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Abstract. We present the second generation of ROGH{E(Resolving Orbital and Climate Keys of Earth and Extraterrestrial
Environments with Dynamics), a generalizedihensional General Circulation Model (GCM) for use in Solar Systain a
exoplanetary simulations of rocky planet climates. ROEXEversion 2.0 is a descendant of ModelE2.1, the flagship Earth
System Model of the NASA Goddard Institute for Space Studies (GISS) used in the most recent Intergovernmefatal Panel
on Climate Ghange (IPCC) assessments. ROCKE is a continuous effort to expand the capabilities of GISS ModelE to
handle a broader rangepanetaryconditions, including different atmospheric planet sizes, gravities, pressures, rotation rates,
more diverse chemistrschemes and atmospheric compositions, diverse ocean and land distributions and topographies, anc
potential basic biosphere functions. In this release we present updated physics, and many more supported configurations whi
can serve as starting pointssimulate the atmospheres of rocky terrestrial planets of interest. Two different radiation schemes
are supported, the GISS radiation, valid only for atmospheres similar to that of modern Earth, and SOCRAGHES more
generalized but more computataly expensive.While ROCKE3D can simulate a very wide range of planetary and
atmospheric configurations, we describe here a small subset of them, with tbédprabnstratinghe structural capabilities,

rather than the scientific breadth, of the modéiree different atmospheric composition optionsdeecribedpreindustrial

Earth, theaerosol and ozorgeeatmosphere used in ROCKID 1.0, and an anoxic atmosphere with no aerosols), three ocean

configurations (prescribed,-Qux, and dynamic), antivo resolutions: the medium resolution (4x5 degrees in latitude and
longitude, previously used in ROCK¥D 1.0), and the fine resolution, which has double the resolution in the atmosphere and

4 times the horizontal and 3 times the vertical resolution énditean. Finally, for the land surface hydrology, we have
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introduced generalized physics for arbitrary topography in the pooling and evaporation of water and river transport of water
between grid cells, and for the vertical stratification of temperatutgriamic lakes. We quantify how the different component
choices affect model results, and discuss strengths and limitations of using each component, together with how one can sele
which component to use. ROCKID is publicly available and tutorial sesstoare available for the community, greatly

facilitating its use by any interested group.

1. Introduction

Threedimensional General Circulation Mod€ISCMs) have been in existence for several decadasng as far back as the
1950s(Phillips, 1956) Their use has mostly been in the climate modeling of Modern Earth, as well as in more generic studies
of atmospherige.g. Showman et al., 2018hd oceanic circulatiofe.g. Bryan, 1969)nitially these models were focused on

the amospheric component and have been called AtmospB&hMs or AGCMs(Manabe and Wetherald, 1967he next

major component to be added were the oceans which provided a source of water to the atmosphere, and a variety ¢
computationally efficient ocean models were coupled to the AGCMs and became known as AQGDkEtse and Stofdr,

1993) These computationally efficient oceans included those with fixed sea surface temperatures (SSTs) and later what wer
termed Qflux oceans where the heat (Q) fluxes (flux) between oceanic grid cells were fixed at modelgt&ussell et al.,

1985; Slingo, 1982)nitially the fluxes used came from satellite observations or from numerical ocean rfgodeBryan,

1982; Miller et al., 1983)The depths of these oceans had no standerd ¥alues, but researchers have typically used depths

up to ~100m. These computationally efficient types of oceans have a variety of names such as thermodynamic, slab, etc (se
Way et al. 2017 for more details). In the past couple of decades the Edftb@d@nunity has moved to fully dynamic oceans

that explicitly calculate horizontal and vertical ocean heat transports at resolved spatial scales while also inclugraf a ran

dmd they are

more computationally expensive than the simpler SST-tuxQoceans. In modern times the exoplanet community has started

parameterized processes that operate on smaller unresolve thedahes

to useAOGCMsa parameterized ocedout they typically use §lux type oceans whetthe fluxes are set to ze(bighlighted
as Qflux=0 here when relevantThis is because they have no way to set the ocean heathlkepasse-they-obvioushy-de-not
havealue to the lack odny observationsand have typically been unwilling to ugély dynamic oceanic modelSAOGCMSs)

to estimate the fluxeslue to the increased computational cost and additional free parameters, given the lack of information

about oceans inxeplanets This approach obviously has limitations in accurately modeling the eliwittt perhaps the most
Anotoriousd being the eyebal |l -dwarftype stacgé.g. Pierreharnblery 20L0Bor k e d

example, using the ROCKEBD model Del Genio et a{2019a)showed in simulations of Proxima Centauri b that large scale

circulation patterns (see their kigs 1la,b and 2a,b) and mean surface temperatufaisxé@ had a mean surface 337 °C,
while the dynamical ocean had -P4 °C) can differ drastically between a model using-8u@=0 and a fully dynamic ocean
model. Yet in other scenarios the differencaa be minor as seen in the work of Way et al. (2018) in a parameter study of

slowly rotating worlds with increasing insolation. They showed that Hikdtplanets around solar type stars showed large
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mean surface temperature differences when the lexigthy was similar to that of modern Earth, but at longer length of days
and higher insolations the differences werarginal (<2°C; See their Fig2). As-demeonstrated-in-this-brief-introduction; the
ROCKE-3D medelis capable of modeling the atmospheoeipled to any of the ocean models described above. REBIKE

also has fully coupled cryosphere and land surface models, interactive ocean biogeochemistry and interactive atmospheri

chemistry. Not only are these processes vital for a model Earth GCMattbetso important for studying the climates of
exoplanets found at the inner and outer edges of the habitabléezgni€opparapu et al., 2013jerein we discuss the second
releaseof the ROCKE3D GCM. Sect2 provides a detailednodel description; Sect3 describes how ROCKED evolved
from its parenhEarth GCM, ModelE; Sect presentsnodelconfigurationghan can be iized by the end user; and Se@s.

is thediscussion.

2. Model description

ROCKE-3D version 1.0(Way et al., 2017)ramedplanet1-0-hereswas a decendent of GISS ModelE2, describadd
thoroughly evaluatedy Schmidt et al(2014) Since thenseveral bug fixesjpdatesand upgrades tboth ROCKE3D and
ModelE havehappened in paralleénd are brought together in ROCKIP version 2.0 namedplanet2.0-here-which is
describedn this work There are two development pathways that contributedaieet ROCKE-3D 2.0: The Eartkcentric
development in ModelE 1lis summarized in Sec2.1, while the planetarycentric development in ROCKED 2.0is described
in Sect.2.2 More specifictly, several fnysics changes weistroducedin GISS ModelE2.1which is the version of ModelE
used in the Coupled Model Intercomparison Project pha@eMIP6; Eyring et al., 2016)and are thoroughly described
elsewherdKelley et al., 202Q)Additional changes present in ModelE2.1 that are either bug fixes or strienbexicements
since the CMIP6 version of the model were also porteglamet ROCKE-3D 2.0 and are briefly described the-same
sectiorSect.2.1. These latter enhancements inéudajor changes in the prognostic tracers code present in RGDKED,
which will be described elsewhere, since they are not used Hegeplanetaryelated changes, which include both physics
enhancements and diagnostics enrichmelevant to the genalized ROCKE3D 2.0 mode| are described in Se@.2. Here
we studythe climatology simulated by the modgling a fixed atmospheric compaosition per configuratiomhe exact same
way that was the case fROCKE3D 1.0 (Way et al., 2017)

The hydrostatidodelE2.1 dynamicalare employed in ROCKBD utilizes the Arakawa "BYrid staggering, whose benefits

at coarse resolution over the conventional-t@d were argued byansen et al(1983) this reference provides other

introductory details as welMomentum and aimass transport continues to employ the Arakawa centhffedencing

approach, with dissipation at small scales applied viaaighfilter. A prominent update from tHéansen et a[1983)version

is that potential temperature, humidity, and other scalars are transported using the conservative aim scheme

(QUS; Prather, 198Gyhose implicit numerical diffusion is inherently very seca@ective.The benefits of the QUS for traser

were described in Rind and Lern@©996) Air mass and momentum fields arevadced using a leapfrog scheme with a

timestep respecting theourant Friedrichg Lewy (CFL) condition for the barotropic mode (Lamb wave) whose horizontal
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velocity is on the order of the speed of souRdtential temperature advection is performed on Wes éeapfrog timesteps,

with temporal interpolation as needed for hydrostatic integrations. Since humidity and tracer fields do not directheaffect t

dynamics in this version, they are advected on a longer, but locally adaptive, timespegcting lodaCFL conditions for

wind speedswhich are typically mah less than the speed of sound

The ROCKE3D atmosphere includes hydrostatic resolved dynamics and parameterizgddswigrtical transport via

turbulent eddies and vertically extensive cumwdlesid convection; stratiform cloud fraction is diagnosed from relative

humidity and convective cloud fraction from vertical mass exchange rates; condensation of water vapoitlis@dculated

in clouds as a source of precipitation and the liquid and ice hydrometeors seen by radiative transfer; optional chemical anc

aerosol tracer constituents propagate through all these phenonena as they undergo their own phecegskisons of these

processes are outlined in a series of pafBaser et al., 2020; Kelley et al., 2020; Schmidt et al., 2006, 2@1idh themselves

may refer back to componesgpecific "origina version" descriptions, e.g. D8enio et al(1996) for stratiform clouds or

Lacis and Oina§1991)for longwave radiative transfer.

Sea ice in ROCKED 2.0is treatedas two mass layers, each containing two thermal layers: 1) the top mass layer has a fixed

thickness 0f).1 mand contains both ice and snow (snow thickness evolves with precipitation), and 2) the bottom mass layer

is ice only and can grow infinitely in thickness (with a minimun®df m). Sea ice thermodynamics are based on the Brine

Pockets or "BP" formulationwith both mass and energy budd8thmidt et al., 2004and include brine rejection through

gravity drainage and flushing of meltwatéze sheets are bottomless, but only the upper 3 m are used for thermodynamics

computations. Those are represented by two layers of ice: 0.1 m at the top and 2.9 m at the bottom. The ice can accumulate

layer of snow on top of it. The snow in excess of 0.1 m of dense ice equivalent is converted to the ice and pushea€own the i

layers. If iceberg calving is enabled (optional) the accumulated ice is distributed as icebergs to the ocean cells according to

prescribed mask (specified in an input file). The albedo of the ice sheet snow is either fixed at 0.8 (default for ntbdlern Ear

or is updated according to a snow aging algorithm as described in Hanseg{ @83).

The vegetation model coupled ROCKE-3D is the Ent Terrestrial Biosphere Model (Ent TBNMhis dynamic global

vegetation model (DGVM) provides simulation of biophysics (albedo, photosynthesis, transpiration, plant and soil respiration)

given prescribed vegetation boundary conditionsubfagrid cover fractions of up tH3 plant functional typePFTs), canopy

heights, plant densities, and monthly leaf area index (LRHTs are distinguished by growth form (grass, shrub, tree),

photosynthetic pathway (C3, C4), phenology (evergreen/deesyerennial/annual), and some climatological distinctions

(cold vs. arid shrubs, cold vs. warm grass@$le PFTs are based on Edrtlyegetation,and can be used to simulate

paleovegetation at time periods that had similar PFTs, but these are notizeshénabehavior to be suitable for arbitrary

exoplanets that have very different climatology, seasonality, orbital parniddimospheric compositiomhe model's physics

are described in Kim et g2015) and global scale performance in coupled carbon cycle simulations is described in Ito et al.
(2020)
The public release of thelaretROCKE-3D 2.0 code comes with multiple possible configurations of radiative transfer

calculations, atmospheric composition, ocean parameterizations, and model resolution that parss1tbter space with all
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possible combinations of them. Their physics, outlined in Se8to 2.6, existed as options plaretROCKE-3D 1.0 (Way

et al., 2017)but were not provided as standard configurations, and were not examinedlliel pardone here. In addition to
those template configuratiowtetailedin Sect.4, we also describe here new and improved physics options that are available
in planet ROCKE-3D 2.0 in Sect2.2 These include new land/river/lakes development, the optigmchfding geothermal

heat flux, the updates that support thin atnhesps, and calendar and equation of time updaiteaslly, more technical changes

that are of interest to model users, are discussagpendix A The model codeall output, and the model configurations used

here, are available on a zenodo arclfivggaridis et al., 2025)

2.1. GISS ModelE2.1development since ModelE2

As mentioned above, ROCKED Planet 1.0 is based upon GIB®delE2. The parent Earth GCM upon which ROGBIE

is based on is continuously being developed and serves as thé&ob&HiSS participation in CMIFe.g. Bauer et al., 2020;
Kelley et al., 2020; Miller et al., 2021; Nazarenko et al., 203Rfcessive generations of CMIP GCMs in turn form the basis
for assessments of past and future terrestrial climate clzengell as current climate variability. The model changes going
from the previous GISS ModelE2 to the current ModelE2.1 are described in detail in Kelley et al. (2020). Here we present a
summary of the most important ModelE improvements in the E2.1 veasidrexpand on them as needed throughout the
manuscript.

Other than trivial structural change$ietGISS radiation scheme was not updated spiaeetROCKE-3D 1.0 in any
significant way Moist convection was improved by increasing entrainment of envirotahair into convective updrafts and

by increasing the evaporation of falling precipitation into the environment, both of which have the effect of making humidity
more sensitive to convection and vieersa. In ModelE2, glaciation of a supercooled ligwater cloud was determined
probabilistically as a function of temperature since the model does allow liquid and icexgstcm a gridbox, and once
glaciated, remains ice for the lifetime of the cloud. In E2.1, this is replaced by a tempdegtenelenautoconversion rate of
supercooled water to precipitating ice that increases with decreasing temperature, the effect of which is to increasedsuperco
liquid cloud occurrence at high latitudes. Another change makes the threshold relative humidibgfat sloud formation

sensitive-taware ofthe planetary boundary layer heigit simulated by the model, rather than assuming a fixed pressure

altitude that was the casedtder model versionsSeveral changes were also made to the model turbulenceesthencrease

vertical turbulent transport of water vapor and improve spatial variations in boundary layer depth.

The dynamic ocean that is coupled to the atmosphere for many RGDKdpplications was improved via enhancements to

the parameterization ofesoscale horizontal diffusivity due to subgrid scale ocean eddies anessalallvertical diffusivity.

The mesoscale diffusivity is now stronger at the ocean surface and decreases exponentially with depth. The baroclinicity
scaling of the diffusivity nowutilizes a fixed length scale rather than the Rossby radius but retains the Rossby latitudinal

dependencean option that should only be used for Earth simulatithe vertical diffusivity now includes a contribution from

tidal dissipation. The physics witeractive sea ice were updated to allow low lead fractions and closures of leads, independent
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horizontal advection of snow mass, and thermodynamics based on an-emesgyving brine pocket parameterization that
allows salt to directly affect specifieeat and ice melt rates.

The model has theapability toinclude irrigation, in which water is withdrawn from lakes and then from an unlimited

groundwater pool if lakes are insufficient. This groundwater pool is not dynamic with the full hydrologicamycees not

get recharged from runoff or infiltratidBroundwaterrecharge-is-notaccounted 8ect. 2.4.1 in Kelley et al., 202®p there

are small increases or decreases in total planet water mass and sea level depending on whether a particular climate simulati

draws from or adds to tlggoundwater supplyor simulationsvithouthumans (i.e. modern Earthirigation is notincluded.

2.2. Updates to ROCKE-3D 2.0 since version 1.0

This section describes model development that was done specifically for RGQKRE and that are not necessarity
ModelE2.1.These includes improvements to land surface hydrology, introduction of a geothermal heat flux, capabilities for

thin atmospheres, anichprovedcalendaring options.

2.2.1.Land

In planetROCKE-3D 1.0, surface hydrology on land was as described ftsisdRosenzweig and Abramopoul(997)and

for lakes and rivers ifRussell et al(1995) and Schmidt et al.(2014) Surface soil hydrology physics remain the same in
planetROCKE-3D 2.0, but that for lakes and rivers has been considetgiglated to be generalizéat arbitrary topography.
Theoriginal physics and the new physiswill be described in detaglsewheren the futurékianrg-et-ak—inpreparation)

Briefly, as before, each grid cell can have a single dynamic lake of conical shape that can shrink and swell in aréa and dept

and rivers transport excess lake water between grid cells. The new physics: allow lake size and initial lake wat&altpdok init
separately; introduce lake bathymetry that scales with grid size; allow variable river speed based on lakeslstitface
altitudes (previously the speed was fixed by topographifpw rivers to transport water in any of 8 gridded directionsésid

and corners) from a grid cell based on relative lake surface alti(pd®gously only one direction was allowed and was
prescribed based on topography onbfjow very small, shallow lakes to dry out; and improve prediction of the mixed layer
depth a&ad therefore lake temperature. These new physics have been evaluated for modern Earth, and result in improvec
continental recycling of moisture and precipitation in the tropics, improved seasonality of river flow, and improved surface
temperature and seasity of ice cover for large lakes; in addition, they have been evaluated for sensitivities of idealized flat
land planetgkiang-etal—in-preparationi\ publication about these alations is forthcomindgrhe option to prescribe river
directions as iplaretROCKE-3D 1.0 is retained for cases of known or historical river directions.piseetROCKE-3D

2.0 dynamic lakes and rivers make the land surface hydrology suitable for ni@i#rnEarth paletopography, and other

planets, from idealized flat land planets to those with known topographies like Venus or Mars, as well as for climate changes

on any planet that would affect the spatial patterns of precipitatiowever, the nevprognostic river routing can result in
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very large lakes where there would otherwise be wetlands, effectively removing vegetation because currently wetlands anc
flooding physics are not represented, so the prognostic rivers should not be used for cédebsimaiations.

The processes that accumulate water in lakes, combined with the horizontal transport of water across the land surface vi

runoff and river flow, are important for capturing the mass water balance on land. The geographic distribution of lake

determines the evaporative surface area, the surface cover of liguid water (which can produce glint as a sign of ljquid water

the regional formation of clouds, the surface energy balance, and temperature. Previous BEBDCREXperiments could

have l&es either without river transport, leading to potential excess buildup of water in some grid cells, or with prescribed

river directions in a single direction, which could still result in excess buildup and generally lacked realism in thefspread

water &ross the land surface. Fully prognostic, mditectional river transport reproduced the retention of water in areas that

are in fact wetlands, promoted continental recycling of precipitation, and significantly rectified the warm bias. Theegneral

lake/river dynamics also enable the simulation of surface hydrology of idealized planets for which only a flat topography is

specified, in which case river directions cannot be estimated from topography but must arise from the relative balance of

surface wadr between grid cells.

The new lake and river physics, which were not used in this work but are availéidepublic release gflaretROCKE-

3D 2.0, can be turned on with these different options: 1) using a new function to scale conical lake shaglegepmath

grid size, or alternatively an input file that explicitly prescribes every grid cell with its lake cover fraction anistil Zea

new variable speed river flow; 3) defining river directions can either be assigned from an input fdeter new prognostic
multi-directional river directions; 4) decide whether to allow small lakes to evaporate or not; 5) use the new more variable

mixed layer depth. Alternative river direction files may be constructed for a variety of topographies aelsclim

2.2.2.Geothermal heat flux

Coupled atmosphergcean GCM simulations of modern Earth have seldom included geothermal heat flux (GHF) as a
background energy sourcsince theradiativeforcingnergyi t contri butes to E@0itW@on cl i m
global average; Davies, 201&mpared to anthropogenic greenhouse g@sese.g. Fig. 7.6 in Intergovernmental Panel on
Climate Change (IPCC), 2023)Jowever, the influence of GHF through the ocean floor in particular has long been recognized
as a source of warming that disrupts deep ocean stratification and the rate of ocean circulation at depth, whether the GHF |
applied uniformly across the ocean floor or in a more realistic spatiatlgnt patterrfAdcroft et al.,2001; EmileGeay and

Madec, 2009; Hofmann and Maqueda, 2009; Scott et al., 2004 )expect that interior heat flow from any rocky planet
interior, whether from primordial radiogenic heat or contemporary tidal heating, would be at least as impateatiéty of

other rocky worlds. These include Ealitke planets with extensive snow and ice cover, in highly elliptical orbits or otherwise

on the outer margins of habitability, as well as icy moons with deep interior aceansg . BNDhounkovg8 et al
al., 2017; Colose et al., 2021; Hendrix et al., 2019; Henning and Hurford,.2014)
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In ROCKE-3D, GHF is available as an optional boundary caadithat can be addeéd any configurationHeat fluxes may

be prescribed asithera uniform heat flow om spatially varianfield, and they may be prescribed for land only, for ocean
only, or for both. If applied to land, fluxes will be added to thedsisoil levelandto lakes If a Q-flux ocean is usedeat

will be appliedto the mixed layeandsea ice. If a dynamic ocean is used, fluxes will be added to the lowest ocean layer,
whether that ocean is open or-mavered. Heat fluxes are not appliedprescribed sea surface temperature fields, nor will
they have an impact on the bases of prescribed land ice sheets.

NetCDF input files for spatiallyariant heat fluxes should be prepared at the appropnatielresolution used for a given
simulation We provide sample modern Earth heat flow files at 4x5 degree resolution faheatmosphere anthe ocean,
typical for exoplanet runs; and at 2x2.5 and 1x1.25 degrees for when a higher atmospheregotgamris needed (Fid).

[ ] ] T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Heat Flux (W/m?)

<

Figure 1. Modern Earttyeothermaheat fluesat4x5 (left) and 1x1.125 (right) degreesolutions from a digital 2x2 degree equal area map,
developed by Davie®013)from a collection of more than 38,000 heat flow measurements from around the world.

2.2.3.Thin atmospheres

If atmospheric pressure at the surface of the planet is significantly lower than the one on modern Earth, thenespkoigbcar

be taken to represent certain processes and to ensure the stability of the model in general. Typically, we considph#re atmos
ithind if the surface pr essur ar. Bxamhplesof fuehlplansets drenneodetans ang | e  p
planets with transient atmospheres induced by impactors or periods of high volcanic #élwitypv et al., 2019)
Atmospheres below the triple point of water cannot support liquid water, and while most model algorithms (clouds,
precipitation) handle this automatically, a special option is provided to exclude any movement of liquid water in the ground.
This option haso be enabledAppendix B for proper simulation othe hydrological cycle on such planets.

For thin atmospheres, the ground temperature is mainly determined bgrtipetition of absorbemblarstellarand outgoing
longwave radiation fluxes. As a result, a high temperature gradient is present between the insolated and shaded parts of
surface. This causes the lower atmospheric temperature to decouple fignouting temperature over the shaded regions due

to the very stable stratification near the surfaspecially fora radiatively neutral atmosphere. In such cases, the conditions

8



in thelower atmosphere are mainly determined by the sensible heat fluxheviasblated regions, which is much lower than

other surface fluxes, and special care should be taken to avoid its distortion by numerical artefadtgporithms for surface

fluxesin pltanet ROCKE-3D 2.0were updated to properly handle such conditigvisalso disable the horizontal heat transport

in the planetary boundary laygethese fluxes are negligiblender thin atmospherioonditions, but they can cause numerical
255 instabiliies At the top of the atmosphere, the atmospheric layers are very ttimagrrequire very short time step to maintain

their stability with respect to radiative heating/cooling. To avoid this problem, we provide an option to treat the epper thr

layers as isothermal layers by the radiation mdégpendix B. In the current release, the model can handle surface

atmospheric pressures down to 10 microbbaiis configuration was already used to simulaietfzin CO atmospheris-asa

likely candidate for a transient volcanicaihduced paledunar atmospher@leinov et al., 2019; Needham and Kring, 2017)

260 Depending on atmospheric composition, extremely thin atmospheres may requiirecabihermal Equilibrium (noi.TE)
corrections in the radiation algorithm. These have not been implemented yeaghdcome available in future releasésr

exceedingly t atmospheres (< 10 microbars) AORE radiative effects may become important, howerenLTE physics

are _notimplementel in SOCRATES.For Eary Moon simulations we assume &f@minated atmospheres which,

fortuitously, nonLTE effects are negligiblend can be ignore@®nre-should-notice-though—that-in-seme—casestidn
orrections—-mav-hot be needed evenforatmosphere hinpnerthan-10-mi obar—a i ha case fo aﬁm[m-_re

al., 2017) However,caution should be exerciséuht for different atmospheric compositions (e.g..@@minated) noAL. TE

265

effects can be important amaén havenonnegligible impacts omesults A

2.2.4. Calendar and equation of time

270 The calendar facility in ModelE is designed to generate a custom calendar that is tailttrediddous exoplanet orbital
parametersWith some important caveats that are elaborated on below, the generated calendar maintains a familiar
correspondence to conventional Edrtised calendarg.g.each orbital year is divided into 12 months of vagyduration,
but integratintegernumbers of daysAn attempt is made to align seasons by forcing the vernal equinox to be at the same
fraction of the calendar as is the case forthetER ach day i s divided evenl ydiffereito 24

275 thanthe expecte®600 seconds in duration.

To avoid complexities analogous to leap days/years, the rotational period is, by default, quantized to evisgrelemeger
number of days per orbiMore specifically, the rotational period is asffjed in a minimal manner such that the number of
rotational periods evenly divides the orbital peridée adjust the rotational periodther than the orbital period, because we
generally have superior information about orbital periods of actual obsedwpldretsThis quantization can be deactivated,

280 in which case the orbital year and the calendar year are of different durations, which then requires some cautiotinginterpre

some diagnostics i . e. an A an n gharequire emaretban guoabé to propéerly avenage out
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The duration of each of the 12 months is determined by a heuristic based upon a reference orbit and calendar for the Eart
More precisely, we determine the longitude relative to the vernal equinox of the start time obe#itinrthe reference 365

day pseuddulian calendar used by ModelE for modern Earth simulations. The exoplanet calendar attempts to preserve the
same angles for the start times of its months, but makes small adjustments to emsageaimtegernumbe of days in each
month. I n this manner, all other things being equalk the
it is a short month in a conventional calendar. This aspect is easily dominated by other factors for planargewi
eccentricities and/or different longitude of the periapsis as compared to that of the Earth.

For exoplanets with a large separation between rotational and orbital periods, the above calendaring system works quite wel
but the implementatiomequires and allowfurther adjustments to better support slomators.By default, the miniram

number of calendar days @&year is 120 (roughly 10 per montltor a slow rotator, this means that calendar days will lose
direct correspondence with the aotlaysThis default can be overridden, which can result in months that have Grdeyer,

for extremely slow rotators such as Venus, the quantization of the rotational period mentioned above is too severe, and th
implementation therefore provides aptionto deactivate the default quantizatibmsuch cases, the calendar is of relatively

little use, and useful diagnostics generally require averages over many@ebitsd daynight biagswithin any given orbit.

The implementation of calendareret-ROCKE-3D 1.0, or more precisely the calculation of the actual hour angle, did not
include the effects due to the equation of time (EOT) which arises due to the difference in the length of a saarajzsisat

versus periapsiandalso the obliquit-induced effect between solstices and equinokes the Earth this effect is minor and

not usually included when studying modern climate, but for highly elliptical orbits this effect can be sig(@wast et al.,

2021) ROCKE3D 2.0 corrects this oversight, and introduces 3 options for 8@Tcan be chosen by the user upon model
configuraton fAof f 0, MnAfdneafpavuel0t,0.anfTdhe FfAnapuveo option i mplementat
This option and dAoffo are provided for backward compat

Adefaultodo i s always used.

2.3. Radiation schemes

Two fundamentally different radiation schemes are available nRGEKE t he first is the GI SS
our naming convention; Seat), which is strongly optimized for preseday and neaterm paleoclimate Earth applications
(Kelley et al., 2020 and references thereamd the other is the SOCRATES radiatiod e not ed as fiS0; Amun
2017; Edwards, 1996; Edwards andn§t, 1996) whose implementation in ROCKED has been presented in Way et al.
(2017). The GISS radiation is much faster, but has limited applicability, and suffers accuracy losses when the atmosphere an
incident stellar energy distribution (SED) und#udy deviates appreciably from that of preindustrial Earthpreseniday

Sun combination. This is especially important when it comes to méddigg changes to the amountadiospheric absorbers

(e.g. HO, CQ, CHy), large changes in the temperaturefiie, and when using SEDs from cool stars where the peak in

radiation is shifted into the ne@frared. SOCRATES, on the other hand, is much more flexible and can simulate different

10
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atmosphere and SEDs combinations very easily, albeit with preprocesgiriggments to createthesoca | | ed fispect |
A spectral file is a construct native to SOCRATES which contains all aspects of the radiation problem, including the spectral
interval and gauss point grids, gas absorption coefficients for major aod spiecies, Rayleigh scattering coefficients, cloud
optical properties, and aerosol optical properidferent spectral files can be fed in to SOCRATES at runtime, meaning that

the radiative transfer problem can be defined for numerous diverse atmessmhihout needing to modify the code and
recompile SOCRATESGenerally, better accuracy for more exotic -stamosphere combinations requires increasing the

density of spectral intervals and gauss owlich results in a slower rtime performancéalso see Sect.5). However, the

speed reduction is necessary to obtain highly accurate radiative transfer results for the variety of atmospheres that can k
studiedwith ROCKE-3D. All simulations presented here use & _dsapectral file Appendix Q.

The motivated user can create their own unique spectral files using a set of shell and python scripts provided publicly on
Github (seeCode availability, which wrap native SOCRATES routines for creating and manipulating all components of the
spectral file.However, as part of ROCKBD, we provide numerous pmmputed spectral files, which should sitithe
requirements of most use cases (3ata availability. These are divided into several general classes based on the atmospheric
composition which they servegferencingearth and Mars timgeriods. Each class has numerous spectral files optimized for
specific subsets of the atmospheric composition. As the
modern Earth atmospheric compositicersd temperature ranges, while allowing for increases and decreases by several
doublings of CQorCHs. A Ar cheanodo spectral files have beenandQHhisanr uct ¢
N2 dominated anoxic atmosphere while allowing total presssup to 10 bar§.he Paleoproterozoic spectral file includes a
combination of low @ and moderately elevated ¢@nd CH in an otherwise ld o mi nat ed at mosphere.
Through Timeo to descr i bedonsnatedcahori atinosgherds,evalid far moderh Mdrsebat alsor e
any generic dense G@tmosphergDel Genio et al., 2019b; Guzewich et al., 2021; Schmidt et al., 2028)have also
constructed additional spectral files for other worlds, indgdritan and a putative early lunar atmosph@ieinov et al.,

2019) Stellar spectra have been constructed for numerous stars ranging from ultrechwalf\dtars to late Hwarfs.An at

length description of the technical details of the currently availablerapiiets and stellar spectra is included with our publicly

available materialROCKE-3D spectral files)Refer toAppendix Cfor additional information.

2.4. Atmospheres

In planetROCKE-3D 1.0 we only provided template configurations for one type of atmosphere, that of preindustrial Earth
but without atmospheric aerosols;, @nd stratospheric formation ob® from CH, oxidation. Inplard—ROCKE-3D 2.0, in
addition to theplaretROCKE-3D 1.0 atmospheric configuration (denoted fa® in our naming conventiorSect.4), we

added two additional template configurations: one (dered@40) is the exact atmosphere of preindustrial Earth for the year

1850, and the other (denotedfddd) is the same atmosphebeat without aerosols, £ and stratospheric formation ob®l

11
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from CH, oxidation, and with the ©and Ar of the atmosphere repladagN,. This makes the N configuration essentially a
pure N atmosphere, other than trace compongnésent like C@and NO, both of which are at their preindustrial Earth
levels.ROCKE-3D can run using a wide range of additional compositions, e.g. puréMG@s), pure CO or N(Aleinov et
al., 2019) as well as mixtures of neszobndensable gases.

2.5. Oceans

The ocean parameterization chosetxég-very importantin the simulated climate of any planet with a substantial ocean
present . I n E a rntodi d@f 8he polevwdirglanatanhdati tramaporéccurs in the atmosphere except in the deep

fraction-of the-energetic-demand-taken-up-by-the-oddamethelesfiinumerous studies haadsedemonstrated a very strong

coupling between the sea ig&rgin and convergence of ocean heat transport at higher lafjeudeAylmer et al., 2020; Bitz

et al., 2005; Ferreira et al., 2011; Rose et al., 2013; Winton, 2803xception-isin-the-tropical-belt—where-the-atmespheric

asid a ontrib a¥a om-the Hagdld\ O-levelleauatorward branch-Owhere-mo of the

between
eira

et gl 2011 Roso etal 2013 o g Wi inton—2 10z Hey i j ' of ice.
Even-furtheron-tidally locked-worlligr exoplanetghe effect of ocean dynamics can produce results that are gualitatively
far different than that assuming-fldx=0 (Del Genio et al., 2019b; Hu and Yang, 201Mlpst notably,on synchronously

rotating worldsthe presence of a dynamic ocean egpand the area of deglaciatszban on planets near temperatures where
sea ice is expected to fori@enerally, adynamioc ean f or ms what i s intempemtrgwhie a®| ob st

flux=0 ocean f or (ag.Perrehuimlees @11& sek dlso Rigy 2alamd 2b in Del Genio et al., 2019)

As in planetROCKE-3D 1.0, three ocean configurations are available. The first configuration (prescribed sea surface

tempeature 6s) ; denoted as f@Apo i n 4dphasrno interadtiverageart butrratherratpriesaribed sea e t .
extent andst Although no ocean calculations happen in this configuration, the ocean heat transport is implied and is equal to
that of preindustrial Earth. The secondfiQ ux; denot dluk o@an(Milley €t &l., 1983; Rasse@et al., 198%)

which (contrary tglanet ROCKE-3D 1.0 where we used Earlike heat fluxes) the hedlxes throughout the ocean are set

to zero. This is a common assumption in exoplanet studies with important consequences to the simulated climate, as show
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Ah3his model setup the atmosphere and sea ice are coupled to dayixed

ocean of a specified depth, whiellows for timevarying storage and release of heat, and source of evaporation to the
atmosphere. The depth of theflgx=0 ocean inplanetROCKE-3D 2.0 is 100 m (the default value was 65 m in
planetROCKE-3D 1.0), and itis trivial to change toanydedire d e pt h. The | ast confi gurati c
Afoo) is a fully dynami c plaeeeROCKE3B 1.0nwith presertl @ay wbBat t wwa sut lu s e hl

any configuration can be used, e.qg. a bathtub ocean with flat bathymsettyiuaquaplanet simulations (Set#.4. The

initial conditions used are basedonpreskisty Ear t hés mo d e r(levitesetala h994; levitdisiargl Boyer,t i ot
1994)

2.6. Grid resolutions

The Earth version of ROCKBD, ModelE2.1, is routinely run in thé& horizontaltmospherigesolution of 2x2.5 degrees

in |l atitude and |l ongitude, d e n4), with d0 hariontal Fagers to®.1 lPBhis modalmi n g
version is coupled to a dynamic ocean with a 1x1.25 degrees resolution in latitude and longitude and 40 layers to the ocea
floor. Virtually all studies done thus far with ROCKID have been performedrmte di um resol uti on (den:«
using 40 or 2Gatmospherio/ertical layersand a 4x5 ocean with 13 layets planret ROCKE-3D 2.0 we only kept the 20

layer atmospherianodel version as a legacy (working but unsupported) option, and opted ftor @dlesimulations the 40
layeratmospheriversion. We also decided itacludeboth the M and F resolutions, in order to be able to resolve with greater

accuracy largethanEarth planets and fast rotators

2.7. Template model configurations

In planetROCKE-3D 1.0 (Way et al.,, 2017)we provided template configurations for an Edike atmosphere with
conditions similar to preindustrial (year 1850), but with zero aerosolseol@), and stratospheric water vapor formation

from methane (Ckj oxidation. InplanetROCKE-3D 2.0 we expanded the available options offered, which now include
combinations of two radiation schemes, three different atmospheres, three ocean configuaaiibitwo horizontal
resolutions, resulting in a total of 36 supported configurations. Here we will describe the reasons that led us to tife choice
such configurations, the decisions made to balance them, their differences, and their limitatiomarfingirconention is
presented irfrig. 2, which is the one used in the code repository and here, and a detailed discussion of their resulted climates

will follow in the next sectiom

P2 {Ax,NKp,q,01{F,M}40
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| Figure 2. Template configuration naming convention. For the meaning of the lette[Balsied Fablel. As an example, a fine resolution @
425 configuration of preindustrial Earth atmosphere with a dynamic ocean and GISS radiation is named P2GApF40.

‘ Table 1. ROCKE-3D version 2.0 template configuration naming convention explanation.

Component | Explanation
. P1:Template configuration of ROCKRBD version 10 (Way et al., 2017)
Model version : : i i
| P2:Template configuration of ROCKRBD version 2.Q(planet2:0;this work)
G: GISS radiation
S: SOCRATES radiation
A: Atmosphere of preindustrial Eartigear 1850)as described by G198odelE CMIP6 simulations

Radiation

Atmospheré | x: Same as A, without a) aerosols; b) O3; c) stratospheric H20 formation from CH4 oxidation

N: Same as x, with O2 and Ar replaced by N2

p: prescribed sea surface temperature and sea ice extent and thickness

Ocean g: Q-flux=0 ocean, 100m mixed layer depth

0: dynamic ocean; see next line for resolution

) M40: atmosphere: 4°x5° with 40 layers to 0.1 hPa; ocean, if o configuration: 4°x5° with 13 layers
Resolution

F40: atmosphere: 2°x2.5° with 40 layers to 0.1 hPa; oceampifiiguration: 1°x1.25° with 40 layers
| @ |In the text these conf i gupl@aetROAKE3DA.O ), and aaaxic (Bl)ratmbsphenesa me d

3. Generalizing ModelE into ROCKE-3D

|430 In this work we-dsethe GCM variable names the model output aria italics efthe-medel-eutptfior many quantities, rather
than a more verbose explanation. This helps the model
analysis, but also to detail which variables are ingrdrto analyze when creating a new world. These variables are explained

in Appendix D

3.1. Radiative balance

435 Bringing the model into radiative balance is a necesdapy/tecreatea control simulatiorin which temperatureas well as
shortwaveandlongwave fluxesare acceptably close to target valuEsere are multiple ways one can calibrate the model to
achieve this. Our method is to bring the model into radiatalarize under preindustrial conditions (described in Set).
for which we use a prescribed ocean configuration and make changes to cloud parameters shtutitthealue of the net
incomingselarstellarand outgoing thermal radiation of the whole plamet (rad_planétis small (within+0.2 W m?). For

440 Earthcentricscience guestionsA secondary goal is that tipeesentdaynet radiative balance of the planebisthe order of
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+1 W m?, whieh-but this is not relevant to this workvhich focuses on a generalizecupétary configuration rather than the

current state of the planet and the impact humans havelbis iimportant to note that not all configurations can easily (if at

all) stay within those |imits, mostly because whernd devi
to be used, so the atmosphere mighte-a-hard-tintake much longeior even fail to fully adjust. This will be discussed later,

on a casdoy-case basis, when it occurs.

There are other, secondary criteria that also need to be loosely met, which are known for thelgyestemdsphere, but can
only be estimated for thereindustrial one. These include global mean surface air temperatunfel(4-15 °C at present day,
roughly 1 °C cooler at preindustrial); planetary albgaar{_ally about 29.6% at present day, unknown at preindustsialy
stellar(shortwaveyadiation net flux at the top of the atmospheamf{_tog 239+2 W n¥ at present day, probably the same at
preindustrial); and ocean sea ice fractioicéfr, 4% at present day, slightly greater at preindustrial). When balancing the
model, we always tryothavelnet_rad_planetD 0 . 2 wkle tnying to also maintaisrnf_toaas close as possible to 239+2

W m?, by modifying the radiative balancing factors of clouds (see 8.

We only balanced the model for configurations of interest for the public release of the model. Intermediate configwations us
balancing values which might or might not bring the model to radiative balance, depending on how muett difbetel
physics affect the modeled climatologies. In S8c3.below, some model runs will clearly be out of radiative balance, by

design.

3.2. Effects of new physics on mean climatology

We checked whether the code merges across the EarthZ3gend planetaryROCKE-3D 2.0; Sect.2.2) model versions
affected the mean climatology of the model in any significant way this, we simulated both the year 2000 and year 1850

climatologies, by performing 3@ear simulationsvith the prescribed ocean (p) madbk first 10 years were used as a spinup,

and the latter 20 for the analysis. This is twice as many years as we typically use for balancing the Earth model fboth spinu
and analysis); we decided to use more years than aswn additional layer of safety, and as expected it was proven to be
unnecessary. The set of simulations performed for the year 2000 showed that all key diagnostics mention8dlihSwet.

both within bounds and extremely close to each other across model versions, ensuring that the merging process was success
The same applies for the 1850 climatology across model versions, where all simulations showed that they are in radiative
balarce. From now on, all simulations discussed are done with the merged prtbdyinet ROCKE-3D 2.0-version-of
ROCKE-3D, and with 1850 base climatological conditions.

There are two major changes that as expected introduced major changes in the madkel goi/sequire rebalancing: the
change from GISS radiation to SOCRATHSIng thega7_dsapectral file;Appendix Q, and the coarsening of the default

Earth resaltion from F40 to M40. Note that the M20 resolution usegfametROCKE-3D 1.0 is not supported any more.

When SOCRATES is usedet_rad_planedecreases by 1.3 W-fand srnf_toadecreases by 6 W-tnWhen changing
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resolution from F40 to M4@et_rad_plaet increases by 0.8 W for GISS and by 0.2 W thfor SOCRATES radiation,
while srnf_toadecreases by 2.0 and 2.6 W2, mespectively
The change in resolution includes not only the physical change of grid box sizes, but disalthegreplacementf the

475 gravity wave drag parameterization from that used on the Earth version of the(Keltis} et al., 202Q)with the simpler
ARayl ei g tversfom usedtindlametrROCKE-3D 1.0 (Way et al., 2017)Structurally, the M simulations employ a
simplified ver si on of  JAvRicheipenengally décays wirdicampobents over aspecified range of layers
near the model top. The simplification is to apply a 1spercified exponential time constant per layer. This replaces the
parameters traditionally associated with momentoss to a solid surface (e.g. drag coefficient, air density, and quadratic

480 dependence upon wind speed). Furthermibee Earthoriented versionhass peci al tuning of its AR

poles; this was especially important for getting therext statospheric wind structure in Monfigurations because they

completely lackthe parameterizedravity wave momentum transpsrthat shape stratospheric winds in later model
generations (F resolutionipe-This geographic adjustment isyposed.—unke-the—originaldropped in norEarthoriented
versiersimulations An even further improved version of the gravity wave drag that is present to the high model top version

485 of the Earth modgRind et al., 2020yvill become available in the next release of ROGBE, but again only for the F model
resolution, not the M, and with many more than 40 laygd2 in Rind et al., 2020When using the F40 resolutigvith the
simplified gravity wave thg, thenet_rad_planethange for GISS (SOCRATES) radiation-@546 ¢0.50) W n¥, and the
corresponding change fernf_toais -0.24 ¢0.29) W n?.

Another necessary change between resolutions is the time step used in the Shapiro filter, whicerdiftusigm operator
490 thatis applied to remove numericalhduced highfrequency noise from the velocity and tracer figlkapiro, 1970, 1975)
in the fine (F40) resolution this is 225 s, while in the medium resolution (M49Y60 s. This change has only a marginal

impact in the key diagnosticet_rad_planeandsrnf_toa

3.3. Creation of ageneralized Earth configuration

ModelE2.1 contains a control configuration which is meant to simulate preindustrial Earth (yeaE28%3\pF40_1850.

495 This contains some Earttentric parameterizations, each for a different reamtare not valid for use in other planetary
configurations. IplanretROCKE-3D 1.0 such configurations also existed, but the changes from the tight Earth configuration
to the more general one were not studied systematically. Here we present in detail which options we have either eliminated ¢
generalized, and their individual impact model results, towards the creation of the several supported template configurations
in planetROCKE-3D 2.0, described in Seet. We focus on the net planetagdiation fet_rad_planétand theselarstellar

500 (shortwave) radiation net flux at the top of the atmosphard (tog. Box-andwhisker plots of those diagnostics for the 20
years of the simulatioffollowing 10 years of spinupdre presented iRkig. 3. It is important to mention that many of the
differences discussed here would have been reduced by rebalancing the model, but since these are interim $iatwdegions t

not meant to be used for production the absolute values of such differences do not matter much.
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(shortwave) radiationet flux at the top

solarstellar

of the atmospheresinf_tog right) for the intermediate simulations described in Sé&.The part of the simulation namesfore the
520 underscore is explained in Segt4, with the addition that E2.1 and T3 mean tledault and theipdatedE2.1 versiorof GISS ModelE,

Figure 3. Box-andwhisker plos of net planetary radiatiomét_rad_planetleft) and

(o

respectively. For the part after the underscoresbée2Table2.

ption of intermediate simulations described in S=8twith the GISS radiation. All configurations that start with P2G in

the table were also performed using the SOCRATES radiation instead of GISS, in which case we replace G with S in tlge name, e.
525 P2GApM40_1850 becomes P2SApM40_1850, but are omitted belowefaitybr

Table 22. Descri

Description

Base Earth configuration of ModelE2.1.

Incremental from

5

pzd

E2.1GApF40 2000 | Base Earth configuration of updated E2.1.

Year

2000

2000

Name
E2.1GApF40 2000

T3GApPF40_2000
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Name Year Incremental from Description
Starting F40 configuration gflanet ROCKE-3D 2.0, includes
P2GApF40 2000 2000 T3GApF40 2000 . ¢
plaret ROCKE-3D 1.0 andupdated E2.1
Starting M40 configuration gitaret ROCKE-3D 2.0,
P2GApM40_ 2000 2000 P2GApF40 2000 | o
includesplanet ROCKE-3D 1.0 andupdated E2.1
E2.1GApF40_1850 | 1850 None Base Earth configuration of ModelE2.1.
T3GApF40_1850 1850 | E2.1GApF40_1850 | Updated Earth configuration of ModelE2.1.
Startingpoint (F40) of plaret ROCKE-3D 2.0. It includes
P2GApF40_1850 1850 T3GApF40_1850 | planetROCKE-3D 1.0andupdated E2.1for the A
atmospherel{able 1 able).
Startingpoint (M40) of plaret ROCKE-3D 2.0. It includes
P2GApM40_1850 1850 P2GApF40_1850 | planetROCKE-3D 1.0 andupdated E2.1for the A
atmospherel(able 1 able-)).
E21GApFE40-2000 | 2000 Nene Base-Earth-configuration-of-Modell 1
F3GApF40-2000 2000 | E2AGApFE40-2000
P2GApE40-2000 2000 F3GApF40-2000
P2GApMA0-2000 | 20080 P2GApF40-2000
P2GApF40_nodrag | 1850 P2GApF40_1850 | Simplifiedi Ra y | e i g bravityiwave drago n 0
P2GApM40_DT 1850 P2GApM40_1850 | Half time step for Shapiro filter.
P2GApM40_nolRR | 1850 P2GApM40_1850 | No irrigation.
No aerosolsno Os, andno H,O formation from CH oxidation
P2GxpM40_noO3etc| 1850 | P2GApM40_nolRR |
in the stratosphere.
P2GApM40_notEarth| 1850 P2GApM40_1850 | No RADN&, maxctof®, and SWH,O absorption increase
Combination of nolRR, noO3etc, and notEarth, and uniforr
o P2GApM40_nolRR o )
P2GApM40_interim GHGs distribution, for both M40 and F40 resolutiofkese
1850 | P2GxpM40_noO3etq

P2GApF40_interim

P2GApM40_notEarth

are the starting point fahe x and NatmospheresIable

1Table ).

P2GxpM40_noRADN4
P2GxpH0_noRADN4

1850

P2GApM40_interim
P2GApF40_interim

Disabled secondrder optimization of LW radiation specific

to Earth conditions

P2GxpM40 UTCF

P2GxpF40_UTCF

1850

P2GApM40_interim

P2GApF40_interim

Allows for a more physicalbgonsistent profile of longwav

flux divergence near the top of the atmosphere.
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& Earthcentric clouds inhomogeneity correction, but instead use a constant value of 0.12.
b: CPU-saving setting which skips cloud calculations above a fixed pressure level (50hPa for Earth).
¢ This is the only change that is relevant for SOCRATEB28ApM40_notEarth
4 Shortwave longpath HO absorption increase.
530
After having constructefreindustrial Earth model configurations for all combinations between fine and medium resolutions,
and GISS and SOCRATES radiations, the next goal was to set up configurations for uninhabited planet simulations. These
primarily included configurations thato not include irrigation, aerosols, and, ®ut also other changes related to clouds
(P2GApM40_notEarth imMable 2). We quantified the difference they introducestof_tog and by assuming linearity in
535 responses (in the absence of a better assumption), we modified oustafgetavalue from 239+2 W m (Sect.3.1-4-1) for
the radiative balancingo a new value, as described below. All simulations have been performed with the M40 resolution,
which is anticipated to become the moséed one.
The removal of irrigation does not produce any noticeable changet inad_planeandsrnf_toa The same applies to key
diagnostics like surface temperature and total cloud fraction, where any regional changes calculated are not statisticall
540 significant. On the other hand, and as expected, removing aeroso&dthe formation of ¥D in the stratosphere by GH
oxidation produces a large change@t_rad_planefor GISS (SOCRATES) radiation of +1.33.(60) W n? and-3.5 (8.7)
W m? for srif_toa The large difference afrnf_toabetween the two radiation schemes leads to a very different response in
clouds, which results in met_rad_planethange of a different sign between the two model configurations. Regionally, the
removal of aerosols)s, and stratospheric & from CH, oxidation completely dominates the change in total cloud cover.

545 Cloud covefrhroughoutthe-tropics-cloud-covacreasesiearhy-everywherthroughout the tropidsy as much as 60% locally,
but has-re-effeghanges less &m 5%anywhere elseHig. 4). It also has some statistically significant impactsunrfat polar

latitudes and in particular in Antarctica, but the effect igrall smaller than the removal of Eadéntric adjustmest

(P2GApM40_notEarttin Table2) that cause a cooling of surface temperatures over land almost everywhere, which largely

dominates the net effect of both chandgg.(4). Over the ocean the changedsefrfare negligible, primarily because we use
550 the prescribed ocean configuration (p) which does not allow changet aomajor driver tdsurf. It has to be noted that the

choiceof atmospheric composition described hgre ozone, aerosols, and stratospheric water vapor from methane oxidation;

x configuration inTable1) was made for consistency with thieretROCKE-3D 1.0 nonEarth configurations. We decided

to keep that legacy configuration jslaret ROCKE-3D 2.0 for continuity, although it contains inconsistencies, in that the
atmosphere contains,®@ut not Q. We alsocreated a set of configurations fitenetROCKE-3D 2.0 (anoxic Earth) that

555 eliminates that inconsistency, which we recommend to be the default one for future studies. More on thi4.in Sect.
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Figure 4. Surface temperature (top row) and total cloud fraction (bottom row) change due to the removal of aey@sulsst€tospheric
water vapor from CHoxidation (left column), some Earttentric corrections (including the clogdp limit, see text andable2Fable2,
middle column), and the combimat of the two (right column). Note that the right column also includes the effect of irrigation removal,
which is statistically insignificarith the preindustrial atmosphere used hBrets show grid boxes where the calculated differences are not
575 statistcally significant (p>0.05).

In another simulation generalized for RBarth simulations, we removed a clouds heterogeneity parameterization whose
spatial distribution is relevant for Earth orffirst introduced in ModelE by Schmidt et al., 2008hd used a constant factor
instead. This factor scales the cloud optical depth down to account for the fact that variable optical depthpaittially

580 cloudy gridbox causes shortwave extinction to be less than what one would get from a homogeneous cloud. ModelE uses
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map of the inhomogeneity correction appropriate to Earth from the International Satellite Cloud Climatology Project (ISCCP)
D1 cloud climatologyRossow et al., 2002)n order to not impose dparthlike pattern of inhomogeneity, we used instead a
global mean value of 0.1&eeAppendix Bfor technical instructions)n addition, we removed a shortwavedgpath HO
absorption increas&vhich was found to be necessary for Earth simulations to correct an underestimate of the direct and diffuse
585 shortwave HO band absorption analytical fit used in the GISS radiation when compared against measuremeries;yarticu
for high-humidity casesAll of those changes are only relevant when using GISS radiation, not SOCRATES. We also allowed
the clouds code to run up to the model (0 hPa)instead of up to 50hPa, a limit inspired by preskayt Earth and set for
computational efficiency. Other atmospheres, especially those without a stratogphererature inversi@ might have

clouds much higher than where they exist on Earth, so removing thisdeattlic limit is important. This change is relevant

590 for both ASS and SOCRATES simulations. The GISS radiation simulation with those adjustments removed resulted in a
change imet_rad_planebf -1.27 W n? andsrnf_toaof -1.9 W m?. As expected, these changesjuire the model to be
rebalanced. The clouds changkow them to reach the model toim)the SOCRATES simulation did not change either of the
diagnostics beyond noise, since no clouds are expected toietisit-model-configuratiaabove 50 hP.aAlthough no
incrementakimulationwith was-perfermed-witthe cloudshangeallowed to reaclthe model tomlenewas performedising

595 the GISS radiation, it is expected that it will not affect the climatology, as was the case for SOCRATES.

After having tested all changes from the standard preindustrial Eartiywation, we combined all pieces together, and
generated a candidate configurationridiative balancingfor both radiation schemes and for both resolutions. These are the
interim simulations inrable2. For the GISS radiation, the toinf_toachange for both resolutions+45.7 W m?, while for
SOCRATES it is a bit ovel9 W m? (-9.1 for M40 and9.7 for F40). For the GISS radiation this net change adds ty pre
600 linearly to the individual changes caused by the eliminatiors@n@ aerosols-8.5 W m?) andadjustmentsn radiation ¢1.9
W m?). For SOCRATES, the change frorg &hd aerosols 8.7 W m? (no Earthspecificadjustmentgxist to be eliminated),
whichis also very close to the net effect of M40.L W m?). Thenet_rad_planefor the GISS radiation ends up pretty well
balancedor M40 (-0.06 W n¥), probably by chancevhile it is 0.4 W n? for F40. SOCRATES is further away from radiative
balance, with1.8 and-2.3 W m? net_rad_planefor M40 and F40, respectively.

|605 As a last configuration test for the GISS radiation only, we removed a longwave corfeofRkDN4in Table2), which we
will only keep enabled in the atmospheres that exactly resemble modern Earth, and alsceemaléephysicalhconsistent
profile of longwave flux divergence near tloptof the atmosphef@ppendix B. The longwave correction introduces a major
| radiative imbalance of +8.1 W-fifor both resolutions and a +1\@ m? (M40) and +1.3W m? (F40) change irsrnf_tog

while the longwave flux divergenc@robably the least impactful moutiation, only marginally change@sults.

610 3.4. Analysis of additional diagnostics

Althoughnet_rad_planeandsrnf_toaare key diagnostics thaffect the simulated climate of any atmosphere, there are many

more diagnostics one can examemed understand differences between simulations. A key set of those, but by no means an
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exhaustive one, are comparaghinst the default preindustrial configtiva of ModelE2.1 irFig. 5. A key conclusion is the
confirmation that virtually alEarthconfigurations across model versigivodelE2.1(E2.1GApF40_1850 ModelE2.1 with
updates(T3GApF40_1850) ROCKE-3D 2.0 starting point P2GApF40_ 1850 and final ROCKE-3D 2.0 generalized

configuration P2GApF40; also se€lable?2) produce the same climatologyhese are marked with a blue arrowFig. 5,

630 wherethereare practically no differences between the simulations
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Figure 5. Relative differences of key diagnostics of the intermediate simulations lisig@ebie 2Fable2 compared to the original ,,@
preindustrial Earth simulation in ModelE2 mharked with an orange arro®xactly equivalent simulations with different model versions
635 (see text for details) are marked with blue arroRemember that most of the simulations presented here are not in radiative balance.
Diagnostics aresst sea surface temperatutecefr. ocearice fraction;lakefr. lake fraction,grnd_alli ground albedoplan_ally planetary
albedo;wsurf wind speed at surfacenowdp snow depthsnowfr. snow fraction;snowfalt snow fall; prec precipitation;cldi: cloud

condensed ice columejdw: cloud conénsed water columrmjdtpt cloud top temperaturejdtpp cloud top pressurelwp: cloud liquid
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water pathpcldh/pcldmpcld/pcldt high/middle/low/total cloud covegatm atmospheric water vapor colungsurf surface air specific
640 humidity; tsurf: suface air temperatureynf_toa netselarstellarradiation at the top of the atmospheSeeAppendix Dfor more details.

A number of interesting patterns emerge when looking at the other simulations, which erillyderiefly discussed here.
Those simulations are not in radiative balaff€ig. 3), due to their intermediate nature, as mentioned eaFiest of all, the
year 2000 simulations are slightly warmer as expected, which results in ésssioe ¢icefr) and reduced snowfalateand

645 snow amount (both depth and fraction). The warmer temperature also allows the atmosphere to hold more moisture at surfac
and in the column. Another persistent pattern is for the year 1850 simulations wifRAS@S, which calculate warmer
cloudtop temperatures and higher pressures, implying that clouds reach higher altitudes when using the GISS radiation
Further, the simulations withouts@re cloudier, in particular in th@gher altitudeclouds regionThisis mostly due to the
increased presence of ice clouds, a result of colder temperatures from the middle troposphere and upwards. Also smte that the

650 simulations do not have a stratospbéemperature inversiendue to the absence of,@s further discgsed in Sec5. The

cloudier atmosphere also results in an incréadee planetary albedo.

4. Working with different model configurations

4.1. Radiative balancing per configuration

For preindustrial conditiondzarth is assumed to be very close to radiative balance, meanintdladtsorbedshortwave

655 solastellarradiation is approximately equal tiee outgoing longwave radiation at the top of the atmosphere, to within a few

tenths of a Wm2 , in the rage 240+ 5 W m2. For thevarious configurations of ModgéPR.1, small variabns of a single
parameter Y008 have sufficient differential impacts on SW and LW to serve as the final rebalancing mechanism, after
previous tuning steps s&t00b, WMUI_multiplier, and radiusl_multiplier In the search for radiative balance across the
multiple configurations oftaretROCKE-3D 2.0,the four parameters were not required to remain close to one another across
660 configurations, nor to E2.1 valuékhis freedom was taken to jusstified due to the differences in resolution, radiation scheme,
etc. being considered as major rather than mieoupbations to the systefable3 lists the resus. A short explanation of
these variables is presenteddppendix D while more detailed explanation§some of thenmave been presented elsewhere
(Kelley et al., 2020; Schmidt et al., 2006)ote that the appropriate name €00aandU00bis U, and W, respectivelyand
this name has been used in past publicatibmsyve opted to use the variable name found in the model codeshmilar to
665 what we do with other quantities discussed throughout the manuscript.
For every model configuratin, a new radiative balancing is |Iikely to b
some key cloudselated properties in order to achieve radiative balance in the model, based on our best known configuration
of a radiatively balanced cagbhat of preindustrial Earth (year 18§38ect.3.1). These are not unique choices, as tierore

than one way tachieve radiative balance in the model, all diak are more or less equivaleRbr this we use the p ocean
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670 (Tablel), in order to let the atmosphere adjust to the best known state of the ocean at preirichesdridlfter allowing the
model to radiatively equilibrate for about 10 simulation years, we continue the simulation for 20 more years, which we averag
for evaluation Fhis-is-equivalent-with-a—2hember-ensemble-meaWWhen changesvere needed, we perfored them (not
shown; only the final chosen values are presentdaite3) and repeatdthe 3Gyear simulation. When the configuration is
in radiative equilibrium (th@lanet neither gains nor loses energy, averaged over 20 years), we perforyeais§ithulation

675 (a complete overkill, but for consistency with the other simulations) and average the last 100 years for the analysis present
here. This was done for all Edmulations with the p ocean: (2 radiation schemes) x (3 atmospheres) x (2 resolutions). The
balancing factors for each of the p oceans were then used for the similar configurations where the ocean was either q or
(Tablel), without any further adjustments. The final values per configuration are listeabla3, and thai explanation can
be found inAppendix D

680

Table 33: Radiative balancing parameters of clouds for all p ocean comurations that bring the model to radiative balance.Two
additional balancing knobsexist, WMU_multiplier and radiusi_multiplier, but both equal to 1 in all configurations, sahey are omitted
from the table for clarity.

UOoOa | UOOb WMUI_multiplier radiusl_multiplier
P2GApM40 | 0.675 1.1 0.001 1.1
P2GApF40 0.655 1 2 1.1
P2GxpM40 0.6 1.5 0.001 1.16
P2GxpF40 0.64 1.5 0.001 1.16
P2GNpM40 0.6 1.5 0.001 1.16
P2GNpF40 | 0.635 1.5 0.001 1.16
P2SApM40 0.7 0.6 0.001 1.01
P2SApF40 0.7 0.6 0.001 1.01
P2SxpM40 0.68 0.538 0.001 1.1
P2SxpF40 0.68 0.5 0.01 1.1
P2SNpM40 0.67 0.5 0.001 1.1
P2SNpF40 0.68 0.5 0.001 11

685 The use of a prescribed ocean in bladancings necessary, because otherwise the ocean will try to absorb (or give back) the
excess heat (or deficit) whewt _rad_planets positive (negative). This means that for a different configuration, one should
either use a propesstdataset for thdéalancing or in the absence of one should use-#u& or dynamic ocean and select the
balancingparameters from the atmosphere that is closer to the one under study.

It has to be stressed that we do not have any such information to perform a proper balancinpomeaaernEarthplanet;

690 one has to rely on the values for Earth, and pick the closest set to the new planet configuration. If that planet iImasvan ocea
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695

wonot ksatm whe foresgeable futum® balance radiation in the same wap usinga dynamic ocean is strongly
recommended. Picking a set of values that structurally make sensel&folm3 (i.e. based on which radiation scheme,
atmosphere, and resolution would be used) and then allowing the dynamic ocean to adjust as needed is the only feasib
approach.

Following balancing all model configurations have adstenet rad_planevalues eithenearer zeror very close tdhe 0.2

W m2 range(Fig. 6). It is interesting to note that all simulated atmospheres using the GISS radiation, dynamic ocean, and fine
resolution (P2G[AxN]oF40) have a much larger variability than any other combiradtiphysics, while their corresponding

simulations using the medium resolution (P2G[AxN]M40) have among the least.
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Figure 6. Box-andwhisker plot of net planetary radiationet_rad_planétin W n1? for all p-ocean configurations followingalancing:
using-The last 100 years @00 to500-yearlong simulationsvere used fothe p and q ocearpnfigurations which were longer (1000 to
2000 years) for the 0 ocemmore-forthe-dynamic-ocean+unIhe bars showhe 25/75 percentiles, the whiskers the 9/91, the bar is the
median, the star is the mean, and outlisas are presented with doslso shown the £0.2 W rhvalues, described in the text.

The balanced®2GApF40 simulation is in all climatelevant regects the samas ModelE2.1IE2.1GApF40_1850which is
the most heavily tested configuration of GISS Modelten a prescribed ocean is uggdct.3.4). Some regional differences
across the model simulations are very minor, which confirms that the modelrskithean climatologgtoesnot change with
the updated code planet ROCKE-3D 2.0 when compared with ModelE2.1

4.2. Bringing the model to equilibrium

When simulating an atmosphere of any configuration on any given planet, ROGCKEeds some time to produce a stable
climate for a climatological analysis. The time needed to arrive to edquifitvaries based on the atmosphere, ocean, and land

to be simulated, the resolution, and the deviation of initial conditions from the final equilibrium. There are differest metr
that define when the model is in equilibrium, which in general might depehe needs of each individual experiment, since
different components of the model equilibrate at different timescales. These timescales can vary from very few years for ar
atmosphere similar to presetfly Earth and a prescribed ocean, centuries tgdoichemical carbon cycling involving land

and ocean hiologgdones et al., 2016; Séférian et al., 2020)several millennia for surface hydrology andynamic ocean

(van den Hurk et al., 2016; Johns et al., 1997; Sitch et al., 2015; Wood, EB88)planet with an abundance of water, even

in the absence of an ocean, surface hydrology equilibration times odreads the several millennia timescales, to allow deep
soils to come into full equilibrium. The same applies for dynamic ocean configurations which are several kilometers deep. The
simulations listed imable2 are with a prescribed ocean and the water cycle does not need to be in complete equilibrium for
the radiative equilibration of the atmosphere, so a few years are enough. The metrics used as criteria of an equiidieated cli
also vary depending on thesearch question. Here, we want the net radiation of the planet to be near zeraHiwRhvi m

?) in a long climatological mean over several years (orbits, forEarth planets), and also to have surface air temperature
stabilized.

All simulations pressted inTable 3 start with a correct set dfalancingparameters for the underlying oceg@ect.4.1), so

they are in neainstant equilibium (just a few years). Foné Q-flux and dynamic oceans, although using the colraleincing
parameters, they are not in equilibriatnthe beginning of the simulatir@cause of imperfeglarameterizations and forcings
that canét exactly r epr odThe@fluxobean tgkesansiah tongtran the presaitzed ocean n d |
to reach equilibriumalout a century iplaretROCKE-3D 2.0 or D years irplaretROCKE-3D 1.0, whik for the dynamic

ocean it takea millennium or moreabout 1500 using the medium resolution and 1000 for the fine reso{BtmrY). Note

that even after 2000 years, not everything is in perfect equilibrium, but having sorraoxegquilibrating variables still

drifting does not affect the other climatological paramsetkat have equilibrated alreadior a deep dynamic ocean the time
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735

740

for full ocearnc equilibrium (e.g. a stable global potential temperature) can take thangand®f years Fig. 8). Another

example is the total amount of liquid freshwatam(), whichmay needver 3000 years to equilibrate, but will likely require

much more for the less Eartlentric simulations in ROCKEBD (Fig. 7). For that reason, a smart experimental configuration

can save several days or months of simulation time, when restart files are used properly. As an example, if a simulation on
wants to @ resembles one of the model runs presented here, they can start from the end of our simulations using the resta
files we distribute (sePata availabilitysection) greatly reducing thepin uptime requiredThe same applies fatl previously
publishedROCKE-3D simulations- if thedesired simulation is very similar topaeviouslypublishedone, it isbest tousea

restart file from that simulation.
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Figure 7. Annual mearFtimeseries ohet_rad_planeffirst row), tsurf (second row gwtr (third row), mwl (fourth row), andsnowdp(last

row) for the prescribed ocean simulations (left), théu@=0 ocean (middle), and the dynamic ocean (right) with SOCRATES and the x
atmosphereTheplanetROCKE-3D 2.0 fine resolution model is shownhiue, theplanret ROCKE-3D 2.0 medium resolutiotn recpurple

and theplanet ROCKE-3D 1.0 medium resolutiorin green. Note that the dynamic ocean simulation shown with a blue line in the last
column equilibrated much faster than the other two, so only 1000 years are presented.

750

The differences betweasanet ROCKE-3D 1.0 andpltanretROCKE-3D 2.0 in the Gflux ocean are @de to the fact that the
heat transfer used planet ROCKE-3D 1.0 resembles that of Earth so the initial conditions are much closer to equilibrium
compared t@Q-flux=0in planret ROCKE-3D 2.0. The dynamic ocean anet ROCKE-3D 1.0 also equilibrates much faster,

in about51000 years, while the equivalent simulatiorpianetROCKE-3D 2.0 need8-times-as-much-tinover 1500 years
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755 The fine resolution modéles-between-the-tvamuilibrates much fastewith-about-a-millepnivm-needdo-achieve-a-stable

climatdn about 500 yeardt is worth reiterating that here we are only referring to atmospheric radiative balance. If one has a

deep dynamic ocean like that of modern Earth and one is interested in science questions relatedearsutien it is vital
to consider whether the ocean itself is in equilibrium. One way in which this can be explored is by looking at the mlean globa
ocean potential temperature, but it is often useful to look at specific areas in the ocean agloElllpgFig. 8).
760
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Figure 8. Time series of ocean potential temperafpat_temp for apltaret ROCKE-3D 1.0 simulation for Modern Eartfthe mean depth

at level 11 is 1129 m and at level 13 is 3868Ewven after 1500 years it is obvious that neither the global mean, nor the specific grid

cells/levels appear to have leveled off. It was not until nearly 688sythat the global ocean potential temperature began to levei®ff.
765 important to note thateeper oceans take longer to come into equilibrium
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4.3. Selecting the best template to start building a new world

Selecting the most appropriate model configarafor a simulation requires a careful balance of factors that affect both
performance and resultgithin the target science questiormit also appropriateness of the configuration for the planet of
interest. A number of criteria need to be consideredrfaking the best choice. The planet size can dictate the choice of
resolution; for small planets like Mars the medium resolution is adequate, while foiEantes the fine resolution might be

more appropriateAnother factor to consider is wheth#te dhosenresolution properly samples the by radius of
deformation, whictdepen@ns on both the model resolution and the planet spin fidte generallyassumed notion that a

higher resolution should always be preferraht not always be true (depending on the science queshiecqusethe
computational cost of going from medium to finevé&sy significant(Sect.4.5). In the case oexoplanes, for which we may
haveveryfew, if any,constraints ottheiratmosphere, there ddtenlittle point in performingfine resolutiorsimulationswhen

the computational time might be better spent sampling over a larger parameter spdie wighlium resolutiomstead of

gaining little additional scientific insight with a few higlsolution simulations

For atmospheres that closely resemble that of prelmgnEarth the GISS radiation would suffice, so the simulation can take
advantage fofaster simulation times, while for very different atmospheres the SOCRATES radiation must be selected. If the
planet has an ocean, the choice of a dynamic ocean configuration is always the best, while for a planet that closedy resemble
modern Earth theise of a prescribed ocean can be justified. For completely unknown planetary configuratiorfuthe Q
ocean is a compromise between performance and oceanic response to climate, but the unknown factor of oceanic heat transpc
presented later, can vastjfect (or bias) results. Lastly, the choice of atmospheric composition, both in terms of major and
trace gases composition, is the parameter space that most RBICKE&ers are expected to be routinely modifying. We do
provide radiation tables for a widarrge of compositions and stellar types (3a& availabilitysection andAppendix Q, but

for cases outside thresentlyavailable tables the users would need to calculate their own. Any choice of planetary parameters
(eccentricity, obliquity, etc.) should f ol lalzeshemsdelnc e t h
Another thing to consider when starting a new simulation is the spinup time required to bring the model to equilibrium. We
provide equilibrated model conditions (restart files) for all simulations presented hef@afsesvailabilitypata—availability @
section), or restart files that have been created previously can be used to spin off new simulations. Thet&eptisinigr

keep in mindis that the configuration changes between a restart file and a new simtitatidghe model code allovare

limited. It is also important tonote that restart files fronplanetROCKE-3D 1.0 are not consistent with those of
planetROCKE-3D 2.0.

4.4. Creating a new planet

Although an infinite numberof new planet configurations are in thegrgssible i n practice certain
accommodated. Difficult changes include altering the horizontal resolution or vertical layering, incorporating a dynamic ocea

when one was not used in prior simulations (although the reverse, starting adpeangsimulation from an o restart file, is
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possible), changing the larmtean mask, topographic relief or ocean bathymetije asimulationis ongoing or altering
atmospheric composition substantially. Altering the location of even a single lantktinday require a series of cascading
adjustments to many other boundary and initial condition dataméth makes the task very tediodsis not uncommon

when wholescale changes are made to continent and ocean configurations that fine adjustiieatsadesto deal with sub

grid scale issues related to ocean gateways, vegetation distributions, or continental drainage basins (river flow &md lakes).
this section we discuss some of the i ss udslfcomnsistamttbeuddary o g ¢
and initial condition data sets. We also discuss a variety edxisting planetary and ancient Earth model configurations that
are available for use with ROCKED. A set of key parameters related with thdimiéon of a newplanet are presented in

Table4.

Table 4: Description of parameters that are used to define a planetinless exylicitly stated (footnote ) these parameters are modified

via the model configuration Arundecko file.

Parameter Description Units Earth value
solar_spec (83) Stellar spectrum N/A sun
spectral_file_sw Shortwave spectral file N/A ga?
spectral_file_Iw Longwavespectral file N/A ga?
quantizeyearlength Adjusts orbital period to be an integral multig N/A (true or false)| Falsé

of the rotation period
planet_s0 (S) Solar constant W m? 1360.67
SOX Solar constant multiplier relative to Earth Dimensionless 1°
siderealorbitalperiod Lengthof orbital period S 31,536,000
siderealrotationperiod Length of rotation period S 86,400
eccentricity Orbital eccentricity Dimensionless 0.0167
obliquity Obliquity of axis Degrees 23.44
longitudeAtPeriapsis Angle of gerihelion relative torernalequino¥ | Degrees 282.9
hourAngleOffset Degreesast from international dateline Degrees Qe
geothem_landx Land and ocean, respectivebeothermal heal Dimensionless 0 _if no input file is
geotherm_ocnx flux multiplier. Acts on GEOTHERM_LAND used 1 if aninput file

or GEOTHERM OCN input files is provided
CO2X, CH4X, N20OX,| Gas multipliers foradiation (multiplies valuey Dimensionless 1°
03X, CFC11X, CFC12X| given in GHGinputfile)
02X, NO2X,N2CX
grav Acceleration ofgravity m s? 9.80665
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Parameter Description Units Earth value

radius Planet radius m 6,371,000

mair® Molar mass of dry air g motl?! 28.9655

sraf Ratio of specific heats at fixed pressure 4 Dimensionless 1.401
volume

psf Global mean surface pressur mbar 984

ptof Pressure over which thmodel uses constay mbar 150

pressure levels, instead ofdaptive to the

underlying topography (sigmeoordinate)

pN2, pO2, pAr, pH2 Fraction of N, O,, Ar, and H, respectively, in| Dimensionless 0.780840, 0.209474
dry air. 0.0093, Qrespectively,

a Applicable only tahe SOCRATESS) or GISS(G) radiation scheme
b- Multiple spectral files are permissible for Eah. sw ga7/spws ga7 dsandsp Iw ga7/sp lw ga7 dsae used for the

Earth runs presented in this paper, but these may be chanajémimdor greater flexibility

845 ¢ These default values do not need to be set explicitly for Earth runs

“This is sometimes called the f@Alongitude of perigeedo (s

fromwhattheycalt he | ongi tude of peri heli on. I n the GI SS model ,

& Definedin thesource codéile shared/PlanetParams_mod.EF@dther than in the rundeck

4.4.1.Ancient Earths

850 A variety of boundaryandition data sets (Fi@) that are based on paleogeographic reconstructions are available for use with
ROCKE-3D. These ancient Earth boundary conditions represent various time pbragshout Earth kistory. The specific
configurations are not uniformly distributed in geologic time but were chosen to supply testable sceraithesr$ignificant
climatic events or because they represent noteworthy conticean distributions &t have potentially compelling impacts
on the global or regional climate characteristics of a planet. The available boundary co(fiid)snclude: 1) TheSturtian

855 (720 Ma) an equatorial supercontinent that is representative of the Neoproterozoic Earth and has primarily been used with
Snowbal l Earth studies and e x a2niha laate Oawovician {450BViawith ¢dodtisentCr y o g
primarily located in the Southern Hemisphere, including a signifisezed land mass covering tBeuth Polein contrast to
the Northern Hemisphere, which is dominated by open o&dgarly Jurassic (180 Ma), a time period whgrePangean
supercontinenthesinglesupercontinent (andonsequentlya single large ocean as well) was roughly symmetrical about the

860 equator and nearly extended from pole to pdleThe Mid-Cretaceous (100 Map period of longived extreme warmth,
among the warmest intervadé the past billion years, and perhaps the closest Earth has gotten to-gregpéiouse climate

since multicellular life forms evolved, during whidhe Pangean supercontinent had broken up, with an early Atogian

34



865

870

875

880

885

allowing a flow of water acrosthe equatgr5) The CretaceouBaleogene Boundary (66 Mayvhich was the time
corresponding to the Chicxulub asteroid impact event, thought to have contributed to the extinction of di6p$hersid-

Pliocene (3.2 Ma)during whichcontinents were already approximately in their modern geographic locations, however ice
sheets were greatly reduced and consequently sea level was higher, gladvéiigoastlines. This time is thought to be the

most recent period in Eadhkistorywith gl obal temperatures as warm as model s
as impacted by greenhouse gas incred&@msmuch older time periods, where the preserved geologic record is tod ltmite
reconstruct paleogeographecordsthat could baused to generate realistic boundary condition data sets, we generally use

either the Sturtian supercontinent boundary conditions (described abogae)jdealized continental configuration (see next
section), or simply run the model as a waterld (aquaplanet)or landonly world.

Figure 9. Ancient Earth boundary conditions currently available. Top row, left to right: Sturtian (Neoproterozoic Snowball Earth][720 M

and general Precambrian equatorial supercontinent confignyatLate Ordovician, 450 Ma; Early Jurassic, 180 Ma (Pangean
supercontinent). Bottom row, left to right: M@retaceous, 100 Ma; CretaceeRasleogene boundary, 66 Ma; Mliocene, 3 Ma.

With the exception of the miBliocene reconstruction, which inclueeconstructed bathymetry as outlined by Haywood et

al. (2016) other maps of ancient Earth have a uniform ocean depth. This uniform depth is a simplification given that the details

of ocean bathymetry are poorly dwn, if at all, further back in Eamhsistory. A reasonable depth for ancient Earth

simul ations is 3I8i0ke imed xa l;adetr diEmultaht i ons usi ndnthiehes e

absence of any better constraint, we frediyarse a depth of 1000 meters

4.4.2 Venus

All current versions of ROCKBD are unable to model modern day Venus because of its extreme surface temperatures

(~750K) and pressures (~92 bar), but a number of studies of a hypothetically ancient habitable Venus have been publishe

(Way et al., 2016; Way and Del Genio, 2020py-et-al—2016-Way-&Del-Genio2020) these studies five different sets of
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boundary conditions were utilized. Three of them involved the use démday Venusian topograpl{gan be found in Fig.

5 of Way and Del Genio, 20204 land planet with only 20 cm of water incorporated within the soil (termed\Als), a

planet with 10 m water global equivalent layer (GEL) called -M@nus with the water dpersed into the lowest topographic
regions as dynamically active lakes (their existence/size determined by a competition between evaporation and precipitatiol
during the model simulatignand &310 mVenus with 310 m GEL again dispersed in the lowestdogphic regions as oceans

and lakes where the oceans are permanent features and the lakes again are dynamic. Two other cases were chosen as the
commonly used in the exoplanet literature: an aquaplanet scenario (with the only land being at tt@espuotht@and set to

zero topographic height) and a modern Earth-sea mask, but onlysing a310 m deepceanto make it comparable to the
310m-Venus scenario mentioned above. The reader would be right to ask why one uses modern Venusian topegraphy wh
any ancient topography was likely completely different? First, it is an interesting contrast to modern Earth whichti@s a plet

of land at high latitudes whereas tB&#0 mVenus has a lot of land also at ldatitudes, and in contrast to the aquaptane
scenari o. Finally, with presently available data there
~80% of planet has been resurfaced in the past-#300million year§Bougher et al., 1997; Strom et al., 1994 boundary
condition files for the cases described above are located in elimeorepository (se®ata availability. In an attempt to
compare some of the previously publisheehet ROCKE-3D 1.0 ancient Venus work withlanet ROCKE-3D 2.0 we ran a
number ofplanet ROCKE-3D 2.0 simulations with the exact same setup. Gélyefa the dryer simulations (a&l-Venus and
10mVenus) the results were very similar ($ct.4.4.4for Proxima Centauri b)ror the simulations with oceans this was

not always the case. For example, for the 82denus case at 2.9Gaanet ROCKE-3D 2.0 had a mean temperature of 3.4

°C while the publisheglanetROCKE-3D 1.0 results (Way & Del Genio 2020) w8.6°C. This difference of 8C is likely

due to the very different cloud scheme differences between ModelBE2ie{ROCKE3D 1.0) and ModelE2.2
(ptaretROCKE-3D 2.0) as demonstrated Kig. 10, where the planetary albedo and net cloud radidtwengseffectare

quite distinct.
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Venus-310m (2.9Ga) Planet_1.0 vs. Planet_2.0
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Figure 10. Comparison optanret ROCKE-3D 1.0 andslanet ROCKE-3D 2.0 simulations of an ancient Venus climate frsimulation #25
in Way and Del Genig2020) The simulations of a310 mdeep global equivalent layer ocean that includes a number datiude
continentyFig. 5 in Way and Del Genio, 2020§-axis: number of Venus orbits completed-axis: Net RadNet radiativebalance at the
top of the atmospher@et_rad_planét Tsut global meansurfacetemperaturdtsurf); Albedo=global meanplanetaryalbedo (plan_alb),
Cloud Rad =etcloud radiativetercingeffect (shortwave+longwave)

4.4.3.Mars and Moon

Mars has been modeled with ROCRP at several epochs in its history, but thus far only ancient 8ffardations have been
published. The simulations were aimed at the Noadi@azewich et al., 20219nd the Hesperia(Schmidt et al., 2022)n

the Noachian case modern Mars topography was (@ezkwich et al., 2021put a subset of simulations used a topography
with an inferred map before thenarsis region was formed, and its associated true polar wéBdeley et al., 2016)In

Schmidt et al(2022)only modern Mars topography was considered. Guzewich @0#11)utilized varying amounts of GEL
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water, whereas Schmidt et £022)only considered a northern polar ocean (~10 % of the sudigea of the planet) and the

Hellas Basin to have water.

As part of its thin atmosphere capability (S=xt.2.2.3, ROCKE3D is currently capable of simulating modern Mars with a

pure CQ atmosphere (~6 naly at surface) and fully coupled GAH-O and dust cycles. For the water cycle it usedayér

snov model developed for the parent Earth model, while the @@densation is currently handled by a bucket model which
keeps track of the condensamount and its areal cover fraction. The cover fractions of # ahd the C®@snow are
combined togethettlfe greater absorbs the smaller) for the computatfaground albedo. No distinction is currently made
between C@and HO snow in the albedo algorithm.

Soil dust aerosols have been incorporated into the Mars version of RGLKE radiatively active tcrs by successfully
utilizing the soil dust module that was developed for N/
modfications-(Perlwitz—et-al—in—preparation)t is a sectional scheme with five size bins that simulates the emission,
atmospheric transport, and deposition of dust. Different to the original sathéviodelE, dust emission is explicitly dependent

on atmospheric surface density (as a function both of pressure and temperature at the surface) to account for théylarge dens
variations at the surface of Mars, affecting the buoyancy of dust particles.

Following a hypothesis dfleedham and Krin§2017)that in the pasthe Moon could have had a thin transient atmosphere

due to volcanic outgassing, we used ROCKEto study such an atmosphépdeinov et al., 2019)In our experiments, we
used modern lunar topography and alhedw conditionsat~3.5 Ga (peak of lunarolcanic activity) for orbital parameters
and insolation. A special algorithm was added to treat Permanently ShadowesiRe§Rs) as patches of land which receive
no shortwave radiation. We investigated a parameter space of surface predfurekatand compositions which inalied
pure CO and pure G@tmosphers either completely dry or with 5x1kg/kg water.The results have been presented in the

past(Aleinov et al., 2019and the configuration we provide can be used for similar model setups.

4.4.4.Known extrasolar terrestrial planets

The ROCKE3D model has been used in a number of studies involving extrasolar planets and their theoretical atmospheres
For comparison purposes we examined results from Proxima Cebtasran aquaplanet with a fully coupled ocean with
planetROCKE-3D 1.0 andptanretROCKE-3D 2.0. Hereis-it is important to note that there was an update to the sea ice
parameterization froplanet ROCKE-3D 1.0 to 2.0 as described $ect.2.1above. Since thBroxima Centauri bontrol run

from Del Genio et al2019b)is particularly coldin order to make the comparison more realistic we did an additional control

run with theplanet ROCKE-3D 2.0sea ice fix ipplanet ROCKE-3D 1.0. This can be seenhiig. 11 below. As in the ancient

Venus case discussed 8ect.4.4.2 the clouds appear to play a key role in making the climateéCG-&older in the
planetROCKE-3D 2.0 case versus iplanetROCKE-3D 1.0 with the seace fix (P1+SF). Without the sea ice fix the
difference is nearly 10.8C. This difference in the clouds manifests itself markedly in the amount of the ocean that is covered
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in ice as seen iRig. 11. An additional 4% of ice accumulatesjienet ROCKE-3D 1.0 with thesea icdix, and another 13%
on top of that withplanet ROCKE-3D 2.0.

Proxima Centauri b aquaplanet
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| Figure 11. Same a&ig. 10where PlplanetROCKE-3D 1.0 and P2planet ROCKE-3D 2.0. P1+SF is thplanet ROCKE-3D 1.0version
955 with the sedce fix mentioned irBect.2.1 The bottom row is the fraction of the ocean covered in ice. Since this is an aquaplanétatetup
equals to the plansurface covered in ice.

ROCKE-3D participated ithe THAI model intercompason (Fauchez et al., 202@hat studied the planet Trappist with

the same boundary condition files and atmospheric compositions across four (Fadelsez et al., 2022; Sergeev et al.,

2022; Turbet et al., 2022ere we look at differences betweglanet ROCKE-3D 1.0 (used in the THAI intercomparison)
960 for the dry case (Benl) verspsnet ROCKE-3D 2.0 (Fig. 12). In this setup there is no moisture in the atmosphere or surface,

hence therareno clouds. The planetary albedo is almost exactly the same eystittace temperatures still differ by 2@3.
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This gives us a lower limit for the differences we can expect between the same sgpedROCKE-3D 1.0 versus 2.0. In
general, similar differences were seen in the dry cases in the THAI intercom§@risoet et al., 2022)and in related studies

(e.g. Sergeev et al., 2024)
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Figure 12. Same as Fidl0for the planet Trappiste with a dry atmospheric setup.

Idealized land-ocean configurations

Some studies focused on early Earth or terrestrial exoplanets will have experiment desiggsitieatame representation of
ocean and emergent land area but are not yet at a stage that would benefit from the complexities of the realisticthncient Ear

970 boundary conditions described3ect.4.4.1. It may also be the case that the percentage oditandequired is notably greater

40



975

980

985

or less than the land coverage offered by those ancient Earth configurations (which range between 20 to 30% land cover). T
fill this need, we have created sets of boundary condition files for 13 idealized continent retiofigy in which land is
represented at increasingly smaller fractiofighe total global area (Fid.3) . Configurations with
available inthree orientations: pol®-pole meridional, polar cap, and equatorial land belt. The smallest global land cover
options, 12.5% and 6.25%, are each available as twofourcontinent distributions to emulate the presence of
microcontinents. All 13 configrations have a uniform land elevation of 50 metaiground albedo that is calculated by using

a 50 % dark and 50 % bright scilma,nd i ncl ude s i mpnwhichiihe seh toor glipéds steeple dowrsvard

fromthe continental edges to a umifoocean bottom. Th&ith-amaximum depths configurable, and is typically set between

1000 andef-nearly3800 meters for simulations with a dynamic ocean. Togetherthdéthwoland planet and aquaplanet

configurations, we cove spectrum of land covegrossibilities.

25% land 50% land 75% land 12.5% land 6.25% land

Figure 13. Idealized continent configurations.

ocean land

Aquaplanets

In addition to the Eartieentric configurations described here, we also provide four aquaplaest(GISS or SOCRATES
radiation scheme, with dynamic orfldx=0 oceans). Aquaplanets are commonly used configurations for studies in climate

dynamics or for planets with unknown surface boundary conditions, as is the case for exoplanets.
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Theaquaplanet wi t h a dynamic ocean are substantially wawitmer t
SOCRATES or GISS radiation, respectively). They also feature a substantially reductmiquplator temperature gradient

relative to Earth runsHg. 14), and a stronger greenhouse effect owing to the greater abundance of atmospheric water vapor.

Aquaplanet Temperatures
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Figure 14. Zonatmean temperater("C) for aquaplanet simulations with SOCRATES (solid) or GISS (dashed) radiation scheme, and a
dynamic ocean (red) or-Qux=0 ocean (blue) configuration. Two simulations (varying-@@ount) are annotated for the SOCRATES Q
flux=0 configuration, which exhibits a large change between L@@ 2xCQ.

The Qflux=0 aquaplanet runs are colder than their dynamic ocean counterparts, and differ markedly between the GISS anc
SOCRATES radiation schemes (global mean temperature of 131314r&i°C, respectively). This is due to a snowkial-
albedo)instability that occurs for the SOCRATES but not the GISS run. Although this discrepancy is obviously large, we note
that previous studies have shown thatdbapling between sea ice and twnvergence of ocean heat transport patterns is
extraordinarily strong in aquaplanet simulatidesy. Rose, 20153nd work in climate dynamics using aquaplanets often
disable sea ice formation altogether due to the sttonfpunding influence of ocean heat transport on the stability of the sea

ice edggRencurrel and Res 2018; e.g. Voigt et al., 20168)/hile sea ice is sometimes disabled in some aquaplanet studies

to isolate specific dynamical processes, its inclusion is essential for fully coupled exoplanet simulations. Sea cgtipkys a

role in setting the lanate stateparticularly in transitions between ifee, waterbelt, and snowball regimes and tipjpiomts
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and strongly influences the pl(eagnBrunditisetak, 209; BorneraradIVaigt, 2324) a n d

Fortherealistic exploration of exoplanet climates, especially near habitability boundaries, sea ice must be actively included.

For the Qflux=0aquaplanets, our simulations are very close to @abiiisy threshold, such that simply changing the radiation
scheme results in a large bifurcation despite only marginal differences in all other runs reported here. In factlukte Q
aquaplanet simulation using SOCRATES is instead run (from igitiedkm conditions) with a doubling of atmospheric£ZO

it does not transition into a snowball and is warmer than the GISS countenpaldtion with 1XCQ. The GISS radiation Q
flux=0 aquaplanet run also collapses into a fsewball state with 0.5xCQindicating that these simulations are quite
sensitive near their current stafich a C@forcing is a large perturbation in the context of contemporary climate change on
Earth, but is small by planetary climate standafidss is consistent with the stied discussed abowbat aquaplanets are

remarkably prone to large snowball instabilities and tHeugQ (or Q-flux=0) configuration, in particular, should be used with

caution for climates in which sea ice is expected to form.

oceans (e.c

w oceans lik

4.5. Model performance

Model Performance was discussedheplanetROCKE-3D 1.0 papefWay et al., 2017)but since its importance should not

be underestimated, we further discuss it here. Each model component described here has its own computatiowadtsequire
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The exact waltime for a simulation to complete does change depending on computer load (e.g. input/output contention) and
hardware capabilities (e.g. CPU generation, memory availability), and can fluctuate even from one simulation to the other on
the same computer. For this, the values presentByiri5 should only be used in a qualitative manner, rather than as exact
representations of the whole dueattiof a simulation on any computer at any given time. Even with these approximate numbers,

it is clear that SOCRATES radiation is more computationally expensive than GISS, and the same applies for the fine resolutior
over the medium one. The prescribed &rtlux ocean runs are practically indistinguishable when it comes to computation
time, while the dynamic ocean is more computationally demanding. This difference amplifies with resolution: while moving
from medium to fine resolution roughly increasesghmulation time by a factor of-2, a direct result of the quadrupling of

the atmospheric resolution, when the dynamic ocean is included the computational time increases by about an order @
magnitude. This is an additive effect of the 4x atmosphericaseré resolution and the ~48me-oceanic increasel@ble

1). Interestingly, the performance penalty added by the presence of a dynamic ocean in the medium iessleitivhelmed

by the slowdown due to SOCRATES, while for the fine resolution it is more pronounced. Further, the A atmosphere when
using SOCRATES has a clear slowdown by about 50%, probably linked with the preses@ndfa@rosol calculations that
significantly add to the radiative transfer performance.
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Figure 15. Approximate waltime required per model configuration. The different atmospheres, oceans, and radiation schemes are listed at
the top of the plot, while the twasolutions are separated by color (blue: medium; red: fine).
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4.6. Further modifications of the model configuration

There are too many parameters that one can alterddynbe behavior of the mod# list here. These involve either sanity
checking limits, expansion of capabilities, or fixes of known issues, as described if.6dctn addition, diring ard after

the end of the simulations presented here, model development continued. That fed &mlditional model developmeartd

bug fixes(Sect.4.6.2 that are pw available inplanet ROCKE-3D 2.0, but were not available when the simulations presented
herestartedAl | t he parameters below can be defined in the mod

each simulation.

4.6.1.Parameters that canbe modified

Beyond what has been presented thus far, there are several more ways one can modify how the model runs. These additiol
options can change physics (thus results), can significantly affect model performance, and/or can change what diagnosti
output is produced. A comprehensive list and explanation of all options is far outside the scope of this work, so we only list
here the most important, or most influential, of the parameters that RGBOKISers should be aware of. The key ones are
describedelow, and many more are listedlinble5Table4.

The main parameter which defines how the model is run is its physics tim®3%tp, It tells the model how often its main

parts (atmosphere, ocean, land, radiation) should exchange fluxes. Once set up at the start of a simulation, it cagedt be cha
Other time stepping parameters can be changed though, and we use this functiottaitynodel exhibits numerical
instabilities during the course of a simulation. In particular, one can de®@aseincreaseNIsurf (typically, by powers of

2) to improve stability. The choice €T depends on many factors, but in general smaller plametplanets with thinner
atmosphere need smalleil. For example, for most of our modern Mars runs, weli&eb0 s.

A key parameterelated withboth model results and model performancBRAD, which stands for fe\
steps radiation is dale d 0 . l deally this should equal cdmputafionallyexpemsivg t i n
physicspart of the model, so traditionally we use the value of 5. The choice of this value is not random: since the model is
based on an Earth modelhere the planet has a rotation period of 24 hoursjefeult30-minute physicstime step means

that there are 48 time steps per day. The valU¢RAD=5 is the smallest neunity value that does not divide 48 exactly,
ensuring a nowuniform (thus, norbiased) sampling over the course of multiple days. In othedsyorer e.g. a month, every

30 minutes of the day are sampled, thus getting abiesed average. For planetary applications, care must be taken for the
choice of this variable: the numbertohe steps per day, which depends on the model time step and the rotation period, should
never be exactly divided MRAD, if NRAD>1. Very large values oRRAD though will add a sampling bias, so the right
balance between performance and accuracy neels inaintainedEven beyond planetary rotation periods, for very fast
rotators (e.g. orbital periodseéryf ew days) one might not be abl e tNMRADse d:

is such that radiation is called very few times over theaairg period.
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Table 54:

Description of

parameters

t hat

modi fy the model 6s

M resolution: 450 s

Parameter Definition Default value Additional information
Enables cloud ) N o .
o ) ] Results in additional radiation calls, which m
cloud_rad_forc radiative forcing| O (do not simulate) o
) ) have a nomegligible performance penalty.
diagnostics
Timestep for The ratio betweeTsrcandDT should be an

no clouds are allowe(

hPa for other planetg

DT atmospheric ) even number ¢nforced by the model
) F resolution: 225 s ) o
dynamics automatically if different).
Recalculated in the model so that the rg
} ] between the modglhysicstimestep DTsrc anc
Timestep for ocearn M resolution: 450 s ] .
DTO . . ) DTO is an even number. Advection a
barotropic dynamics | F resolution: 112.5 § )
mesoscale use longer steps, which for most
cases donét have to
Timestep for moedel
physiegxchange Should divide the length of a calendar d
DTsrc 1800 s ]
fluxes across mode exactly. Cannot be changed during the run.
components
Inhibits lake ice to
lake_ice_max grow indefinitely via| 0 (no limit) Excess ice is placed in GLMELT arrays.
snow accumulation
Only used for diagnostics, and sca
automatically with surface pressure, if oth
Pressure at top of loy ]
maxclow oud 680 hPa than 1 bar and undefined. It serves as
clouds
boundary betweerpcldl and pcldm in the
output.
Only wused for diagnostics, and sca
] Pressure at top O automatically with surface pressure, if oth
maxcmid ) 440 hPa i
middle clouds than 1 bar and undefined. It serves as
boundary betweepcldmandpcldh
Pressure above whic| 50 hPa for Earth, ( Contrary to maxclow and maxcmid, alterir
maxctop

maxctopcanaffectprognosticmodel results.
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Parameter Definition Default value Additional information

No default, must be

o Mesoscale oceal o i _| Frequently 1200 st is used. It should b
meso_diffusivity_const | =~ explicitly defined if . )
diffusivity constant considered a tuning factor.
used.
i Coldest allowed
minGroundTemperature -150°C

ground temperature

Number of substep! o a
This is specifically relevant for surface turbulg
of  surface  flux )
Nlisurf ) ) 2 fluxes, such as latent and sensible heat,
interactions per
o momentum drag.
physics time step

o The ratio of (time steps per day) oWdRAD
Call radiation every ]
NRAD . 5 should never be an integeexcept when
NRAD time steps

NRAD=1.
. Rayleigh friction| No default, not useq Enforces linear f Ray | e i g h grakity
rtau
timescale if undefined. wavedrag if defined.

Use virtual mixed
use_VMP Enabled
phase clouds

Remove the snow in excess of wsn_max

Maximum snow ) dump its water into GLMELT file. Can only b
wsn_max 2 mwater equivalent ) )
depth allowed used if run with an oceah.should be at least g

large as the total snow deposition over a sea

4.6.2.0ther updatesand future developments

After the completion of theimulations presented in this paper, issues in the calculation of the ocean momentum diffusion
1[090 terms were discovered plaretROCKE-3D 2.0 and were fixed. These include 1) some quantities used in the tridiagonal
solver for the ocean velocities that werd defined properly, and 2) the hemispheric symmetry wasstablished in the
calculation of some intermediary arrays. The impact of these bug fixes was evaluated in the framework of ModelE2.1 at
preindustrial (year 1850) conditions and were found to haweimal impact on the global climatology. They are nonetheless
necessary to have full ocean dynamic hemispheric symmetry for aquaplangédiae now enabled by default in ROGKE

1095 3D without user intervention
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Deep ocean worlds

In order to explore wider range of planets and moons with deep oceans (on the order of tens to hundreds of kilometers deep),

an upcoming update to ROCKID 2.0 will extend the ocean component from a Hydrostatic (H) model to a-Bydisistatic

(QH) model. With an increasingimber of planets presumed to have surface oceans or icy moons with subsurface oceans (e.g.

Europa, Enceladus) some assumptions made about the H momentum equations for planets with relatively shallow oceans lik

Earth f/R-10%, whereh is the ocean depthd R is the radius of the planet) need to be revisited to take into account planetary

bodies with 1) ocean depths reaching tens of kilometers, and 2) cases where ocean depths are not negligible anymore wh

compared with the planet or moon radidMarshall et al., 1997Hydrostatic PBmitive Equations (HPEs) were developed as

a less GCMcomputationallyexpensive form of the full Nehly dr ost at i ¢ ( NH) momentum equat

oceans in a hydrostatic balance where the pressure field is balanced by the gravity faises lwherd/R is not small

anymore (e.g=* p 1t for Enceladus) the QH setup is considered as being more realistic for deep oceans than the H equations

while not being as computationally expensive as the NH ones. This is achieveddighishing somef the Coriolis and

metric terms neglected in the momentum equations to get a full treatment of the Coriolis force and relaxing the shallow water

approximation in the momentum equations. As anaguabtoaRmpl e,

the vertical position of a parcel of water 6r 6 i sannow a
easyto-implement update into ROCKED 2.0.

5. Discussion

The effect of the different model configurations present&thliel on the modeled climatology are presented below, together

with other configurations that are availablglanet ROCKE-3D 2.0 but are not based on Earth. We present the latter ones as
means tacompare the results glaretROCKE-3D 1.0 simulations usingtanetROCKE-3D 2.0. We expect that the most
popular configuration will include the SOCRATES radiation (S), using an anoxic atmosphere (N), a dynamic ocean (o), and
the medium resolution oftreo del ( M40), so P2SNoM40. When studying diff

that simulation as theoint of referencgeto the extent possible.

5.1. Quick view

The results across simulations present large differences that show the impactgufratiafi choices to the overall climate of

the atmosphere in question. We will first take a quick labkheglobal mean resultéFig. 16), before diving deepento

regional changes in subsequent sectidihg first thing one notices when comparirig. 5 with Fig. 16 is how much more

colorful the latter is, implying that the simulated differences across planetary configurations are much more impactful to

climate variables than the changes we did towards the generalizatitve darth configurationin other words, the

climatological differencesve get whersimulating Earthwith andwithout any Eartkcentric tunings is much smaller than the
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1[140 differences seen when simulating different plan€tés provides an additional assurance that the generalization procedure

doesnot negatively impact model skill
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Figure 16. Same as iffrig. 5 for the template configurations described’able 1Fablel. Note the addition of a legend over the plot, which
1145 makes understanding the differences across columns eédsienote that contrary tBig. 5, all simulations presented here are in radiative
balance.

Starting from comparing the o(@Vay et al., 2017against the new (this work) ROCKED versions, the biggest changes are
found in the high clouds fractiop¢ldh), which drops from 58% iplaret ROCKE-3D 1.0 to 29% irplanet ROCKE-3D 2.0,
1150 when averagingcross all simulations,\&alue much closer to the value expected for predaptEarth. Together with some
modest middle and low level cloudiness, the mean total cloud fragi@df)(for all simulations decreased from 75% in
planretROCKE-3D 1.0 to 59% inplanetROCKE-3D 2.0. The cloudtop pressure iplanetROCKE-3D 1.0 is lower than
plaretROCKE-3D 2.0, which means that clouds were able to reach higher altitudes in the previous version of- RQCKE

49



4155

1160

1165

1170

1175

When looking at thelanet ROCKE-3D 2.0 results and comparing them with P2SN@Wi#vo major patterns appear. One is
related with clouds and radiation: when averaging out over simulations that use the GISS radiation, low clou¢pfriaiftion

is 44%, compared to when averaging over SOCRATES simulations where it is 32%. This isaadedjfference that results

from theUOObcloud balancing values we usélhble3), which are higher in all GISS simulatiohargerU0Obvalues reduce

the criticalrelative humidity for cloud formation, making it easier to form clouds in grid cells whetéOBlescheme is used

Another difference is that with the GISS radiation the tropopause tempdiatyreand pressurétrop) are both consistently

lower than the reference simulation (P2SNoM40), while in the simulations using SOCRATES radiation there is no consistent

pattern, with both positive and negative chang&3CKE-3D uses the definitioby the World Megorological Orgarmation

(WMO) to calculate the tropopause layas,the lowest level at which the temperature lapselesieases to 2 Km! or less.

Another major pattern that appearsFig. 16 is the large changes calculated by th8u@=0 ocean simulations. As will be
detailed in Secb.4, the absence of heat transport via the neeakes the ocean much colder, resulting in cageincreased

ocean ice fractionofcefr) and ground albeday(nd_alb, as well as increasés all snow metrics. Surface air temperature

(tsurf) also drops when using thefl@x=0 ocean configuration, which resultsless water vapor at surfacgs(rf) and in the

column gatm). This is a robust response regardless of the choice of radiation scheme, atmospheric composition, and resolutior

although the magnitude of the effect dohange across simulations.

5.2. GISS vs. SOCRATES radiation schemes

ModelE uses the GISS radiation schemyedefault with everything else held constdnit switching radiation from GISS to
SOCRATES(ga7_dsaspectral file) the model calculates a net planetaagiation imbalance of aboul.3 W n? when
prescribedsstis usedfor the A atmospheréin imbalance iexpectedor such simulations, whegghysics changes happen in
the atmosphere but the ocean is not allowed to resptedalancedSOCRATES simulatin with adynamicocearnproduces
small differences inthe global mearctlimatology of surfaceair temperaturgFig. 17) but has some significant regional
differencesFig. 18). Interestingly, the GISS radiation simatés cooler temperatures at high latitudes compared to SOCRATES
when the A atmosphere is usedth the exception over North Atlantiesvhere a strong heating is calculated. This heating

negatively correlates with less cloudiness, so more sunlight pesetrate surface, and a complete disappearance of sea ice

from the region
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1190 Figure 17. Same as ifrig. 6 for surface air temperatures(rf).
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The behavior observed in theaddmosphere configuration appears to stem from the absence of an active overturning circulation

in the SOCRATES radiatiorcbeme case for the désolution, which effectively shuts down the northward transport of heat.

In contrast, the simulation using the GISS radiation scheme maintains a robust Atlantic Meridional Overturning Circulation

(AMOC) of approximately 23 Sv, accoumd for the warmer temperatures over the North Atlantic and the associated reduction

in sea ice area relative to the SOCRATES run. While the radiation scheme does not directly control ocean circulation, its

influence on surface energy fluxes may indireaffgct AMOC stability. In our model, AMOC strength has been shown to be

highly sensitive to freshwater input from ice melt and transfiRomanou et al., 2023%uggesting a possible link. We also
note that at the higherfésolution, both the SOCRATES and GISS simulations exhibit an active AMOC.

The x and N atmospheres on the other hand behave differently when the radiation scheme changes: the Southern hemisphe

mostly heats up and the Northern midlatitudes cool, while the North Pole heats up when using the N atmosphere (cools whe

using x). Seace changes again aftorrelate with surface air temperature, while clouds respond in a very similar manner

between the x and N atmospheres, with a reduction over the tropical belt and an increase everywhere else, and in particul

over the upwelling midititudes in both hemispheres. This shdhedifferent response of GISS radiation with regard to

aerosols and stratospherig, @hich are the main differences of the A atmosphere with x and N, but also to clouds, due to the

different cloud balancing valuelected (Table 3) which produce more low cloud@Qb) and total Y00aand UQ0b) with

the GISS radiation choice of valudéis the x simul&ions (central column in Fid.8), the southern hemisphere becomes warmer

with the GISS radiation and features increased cloud cover. However, the northern hemisphere becomes colder, also with mol
clouds. This particular ISSSOCRATES difference appears to be the superpositidntwo other GSSSOCRATES
differences: one, the model wants to be cooler at high latitudes withl 8§ radiation, excepting the Nodlantic AMOC-

related feature, and two, the model wants to be warmer at southern high latitudes when using théidgitBSaad slightly

warmer at northern high latitudes) and when changing the atmospheric composition (and cloud tuning) but holding the ocear

circulation fixed. When we combine these two patterns, we get the sohdmarsphere warming in Fid.9 slightly winning

out over its cooling in the upper left ofgt 18, but in the northern hemispteetheFig. 18 cooling wins over the Figl9

warming.
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Figure 18. Surfaceair temperaturdtop row), total cloud cover (middle row) and ocean ice fraction (bottomdifgfencesetween GISS
and SOCRATES radiation simulatiofws theA (left column), x (middle column), ard atmospherg (right column)with a dynamic ocean
Positive values meanehGISS radiation is warmer, abthck dots show areas where the differences are not statistically significihrt a
95% confidence.

Focusing on the N atmosphéFgg. 19), the change in radiati@theme using a dynamic ocean resembles that of the prescribed
ocean surprisingly well, with two notable differences: the continental warming is more pronounced and extends to the whole
tropical belt, although in a smaller magnitude over tropical oceadsthene is a persistent cooling over the northern mid
latitude oceansAll of those changes are too small, less than 5 degrees everywhere, when compared to the differences betwee
the twoQ-flux=0 simulations, in which major temperature differences amutated between the two radiation schemes. GISS
radiation calculates a very wiggpread warming over the polar half of the southern hemisphere, which nearly everywhere
exceeds 10 °C, and reaches 18 °C locally. This is consistent with deasextended sa ice coer in the southern hemisphere

when using the GISS radiation, which moves the southern hemisphere ice line about 10fultlheeesvay fronthe tropics
(Sect.5.4). The clouds respond in a similar way across ocean configurationstivesidiation scheme changes, with the

GISS radiation leading to less clouds in the tropics and more in the extratidpécgifferences in cloud cover betwetbe
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GISSandSOCRATESsimulations are generally consistent with the differences in the cloud tuning parameters, at least in the

235 extratropics where there are the most stratiform clouds (the tuning parameters are for stratiform clouds). In partfular, the

to-x changeso those parameters for théSSradiation are very large compared to typical changes for rebalancing Earth, and

go in the direction of making Gx a cloudier world. Interestingly, tB€€RBATE Sradiation did not require such a large change

for A-to-x rebalaring, perhaps because rsdiusl multiplier was left unchanged, while the-tA-x rebalancing for the G

radiation increaserhdiusl _multiplier which tends to make clouds less opague and thus requires increases of cloud cover to

240 compensate (decreas€0a, increasedJ00b).
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Figure 19. Surface air temperaturgeft column), total cloud cover (middle column) and ocean ice fraction (right coldifiejences
between GISS and SOCRATES radiation simulations for theporéw) andq (bottom row oceans with the N atmospheseeFig. 18 for

the o oceanPositive values mean the GISS radiation is warmer, and black dotsasbasvwhere the differences are not statistically
significant at the 95% confidence.

The vertical profile of the global mean temperattig.(20) for the different atmospheres used shows the major change in the
stratosphere thaticcurfor the x and N atmospheres, a direct result of the absence of stratosphertre@bsence of a

stratosphec temperature inversi@has important implications on several metiaé the model, as presented here and in other

sections. Only the dynamic ocean and medium resolution is sholig.iR0, but the results discussed here arédviar all

ocean configurations for both resolutions. For the preindustrial atmosphere (A), both the GISS and SOCRATES radiations
agree very well, while all other atmospheres agree with each other in the troposphere only. Starting from the lowarstratosph

at around 50 hPa and higher, temperatures start to deviate with altitude, and reach 10 °C at the model top, across radiatic
configurations. The x and N atmospheres with SOCRATES are virtually identical, ihtshhat the GISS radiatiomight

consicer Oz and Ar (both absent in the anoxic (N) atmosphdiffgrentlythan SOCRATES does. Further, the GISS radiation
simulates a very weak inversion that maximizes around 10 hPa, which is not calculated by SOCRATES, with imfifications
water vapor and hig altitude clouds. ThelanretROCKE-3D 1.0 configuration, only available for the x atmosphere and
medium resolution, agrees extremely well with its successor (P2SxoM483+AetROCKE-3D 2.0, except in the region
between 1040 hPa, which shows a musmoother transitiom specific humidity rather than the sharper change of slope

with altitude inplaretROCKE-3D 2.0 at around 50 hP&his-isa-directconsequencef-the-smoothertemperature-transition
thatis-simulated-in-the-same-altitudes.
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