.2 K.
boundary conditions (such as solar irradiance and differenceBor simulations of the last millennium and future climate,
in the Earth’s rotation rate) is needed, but a realistic topograthe model is well established and has contributed to different
phy must be implemented. In the early Archean, the emergednodel intercomparisons (e.Gregory et al.2005 Stouffer
surface area was much smaller than today because of lest al, 2006 Jansen et gl.2007 Plattner et al.2008 Eby
continental crust as well as due to continents having beeret al, 2013. In total, the model simulates approximately
submerged under different hypsometBlgment 2009 so 200 model-years per day of integration on a single CPU,
that some similarities in the dynamics of the climate systemwhich makes it possible to perform a large number of ensem-
with aquaplanet (an idealised planet fully covered by oceansple simulations until they approach equilibrium after 5000 yr
states might be expected. Many atmospheric modelling studin this study. This is particularly important for investigations
ies exist which assume oceanic boundary conditions with-of deep-time palaeoclimate problems because uncertainties
out continents (with a reduced solar constant, damkins in boundary conditions can be systematically explored.
1993h. But the number of aquaplanet (or near-aquaplanet) The ocean and sea-ice components have a horizontal res-
studies taking into account the coupled ocean-atmospherelution of 3.75. The ocean module has 20 vertical lev-
system and thus the full impact of the vanishing continentalels with the bathymetry that we use for the simulation of
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the Archean ocean, and it applies a non-linear explicit free 1
surface scheme. Vertical mixing is parameterized via the

KPP scheme in the boundary laydrage et al. 1994. 0.9k
As background values, we use 10%sn? for viscosity and
a Bryan—Lewis profileBryan and Lewis1979 for diffusiv-

ity. The parameters for the latter are modified so that the ver- § 0.7k

tical background diffusivity takes values between the same s ™ [

(present-day CLIMBER-®) limits of 0.3 cn? s~ 1 at the sur- g 06t

face and 1.3cis~! at the maximum ocean depth also for 3 '

our modified topography. % 0.5
The viscosity for Laplacian horizontal mixing of mo- |‘§

mentum is constant in time and depth and has a 04
latitude-dependent cosine-profile with a maximum value
of 3.2x 10°cm?s~L. Isoneutral tracer mixing is achieved 0.3
via a small-angle approximatedsént and McWilliams !

1990 Redi diffusion tensor Redi 1982 and Gent— 025 ‘ ‘ ‘ ‘ ‘
McWilliams parameterization of eddy stirringsént and -90 -60 -30 0 30 60 90
McWilliams, 1990. The respective diffusivities are constant Latitude

and have values of 210" cn? s~ for Redi diffusion and — standard model version (pre-industrial)

0.25x 10’ cn? s~ for the Gent—McWilliams parameteriza- — technically modified (pre-industrial)

tion. These values are the same as in the standard present-day — standard model version (2007-2010)

version of the model. ——observational data (2007-2010)

The atmosphere model has a resolution of ¥22.5

and assumes a linear decrease of temperature in the tropéig. 1. Annual and zonal mean total cloud fraction. The solid lines

sphere with a lapse rate calculated by the model as well as aghow results from our model for the present-day (blue) and pre-

isothermal stratosphere above. Instead of explicitly resolvingndustrial climate (standard model version in black, technically

synoptic scale processes, their statistical behaviour is modMedified version as described in Se2t given in red) as well as

elled. In contrast to the standard version of CLIMBER-3 °opservational data (green, CALIPSO-GOCCP vEhepfer et al.

we do not use the wind-anomalv model here. but kee Windszom' For comparison, the dashed lines represent the results from
y ’ P Simulations of the pre-industrial climate with different CMIP5 mod-

fully free to evolve. ' o els (Taylor et al, 2012).
Note that the land surface is free of vegetation in all our

simulations of the early Archean. The following clear-sky

albedo values are used: 0.17 for bare lafidvetsinskaya  the pre-industrial control simulationgaylor et al, 2012).

et al, 2002, as well as 0.53 and 0.72 for thick sea iceé un- | jow- and mid-latitudes, the annual mean cloudiness sim-
der melting and freezing conditions, respectivedfiine and jateq with our model is closer to observations (CALIPSO-
Henderson-Sellerd983. Sea ice covered by thick snow has ;occp data v2.1Chepfer et al.2010 than most of the
albedo values of 0.65 and 0.8, correspondingite and  other models, but there is a tendency to overestimate the
Henderson-Seller4989. cloud fraction in the cold polar regions above ice.

2.2 Cloud scheme 2.3 Model modifications

Clouds are of critical importance for the planetary energy|n order to simulate the climate of the Archean, the boundary
balance and thus merit special attention. The cloud schemgonditions which differ from today’s world have to be taken

of our model distinguishes between stratus and cumulusnto account. This includes a different bathymetry and land
cloud fractions which are calculated from relative humid- fraction as well as a higher rotation rate of the Earth, larger
ity, SDECifiC humldlty and an effective vertical velocity. In greenhouse_gas (GHG) partiaj_pressures (|n terms oj CO
general, there is a significant spread even in the results ogquivalents) and a lower solar constant. The implementation

state-of-the-art models when simulating cloud cover for to-of these boundary conditions demands some prior modifica-
day’s climate, and differences to satellite observations argjons of our model.

quite large Cesana and Chepfe20129. In Fig. 1, the to-

tal pre-industrial and present-day cloud fractions simulated2.3.1 Long-wave radiative transfer

with our model are compared to results from other models

as well as observations. We find that our results are withinThe long-wave radiative (LWR) transfer code of CLIMBER-
the range of those from climate models which took part in 3« is based on a two-stream approximation using integrated
the CMIP5 intercomparison project (dashed lines, data frontransmission functions (ITFs) for water vapour and 2CO
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(Petoukhov et al.2003. Recent results suggest that the (a) 549

most commonly used parameterization in radiative trans-

fer codes overestimates warming for &@ch atmospheres

(Wordsworth et al. 2010 due to the treatment of contin-  ~ 220\

uum absorption. Therefore, we have tuned the model code €

to approximate the results of the MTCKD parameterization =

(Halevy et al, 2009 in addition to implementing a depen- % 2% L TeRmsel
dency on total pressure motivated by the large range of CO © —CA e, T2z
partial pressures used in our set of simulations. A single pa- 4|/~ "MTCKD e
rameter ¢) was varied in our model while surface tempera- w GBKM ‘ ‘

ture and lapse rate were fixed to the values giveHatevy 0.2 0.4 0.6

et al.(2009, and the outgoing long-wave radiation (OLR) in pCO, (bar)

our model was compared with the results from three param-(b) 5o

eterizations provided bifalevy et al.(2009: MTCKD (cf. — —CA

Clough et al, 2005, CA (cf. Meadows and Crisd.996 and E ---MTCKD | ===
GBKM (cf. Segura et al.2007). This comparison is shown £ 40[ - GBKM |

in Fig. 2 with respect to a range of G(partial pressures in
a dry atmosphere and a range of relative humidity in an at-
mosphere with a C®partial pressure of 0.5bar. It leads to
the choice ofz =0.008, with the mean deviations from the s " _
MTCKD parameterization being aboutl.6 W n12 for the 3 ——a=0.008
dry atmospheres and about 3.1 W#rfor the moist atmo- 20; ‘ _ |[T—a=0.010
spheres wittpCO, =0.5 bar. 20 40 60 80
Although the MTCKD parameterization can arguably be Relative humidity (%)

considered the best representation of radiative transfer in. _ - :
Fig. 2. Tuning of the long-wave radiation scheme to approximate

_COz-rlc_h atmosphere_s, all three parameterlzatlons are use%e MTCKD parameterization for high partial pressures of,CO

in the literature and fit the observatlon§ .for Iow-@&mc_u- Black lines show the outgoing long-wave radiation under fixed
spheres. Therefore, we performed additional sets of simulap,ngary conditions for three different parameterizations as in
tions of the early Archean climate in which our LWR param- yajevy et al.(2009. Coloured lines show the outgoing long-wave
eter takes the values=0.006 andz =0.010 in order to ex-  radiation under the same boundary conditions as in our model sim-
plore this uncertainty, and the main results from this exerciseaulations for different values of the parameter(a) displays the

are presented in Se&.2 dependency on CPpartial pressure in a dry atmosphere, while
panel(b) shows the effect of water vapour on an atmosphere with
2.3.2 Parameterization of atmospheric meridional cell =~ PCO2=0.5bar in terms of OLR. Note the different scales of the
strength two panels.

The dynamics of the atmosphere are important for heat trans-

port as well as for driving the ocean circulation. In the stan-

dard version of the model, the atmospheric meridional cir-C; are originally determined empirically for the present-day

culation consists of Hadley, Ferrel and Polar cell in eachclimate.

hemisphere. When simulating the present-day climate, the In today’s climate, theC;-factors are influenced by the

cell boundary positions are in a first step fixed to latitudespresent-day continent structure and orography because they

of 0, 30 and 60, while the actual position at each point of basically parameterize the loss of kinetic energy due to

time is adjusted in a second step according to the position ofriction and are therefore not hemispherically symmetric.

the thermal equatoPetoukhov et al2000. The strength of ~ Since the area of emerged surface in the early Archean was

each cell is parameterized in terms of the mean temperatureery small, we have adjusted these parameters to aquaplanet

T; within the cell and the temperature contrast; between  conditions. The temperature and velocity fields from aqua-

its boundariesd; _1 andg;): planet simulations with a more complex atmospheric model
(Marshall et al.2007) are used to calculate values for fig

b — o > (1) factors that are — after symmetrisation — appropriate for an

bii1—¢i )’ (almost) continent-free world (TabtB. Their symmetry as
well as their similarity with the present-day values give con-

whereT, =273 K, andv1(¢) is the meridional velocity in the  fidence in the model parameterization. Nevertheless, it would

planetary boundary layer (in m78) and thus a measure for be desirable to compare our results with an atmosphere-

the cell strengthRetoukhov et al2000. The six coefficients ocean GCM in order to confirm that this parameterization

T\3
lv1(@)| = C;i x 3.5 x 1072 x (7> x |AT;| x sin <rr

*
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Table 1.Empirical C;-factors for the parameterization of the atmo-  Held and Hou(1980 find the following relation for the
spheric meridional cell strength in terms of the temperature field.Hadley cell boundary:
Present-day values are from the standard version of CLIMB&R-3

and aquaplanet values are based on a comparison with modelling re- 172 / _ §HAT

sults byMarshall et al(2007). For the Archean, we have chosen the 9 = arctan [(1 +2R)7 — 1] , R= (QEG)T @)
factors in the last column which are close to the aquaplanet values,

but symmetrical about the equator. where g is the gravitational accelerationt/ the atmo-

sphere heightAT the fractional change in equator-to-pole
Present-day Aquaplanet Archean potential-temperature differenc@g the rotation rate of the

Northern Polar cell 0.1 0.22 0.21 Earth, and: the Earth’s radius. It turns out that the change in
Northern Ferrel cell 0.4 0.36 0.36 Qg has the most important effect @t and it is the only one
Northern Hadley cell 45 3.36 3.40 taken into account when we fix the annual mean cell bound-
Southern Hadley cell 3.0 3.45 3.40 aries. Equation2) gives a value of =30° for present-day
Southern Ferrel cell 0.8 0.36 0.36 input parameterdNavarra and Boccalef2002), and2 =1.6
Southern Polar cell 0.2 0.21 0.21 leads to9 < 20.6. In order to keep the mean cell boundaries

at the grid cell boundaries of the model for the early Archean,
we have chosen values of 22.5 and 3Xd& Q2 =1.6 which
holds for a large range of C(Qpartial pressures and therefore are multiples of our model resolution of 7.5n latitude.

temperatures. For different rotation rates, the annual-mean atmospheric cell
boundaries are determined by linear interpolation and extrap-

2.3.3 Rotation rate of the Earth olation based on their present-day values and these values for
Q=16.

The rotation rate of the Earth was higher by a factor of 1.6 The |apse rate in CLIMBERis dependent on the lo-

in the early Archean compared to tod@afinle and Walker  ¢a| temperaturd, specific humiditygs and cumulus cloud
1987 and since then, the day length has become longer dugaction . (Petoukhov et a]2000):

to tidal friction. While the Coriolis force explicitly enters
the fundamental equations in the ocean and sea-ice module = ry + I'; x (Ty — 27316K) x (1 —ay x qsz) — T2 x ne, (3)
as well as in parts of the atmospheric module, it further af-
fects the positions of the atmospheric meridional cell bound-wherel'g, I'1, I'> anda, are model parameters. The statisti-
aries, potentially the number of cells, as well as the lapse rateal effect of extratropical eddies is implicitly taken into ac-
which are the most important non-fundamental quantities incount in this parameterization (following Monin—Obukhov—
the model. Thus, these two parameterizations had to be modkazanski similarity theory; see, e.ilitinkevich, 1969.
ified so that rotation rates higher than today’s can be appliedwhile the coefficients”; are fixed in the standard model

Williams (1988 presents results of a study with an atmo- version, they are more generally dependent on the Earth’'s
spheric general circulation model that explicitly calculatesrotation rate. In order to allow for an impact of higher ro-
the atmospheric cell boundaries for a wide range of parametation rates on the lapse rate, we have implemented an ex-
ter changes, including a doubling of the Earth'’s rotation rate plicit calculation of thd™; which involves a proportionality to
From his results for a moist and for a dry atmosphere (for sin-q(2) 1 (Zilitinkevich, 1970, with ko(2) given as follows:
gle and double present-day rotation rate), one may estimate
approximate cell boundaries of 20 and’56r a rotation rate o — 1 Ra 025 )
increased by a factor of 1.6. o=1+{ g X (cva/cpa).

The fact that the Hadley cells become narrower with in-
creasing rotation rate is also consistent with the results byvhereS2pp is the present-day rotation rate, and andcpq
Jenkins et al(1993 and can be understood from concep- are the constant volume and constant pressure heat capac-
tual models of atmospheric circulation. In tHeld and Hou ities of the present-day atmosphere. For a rotation rate of
(1980 model, the extent of the Hadley cell (and its depen- 22=1.6, the values of the parameters &tg="5.1x 103,
dence on rotation rate) are obtained by requiring the cell to bd'1=6.1x 107>, I'2=9.0x 10~* anda, = 1171.
energetically closed and a smooth transition of temperature Temperature inversions over sea-ice are taken into account
at the poleward boundary to radiative equilibrium conditions; in EG. @), but a cap of 3K km' is applied. Note that model-
alternatively, the Hadley cell width can be regarded as lim-simulations with CLIMBER-& that include the unmodi-
ited by the onset of baroclinic instability at higher latitudes fied lapse-rate parameterization have been validated for the

(for reviews, seeSchneider2006 Showman et a).2017). ~ Present-day climate (and its seasonal cycle) and thus for a
In either case an increase in rotation rate leads to narrowegignificant range of surface air temperatures from those over
Hadley cells. Antarctica to those in the equatorial region.

www.clim-past.net/9/1841/2013/ Clim. Past, 9, 1841862 2013
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Fig. 4. Early Archean topography used in this study. This specific

Fig. 3. Pre-industrial SAT profile for standard model equilibrium ocean depth field is created randomly but respects an area-per-depth
and the version with implementation of technical changes requiredyjstribution based on geological modelling and exhibits an emerged
for applying Archean boundary conditions later on. surface area of 1 %.

24 OVera” impaCt Of technical mOdificationS McLennan 1985 Suggest On'y a feW percent of today’s con-
tinental volume for the early Archean. Note however, that a

Some of the above code modifications, which are a pre-study byCampbell(2003 indicates that already more than

rgquisite for the implementation of Arghean boundary con-q ¢4 of today’s crust were formed 3.8 Ga ago. The smaller
ditions, _alslo hr;’;\ve a’;f_'"_‘paﬁ _onhthel simulated Firefer_‘t'dmfraction of emerged land has had an impact on the surface
state. Firstly, the coefficients; in the lapse rate calculation g6 of the Earth and potentially on evaporation together
are now explicitly calculated instead of being fixed, so thatWith cloud formation; the different bathymetry in general in-

slightly different values a_rise also for presentjda.\y Conditions'quences meridional heat transport with consequences for the
Secondly, the parameterin the long-wave radiation scheme sea-ice fraction and thus the total energy balance.

has been changed. We further had to extend the range of lat- o 15 the lack of knowledge regarding land distribution,

itudes in yvhich f_iI_tering o_f_fast modes is applied_ for reasonsyare is neither a specific topography field nor a known dis-

of numeric stability. Additionally, more appropriate sea-ice yp, tion of emerged continents that could be used for model

Z\Ibedo va}lues have been chosen. Finally, the wind stress hagy, |ations. We thus use a set of fields whose details are cre-
een setiree. ated randomly, but which are based on a physically motivated

As the model is validated for the pre-industrial Cli- 5105 ner.depth distribution. Our reference topography used
mate (present-day continents, vegetation and ice sheetsg, ..o study is displayed in Figt

_ 2 - e -
So=1365WnT*, pCO, =280 ppm), itis desirable thatthese 1o 4104 ner-depth distribution is based on a geological

changes only have a minor effect on the overall climate Statemodelling study byFlament et al(200§ assuming a 200 K
Figure 3 shows the impact of these technical changes oy, e mantle as well as 20 % continental crust compared to
the pre-industrial latitudinal SAT profile. Global mean over- today’s value. The latter is the smallest value of their range

all Warmin_g due to these changes is 1.8K v_vhich is smallgr 20 to 80%) for the period between 4 and 2.5 Ga. For the
than the differences between present-day climate states sing, 4o of mantle cooling and thus the age distribution of the
ulated with 12 EMICs in a recent intercomparison project oceanic lithosphere, we have chosen the moddldiyosse
(Eby etal, 2013. and Jaupar{2007) (named LJO7 inFlament et al.2008.
As it is the medium value out of the suggested range, we
have picked a maximum age of the ocean floor of 142 Ma.
As can be seen in Fig. 3 inlament et al(2008, the result-
3.1 Topography ing emerged surface area under the assumption of present-
day maximum orography height turns out to be about 3%
It has long been generally accepted that 70% or more obf the Earth’s surface. Estimating the dynamically supported
today’s continental crust had already been separated frormaximum elevation to be 3600 m as suggestedrby and
the mantle by the end of the Archedfrdner, 1985. How- Coltice (2008 for the Neoarchean leads to a modified value
ever, there is a lot of controversy and uncertainty with re-for the emerged surface area of about 1 %. Our random ref-
spect to the question of when and how fast continental cruserence topography follows the resulting depth distribution of
grew. Isotopic data (e.gBelousova et al.201Q Dhuime  submerged continental crust, continental slope and oceanic
et al, 2012 and theoretical arguments on the growth and lithosphere which is shown in Fi.
subduction processeBlament 2009 give some indications. In order to ensure that our results do not significantly
Several models based on the age distribution of preservedepend on the choice of the reference topography, we
minerals or sedimentd{rley and Rand1969 Taylor and  have performed simulations with two additional random

3 Boundary conditions and overview of simulations

Clim. Past, 9, 18414862 2013 www.clim-past.net/9/1841/2013/
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Fig. 5. Area-per-depth distribution used in the simulations of the Latitude
early Archean. The black line represents the physically motivated . .
distribution, and the blue line shows the actual distribution underly- - - - pre-industrial —EA, pC0O,=0.6 bar
ing the discrete model topography field. — EA, pCO,=0.4 bar —EA, pC0,=0.8 bar

topographies that are also characterised by 1 % emerged su'?lg' 6. Annual and zonal mean SAT for the following states:

f hi h . distributed re-industrial (black), the critical state of the early Archean
ace,. two topographies whose continents ar? istribute angOZ:OA bar, blue), the state of the early Archean with present-
archipelagos (once near the equator, once in a polar Iocaday mean SAT of 288 K fCO, =0.6 bar, green) and an ice-free

tion) and three topographies with 5% emerged surface. Insate (C0, =0.8 bar, red).
Sect.5.1, we describe the overall differences to the reference
case.

The main climate states that are analysed in more detail
in this paper are three simulations of the early Archean as
well as a present-day reference state. The three simulations

As this study focuses on the early Archean, the solar Con_ofthe early Archean apply the boundary conditions described

: above as well as Cfpatrtial pressures of 0.4, 0.6 and 0.8 bar.
0
stant in the model ha§ been reduced by 259% to 102¢Wm These values were chosen because they correspond to the
(cf. Sect.1). The orbital parameters of the Earth are fixed _ ... . . -
critical state, a climate with an annual mean SAT similar to

to the values of the year 195@¢rger 1978. As already today and an ice-free planet. respectivel
indicated in Sect2.3.3 the rotation rate of the Earth has y P  fesp Y-
been fixed to 1.6 times its present-day value. Regarding
atmospheric composition, we apply different £@artial
pressures (cf. Sec8.3) in addition to a nitrogen (B par-

tial pressure of 0.8 bar. Rayleigh scattering has been ad, the following, we will examine the characteristics of three
justed to respect changes in the £€@ncentrationRlatiner  giates with early Archean boundary conditions: the criti-

et al, 2008, and the impact of differences in total atmo- .4 state pCO,=0.4bar), a state with present-day global
spheric pressure is taken into account in the long-wave rayean temperaturepCO, =0.6 bar) and an ice-free state
diation module as well as indirectly in the calculation of the (pCO,=0.8 bar, 300 K mean SAT).

tropopause height. However, changes in the heat capacity OTPThe surface air temperature field results from an interplay
air due to deviations in the total atmospheric pressure fromys he insolation distribution, the 2-D albedo field and the
the present-day value are neglected in the calculation of atyreenhouse effect, with further modification due to the heat
mospheric heat transport. Furthermore, the almost Comp|et§ransport processes in the ocean and in the atmosphere. The
absence of ozone in the Archean atmosphere has been nggitdinal profile of the surface air temperatures is shown in
glected — an effect that is not expected to have a major i”ﬂUFig. 6. Note the strong cooling influence of sea ice in the
ence (2K global SAT increase in the simulationsJeyking polar regions for the colder climate states.

1993. In the following, we will have a more detailed look at the
effects which determine the SAT profile.

3.2 Solar constant, orbital parameters, rotation rate
and atmospheric composition

4 Characteristics of three early Archean climate states

3.3 Overview of model simulations

In this paper, a significant number of simulations have been4'1 Surface and planetary albedo

performed, especially in the course of the uncertainty StUdieit first order, the global energy balance of the Earth in differ-
in Sect.5. '

ent climate states is determined by the albedo and its latitu-
dinal changes. Figuré shows the latitudinal distribution of
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(@) 1 ‘ ‘ ‘ ‘ ‘ to the Southern Hemisphere ice boundary in the present-day
climate, which is caused by the presence of the Antarctic

0.8} continent. The reason for the early Archean state being as
§ warm as the present-day state, even though an annual mean
£ 06f ice-line at such a low latitude is also present in the North-

Q ern Hemisphere, lies in the higher equatorial temperatures.
‘{:; 0.4 We further observe that the sea ice is almost completely cov-
) ered by snow, even for the critical state which exhibits a low

0.2 sea-ice boundary of 34defined by 10 % annual mean sea-

ice cover). This results in a very high polar surface albedo,
even higher than the planetary albedo that is limited by atmo-
spheric absorption. The global mean surface albedo amounts
to 0.37 for the critical state in contrast to 0.12 for today’s
climate state and this implies a substantial global cooling.

—~
O

-~
N

8 08 In order to judge the impact of the topography on sur-
S 06l face albedo, two comparisons are instructive: first of all, a
; ' state with fixed present-day surface types and topography but
< 04l without sea ice { =0.75x Sp, pCO,=0.8 bar,2=1.0) has

é a mean surface albedo of 0.11 compared to only 0.07 for our

©
[N}

ice-free early Archean topography. And secondly, the early
Archean surface albedo in the always ice-free equatorial re-
gion (between 34N and 34 S) is reduced from 0.09 to 0.07

60  -30 0 30 60 90

%0 Latitude compared to the present-day topography (numbers based on
the two states with mean SAT of 288 K) which is a relatively
- - - pre-industrial —EA, pC0,=0.6 bar small difference. The overall impact of our early Archean to-
— EA, pCO,=0.4bar  —EA, pC0,=0.8 bar pogrl'Tlphy on the surface albedo is therefore comparatively
small.

Fig. 7. Annual and zonal mean surface and planetary albedo for the

following states: pre-industrial (black), the critical state of the egrly 4.1.2 Planetary albedo and clouds

Archean pCO, =0.4 bar, blue), the state of the early Archean with

present-day mean SAT of 288 kCO, =0.6 bar, green) and an ice-

free state §CO, = 0.8 bar, red). The planetary albedo is more complicated than the surface
albedo due to the contributions of clouds. Clouds, however,
play an important role not only by means of changes to the

annual mean surface as well as total planetary albedo for alplanetary albedo and the direct warming due to the absorp-

four states. The two main reasons for variations in albedo ardion of long-wave radiation, but also indirectly by modifying

differences in sea-ice cover (with impact on the surface andhe LWR spectrum and thus influencing the greenhouse ef-

planetary albedo) and changes in cloud cover (directly im-fect of different gasessoldblatt and Zahnl€2011) find that

pacting only the planetary albedo). Clouds are a considerablghe greenhouse effect of G@ overestimated by 20 to 25 %

source of uncertainty in model simulatior&t¢phens2005 in model simulations of the Archean climate that completely
Cesana and Chepfet012) but can have a significant impact neglect clouds (fopCO, between 0.01 and 0.1 bar).
on the energy balance of the Archean Ea@ol@blatt and The latitudinal profiles of stratus and cumulus clouds in

Zahnlg 2011). At the same time, simulations of the sea-ice the simulated early Archean climate states are shown in
albedo feedback are more reliable. Furthermore, the signifiFig. 8. Differences in cloud fraction between the states are
cantly smaller continental fraction in the early Archean im- strongest in the tropics. There, but not restricted to this area,
plies a reduction of surface albedo in snow-free regions com<older temperatures lead to a larger stratus cloud and a lower
pared to climate states with present-day topography. Theseumulus cloud fraction and vice versa. The differences in

factors will be discussed in more detail in the following. stratus clouds turn out to be much larger than the differences
in cumulus clouds so that they dominate the results for the
4.1.1 Surface albedo and sea-ice cover total cloudiness.

The stratus cloud fraction in our model has an explicit
As the Earth in our simulations of the early Archean is cov- r1-> dependency on relative humiditywhich decreases for
ered almost completely with water, its surface albedo profilean unchanged water mass if temperature and thus saturation
in Fig. 7 is very steep near the ice-boundary. Remarkably,humidity increase. This is consistent with results Yang
the ice line for the early Archean 288K state is very similar et al.(20128), who find overall smaller fractions of low-level

Clim. Past, 9, 184114862 2013 www.clim-past.net/9/1841/2013/
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industrial climate and the three early Archean climate stétg$o-
tal fraction,(b) stratus cloud fraction(c) cumulus cloud fraction.
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Fig. 9. Radiative imbalance at the top of the atmosphere when all
clouds are removed instantaneously in different equilibrium climate
states. Each point in the scatter plot corresponds to the mean value
of one year. The linear fits are based on the first 9 yr in all cases. The
simulation of the pre-industrial climate has been performed with the
model version including the technical changes as in Se4tNote

that the x-axis represents surface and not surface air temperature.

(19934 for a state with similar temperature, higher rotation
rate and zero land-fraction (though higher solar constant),
our simulated cloud fractions are overall larger, especially in
the polar regions. This difference in the high latitudes is con-
sistent with the tendency of our model for the present-day cli-
mate compared to the CMIP5-models described in Se2t.

The differences in clouds between the present-day state
and the three early Archean states have an impact on the
planetary albedo as well as on the long-wave radiation. It

clouds (between the surface and the level of 700 hPa) fois therefore desirable to quantify their impact on Earth’s en-

warmer states.

ergy balance. Of course, the radiative forcing (¢dgnsen

In contrast to this, the cumulus cloud fraction does notet al, 2005 Forster et a].2007) due to clouds and their im-

fundamentally depend on relative humidity but is instead de-pact on surface temperature strongly depends on the different
termined by a combination of effective vertical velocity and properties of the climate states, so that we can only point out
specific humidity. The latter must reduce in case of lowerwhich radiative contribution the simulated clouds give to our
temperatures due to the smaller saturation humidity, thus exthree early Archean reference states, compared to the impact

plaining the changes in cumulus cloud fraction describedclouds have under pre-industrial boundary conditions.

above.
The latitudinal distribution of clouds is in total strongly in-

In a set of experiments, we have instantaneously removed
all clouds in different equilibrium states. The resulting total

fluenced by the atmospheric cell boundaries, as can be searet radiative imbalance at the top of the atmosphere (TOA) is

in Fig. 8 from the minima in cloud fraction that have shifted

plotted against global mean temperature in Bjgnd the re-

from 30 to 22.5 in concordance with the high pressure areasults for the first nine years are linearly extrapolated to zero
at the boundaries between the Hadley and Ferrel cells. Thisemperature change in order to receive the initial radiative
shift reflects the higher rotation rate of the Earth in the earlyforcing. We thus in principle follow the method I&§regory

Archean and takes place near the sea-ice boundary of thet al.(2004). The radiative imbalance is positive in all cases,
critical state, a region in which the local energy balance iswhich implies that the clouds were cooling the climate sys-

especially important in determining the critical g@artial
pressure and the maximum stable sea-ice extent.

While the shape of the total cloud fraction profile for the
critical state approximately resembles the resultddaykins

www.clim-past.net/9/1841/2013/

tem and that their removal leads to warming. However, in the
absence of clouds, less long-wave radiation is absorbed by
the atmosphere so that it first cools even though the surface
absorbs additional short-wave radiation. Therefore, it is not

Clim. Past, 9, 1841862 2013
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possible to deduce the initial radiative forcing from extrap- ~
olation to zero surface air temperature. Thus, in contrast to E 6.5
Gregory et al(2004, we instead base our analysis on sur- x 6f
face temperature. This is justified because we find a linear 255
relationship for the first simulated years (F8)- °
Under pre-industrial conditions, the radiative forcing cor- § i
responding to a removal of the clouds is 28.8 Wangblack c 457
line). This is in stark contrast to 17.2WTh in the case é 4t
of a climate state with a solar insolation reduced to 75%, 4 5|
present-day topography and a similar global mean SAT of §
288 K which can be reached wherCO, =0.48 bar is ap- < 9 ‘ ‘ ‘ ‘ ‘
plied (green dashed line). The difference is obviously caused -90 -60 -30 0 30 60 90
by the fact that the main impact of the clouds is an increase Latitude
of planetary albedo, which has a larger effect in terms of - - - pre-industrial —EA, pC0,=0.6 bar

radiative forcing if the solar insolation is higher. With re-
spect to the three states of the early Archean, we observe that
the radiative effect resulting from a removal of the clouds is
smaller for colder states (9.3, 17.5 and 23.0 W2nfor the Fig. 10. Annual and zonal mean lapse rate for the following states:
three states witlhCO, of 0.4, 0.6 and 0.8 bar, respectively). pre-industrial with the technical modifications from Se2t3.3
This is the case even though there are more clouds in thf!2ck) the critical state of the early Archeapq0, =0.4 bar,

. . . _blue), the state of the early Archean with present-day mean SAT of
colder states, and it can be explained by the fact that the im: _ ) _

. .f288 K (pCO, =0.6 bar, green) and an ice-free stgi€(, = 0.8 bar,
pact of clouds on the total, planetary albedo is reduced 'red)
there is already a high albedo due to the presence of sea ice.
We can conclude that the clouds simulated with our model

provide a net cooling of the climate system and that differ-changes in, e.g. sea-ice formation while it is (sometimes only
ences in the strength of this effect between our four refer-in the lower levels) kept fixed at the adiabatic values in many
ence states (pre-industrial and early Archean) are predomstudies with 1-D models (e.¢asting et al. 1984 Goldblatt
inantly caused by differences in solar radiation and seaet al, 2009. Figure10shows the differences in lapse rate be-
ice amount. These differences in cloud radiative forcing arerween the three simulated early Archean climate states and
much larger than those between climate states that havghe pre-industrial state which already includes our modifi-
a similar temperature or sea-ice fraction (illustrated by thecations regarding lapse rate calculation (cf. S2&.3 and
use of identical colour in Fig9) but differ with respect to  compares well with observational dat&t¢ne and Carlsgn
rotation rate and continental fraction (solid lines for early 1979. From Eq. 8), we see that the lapse rate increases
Archean and dashed lines for present-day boundary condiwith increasing temperature and decreases with rising hu-
tions): 9.3Wn12 vs. 10.2 W 2 for the critical states, and  midity. Figure10 shows the significantly lower lapse rate of
17.5Wn12 vs. 17.2W n12 for the states with a mean SAT the colder states in high latitudes, which is consistent with
of 288 K. a positive temperature feedback. We observed that the situa-

As the contributions of cumulus clouds to the total radia- tion is different in the warmer, equatorial regions where the
tive forcing are very small, ranging between 1 and 9 %, we donegative feedback due to the water vapour term dominates:
not analyse the differences between simulated cumulus anglarmer states with more water vapour show a lower lapse
stratus clouds in detail. rate, thus decreasing surface air temperature.

Note that these radiative forcing values alone cannotbe di- As the lapse rate regionally differs by up to about

rectly related to the equilibrium temperature changes finally2 K km~1, the impact on surface air temperatures is up to
resulting from the removal of clouds because feedback mecharound 20K with an effective radiative height of about

anisms as the ice-albedo effect act on longer timescales angg km. Due to the opposite effects in equatorial and polar

— EA, pC0O,=0.4 bar  —EA, pCO,=0.8 bar

differ between the states (cf. Fig). regions, the lapse rate changes contribute to a further steep-
ening of the temperature profile in the course of a cooling
4.2 Lapse rate climate. This facilitates sea-ice formation in the higher lati-

tudes and thus acts towards increasing the critical gadtial

A further substantial impact on surface air temperature ispressure while at the same time it stabilises low latitude sea-
provided by changes in the lapse rate. For fixed effective raice boundaries.

diative temperature and effective radiative height, a lower
lapse rate implies a lower surface air temperature. In our
model, the 2-D lapse rate field explicitly depends on tem-
perature and humidity. The lapse rate is therefore coupled to

Clim. Past, 9, 18414862 2013 www.clim-past.net/9/1841/2013/
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Fig. 11. Maxima of the atmospheric meridional stream functions
for the pre-industrial state (black) and the three states of the earl
Archean (EA).

Fig. 12. Latitudinal profile of the annual-mean zonal wind maxima
)ftaken with respect to height) for the pre-industrial state (black) and
the three states of the early Archean (EA).

4.3 Atmospheric dynamics
of experiments with varying solar irradiance bgng et al.

Large-scale atmospheric and oceanic dynamics are among&20123.
the most important characteristics of the climate system. The maxima of the annual-mean zonal winds are shown
They play a significant role in setting up horizontal heat in Fig. 12. They are consistently shifted equatorwards and
transport and thus interact with the radiative balance in dethe relative order of strengths reflects the meridional cell
termining the planet’s temperature field. strengths which set the pressure and wind-stress fields.

The dynamic state of the atmosphere is given by theWith respect to these wind speeds, the simulation applying
meridional circulation cells, the zonal winds as well as the pCOz=0.6 bar is most similar to the aquaplanet simulation
azonal component. In our model, the mean cell boundarie®y Marshall et al.(2007) which assumes present-day £0
are prescribed (cf. Sec?.3.2, but their seasonal fluctua- and solar forcing and exhibits a sea-ice boundary 6f $&e
tions as well as their strengths depend on the temperaturgzonal component of the wind is not explicitly depicted here,
field. Figure11 shows annual mean maxima of the stream but it is implicitly taken into account in the atmospheric heat
functions, thus illustrating the cell boundaries located closertransport discussed in Sedtb.
to the equator, the symmetry between the two hemispheres
and the changes in strength. All states of the early Archea#.4 Ocean dynamics
have lower cell strengths than the pre-industrial reference
case. The cell strengths are the combined effect of a differDue to the almost negligible land fraction, the ocean circula-
ent temperature field in the absence of larger continents antion was entirely different in the early Archean compared to
the modified cell strength parameters (Tatje The latter  today. Under present-day topography, the overturning circu-
have been chosen such that they provide the cell strengthistion as well as horizontal currents contribute to heat trans-
from Marshall et al (2007 when their aquaplanet tempera- port and are thus important for the planet’'s energy balance.
ture field is applied; and the maxima of the stream functions In the absence of significant land masses, the meridional
for the partially glaciated state are not too different from the overturning circulation mainly consists of symmetric cells
results byMarshall et al.(2007) even though the tempera- (Fig. 13). In contrast to today’s thermohaline circulation,
ture field is determined not only by the aquaplanet condi-they mirror the atmospheric cells in the early Archean be-
tions but also by the other changes to early Archean boundeause of the wind stress acting as the driver. This circulation
ary conditions. is expected to show similarities with aquaplanet simulations

The warmer Archean states show a lower strength becaudeecause of the small land fraction, while differences and
the reduction in the temperature difference between the celasymmetries may of course arise due to the non-uniform ran-
boundaries has a dominant effect over the general warminglom ocean depth as well as the differences in further bound-
(cf. the proportionality tdfl.3 x AT in Eg.1). Though under ary conditions. The aquaplanet simulationd\bgrshall et al.
different boundary conditions, this temperature dependency2007 under present-day radiative forcing indeed show a
of the Hadley cell strengths is qualitatively confirmed by a setshallow, wind-driven oceanic overturning circulation with
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Fig. 13.Oceanic overturning stream functions for the pre-industrial State(a) and the three early Archean states —JQg@urtial pressure
climate statga) and the three early Archean states —Qgartial ~ 0f 0.4, 0.6 and 0.8 bar itb), (c) and(d) respectively. The relative

pressure of 0.4, 0.6 and 0.8 bar(b), (c) and(d) respectively. lengths of the arrows correspond to the relative magnitudes of the
velocities.

the location of the cells corresponding to the atmosphere as
in our simulations of the Archean. In their as well as in our
simulations, the majority of the transport by the strong cir-

The surface velocities have a very characteristic structure
under present-day topography, e.g. producing the large and

culation cells adjacent to the equator is located in the uppe trong subtropical gyres. However, in case of very small land

600 m. The transport of these cells (maxima of annual mea raction they closely resemble a purely zonal flow (Fig).
stream function) turns out to be 81 SpQO,=0.4bar), For the early Archean topography, the strength of the sur-

99Sv (»CO,=0.6bar) and 71 SvACO,=0.8bar) and is face velocities (Figl5) is correlated with the strength of
therefore larger in all three early Archean simulations thanthe atmosp_heric meridiqnal cells. The surface velocities for
in Marshall et al.(2007 under present-day forcing (about the state with a C®partial pressure of 0.6 bar reach about

1 . .
60 Sv). Furthermore, the transport below the top grid cell 0f|0.2_5(rjn§ ﬁt t_he_: equator an(:] abolut 0.%6r74rsmd m'dqzn
the model (25m deep) is mostly in the opposite direction atitudes. Thisis in contrastto t evalues o 0.8and0.2ms
of the relatively strong surface currents and reaches deepe(fJund by Marshall et al.(2009, which are not only over-

when the currents are stronger. While the meridional surfacé"’1II higher bl,Jt also show a high factor O,f 4 between currlents
velocities without the Gent—McWilliams (GM) component corresponding to the easterly trade winds and mid-latitude

are larger when the state is colder (corresponding to the Or\_/vesterlles.
der of wind velocities), the total transport is affected by the
poleward GM velocities which are largest in the 288K state.
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4.5 Heat transport T 4
I

The atmospheric and oceanic dynamics described above re o7 60 230 0 30 60 90

sult in a meridional heat transport that is significant in de- Latitude

termining the sea-ice boundary and thus the full global en-

ergy balance. Figurg6 shows the total heat transport as well - - - pre-industrial —EA, pC0,=0.6 bar
as the.oceanic and atr_nosphe_ric (_:ontribution_s. Depen_ding on — EA, pC0O,=0.4 bar  —EA, pCO,=0.8 bar
the latitude, the oceanic contribution to the difference in heat

trlz_:lns?ort l})tﬁt\ggse rll g‘:_l_pre'l?dus.m?l and th.ei E(:jarly '?;Chetarlkig. 16. (a)Oceanic(b) atmospheric anc) total meridional heat
Climate (W' S )is 9 a simriar magnitude as tne ‘? " transport for pre-industrial conditions as well as for the three states
mospheric contribution, which shows the relevance of usingys ihe early Archean (EA).

a full ocean model. In general, there is a reduction of atmo-

spheric and of oceanic heat transport when going from the

present-day state to the early Archean state with the similatopography by the early Archean topography leads to an
global mean SAT anggCO, = 0.6 bar. In the ocean, thisis ex- overall increase of oceanic heat transport. The opposite is
pected because of the reduction of the meridional overturningrue for an increase of the rotation rate to the early Archean
circulation due to the absence of continental boundaries. Irvalue: meridional heat transport is reduced in almost all lati-

the atmosphere, a reduction of advective heat transport in theudes, and this is the dominant effect.

tropics is found as well as a reduction of synoptic heat trans-

port in the mid-latitudes of a similar magnitude. The increase

of heat transport (in ice-free latitudes) with decreasing tem-2> Robustness of the results

perature and growing sea ice is consistent with the behaviour ) )

of ocean and atmosphere dynamics in Figsand13, As described in Sec®, the largely unknown topography

The peak in total heat transport is not shifted by more thanand the difficulties involved in determining long-wave ra-
one model grid cell and is at either 33.75 or 37irsthe pre- diative transfer in C@rich atmospheres constitute some

industrial simulation as well as in all three Archean simula- uncert:?u_nty. The results presented n Secare based on
tions. Thus, the classic results of*3y Stone(1978 is also a specific reference topogrqphy apd fixed parameters fqr the
valid for our early Archean states. LWR sc_heme, and here we investigate the impact that differ-
The origins of the changes in heat transport are shown Pt choices W_OUId hav_e. Furthermore, our knowledge of the
Fig. 17 for climate states that are all characterised by,CO Archean rotation rate is not exact, an.d the valggs of sea-ice
partial pressures chosen such that they have about the sarfigd show albedo dePe”d on the detailed conditions and lead
global mean SAT as the present-day climate (as well as th&® additional uncertainty.
early Archean solar constant). Substituting the present-day
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Fig. 17. (a) Oceanic, (b) atmospheric andc) total meridional The temperature differences among the various topogra-
heat transport for three states with early Archean solar constanghies are minor for the simulations withCO, = 0.45 bar and
(SOL=0.75) and global mean SAT near the present-day value:pCO2=0_80 bar, which implies that the sea-ice boundary is

present-day topography and rotation rate (b€0, =0.48bar),  gimijar e therefore find neither a significant dependence of
early Archean topography and present-day rotation rate (green

pCO, =0.40 bar), early Archean topography and rotation rate (red,the crltlca_l CQ. partial pressure nor of the state characteris-
»CO, =0.60 bar). tics described in Sect on the topographies.

The situation is somewhat different for the simulation with
pCO,=0.60bar. Here, we find a much wider temperature
spread as well as significant hemispheric asymmetries in
some of the simulations. The latter are strongest in the to-
In order to understand the impact of topography, wepographyD with 1% emerged surface, which is ice-free in
still focus on the two states witlpCO,=0.60bar and the Northern Hemisphere but has a mean sea-ice boundary
pCO,=0.80bar as in the analysis above. But as the criticalof 49° in the Southern Hemisphere. Already the ice-free case
state withpCO, =0.40 bar is close to instability with respect with a CQ, partial pressure of 0.8 bar shows higher tem-
to complete glaciation, we substitute it in this section by aperatures at the North Pole than at the South Pole; for an
state withpCO, =0.45 bar. overall colder climate in case QfCO,=0.6 bar, this effect

Figure18shows the latitudinal SAT profiles for the differ- is enhanced by the ice-albedo feedback. The higher temper-
ent topographies and for each of the three;@@rtial pres-  ature in the Northern Hemisphere goes along with a higher
sures. Three of the topographies are exemplarily depicted imorthward heat transport compared to the other topographies,
Fig. 19. which again is due to a significantly larger northward ocean

5.1 Topographies
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(a) 5.2 LWR parameterization
80°N 430
. —250 Further uncertainty in the climate simulations of the early
40°N 1000 Archean necessarily arises because the absorption of long-
0° wave radiation in C@rich atmospheres is not exactly
—2000 known. As described in Secf.3.1, we tuned the appro-
4075 3000 priate parameten of our LWR-module to approximate
80°S the MTCKD-parameterizationQlough et al. 2005 Halevy
(b) —4000 et al, 2009 (a =0.008). However, it is necessary to check
80°N 430 which impact the choice of a different parameter would have
_250 on the critical CQ amount.
40°N In Kienert et al.(2012, it was already noted that the crit-
g0 —1000 ical CO partial pressure is reduced from 0.40 to 0.28 bar
—2000 when changing: =0.008 toa =0.010, which is still about
40°S <000 five times higher than cr_itical partial pressures in studies with
80°5 1-D models (e.gvon Paris et a).2008. The partial pressures
—4000 needed to provide a mean SAT of 288K and to provide an
© 3 430 ice-free state are 0.4 and 0.55 bar, respectively. If we reduce
BO°N the LWR parameter to a value af=0.006 (cf. Fig.2) in
40°N —2°0 order to estimate the magnitude of the involved uncertainty
—1000 and thus approximate the approachMgadows and Crisp
0° o000 (1996 (cf. CA parameterization italevy et al, 2009, we
£0°S find a critical CQ partial pressure of 0.65 bar. In that case, a
—3000 partial pressure of 0.9 bar is required for a mean SAT similar
80°S _ 4000 to today andpCO, =1.2 bar to inhibit the formation of sea
0° 100°F  160°W B0O°W ice.

Even though it has been argued that previous simulations
Fig. 19. Three egemplary topographies useo_l in the uncertaintyyith 1-D models (that used a parameterization which is ap-
study: (a) equatorial a_rchlpelr_algc(b) polar archipelago an¢) a proximated by: = 0.010) overestimated G@nduced green-
random topography with 5 % instead of 1 % emerged surface areap o ce warming\ordsworth et a].2010, the differences in
temperature resulting from different parameter choices call

jor more detailed research on the radiative effect op€ich

dpalaeoatmospheres, in particular for laboratory experiments
investigating the continuum absorption for conditions appro-
ypriate for early Earth.

heat transport (caused by the specific ocean bottom topo
raphy) which is not fully compensated by the weaker atmo-
spheric transport.
In contrast to the impact of the ocean bottom topograph
on heat transport, the surface albedo difference appears to be
negligible. For the ice-free state, we find global mean sur-5.3 Sea-ice and snow albedo
face albedo values of 0.073-0.074 for the topographies with
1% emerged surface (including the two archipelagos), anqy, simylations of Neoproterozoic glaciation¥ang et al.
0.077-0.078 for those with 5% emerged surface depe”di”‘gzolze) have shown that the albedo values applied for sea
on the latitudes of the continents. Indeed, the mean SAT 0fce and snow have a significant impact on the transition of
the five states with lower albedo is slightly higher than thathe garth towards a snowball state. The conditions of such a
of the states with higher albedo (299.8K vs. 299.7K). But ransition have been investigated in various studies based on
the difference is smaller than the spread among topographieg,ogels with different sea-ice settings. The results have been
of the same type,l and we already see from E&that those quite different, for example, with respect to the highest sea-
states with the slightly higher surface albedo are not necesice fraction that still allows for a stable state without runaway
sarily warmer than those with a lower albedo value. glaciation. These differences have been partially attributed to
We can thus conclude that the impact on the results due tg,o quite large range of sea-ice and snow albedo values ap-
differences between our early Archean topographies is minob"ed in those modelsvang et al, 20123.
for the critical and ice-free states, but can result in asymme- 1pa modelling studies analyzed gng et al (20123 use
tries between the two hemispheres for partially ice-covered,heqg values of 0.50-0.75 for sea ice and 0.72-0.8 for snow
states because of changes in oceanic heat transport depengger freezing conditions. These ranges contain the results

ing on bottom topography. of quite recent measurements in the East Antarctic sea-ice
zone Brandt et al. 2005 which indicate an albedo of thick
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between 0.75 and 0.81, varying between the seasons.

In accordance with the measurements Brandt et al. £y 21 pependency ofa) surface and planetary albedo as well
_(2005 as We_” as with the above model spread, we have varg () sea-ice boundary (mean of Northern and Southern Hemi-
ied the sea-ice albedo between 0.45 and the standard valughere values) on global mean SAT. The linear fit¢apcorre-

of 0.72 as well as the value for snow between 0.75 and 0.85pond to Egs.g) and @). The constant albedo values for extremely
in order to estimate the impact of these uncertainties on théow temperatures originate from a simulated snowball state. The
critical CO, partial pressures. It turns out that a change indashed blue line ifa) shows the temperature dependence of the
sea-ice albedo has no effect on the critical partial pressurglobal mean surface albedo for present-day conditions according
(within 0.01 bar) which is explained by the almost complete t© Wang and Stong198Q under the assumption of our snow and
snow cover. In contrast, the variation in snow albedo cause§¢€an albedo values.

the critical partial pressure of the early Archean to range be-

tween 0.32 and 0.47 bar so that this uncertainty should be . .
Lo . : ice-free at present-day rotation rate is brought close to a
kept in mind when comparing modelling results.

snowball Earth transition.

_ In a separate set of experiments, we have found the crit-

5.4 Rotation rate ical CO; partial pressures corresponding to the uncertainty
range of early-Archean rotation rates to be 0.36 and 0.43 bar.

Because of the strong interaction of the rotation rate with theA different picture would emerge if the Earth’s rotation rate

sea-ice albedo effect, it is desirable to investigate the influwas constant at 1.1 times its present value during the Pre-

ence of uncertainties in our knowledge of the rotation ratecambrian due to resonance of atmospheric tides as has been

on the critical CQ concentration for the early Archean. In suggested byahnle and Walkef1987): in that case, the crit-

Kienert et al (2012, we found a critical C@partial pressure ical pCO, would have been only 0.34 bar. Thus, the impact

of 0.4 bar for a rotation rate @& = 1.6. Under the assumption of the uncertainty in the rotation rate is not negligible but

of angular momentum conservation in the Earth-Moon sys-does not change the qualitative picture either.

tem, the uncertainty interval of the early Archean rotation

rate ranges fron®2 = 1.3 to2 = 1.8 according to the analysis

of tidal cycles in sediment$/\illiams, 2000. 6 Ice-albedo parameterization for radiative-convective

Figure 20 shows the impact of rotation-rate changes be-  models of the early Archean

tween the present-day valu@ € 1.0) and double that value

on the global mean SAT. For low GQartial pressure (blue Earlier simulations of the climate of the Archean Earth have

line, 0.45bar), the effect of a higher rotation rate strongly mainly relied on 1-D radiative-convective models. As these

enhances the sea-ice albedo feedback, so that a state almasbdels allow for an efficient investigation of the radiative
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impact of more complex greenhouse gas mixtures and foi7 Discussion
studying atmospheric chemistry, they will certainly continue
to play a role in research on the faint young Sun problem.In Sect.4, we showed the surface and planetary albedo pro-
Their largest shortcoming in determining the critical £0O files of the simulated early Archean climate states. These
concentration required to prevent the Earth from freezing liesproperties play an important role for the energy balance of
in the omission of the ice-albedo feedbaddignert et al, these states and for the high critical £gartial pressure re-
2012. ported inKienert et al.(2012. In Sect.5, we have demon-
For climate states not too different from tod&lyang and  strated that a higher critical GQpartial pressure is robust
Stone(1980 have suggested using a parameterization of thewith respect to uncertainties in model parameters (radiative
albedo in terms of global mean temperature in these types dafransfer, sea-ice and snow albedo) as well as boundary condi-
models. However, their relation is not expected to be valid fortions (topography, rotation rate). The maximum sea-ice cover
the early Archean because of the differences in surface typé our simulations corresponds to a sea-ice latitude 6f 34
and meridional heat transport compared to today (cf. @gct. There is discussion in the literature, however, whether stable
Here, we suggest using the relation between global meastates with a narrow “waterbelt” close to the equator might
SAT and surface or planetary albedo from our model sim-exist.
ulations as a more appropriate parameterization. This also The sea-ice boundary, and thus approximately the mean
implies that no ad-hoc assumption on the global mean SATsurface albedo, corresponding to a specific global mean sur-
of the critical state is necessary anymore. face temperature is determined by the latitudinal structure of
The relations found in our 3-D simulations (Figl) ex- radiation and heat transport. The stability of a critical state
hibit an approximately linear behaviour and suggest the fol-with a sea-ice boundary near the equator is, e.g. supported
lowing approximations, wher€ is the global mean SAT in by comparatively high equatorial temperatures. Since the

Kelvin: higher rotation rate of the early Archean indeed increases the
0.81 for T < 268 equator-tp—pole tempgrature difference co_mpared to present-
As = l 0.37— 0.01 x (T — 268), for 268< T < 298 (5) day r.otatllon rate (ch|ene'rF et al, 2Q13, this is a relevant
0.07, for T > 298 contribution towards a critical sea-ice boundary at a lower
_ latitude. On the other hand, the greenhouse radiative forcing,
Ap = {074’ _ for T' < 268 . (6) which compensates for the 25 % reduction in solar luminos-
0.41—0.004 x (T — 268), for 268< T < 298 ity, has a relatively uniform latitudinal distribution instead

Both observed relations turn out to be poorly representedf a strong equatorial maximum like the insolation. All these
by linear approximations in the case of present-day rotatiorPoundary conditions are specific to the early Archean climate
rate and are clearly non-linear for present-day continental to@nd contribute to the critical sea-ice boundary ot 84our
pography. Therefore, one cannot expect this linearity to be &imulations.
fundamental property. If one applies the Stefan—Boltzmann Note that the critical sea-ice latitude (and thus the albedo
law to the global mean planetary albedépf and global  Of the critical state) also depends on how sea ice is treated

mean effective temperatur@), in the model. In general, it has been observed that run-
1 away glaciation is more difficult (or even impossible) in
gTe“ﬁ =2 So (1 — Ap), (7 models which employ a low sea-ice and/or snow albedo or

neglect sea-ice dynamics. One palaeoclimate problem for

the relation is not far from linear in the relevant temperaturewhich these effects have been studied are “snowball Earth”
range, but changes in lapse rate and effective radiative heighjlaciations during the Neoproterozoic. The sea-ice boundary
may introduce non-linearity. From a different perspective, for a soft snowball Earth state (continental glaciation at the
one can argue based on an approximation of the temperasquator) was found to be 2 an atmospheric GCM with a
ture and surface-albedo dependency on the sea-ice boundafixed-layer ocean (bare sea-ice albedo between 0.6 and 0.7;
(cf. Wang and Stonel 980 that a purely geometric relation Hyde et al, 2000. This value approximately corresponds to
of sea-ice boundary and surface albedo without presence gesults of a more complex, fully coupled atmosphere-ocean
land (aS is almost the case for the early ArChean) allows forgenera| circulation model amounting to about 23r Mari-
a more linear behaviour in Fig1 noan as well as present-day continental boundary conditions

For comparison, we show the surface-albedo parameterit\oigt et al, 2011; Voigt and Marotzke2010. In contrast to
zation byWang and Stongl1980 for the large range of global  thjs, simulations with the CAM modelpllins et al, 2004
mean SAT between 250 and 305K in Fja (dashed blue  find a stable sea-ice boundary even lower thahifla small
line, assuming our snow and ocean albedo values). The difsea-ice albedo of 0.45 is applieRiérrehumbert et a12011).
ference between this parameterization and the surface albedgimilarly high sea-ice fractions (critical sea-ice latitudes be-
in our simulations is significant, which underlines the advan-tween 5-18) were also found byAbbot et al.(2011) for sta-
tage of using the relation based on our modelling results as Ble So-ca”ed_]ormungand statewith the CAM atmosphere
parameterization. model coupled to an ocean mixed layer that neglects ocean
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heat transport and sea-ice dynamics and uses a large diffeinclude a state-of-the-art atmospheric GCM would be valu-
ence between bare sea-ice albedo (0.45) and snow-coveredble. In those models, the atmospheric meridional circulation
sea-ice albedo (0.79). However, other simulations have inand the atmosphere’s vertical structure are represented in a
dicated that such narrow waterbelt states become unstabimore fundamental way and individual eddies are resolved.
when sea-ice dynamics are taken into accouats et al, This would allow to explicitly validate our parameterizations
2007 \Voigt and Abbot 2012. Nevertheless, the spread of under Archean boundary conditions.
results among different studies due to specific model prop-
erties and sea-ice settings is significant and also simulations
with complex models support the possibility of stable glacia-
tion up to 10 in the NeoproterozoicYang et al, 20123. 9 Conclusions
Note that the possibility of such stable states with a narrow
belt of open water in the Neoproterozoic does not necessarilyVe have modified a 3-D climate model in order to simulate
imply the existence of such states during the Archean whergossible climate states of the early Archean that have differ-
the reduction in solar luminosity results in a relative decreaseent CQ partial pressures: 0.4 bar (critical state, 268 K globall
of energy input around the equator, even when compensatechean SAT), 0.6 bar (288 K state) and 0.8 bar (ice-free, 300 K
by enhanced levels of greenhouse gases. Furthermore, ogiobal mean SAT). The main model modifications concern
model uses both a low value of the bare sea-ice albedo ithe topography, the long-wave radiative transfer scheme, the
agreement with observations of different types of sea ice (asparameterization of the lapse rate and the prescribed annual
e.g. reviewed bywarren et al. 2002 and takes sea-ice dy- means of the atmospheric meridional cell boundaries. These
namics into account. Thus, we consider the lack of a stablgroperties and parameterizations are fundamental for the en-
waterbelt state in our simulations robust. A dedicated studyergy balance, including the greenhouse effect op Gd for
of the sensitivity of our results for the early Archean with re- heat redistribution. Key characteristics of the climate states
spect to sea-ice and snow albedo was presented in55&ct.  contributing to the global energy balance have been pre-
Also, differences in the planetary albedo due to clouds aresented. While the Archean solar insolation is well known,
subject to more principle discussions beyond our model sim-other factors such as the continental fraction and distribution
ulations. For example, the vertical resolution of the cloudinvolve significant uncertainty or are even unknown. There-
module or changes in cloud properties which are not takerfore, we have based our study on one random reference conti-
into account in our model (as, e.g. the droplet size) may havenent distribution, but presented the results of additional sim-
an impact on the radiative forcing. In this context, generalulations in order to estimate the uncertainty due to the to-
constraints for the maximum cloud contribution to Archean pography, thus making use of the computational efficiency
warming are provided bgoldblatt and Zahnl€2011) who of our model. The effect of changes in continent distribu-
also review such processes which might strongly modifytion or an increase of the continental fraction from about 1 to
Archean cloud fractions and which are not represented irb % turn out to be minor. As the long-wave radiative proper-
our model. For example, the size of cloud particles dependsies of CQ-rich atmospheres are still under debate, we have
on the abundance of cloud condensation nuclei which ardurther shown the impact of different parameterizations in
partly biogenic; and it was suggested that their absence in ththis respect, which result in significantly different g@ar-
Archean may have been responsible for significant warmingial pressures of the critical states. The critical partial pres-
(Rosing et al.2010. sure is also influenced by the choice of snow albedo while
different settings for the sea-ice albedo appear to be of minor
importance in our simulations due to the almost complete
8 Future work snow cover of sea ice. The uncertainty in our knowledge of
the early Archean rotation rate leads to a likely range of crit-
As described in Sec®, the model CLIMBER-g is a fully ical pCO, between 0.36 and 0.43 bar.
coupled atmosphere-ocean model, consisting of an ocean Regarding the overall latitudinal SAT profiles of the sim-
GCM and representing sea-ice dynamics, but with an atmoulated climate states, it was found that the one correspond-
sphere module that applies some parameterizations so thatiitg to the state with 288K is quite symmetric and exhibits
is computationally more efficient than an atmospheric GCM.a larger equator-to-pole difference than in the pre-industrial
Therefore, it was possible to perform the large number ofclimate. As the sea-ice albedo feedback plays a significant
simulations needed for the results presented in this paper. role in setting this temperature profile and the require¢ CO
While we have investigated the robustness of our resultgartial pressure, we have presented the sea-ice boundaries
with respect to different model parameters and boundarycorresponding to the different states and found that basically
conditions in Sectb, it would be desirable to compare our all sea ice is snow-covered, which leads to a high mean sur-
results with future studies using different models. Within face albedo. The radiative impact of clouds in our simulations
the limits of computational feasibility, a comparison with is largely due to stratus clouds which in total provide a cool-
simulations relying on more complex climate models which ing effect, and the corresponding radiative forcing is smaller
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than today in all three early Archean states due to the loweBryan, K. and Lewis, L. J.. A water mass model of
solar luminosity. the world ocean, J. Geophys. Res., 84, 2503-2517,
The atmospheric meridional circulation as well as zonal doi:10.1029/JC084iC05p02503979.
winds are weaker in the early Archean state with 288 K Budyko, M. I.: The effect of solar radiation variations on the
mean SAT compared to present-day. This contributes to the Climate of the earth, Tellus, 21, 611-619, d6i1111/1.2153-
overall reduction of meridional heat transport found for the 3490'1969'tb09466')1969' .
early Archean, with the strongest reduction occurring for the “amPPell I [H.: Constraints ‘on continental growth models
. ! . from Nb/U ratios in the 3.5Ga Barberton and other Ar-
vyarme_st (ice-free) early Archegn state. The second.coptnbu— chaean basalt-komatiite suites, Am. J. Sci., 303, 319-351,
tion to it comes from the oceanic heat transport, which is de- doi:10.2475/ajs.303.4.312003.
creased going along with the lack of a deep and far-reachingcesana, G. and Chepfer, H.: How well do climate models simu-
meridional overturning circulation in the absence of signif-  |ate cloud vertical structure? A comparison between CALIPSO-
icant continental boundaries. Apart from the shallow wind- GOCCP satellite observations and CMIP5 models, Geophys.
driven overturning cells, the main oceanic circulation pattern Res. Lett., 39, L20803, ddi0.1029/2012GL053152012.
consists of zonal flows. Chepfer, H., Bony, S., Winker, D., Cesana, G., Dufresne, J. L., Min-
Furthermore, based on the relation between surface (or NS, P., Stubenrauch, C. J., and Zeng, S.: The GCM-Oriented
planetary) albedo and surface air temperature, we suggest a CAHIPSO Cloud Product (CALIPSO-GOCCP), J. Geophys.
parameterization of the ice-albedo effect for 1-D radiative- _ (eS-Atmos., 115, DOOH16, dab.1029/2009JD012252010.

convective models. An ensemble of 3-D simulations over aClaussen‘ M., Mysak, L. A., Weaver, A. J., Crucifix, M., Fichefet,
’ T., Loutre, M.-F., Weber, S. L., Alcamo, J., Alexeev, V. A,,

broaq range of greenhouse gas forpmg hgs been required .for Berger, A., Calov, R., Ganopolski, A., Goosse, H., Lohmann, G.,
providing a suitable parameterization which can be used in | ynkeit, F., Mokhov, I. 1., Petoukhov, V., Stone, P., and Wang,

future studies with simpler models. Z.: Earth system models of intermediate complexity: closing the
gap in the spectrum of climate system models, Clim. Dynam.,
18, 579-586, doi:0.1007/s00382-001-020Q-2002.
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