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Despite receiving just 30% of the Earth’s present-day insolation,
Mars had water lakes and rivers early in the planet’s history, due
to an unknown warming mechanism. A possible explanation for
the >102%-y-long lake-forming climates is warming by water ice
clouds. However, this suggested cloud greenhouse explanation
has proved difficult to replicate and has been argued to require
unrealistically optically thick clouds at high altitudes. Here, we use
a global climate model (GCM) to show that a cloud greenhouse can
warm a Mars-like planet to global average annual-mean temper-
ature (T) ~265 K, which is warm enough for low-latitude lakes,
and stay warm for centuries or longer, but only if the planet has
spatially patchy surface water sources. Warm, stable climates in-
volve surface ice (and low clouds) only at locations much colder
than the average surface temperature. At locations horizontally
distant from these surface cold traps, clouds are found only at high
altitudes, which maximizes warming. Radiatively significant clouds
persist because ice particles sublimate as they fall, moistening the
subcloud layer so that modest updrafts can sustain relatively large
amounts of cloud. The resulting climates are arid (area-averaged
surface relative humidity ~25%). In a warm, arid climate, lakes
could be fed by groundwater upwelling, or by melting of ice fol-
lowing a cold-to-warm transition. Our results are consistent with
the warm and arid climate favored by interpretation of geologic
data, and support the cloud greenhouse hypothesis.

Mars | planetary habitability | paleoclimate

ars is cold today, but early Mars was warm enough for

lakes (e.g., ref. 1) that were habitable (2). These early
(4 to <3 Ga) warm climates cannot be explained by basic models
of the early Mars greenhouse effect (involving only CO, and
H,O vapor) because these predict climates that are too cold (3,
4). Hypotheses for solving this problem have difficulty in
explaining the geologic evidence for >10%y-long lake-forming
climates that persisted as late as <3 Ga (e.g., refs. 2, 4, and 5
and references therein). One hypothesis for reconciling models
with data are greenhouse warming by H,—CO, collision-induced
absorption (e.g., refs. 6-8). Here, we demonstrate that a differ-
ent mechanism can explain warm paleoclimates. Recently, warm
(T ~265 K, where T = annual mean temperature) early Mars
climates were found in one three-dimensional (3D) global cli-
mate model (GCM) simulation of the greenhouse effect of high-
altitude water ice clouds (9). However, Urata and Toon (9) did
not check for steady-state mass balance for surface H,O reser-
voirs, and the high clouds produced by this model require an
imposed cloud lifetime, adjusted to be longer than that of Earth
clouds by a factor of 10% This and other choices have been de-
scribed as “not physically reasonable” by subsequent work (10),
and other studies also reached similar pessimistic conclusions
about the potential of water ice clouds to explain warm paleo-
climates (3, 11). For example, Wordsworth et al. (12) found in
their model that even if cloud precipitation was (unrealistically)
disabled, cloud radiative effects gave only a 1- to 2-y-long rise in
surface temperature, too brief to explain geologic data. High
clouds are needed for strong cloud warming because high clouds
are cold relative to the surface, and the greenhouse-warming
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potential of clouds increases when the temperature difference
between the cloud-forming altitudes and the surface increases
(e.g., refs. 10 and 11). In one-dimensional (1D) models, strong
H,O ice-cloud warming occurs if—and only if—radiatively sig-
nificant clouds are located at high altitudes (11). Nevertheless,
1D calculations have consistently shown the potential of a tiny
quantity of water (just ~0.01 kg/m* H,O in the form of cloud ice)
to raise planet temperature by ~50 K (10, 11). For comparison,
Mars today has an average of ~3 x 10* kg/m? of surface H,O ice
and ~0.01 kg/m?* atmospheric H,O vapor. This motivates new 3D
simulations in order to understand the discrepant results from
earlier studies and test the cloud greenhouse hypothesis. Here,
we present cloud greenhouse simulations run from geologically
reasonable initial conditions, with physically based cloud mi-
crophysics, and run for long enough for the atmosphere to reach
equilibrium with surface water reservoirs.

To test the cloud greenhouse hypothesis, we use the MarsWRF
GCM (13, 14), modified to include radiatively active water ice
clouds. MarsWREF is the Martian implementation of the Planet
Weather Research and Forecasting (PlanetWRF) GCM (15),
itself derived from the terrestrial Weather Research and Fore-
casting (WRF) model (16, 17). For early Mars, with static cloud
locations, we find maximum warming when cloud optical depth is
of order unity and clouds are high (~30 km altitude) (SI Ap-
pendix, Fig. S2). These 3D results with static clouds are consis-
tent with the 1D results of refs. 10 and 11 (SI Appendix). In
the remainder of this paper, we use a dynamic water cycle
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(dynamic clouds), including sedimentation of individual cloud
particles, rapid snow-out above an autoconversion threshold, and
exchange with surface water ice (Methods). We assume that rel-
ative humidity is buffered to <1 by rapid condensation of cloud
particles; although air parcels can reach saturation at any temper-
ature in our model, condensation occurs at 2 190 K in our output,
consistent with our assumption that supersaturation is minor. In-
dividual cloud particles undergo Stokes settling (gas viscosity
107 Pa s) at a rate set by their modal sizes, with a Cunningham
slip correction. Our model has two types of particles: cloud par-
ticles that do not fall very fast and snow that does fall fast because
the particles are much larger. Cloud particles can be converted to
form fast-settling snow if the cloud-particle number density
exceeds a threshold. This threshold represents the dependence
of cloud-particle coalescence on cloud-particle number density.
Specifically, in order to conservatively represent the cloud-
depleting effect of mass transfer from slow-settling (cm/s) cloud
particles to fast-settling snow (autoconversion), we increase the
settling velocity to a fast value (1 m/s) when cloud-particle density
exceeds a conservatively low threshold (3 x 10 kg/kg). In other
words, the conversion of cloud ice to snow does not occur until the
number density of cloud particles reaches a certain magnitude.
Falling particles either reach the ground as snow or reevaporate
when they descend into dry air. Consistent with output from an-
other GCM (11), we find that snow descending into unsaturated
air at >30 km will evaporate well before reaching the ground.

Results and Discussion

Cloud Greenhouse Enables Stable, Warm, Arid Climate Consistent with
Early Mars Data. With boundary conditions similar to present-day
Mars (0.006 bar CO,, annual-average H,O ice-cap temperature
<180 K), MarsWREF shows a water cycle with only ~10 precipi-
table pm (pr-pm) of H,O vapor and only optically thin water ice
clouds (SI Appendix, Fig. S3) (18), both reminiscent of Mars’
spacecraft-era water cycle (SI Appendix, Fig. S3). On modemn
Mars, at low latitudes, water ice clouds are seasonally present at
10- to 40-km altitude (SI Appendix, Fig. S1) but have little effect on
surface T (19). Water ice clouds observed with lidar at high lati-
tudes on modern Mars resemble terrestrial cirrus: peak ice-water
content is ~1 mg/m?, and fall streaks are directly observed (20).

Our early Mars reference simulation uses Mars Orbiter Laser
Altimeter topography, a faint young Sun (0.8 X modern solar
luminosity), a modal cloud-particle radius of 10 pm, and 0.6 bar
pCO, (Methods) (sensitivity tests are described in SI Appendix).
First, we consider a cold, dry initial condition with surface H,O
(ice) initially restricted to the South Polar region (>75°S) and on
high ground (>4 km elevation) at Alba Mons—both relatively
cold locations. We describe our model spin-up to show that a
stable, warm climate can be reached from a cold, dry start. At
first, temperatures are cold (7 < 217 K) with tenuous water ice
clouds at altitudes 5 to 20 km. As more water vapor is injected
into the atmosphere, surface temperature rises and the con-
densation level above which clouds can form rises to higher al-
titude. Water vapor is horizontally well mixed, and clouds occur
at all latitudes. T > 260 K occurs ~17 y after the cold/dry start (SI
Appendix, Fig. S4). After high-altitude clouds become radiatively
significant, water vapor continues to build up for a further ~20y,
before stabilizing as the surface water ice reservoirs reach steady
state (time-average surface relative humidity ~1 at the surface
cold traps).

Results after the run has reached stable warm-climate steady
state (T = 263 K) in equilibrium with surface water ice are shown
in Fig. 1. Water vapor is well mixed horizontally (SI Appendix,
Fig. S54), and the global-average cloud water column is 4,000 pm.
The warm low latitudes (30°S to 30°N) are humidified by saturated
air from the cooler, higher latitudes (as in some endmember models
of the climate of Titan; ref. 21). This leads to arid conditions in
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the low latitudes, with global-average surface relative humidity
of 25% (SI Appendix, Fig. S5B). However, saturation is reached at
high altitudes in low latitudes, so clouds form. In the low latitudes,
peak cloud ice-water content is ~1 mg/m® (less during the day,
more during the night) at ~25-km altitude where temperatures are
~220 K (SI Appendix, Fig. S5D). Essentially, the spatially re-
stricted surface ice distribution, with ice only at relatively cold
locations, leads to low global-average surface relative humidity.
For lower surface relative humidity (at fixed surface temperature),
moisture must be lifted higher to condense and form clouds. These
high clouds provide strong warming.

Cloud cover is near global in the GCM after steady state has
been reached (SI Appendix, Fig. S5C). In our early Mars model,
cloud cover is mainly set by the distribution of surface H,O,
instead of (as on Earth) atmospheric circulation and transport
processes. This difference can be understood as follows. On
modern Earth, the water lifetime in the atmosphere is ~10 d. By
contrast, in our warm/arid early Mars simulations, the residence
time of water substance in the atmosphere is >1 y. The long
residence time of water vapor ensures a low-level water vapor
mixing ratio that is uniform—to within 20% away from the surface
cold traps. Because of this uniformity in H,O), away from the
surface cold traps, the story of cloud formation is essentially 1D
(vertical). The two-order-of-magnitude contrast in atmospheric
water lifetime between our early Mars model and modern Earth
reduces the importance of the details of transport dynamics/
overturning circulation in understanding the distribution of water
and why there are clouds at all latitudes and longitudes. (Once
formed, cloud particles in our GCM typically move <100 km from
their formation locations.) By contrast, Earth’s water vapor col-
umn abundance varies horizontally by a factor of >60. The two
planets are in different regimes. In our early Mars model, dy-
namics still matter for explaining locally sharp latitudinal gradients
in cloud thickness (Fig. 14). In summary, global cloud cover is
enabled by the following attributes of the system (22): 1) atmo-
spheric H,O has no sink except for the spatially restricted surface
cold traps; 2) atmospheric H,O has a residence time that is longer
than the atmospheric mixing time (9); and 3) except at surface
cold traps, individual cloud particles do not fall to the surface,
instead they sublime just below the cloud base (without being
transported far from the cloud) and moisten the subcloud layer.
For these reasons, water vapor is horizontally well mixed at near-
uniform mixing ratio (kg/kg) (S Appendix, Fig. S54), and this well-
mixed water vapor-bearing layer extends to high altitude, where it
condenses as a global “capping” cloud layer. The SI Appendix
includes a discussion of the differences between our early Mars
model and modern Mars observations.

Approximately one-half of incoming sunlight is scattered to
the surface at low latitudes, but most upwelling longwave radi-
ation is trapped and reradiated by high, cold clouds. This leads
(in concert with positive radiative feedback from H,O,) to
strong warming. The peak cloud-ice mass mixing ratio in our
early Mars model is the same as is observed for modern Mars
low-latitude clouds (19), but provides much more positive radi-
ative forcing because the early Mars model clouds are more
extensive, higher, and more optically thick on average. Convec-
tion occurs beneath the clouds, and the associated updrafts help
to sustain the clouds. The clouds are in equilibrium with surface
water ice at locations where surface relative humidity reaches
unity, poleward of 75°S, and also at high ground at 40°N. (Similar
results are obtained for alternative spatially restricted water ice
distributions.) These surface cold trap locations have T < 245 K,
colder than central Greenland. With ice at these locations, warm
steady-state climates result even with cold-atmosphere/cold-surface
initial conditions (Fig. 2).

Fig. 1B shows the resulting mean annual temperatures. In
contrast to previous models that could not generate sustained
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Fig. 1. Results from cloud greenhouse simulation showing warm, arid, stable early Mars climate. This run is for a circular orbit and zero obliquity. (A) Zonally
averaged, annual-average output for water ice mixing ratio (ppm by weight, blue shading), atmospheric temperature (K, green contours), and relative humidity (red
contours). Y-axis uses terrain-following c-coordinates (c = P/Pg,). Nonzero average ice abundances in areas with average relative humidity <1 are mostly due to the
time/zonal averaging (reference SI Appendix, Fig. S6D for a plot of cloud ice-water content, kg/m3). The green double-headed arrow corresponds to the latitudinal
extent of surfaces with T > 273 K, mapped in B. (B) Annual-average surface temperatures, T (K, color shading) and Mars topography (m, black contours) for early
Mars simulation in A. “X” marks stable-surface water ice locations. This climate and these water ice locations are stable for centuries or longer, based on ex-
trapolation of vapor-column tendencies. The green contour encloses the very large region that (in a simulation with eccentricity = 0.1 and obliquity = 25°, similar to
the orbital parameters of modern Mars) has a continuous 100 sol season with T > 273 K during every Mars year. Stable, warm, arid climates involve vapor equi-
librium with surface ice only at locations much colder than the planet average so that the high altitudes of clouds at locations horizontally distant from the surface
cold traps maximize warming. Landing sites are shown for rover missions—(O)pportunity, (S)pirit, (C)uriosity, (P)erseverance, (T)ianwen-1, and (R)osalind Franklin.
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high T at +1-km elevations (reviewed in refs. 3 and 5), we find
T > 268 K at almost all known paleolake locations on Mars
(almost all are in the 30°S to 30°N band, ref. 1), with 7 > 273 K
for many hours each day. This is comfortably warmer than the
empirical 7 threshold in the Antarctic Dry Valleys for large pe-
rennial ice-covered lakes (T ~255 K, e.g., ref. 23), where seasonal
meltwater supply balances evaporative losses. Our GCM does not
spatially resolve the deep craters explored by Curiosity, Spirit, and
Perseverance, but taking into account the anticorrelation between
local elevation and local T, our model implies 7 > 273 K for all
rover landing sites (Fig. 1B). This is consistent with the non-
detection by rovers of evidence for past ice features. The Fig. 1
simulation is warm but arid (~25% area-averaged surface relative
humidity, SI Appendix, Fig. S5B). These results, while different
from previous 3D models of melt-permitting climates on Mars, are
consistent with geologic data that suggest early Mars had an arid
climate (e.g., refs. 24 and 25). In arid climates, lakes could be fed
by groundwater flow (24, 26), by infrequent storms associated with
mesoscale processes that are not resolved by GCMs (e.g., ref. 27),
or transiently by melting of preexisting ice following a cold-to-warm
transition (28) (Fig. 3). In our model, low-latitude ground ice
(if present) would melt at the onset of the warm climate. This
suggests a physical basis for chaos terrain and outflow channel
formation (29). The warm, arid climate is strikingly little affected
by a test adding ~10° km? of surface H,O (0.6% of planet area) at
the locations of the largest known paleolakes on Mars (1), in-
cluding Curiosity’s field site at Gale (SI Appendix, Fig. S6B). In this
test, lakes lose H,O every year, and H,O is deposited every year
on global topographic highs. Ice-cap basal melting and ground-
water flow might balance this atmospheric flux and so close this
water cycle, as previously hypothesized for early Mars (30, 31) and
modern Titan (32). In this case, a warm, arid Mars climate that
includes low-latitude groundwater upwelling could self-sustain
indefinitely. The cloud greenhouse makes the atmospheric part
of this previously hypothesized ancient global water cycle physically
self-consistent. More work is needed to test these proposed mech-
anisms using a hierarchy of models as well as using the geologic
record (Fig. 3). Nevertheless, the potential of the Fig. 1 climate to
explain geologic data is strong.

Fig. 1 results are for a circular orbit and zero obliquity. In-
creasing eccentricity to 0.1 and increasing obliquity to 25°, similar
to Mars’ present-day parameters, causes a 100-d interval with
average temperature >273 K to occur every year in the belt
between 40°S and 60°N at all elevations (excepting only Tharsis)
(SI Appendix, Fig. S6A).

How Spatially Patchy Surface Water Distribution Enables Warm,
Stable Climates. We found that the equilibrium climate outcome
in our model depends on the initial distribution of surface H,O.
Initial conditions with spatially extensive surface water ice lead
to cold climates (T < 220 K) (SI Appendix, Fig. S7 and Fig. 2).
The cold outcome is counterintuitive in that water vapor is a
greenhouse gas, and in Fig. 1 water ice clouds provide strong
warming. The cold outcome is not caused by the high albedo of
surface water ice. Instead, runs initialized with water ice in warmer-
temperature locations (e.g., frozen floodwater in the Northern
Lowlands or ice at >1-km elevation) yield optically thick, low-lying
clouds that produce little or no net warming (SI Appendix, Figs. S6
and S7).

As also found by ref. 10, we found cold climates for water ice
grain radii <5 pm (Fig. 2). Such grains are too small to efficiently
absorb upwelling thermal infrared (SI Appendix, Fig. S8), and so
(as noted by ref. 9) they provide little greenhouse warming
(Methods).

Why does spatially patchy surface water distribution enable
warm climates? Water ice absorbs thermal infrared and forward
scatters visible light. Scattering only slowly attenuates downwel-
ling insolation, to an extent set by the total cloud thickness (33).
By contrast, absorption exponentially attenuates upwelling long-
wave radiation, so (for optically thick clouds) whole-planet energy
loss is set by the cloud-top temperature. Cloud-top temperature
decreases with altitude following the adiabatic lapse rate, so
whole-planet energy loss is minimized (strongest greenhouse) for
high-altitude clouds (Fig. 3). Thus, for high-altitude > 10-pm-ra-
dius clouds, there is a range of cloud optical depths that give
strong warming (e.g., refs. 10 and 34). The potential for high-
altitude clouds (and strong warming) increases for simulations
that have a lower average surface relative humidity. In detail, the
average surface relative humidity at steady state depends on many
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Fig. 2. Control of Mars climate by extent of surface H,O cover and by ice-cloud particle size. Left column shows ice distribution for each row—white cor-
responds to surface ice, and ochre corresponds to bare ground (black topography contours are the same as in Fig. 1). AT,,.. corresponds to the difference (at
equilibrium) between the spatial average cold-trap surface temperature and the global average surface temperature. The other columns show (for each run)
average temperatures (T, in K) and the altitudes of low-latitude (30°S to 30°N) cloud ice water content maxima (z, in km). For example, the 10-pm run in the
top row (Fig. 1) corresponds to a run with fixed cloud particle radius of 10 um, and the water ice extent shown in the top map. Warm-climate equilibrated
outcomes are shown in red and cold-climate equilibrated outcomes in gray. Results are for cold/dry starts. Double-headed blue arrow corresponds to a wide

range of spacecraft-era Mars cloud H,0. radii (2 to 70 pm, ref. 19).
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Outgoing Longwave Radiation. ATy, = temperature difference due to the greenhouse effect. Ty, r = surface temperature. EQ = equator. On the Right, blue
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parameters, including the full two-dimensional initial distribution
of surface water ice. Despite this complexity, we have found that a
useful index for the GCM runs is the temperature difference
(AT,,..) between the characteristic temperature of the H,O-bear-
ing surface (in our model, H,O ice in surface cold traps), T, and
the global average temperature, T. The absolute humidity of the
atmosphere is in effect buffered by the “cold finger” temperature
of the surface cold traps, T,. When the “cold finger” temperature
is decreased relative to the typical surface temperature 7, the
typical surface relative humidity goes down. When AT, is small,
the lifting condensation level (LCL, cloud base) is close to the
ground, low clouds form, and the cloud greenhouse is weak (Fig. 3).
When AT, is large, low clouds do not form except very close to
surface cold traps, and far from the surface cold traps, the LCL is
high. As a result, high clouds are possible, and the cloud greenhouse
effect can be strong. Overall, the basic physics of scattering, ab-
sorption, and the vertical temperature profile cause the optimum
in steady-state cloud warming for arid surface conditions (Fig. 3).

For extremely cold planets, there is no longer enough water in
the atmosphere to make widespread optically thick clouds, and
water cloud warming is negligible. Present-day Mars is in this re-
gime (SI Appendix, Figs. S1 and S3). The SI Appendix includes a
discussion of the differences between our early Mars model and
modern Mars observations.

Waxing and Waning of the Cloud Greenhouse over Geologic Time.
Mars’ geologic record shows alternations between wet and dry
conditions (e.g., refs. 35 and 36). These alternations might be due to
orbital forcing. Alternatively, wet/dry alternations might be due to
varying abundance of ice-cloud nuclei (e.g., dust, ash, or meteoric
smoke; ref. 37). This is because ice nuclei abundance sets ice grain
size, with greater nuclei abundance leading to smaller ice grains.
Changes in ice grain size can shift our model between a cold and a
warm state (Fig. 2). Our warm-climate model prescribes an ice grain
size that is within the observed range for water ice clouds on Mars

Kite et al.
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today (19). Because we cannot be certain of >3 Ga high-altitude
Mars ice nuclei abundance, we cannot be certain that the conditions
needed for cloud greenhouse warming occurred on the real early
Mars. However, it is also possible that ice nuclei density alternated
between values that permitted strong cloud greenhouse warming
and values that precluded strong cloud greenhouse warming.

The connection between the distribution of surface H,O and
cloud warming suggests links between Mars’ long-term evolution
and the potential for cloud warming. If Mars initially had >10x
the ice-cap H,O than it does today (e.g., ref. 38), and this HO was
exposed at the surface in relatively thin ice deposits (e.g., as
modeled by ref. 39), then high average surface relative humidity
would result, with low clouds, and without strong cloud green-
house warming (SI Appendix, Figs. S6 and S7). As H,O is lost by
escape-to-space, by hydration reactions (mostly irreversible; e.g.,
ref. 40), and by loss to deep aquifers, or is buried beneath a lag
deposit (reversibly; as for Mars’ present-day Planum Australe), the
areal extent of surface H,O may become more spatially restricted.
Moreover, as the CO, atmosphere thins over time, the tempera-
ture difference between the equator and the poles increases, in-
creasing AT, . (however, this is counteracted by reduced CO,
warming, and it is not clear which effect wins). Moreover, growth
of tall volcanoes will create cold ground at high elevation, which
may increase AT,... Each effect can lower the temperature of surface
cold traps relative to typical surface temperature, increasing the po-
tential for cloud greenhouse warming (Fig. 1). Thus, Mars’ long-term
evolution permits strong cloud greenhouse warming. This is con-
sistent with the geologic evidence for an intensification of aqueous
weathering and lake activity ~3.7 Ga (41, 42). Further loss of CO,
(38) and H,O, and low obliquity (e.g., ref. 43), currently confine
Mars to a cold state (SI Appendix).

Conclusion

Understanding warm climates on early Mars is difficult. In an
early Mars GCM, initialized with a spatially restricted distribution
of surface H,O ice, we find that high-altitude water ice clouds can
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give warm annual-mean temperatures. The modeled stable, warm,
arid climates are consistent with data that suggest a warm, arid early
climate on Mars. Our results support the cloud warming hypothesis
(9, 44) as an alternative to the H, CO, collision-induced absorption
hypothesis (6-8) for warming early Mars. Our results do not rule
out either hypothesis (perhaps both mechanisms contributed), but
two tests are imminently possible with rover Perseverance. First, in
most models of H, CO, collision-induced absorption warming
(ref. 7, but see also ref. 45), warming intervals last >10° y. In the
model presented here, warm intervals can last much longer.
Therefore, geologic evidence for individually >10°y-long warm
intervals would favor the cloud greenhouse model. Second, cloud
warming can permit lakes on Mars at both high (>0.6 bar) pCO,
and low pCO, (e.g., 0.25 bar, ref. 9) (on Mars, pCO, ~ total
atmospheric pressure). In contrast, pCO, 2 1 bar is needed for
strong warming by collision-induced absorption (6). Therefore,
improved paleo-atmospheric pressure reconstruction using rover
observations of pCO,-sensitive detrital minerals, constraints on
CO, escape to space (38), analysis of returned samples, etc. holds
out the prospect of understanding the physical basis of habitable
climates on early Mars. These results may have implications for
understanding habitability in general, because the evidence for
warm climates on early Mars is used to define the empirical es-
timate of the outer edge of the Habitable Zone (46).

Methods

MarsWRF solves the primitive equations using a finite difference method-
ology on an Arakawa-C grid (47). Both the horizontal and vertical resolution
of the model are variable and selectable at run time. Here, a 40-layer vertical
grid (from 0 to ~100 km) is used, following a modified-c (terrain-following)
coordinate. For the runs shown in Figs. 1 and 2, we have chosen a horizontal
resolution of 5.625° x 3.75°, which corresponds to a grid of 64 points in
longitude x 48 points in latitude. At this resolution, the model is run with a
3-min dynamical timestep. The Mars orbital state (obliquity, eccentricity, and
solar longitude of perihelion) is defined at runtime, along with the prescribed
solar luminosity.

A multigas, two-stream radiation code, loosely based on the structure
outlined in ref. 48, but modified to use the k-distribution radiative transfer
method, is employed in MarsWRF. This method retains much of the accuracy
of line-by-line calculations but is significantly faster (e.g., refs. 49 and 50).
Information about the particular implementation of the correlated-k
method that is used here may be found in ref. 51. Radiative transfer calcu-
lations for both gas and aerosol are performed for 14 discrete wavelength
bins covering the ultraviolet, visible, and infrared portions of the spectrum
(from 0.24 to 1,000 pm). In the present study, dust, CO, ice, and water ice
aerosols are considered.

Within a single model layer, and for each grid point, the wavelength-
dependent opacity from water ice aerosols is determined first for a refer-
ence wavelength of 0.67 pm using refractive index data for water ice at
210 K from ref. 52 (S/ Appendix, Fig. S8). Opacities at other wavelengths are
scaled relative to this reference value by the ratio of the extinction cross-
sections at 0.67 pm and the other wavelength. As the data from ref. 52 is of
higher resolution than the spectral bins within MarsWRF, a weighted aver-
age of all calculated opacities within each of the 14 spectral bins is used.
Microphysical processes (including sedimentation, cloud formation, and
surface deposition) are updated each dynamical timestep, while radiative
effects of both gas and aerosol are calculated less frequently (every 30 min).
Because CO, absorbs around 15 pm, Mars’ surface cools mainly by emission
through windows in the CO, absorption spectrum at ~20 pym and at 8 to
12 pm. For the purpose of absorbing light at these wavelengths, the volume-
normalized extinction cross-section varies strongly with water ice cloud
particle radius (S/ Appendix, Fig. S8). Water ice cloud particle radii are af-
fected by the number density of ice nuclei (fewer ice nuclei implies bigger
water ice particles). The number density of ice nuclei on early Mars depends
in part on the capacity of surface aeolian processes to loft dust and on the
availability of liftable dust at the surface. In turn, the availability of liftable
dust at the surface depends on the long-term balance between dust-aerosol
production by wind erosion versus dust-aerosol consumption via sediment
induration, and is unknown. To take account of this unknown, we consid-
ered modal water ice cloud particle radii (each defining the center of a log-
normal distribution) of 5, 10, and 20 um (Fig. 2). Current Mars water ice
particle radii are stated by ref. 19 to be 2 to 5 pm for low-latitude clouds
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(e.g., the aphelion cloud belt) and up to 70 um for high-latitude clouds. Only
ice clouds (not mixed-phase clouds) are considered, which is reasonable
because most clouds form and reside at <240 K.

Surface material properties were set to Mars-average values similar to
those used in other studies (e.g., ref. 53): specifically, thermal inertia is
constant (250 J m~2 K=" s7"?) and surface albedo is set to 0.2, except in lo-
cations where substantial water ice exists, for which surface albedo is set to
0.45. CO, condensation is permitted to occur in the model; however, to keep
the results easy to interpret we chose boundary conditions and initial condi-
tions (mainly CO, pressure) for which CO, condensation in the model is initially
unimportant. The initial atmospheric and surface temperatures are set to be
warm enough that runaway atmospheric collapse does not initiate during
model spin-up (e.g., for the run in Fig. 1, global average initial temperatures
are 239 K for the surface and 211 K for the near-surface atmosphere).

Water Cycle Surface Boundary Condition. A large surface water ice source is
prescribed at t = 0; the location of the source varies between runs. During
the run, the location of the surface water ice can shift. The model uses a
basic water cycle in which water vapor and ice mass mixing ratios (kg/kg) are
transported as tracers in the atmosphere. If the water vapor concentration in
a grid box exceeds saturation, the excess vapor is converted to ice. Water can
exchange between the atmosphere and surface in two ways: 1) water can be
deposited onto the surface due to the sedimentation of ice particles, with
the sedimentation velocity calculated using Stokes’ law modified with a
Cunningham slip-flow correction factor (54); and 2) additionally, water va-
por can condense onto the surface, or water ice can sublime from the sur-
face (if surface water ice is locally available), depending on the humidity
gradient between the surface and lowest model layer. In this case, the flux
of water is given by the following:

F= [’ucd(QSat - le). [11

where p, u, and g, are the atmospheric density, wind speed, and water vapor
mass mixing ratio in the lowest model layer, and g, is the saturation vapor mass
mixing ratio at the ground. Cy is a drag coefficient given by the following:

Co = [x/ In(z/20)]", [2]

where k = 0.4 is the Von Karman constant, z is the midpoint height of the
lowest model layer, and z, is the surface roughness. The sublimation and
deposition of ice affects the surface temperature through latent heat ef-
fects, given by the following:

H= —Lyp(AM;/AtL), [3]

where Ly, = 2.83 x 10° J kg™ is the latent heat of sublimation of ice, AM,; is
the change in mass per unit area of surface ice, and At is the model time step.

Water ice clouds in the model are radiatively active. The ice mass mixing
ratio in each grid box is converted to an opacity via the following:

dr = tngh,00be; (Qextqidp) / (gpiresr). [4]

where g; is the ice mass mixing ratio, p; and res are the density and effective
radius of the ice particles, Qe is the extinction coefficient of ice (SI Ap-
pendix, Fig. S8), g is the mean acceleration due to gravity, and dp is the
vertical pressure difference over the grid box (cf. ref. 55).

H,0 Ice-Cloud Formation. We assume that relative humidity is buffered to <1
by rapid condensation of cloud particles. In our model output, air parcels
reach saturation at =190 K. Supersaturation is neglected; supersaturation
would lead to cloud particle formation at greater heights, which is associ-
ated with even stronger greenhouse warming (10, 11).

H,0 Ice-Cloud Particle Destruction: Order-of-Magnitude Reasoning. For ice
mixing ratio 107> kg/kg at 3 kPa and 200 K, the ice concentration is about
4 % 1077 kg/m3, which (for particle radius 10 pm) gives a particle number
density of ~1 cm™3. The corresponding lifetime of 10-um-diameter particles
against Brownian coagulation is years or longer (56), neglecting order-unity
corrections for van der Waals, Coulomb, and hydrodynamic forces. To estimate
the timescale for coagulation from gravitational settling, suppose that parti-
cles move relative to each other at the Stokes settling speed (us < 1 cm/s). This
timescale is about 1/(107* m™" u,) where 10~ m~" is the optical depth per
meter; that is, this timescale is weeks or longer. Since these timescales are all
long compared to air-parcel vertical velocity timescales, the cloud particles are
usually destroyed by encountering unsaturated air, for example, by settling.
Snow settling into unsaturated air at >30 km will evaporate well before
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reaching the ground (11, 57). The short timescale for sublimation has been
noted for modern Mars (58).

Definition of Steady State. MarsWRF conserves total H,O mass (vapor + sur-
face ice + cloud ice) to better than 0.0002% y‘1. In equilibrated runs, we see
drift of +0.15% y~' in atmospheric vapor mass. Because the drift is much
smaller than the water vapor tendencies during model spin-up (S/ Appendix,
Fig. S4), we interpret the drift as due to a combination of model resolution
effects and climatological noise, rather than a harbinger of a physical in-
stability. Even if this drift adds up over time (which we do not consider
likely), then the climate would remain warm for centuries.

Tests. In order to check our model, we first imposed cloud altitude, optical thickness,
and particle size and varied these parameters in order to reproduce the results of ref.
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10 (SI Appendix, Fig. S2 and Supplementary Text). Next, we allowed dynamic
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Supplementary Text.
Comparison of GCM output to previous studies and to the modern Mars climate.

The runs described in the main text have fully dynamic water ice clouds. Previous studies have
investigated the early Mars cloud greenhouse hypothesis using 1D models with cloud layers of
prescribed/imposed thickness and altitude (/, 2). In order to allow comparison of our 3D model
to the previous 1D results, we carried out simulations to study the effect of a global cloud layer
of prescribed/imposed thickness and altitude on ancient Mars surface temperature — using a 3D
model to simulate a 1D effect. For these fixed-cloud-layer comparison runs only (not for the
fully dynamic runs reported in the main text), we performed 3D simulations using MarsWRF at
a resolution of 7.5° in latitude and longitude with 40 vertical levels extending up to around
100 km. Surface thermal inertia and bare ground albedo are set to globally-constant values of
250 Jm™? K s and 0.2, respectively. Present-day topography derived from MOLA data is
used, and the atmosphere has a mean surface pressure of 1 bar. The radiative impact of dust is
not included, in order to isolate the effects of water ice clouds.

Ninety different comparison simulations were run. The simulations varied in the pressure at the
center of the single cloud layer (varied from 0.5-0.001 bar, i.e. around 8-70 km), and in the
cloud optical depth (at 0.67 pm; varied from from 0.5-7). Due to the variable spacing of model
layers, clouds at 8 km altitude are around 2 km thick, and clouds at 70 km altitude are around
3.5 km thick. The results are shown in Fig. S2. As the optical depth of clouds increases, the
amount of shortwave radiation reaching the surface decreases, but the ability of the cloud to
absorb and re-emit upwelling longwave radiation increases. In our simulations, the warmest
surface temperatures occur for clouds with visible optical depths of around 4.5-6. For smaller
optical depths the thinner clouds are not as efficient at absorbing and re-emitting the upwelling
longwave radiation, and for greater optical depths the reduction in shortwave radiation reaching
the surface limits surface warming. As the altitude of the cloud layer decreases, the clouds are
located at increasingly warmer temperatures. As such, the temperature difference between the
surface and cloud layer decreases, and hence the ability of the cloud to modify the upwelling
longwave radiation decreases. A similar phenomenon is observed on present-day Mars, where
thick polar hood H,O clouds close to the surface have little radiative impact, but thinner H,O
clouds at higher altitudes in the tropics can have larger radiative impacts (3). In our
simulations, the warmest surface temperatures occur for clouds located at pressures of around
0.06-0.02 bar (30-40 km). Ref. / performed 1D modeling studies of a 0.5 bar atmosphere, with
a 1 km cloud deck composed of 10-um ice particles. They found that the greatest surface
warming occurred for clouds centered at 0.056 bar, and for optical depths between 2.78 and
8.42. These values are in agreement with the range of optical depths and pressures for which
our simulations produce peak warming (Figure S2a,c). Ref. / also found that peak warming in a
1 bar atmosphere occurred for clouds centered at around 0.15 bar. However, ref. 2 reproduced
the ref. / atmosphere simulations for 1 bar atmospheric pressure with increased vertical
resolution, and found peak warming actually occurs at an altitude of around 0.02 bar for 10-um
ice particles, in agreement with our results at 0.5 bar, and those of ref. 5.

Taking the cloud height and optical depth that gave peak warming, we then performed
45 additional simulations with a cloud layer centered at 0.03 bar with an optical depth of 5.
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In these simulations we varied the obliquity from 15-55°, and the solar longitude of perihelion
across all seasons. The results are also shown in Fig. S2 (panels b and d). In terms of average
surface temperatures there is only 10 K difference across all the simulations, but peak
temperatures vary by 30 K. It is clear that peak temperatures increase as the obliquity increases,
due to increased warming of the northern hemisphere atmosphere, which is thicker due to its
lower elevation. For a similar reason, the coldest temperatures occur when the obliquity is low
and perihelion corresponds to southern hemisphere summer.

In order to test the model’s behavior when simulating the radiative impact of water ice clouds
in a thin atmosphere (~0.006 bar surface pressure, corresponding to present day Mars surface
pressure), we performed two simulations with MarsWRF at a resolution of 5° in latitude and
longitude with 40 vertical levels extending up to around 100 km. MarsWRF has previously
been shown to capture the global temperature structure and water cycle observed in the present-
day atmosphere (6-7). On more local scales, MarsWRF also captures well entry, descent and
landing profiles (8-9), and the diurnal and seasonal cycles of pressure, temperature, wind and
thermal tides from the Curiosity rover at Gale crater (/0-12). The simulations performed here
are not intended to match a specific Mars year, but to highlight the changes caused by the
radiative impact of clouds. Surface thermal inertia, bare ground albedo, topography and orbital
parameters were set to present-day values, and a permanent north polar ice cap was defined
poleward of 80°N. (A north polar ice cap is unstable at 0.6 bar pCO,, because the north polar
region is topographically low-lying and low-lying regions are warm at high pCO,).
Atmospheric ice is formed whenever the water content of a grid box exceeds saturation, with
ice particles having a log-normal distribution with an effective radius of 5 um. For these test
simulations, autoconversion was switched off, which is reasonable because cloud densities in
the present-day hyper-arid Mars climate are low (Fig. S3). The radiative effect of dust was
included, but the dust optical depth was set to a constant value of 0.1 (on the low end of
observed values for spacecraft-era aphelion season), with a Conrath profile in the vertical.

Fig. S3 shows the results from year 10 of the simulations at four different seasons. Considering
first aphelion season (Fig. S3a-f), the inclusion of radiatively-active water ice clouds drastically
improves the agreement with Mars Climate Sounder (MCS) data. When clouds are radiatively
inactive (Fig. S3a,d), temperatures in the tropics are ~20 K cooler than the observed values at
~20-50 km altitude, but this is reduced to an error of only ~2-5 K when clouds are radiatively
active (Fig. S3b,e). There is also an improvement in the representation of the polar vortices. In
the simulations with radiatively-active clouds, the near-surface temperatures are reduced and
the polar warmings — the regions of warmer temperatures above the vortices — are strengthened.
However, the polar vortices are significantly affected by dust in the atmosphere, both in terms
of the opacity and the vertical distribution (e.g., /3-14). As such, these simulations with a
constant dust distribution cannot represent the true vortex structure. During perihelion season
(Fig. S3g-1) the temperature of the atmosphere increases due to stronger insolation and dust
storm activity. Again, our constant dust distribution cannot represent this temperature increase,
but it is clear that cloud radiative effects still improve the model’s temperature structure.
The clouds increase temperatures in the tropical middle atmosphere by ~15 K, which reduces
the difference between the MCS observations from around -20-25 K to around -5-10 K. The
additional warming required, particularly in the lower atmosphere, is due to the lower dust
abundance in the model. The improvement to the polar vortex structure at southern hemisphere
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summer solstice (Fig. S3j-1) is also notable. The largest change to surface temperatures from
cloud radiation is during northern hemisphere summer solstice (Fig. S3df), when the subliming
north polar ice cap produces an optically thick aphelion cloud belt (/5). At this time, the
nighttime surface temperatures in the simulation with radiatively-active water ice clouds are up
to 8 K warmer. The largest warming occurs over Tharsis and Arabia Terra, where the thickest
clouds form.

The increased temperatures at all seasons, particularly in the tropics, results in clouds moving
to higher altitudes, and becoming more in agreement with the cloud locations in the MCS data.
In general, the water ice mass mixing ratios in the simulations are larger than those in the MCS
data. We obtain the ice mass mixing ratios from the MCS data following the procedure in
ref. /6. However, there are numerous issues when performing this calculation. Firstly, the
aerosol opacity and temperature errors increase both low and high in the atmosphere (/7),
limiting the region of useful data to ~1-100 Pa. Secondly, MCS retrievals cannot observe the
most optically thick clouds, and so will be slightly biased to lower values. Lastly, conversion
from opacities to mass mixing ratios requires knowledge of the water ice particle effective
radius and extinction coefficient. As such, the water ice mass mixing ratios in Fig. S3c,f,i and k
should not be taken as exact, but as a lower limit on likely values.

All Global Climate Models, including MarsWRF, have energy imbalances due to finite model
resolution, rounding errors, etc. The energy imbalances in our 0.006 bar runs are <0.2 W/m®,
The high-pCO, control runs discussed earlier in this subsection, but not the “production” runs
described in the main text and elsewhere in this Supplementary Information, have an energy
imbalance at steady state of up to 5 W/m”. In all of our warm-climate runs, after temperature
and water vapor concentrations have stabilized (Figure S4), the top-of-atmosphere energy
imbalance is <1.7 W/m®, i.e. <1.5% of Early Mars planet-averaged insolation. The contribution
of ground conduction / geothermal heating to the energy budget is <0.1 W/m®. Therefore,
energy imbalance does not affect the conclusions of this study.

Supplementary discussion of early Mars GCM output.

To show that our warm climate (Fig. 1) is consistent with Mars rover data, we added perennial
reservoirs of H,O of area ~10° km” centered near the location of Gale crater, and also a
~5 x 10° km?® sea in Eridania, as well as ~10° km” lakes at Gale, Antoniadi, Cassini, and
Tikhonravov (total area ~10° km?) (/8) to a warm climate. Some of these lakes are predicted by
the model (Fig. S6b) to be ice covered, and others are predicted by the model to be open-water
lakes. Our model does not realistically treat water vapor fluxes from open-water liquid lakes
(these are modeled as warm pseudo-ice blocks); thus, this test run does not realistically
represent the actual water vapor fluxes from open-water perennial lakes of 10° km® in
cumulative area. Nevertheless, the run is the best proxy for lakes that is possible with the
current configuration of MarsWREF. In future, it might be interesting to add explicit treatment of
liquid water and rainfall to MarsWRF (as well as mesoscale modeling of cloud processes). For
the just-described additional-equatorial-vapor-injection run, we find only minor climate
perturbation (~1 K warming) from the pre-lake-injection warm climate. This is because the
~50% increase in column H,Ois fully counterbalanced by the higher albedo of thicker H,O
ice clouds. The annual net water vapor flux from the lakes is routed to the polar and volcano-
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summit surface cold traps. (If the perennial reservoirs of H,O at lake locations are added from a
cold/dry start, which is geologically unrealistic because lakes require warm temperatures, then,
even if there are no other surface H,O sources, a cold climate results).

If average surface relative humidity controls cloud-base temperature (relative to the surface
temperature), but the strength of the cloud effect on upwelling longwave radiation (greenhouse
effect) is set by cloud-top temperature, why does low average surface relative humidity enable
strong warming? Suppose that the surface relative humidity is high, and the cloud-top altitude
is also high. In that case, the cloud will likely be optically thick as well as physically thick, and
the albedo increase will defeat the strong warming (Fig. S2). Why is this? For a cloud with an
optical depth of more than a few, warming saturates (the OLR will not be less than the emission
at the cloud-top temperature). However, the albedo penalty continues to increase, due to the
sigmoidal form of the scattering equation plus the strong forward scattering in the visible of big
ice crystals (19, 20). (The grain-size dependent ratio of extinction efficiency in the infrared to
extinction efficiency in the visible also contributes). Thus, strong cloud warming is only
possible when cloud-top altitude is high and the cloud is not too optically thick (7, 2) (Fig. S2).
These conditions are enabled by low average surface relative humidity.

For a dry start with extensive surface water ice at relatively warm surface locations, as the
water vapor mixing ratio rises from an initially small value, the cloud base will initially be at
very high altitude (forming clouds that warm the surface) and later the cloud base will move to
lower altitudes (allowing the formation of clouds that cool the surface). This predicts a short
burst of warmth (seen in many of our cold-outcome simulations, and also reported by ref. 21),
which fails to match geologic data for early Mars lakes.

Supplementary discussion of geologic boundary conditions.

As discussed in the main text, there are many ways to vary A7,... AT,.. is connected to the
area-averaged surface relative humidity. To illustrate using endmember examples, if ice covers
the entire surface, then AT, is zero, and area-averaged surface relative humidity will be >50%.
On the other hand, if ice is found only at a mountain summit that is much colder than the rest of
the planet, then AT, is large, and the climate will be arid. We now provide more background
on one specific mechanism for varying A7,,..: formation of sublimation lag deposits (Fig. S9).
Sublimation lag deposits set the intensity of the water cycle on today’s Mars. On Mars in the
spacecraft era, there is an exposed perennial H>O ice cap near the North Pole (water ice volume
~10° km?), a sublimation-lag-covered H,O-ice-dominated deposit near the South Pole (water
ice volume ~10° km®), and lag-deposit-covered glaciers at midlatitudes (water ice volume
>10° km’; ref. 22). Although the sublimation lag covers are generally <10 m thick, it is
sufficient to isolate the voluminous non-North-Pole water ice deposits from Mars’ annual water
cycle (Fig. S9) (see ref. 23 for theoretical background). Theoretically, sublimation lags could
wax and wane due to changes in orbital eccentricity, season of perihelion, and the obliquity of
the spin axis, etc. (e.g., 24-25). Sublimation lag deposit growth and shrinkage has likely
occurred repeatedly on Mars, which would have had major effects on the distribution of
surface-exposed water ice on Mars (26). Thus, sublimation lag deposit growth and shrinkage is
a plausible geologic mechanism for variations with time in position on the y-axis in Fig. 2, i.e.,
in the extent of surface-exposed water ice deposits.
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Why water ice clouds on modern Mars do not enable a warm climate.

Our results show that a spatially restricted distribution of surface H,O (with most surface H,O
significantly colder than planet average temperature) is more favorable for warm climates than
is very extensive surface water ice. However, this effect has limits. If the cold-trap temperature
is so low that the atmosphere is too dry to form extensive optically thick ice clouds, then strong
warming from a water ice cloud greenhouse effect is not possible. Spacecraft-era Mars is in
this hyper-arid regime. On today’s Mars (25° obliquity, pco2 = 0.006 bar), the only climatically
significant source of water vapor to the atmosphere is the north polar cap. The north polar cap
is cold because the atmosphere is too thin to provide much heat to it. Because the north polar
cap is so cold, global average water vapor column abundance is ~10 pm. As a result, neither
water vapor nor cloud ice is sufficiently abundant to greatly affect planet-averaged surface
temperature. The cold polar temperature, enabled by the low pco> of modern Mars, enforces
hyper-aridity and prevents a warm climate on Mars today (27). A cloud greenhouse effect may
be important at higher obliquity (e.g., ref. 28), associated with modestly elevated (still <0.1 bar)

Pcoz.
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Fig. S1. Water ice clouds on modern Mars. April, 1999 mosaic of ~10 low-orbit Mars Global
Surveyor (MGS) Mars Orbiter Camera Wide Angle (MOC-WA) visible-light images, projected

onto a sphere with center of view at 15°N, 90°W. White features are water ice clouds (except
for the water ice polar cap at the top of the image). The optically thickest clouds (left of image)
are associated with Alba Mons and Olympus Mons. Diffuse water ice clouds cover much of the

right of the image. Water ice clouds on Mars today are not extensive enough, optically thick
enough, and (on average) at high enough altitude to provide strong surface warming. However,
water ice clouds are believed to become important at high obliquity on <1 Gya Mars (e.g., 28),
and have been proposed to be a key agent of warming on early Mars (e.g., 5). The latter
hypothesis is the subject of the present paper. Image: NASA PIA02653 (NASA/JPL/Malin
Space Science Systems).
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Fig. S2. Global climate model tests: Area-weighted average surface temperatures (top row),
and maximum surface temperatures (bottom row), from GCM simulations with a prescribed
cloud deck covering the globe at all times. Note change in color scales between the average and
maximum temperatures. In (a,c) the global cloud optical depth and central pressure was varied
for a circular orbit. In (b,d) the orbital parameters were varied for a cloud layer with an optical
depth of 5 centered at 0.003 bar.
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Fig. S3. Comparison between zonally-averaged nighttime temperatures (shaded) and water ice
mass mixing ratios (black contours, units of ppm) at four different seasons. Shown are (left
column) output from MarsWRF simulation with radiatively-inactive clouds, (center column)
output from MarsWRF simulation with radiatively-active clouds, and (right column) data from
Mars Climate Sounder (29). The simulations were performed with pCO, = 0.006 bar, as for
present-day Mars, and data are averaged over 15° of solar longitude L, as labeled above each

plot.
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Fig. S4. Global climate model output: model spin-up for a cold/dry initial condition leading to
the climate shown in Fig. 1, showing steady state mass balance for modeled surface H,O
reservoirs. Steady state mass balance is observed both globally, as shown here, and also locally.
The column masses (pr-pm) are normalized to values of 33 pum for ice and 4 x 10° um for water
vapor.
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Fig. S5. Further details of a warm-climate equilibrium outcome corresponding to Fig. 1. In
each panel, black contours show topography in meters. (a) Colored contours correspond to the
atmospheric water vapor mixing ratio (kg/kg) low in the atmosphere (P/Psus ~ 0.9). Water
vapor is well-mixed (close to uniform); high elevations away from perennial surface H,O
deposits are slightly drier. (b) Colored contours correspond to relative humidity evaluated using
the atmospheric temperatures and vapor mixing ratio for the lowest model atmospheric layer.
Average near-surface humidity is <30% in our runs. (¢) Colored contours correspond to the
water ice cloud column in precipitable pum from Fig. 1. The water-ice column is thickest
downwind of the major volcanoes and at high latitudes. (d) As Fig. 1a, but showing zonally-
averaged, annual average cloud ice water content (mg/m”; color shading) and zonally averaged,
annual-average relative humidity (red contours). Nonzero average ice abundances in areas with
average relative humidity < 1 are due to the time/zonal averaging.

12



Kite et al. - Warm Early Mars surface enabled by high-altitude water ice clouds

(a,b): ARID CLIMATE ROBUSTLY MAINTAINS GLOBAL WARMTH
(@)

90N

60N

30N

EQ

180 120W 60W 0 60E 120E 180

223 233 243 253 263 273

180 120W 60W 0 60E 120E 180

223 233 243 253 263 273

13



Kite et al. - Warm Early Mars surface enabled by high-altitude water ice clouds

(c,d): EXTENSIVE SURFACE WATER ICE LEADS TO A HIGH RELATIVE
HUMIDITY CLIMATE THAT FAILS TO PROVIDE STRONG CLOUD WARMING
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Fig. S6. Global climate model sensitivity tests. Color shading corresponds to annual-average
surface temperatures, T (K). Black contours correspond to Mars topography (m). (a,b) show
that climates with a spatially restricted distribution of surface water ice robustly maintain
global warmth. However, (c,d) show that more extensive surface water ice distributions
produce cold climates. (a) As in Fig. 1b, but imposing an eccentricity of 0.1 and obliquity of
25° (similar to modern Mars), and showing the mean temperature for the ~100 sol equatorial
warm season. Water ice locations (purple outline) are the same as in Fig. 1b. The green contour
encloses the very large region that has a continuous 100-sol season with T > 273K during every
Mars year. (b) As in Fig. 1b, but adding a sea in Eridania as well as large lakes at Gale,
Antoniadi, Cassini, and Tikhonravov (total area ~600,000 km?) (/8). Surface H,O locations are
shown in blue contours. (¢) Climate resulting from an initial surface water ice deposit at all
elevations above +1 km (above green contour). This leads to a cold climate with 47,,.. = 13 K
and T = 209 K. Ice migrates in this simulation to high ground, with the Tharsis region being
especially favorable for H,O ice accumulation (consistent with 30). (d) Climate forced by water
ice at all elevations below -4 km (below green contour). This corresponds to an ice-covered
Northern ocean and an ice-covered Hellas sea. A cold climate results (T = 212 K).
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Fig. S7. Global climate model output: as in Fig. 1a, but showing results from a simulation for
extensive surface water ice (water ice at all elevations above +1 km, Fig. S6c). This leads to a
cold climate with AT, = 13 K and T = 209 K and high average surface relative humidity
(84%). Zonally averaged, annual-average cloud water ice mass mixing ratio (ppm by weight;
color shading); and zonally averaged, annual-average relative humidity (red contours). Y-axis
uses terrain-following ¢ coordinates (6 = P/Pg,s). Nonzero average ice abundance in areas with
average relative humidity < 1 are due to the time/zonal averaging.
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Fig. S8. Global climate model input: Graphs of
water ice optical properties for (thick solid
lines) 10-um radius spherical cloud particles,
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spherical cloud particles. Our simulated ice
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Fig. S9. Visualization (credit: NASA / MOLA Science Team) of the sublimation-lag-covered
H,0-ice-dominated deposit near the South Pole of Mars, from ref. 3/. The smooth dome,
lacking obvious craters, at the center of the visualization is primarily dust-mantled water ice
(water ice volume ~10° km’; the smaller white area corresponds to perennial CO, ice). Very
little H>O-ice is exposed in the spacecraft era, even though radar data show that the dust mantle
is topographically trivial (<10 m thick) and that the smooth dome is primarily H,O-ice. As a
result of dust-mantle isolation of the South Pole ice from the atmosphere, the spacecraft-era
water cycle is driven by the H,O ice cap near the North Pole of Mars. This demonstrates that
the waxing and waning of stratigraphically trivial (<10 m thick in this case) sublimation lag
deposits can greatly affect the aridity of Mars.
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Fig. S10. This is a more detailed version of Fig. 2 from the main text. Control of Mars climate
by extent of surface H,O cover and by ice cloud particle size. Left column shows ice
distribution for each row (black topography contours are the same as in Fig. 1). The other
columns show (for each run) average temperatures (T, in K), average vapor columns (“v”,
pr-um), average cloud ice columns (“i", pr-um), and the altitudes of low-latitude (30°S-30°N)
cloud ice water content maxima. For 4T,., here we define the spatial average cold trap
temperature as the characteristic cold trap temperature. For example, the 10 pm run in the top
row (Fig. 1) corresponds to a run with fixed cloud particle radius of 10 um, and the water ice
extent shown in the top map. Warm-climate equilibrated outcomes are shown in red, cold-
climate equilibrated outcomes in gray. Results are for cold/dry-starts. Double-headed blue
arrow corresponds to wide range of spacecraft-era Mars cloud H,Ojce radii (2-70 pm, ref. 32).
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