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Abstract

Observations of Late Noachian-Early Hesperian-aged Martian surfaces reveal valley networks,
lakes, degraded craters, and putative oceanic shorelines, often interpreted to require a persistent “warm
and wet” climate, characterized by mean annual temperature >273 K and abundant rainfall. We simulate this
“warm and wet” climate (global mean annual temperature ~ 275 K) with a 3-D global climate model to
determine whether these features could have formed in this climate through rainfall activity. We ﬁnd that
rainfall is limited in abundance and areal distribution, precipitation is dominated by snowfall, and highlands
temperatures are <273 K for the majority of the year. We conclude that, in this simulated climate scenario,
(1) Late Noachian-Early Hesperian valley networks and lakes could not have formed through rainfall-related
erosion, (2) crater degradation by rainsplash and runoff is not predicted, (3) global clay formation
through long-lived rainfall, ﬂuvial activity, and warm temperatures is unlikely, and (4) the presence of a
rainfall- and overland ﬂow-fed northern ocean is improbable.

Plain Language Summary Observations and analyses of Martian surface features, including ﬂuvial
and lacustrine features, imply that liquid water was abundant ~3.7 Ga. The characteristics of these features
has led researchers to conclude that the early climate was likely to have been “warm and wet”,
characterized by abundant rainfall and surface runoff. Here we implement a three-dimensional climate
model and simulate the conditions of a “warm and wet” climate scenario, with globally averaged surface
temperature ~275 K, just above the melting point of water, to determine whether these surface features
could have actually formed in this climate scenario through rainfall-related activity. Contrary to previous
predictions, we ﬁnd that rainfall is extremely limited in this climate scenario, precipitation is dominated by
snowfall, and temperatures are below freezing for the majority of the year in regions where the ﬂuvial
and lacustrine features are abundant. We suggest that snow accumulation, melting, and surface runoff may
offer a more plausible explanation for the formation of these features.

1. Introduction
The Martian surface contains abundant geological evidence that liquid water was stable at the surface during
the Late Noachian-Early Hesperian (LN-EH, ~3.7 Ga), including widespread valley networks (VNs; Fassett &
Head, 2008a; Hynek et al., 2010), open- and closed-basin lakes (Cabrol & Grin, 1999; Fassett & Head, 2008b;
Goudge et al., 2015), and exposed aqueous alteration products (Bibring et al., 2006; Carter et al., 2015).
These features are commonly cited as evidence that the LN-EH was much warmer and wetter than the
current hyper-arid and hypothermal Amazonian climate, characterized by mean annual temperature (MAT)
≥273 K and rainfall and associated runoff as the dominant erosive mechanism (Craddock & Howard, 2002;
Ramirez, 2017; Ramirez & Craddock, 2018). Additional evidence for a “warm and wet” climate includes the
preservation state of Noachian-aged craters, which have degraded rims and no visible ejecta deposits (e.g.,
Jones, 1974), characteristics which have been attributed to rainsplash-related erosion (Craddock & Howard,
2002). The proposition of a “warm and wet” LN-EH climate has further led researchers to conjecture about
the possibility of a Noachian ocean in the northern lowlands (Clifford, 1993; Parker et al., 1993), which is
considered to be important for driving the vigorous hydrological cycle that would have been required for
recycling of water and formation of VNs (Luo et al., 2017).
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On the basis of these types of considerations, Craddock and Howard (2002) outlined the evidence for a
“warm, wet early climate capable of supporting rainfall and surface runoff” and described this climate as
“the most plausible scenario for explaining the entire suite of features in the Martian cratered highlands.”
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Included in their suite of features were (1) degraded craters, whose morphology indicated that “modiﬁcation
occurred by creep induced by rainsplash combined with surface runoff and erosion”, and (2) VNs, whose morphology and drainage density are “entirely consistent with [formation through] rainfall and surface runoff.”
More recently, Ramirez and Craddock (2018) outlined the geological and climatological case for a warmer
and wetter early Mars. They point out that “ancient terrains preserve landscapes consistent with stream channels, lake basins and possibly even oceans, and thus the presence of liquid water ﬂowing on the Martian
surface 4 Ga.” They argue that “a warm and semi-arid climate capable of producing rain is most consistent
with the geological and climatological evidence” and that “the geomorphology cannot be explained without
the occurrence of above-freezing surface temperatures and rain at least seasonally, if not persistently.”
Despite the widespread evidence for abundant liquid water activity at the surface, recent studies using
advanced 3-D climate models have been unsuccessful in reproducing the continuous and long-lived “warm
and wet” climate conditions interpreted to be necessary for the formation of the ﬂuvial and lacustrine features and observed crater degradation when considering the inﬂuence of the faint young Sun (Gough,
1981) and reasonable greenhouse gas concentrations (e.g., Forget et al., 2013; Halevy & Head, 2014;
Johnson et al., 2008; Mischna et al., 2013; Postawko & Kuhn, 1986; Wordsworth et al., 2013). Instead, the models predict a “cold and icy” climate, characterized by global MAT ~225 K, far below the melting point of water
(Forget et al., 2013; Wordsworth et al., 2013). Under atmospheric pressure conditions higher than a few tens
of millibar, the atmosphere and surface thermally couple, inducing an adiabatic cooling effect (Wordsworth
et al., 2013); the resulting dominant altitude dependence of temperature causes water to be distributed as ice
in the highlands (Head & Marchant, 2014; Wordsworth et al., 2013).
But what would a Late Noachian Mars with a “warm and wet/arid” climate be like? Previous work by
Wordsworth et al. (2015) used a 3-D global climate model (GCM) to compare the predicted “cold and icy” climate with the long sought-after “warm and wet” climate; Wordsworth et al. (2015) forced the “warm and wet”
climate in the model by implementing either an unrealistically high solar ﬂux or intense artiﬁcial greenhouse
warming and by altering topography and albedo to imitate the presence of a lowlands ocean. Speciﬁcally, for
their “warm and wet” simulations, they were interested in simulating a climate with continuous warm conditions, characterized by global MAT ~283 K, similar to the present global MAT on Earth, a long-lived and icefree ocean in the lowlands with a shoreline at 2.54 km (following Achille & Hynek, 2010), and a vigorous
rainfall-dominated hydrological cycle. Wordsworth et al. (2015) found that the distribution of rainfall in this
climate scenario is not well correlated with the VN density distribution. However, this climate scenario and
the nature of the associated hydrological cycle are likely to be a function of the global temperatures and
the forced presence of a large, stable ocean.
Thus, in order to test the observations, predictions, and interpretations of Craddock and Howard (2002) and
Ramirez and Craddock (2018), we have modeled a warm LN-EH climate with “above freezing surface temperatures” (global MAT, of ~275 K, 2 K above the melting point of water); the climate we model here is colder
than that considered by Wordsworth et al. (2015), representing the coldest possible “warm and wet” climate,
and the simulations are not initiated with an ocean forced in the lowlands. Wordsworth et al. (2015) had to
mimic the characteristics of an ocean because the model did not naturally predict a long-lived, stable ocean;
we do not repeat this analysis because we are interested in model-predicted locations of surface ponding
and choose not to force the lowlands as a water sink or source. We perform our analysis in order to document
the nature of a “warm and wet” climate, to assess the type of precipitation that is predicted to occur, and to
assess how its location and amount compare to the distribution of VNs, lakes, degraded craters, and a putative northern ocean. We speciﬁcally test the predictions and points outlined in Craddock and Howard (2002)
and Ramirez and Craddock (2018) that (1) rainfall occurs “at least seasonally, if not persistently”; (2) rainfall
patterns and locations are coincident with the occurrence and density of VNs, whose morphology and drainage density are “entirely consistent with rainfall and surface runoff”; (3) degraded crater morphometry is
due to “modiﬁcation [that] occurred by creep induced by rainsplash combined with surface runoff and
erosion”; and (4) the occurrence of conditions producing “… landscapes consistent with … possibly even
oceans ….”
Our goal is to reconcile the geologic evidence for a “warm and wet” climate with 3-D GCM simulations: we
assume that a LN-EH climate supporting rainfall and runoff was plausible, based on the overwhelming
geologic evidence, and force above-freezing surface temperature conditions in the 3-D Laboratoire de
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Méteórologie Dynamique (LMD) GCM for early Mars. We ﬁrst analyze model-predicted temperature and distributions of ice, rainfall, and snowfall. We then compare these results with the distribution of the VNs and
lakes to provide useful insight into the possible formation conditions and driving mechanisms of these ﬂuvial
and lacustrine features. We aim to answer the following question: Can the predicted rainfall and rainfallrelated erosion in a MAT ~275 K “warm and wet” climate plausibly explain the formation of features that have
previously been identiﬁed as evidence for rainfall-related processes (Ramirez & Craddock, 2018)?

2. Methods
We employ the 3-D LMD GCM for early Mars (Forget et al., 2013; Wordsworth et al., 2013) to simulate a “warm
and wet” climate. We consider a globally averaged 1 bar CO2 atmosphere (Jakosky et al., 2017), 25° and 45°
obliquity (Laskar et al., 2004), a circular orbit, and 75% of the present solar luminosity (Gough, 1981). Although
the atmospheric pressure may have been less than 1 bar CO2 in the LN-EH, we are interested in producing the
warmest possible conditions in our analysis; higher atmospheric pressure provides an increased thermal
blanketing effect and thus higher global MAT. For this reason, we choose the reasonable upper limit for
the LN-EH atmospheric CO2 inventory as determined by recent results from the Mars Atmosphere and
Volatile EvolutioN mission (Jakosky et al., 2017). The obliquity values we use represent approximately the reasonable lower limit (~25°; 1σ of the mean obliquity over the past 5 Gy) and most probable value (~45°) for
obliquity variations over the past 5 Gy, as predicted by the statistical analysis of Laskar et al. (2004). We highlight the lower limit, in addition to the most probable value, because lower obliquity focuses maximum incident solar radiation near the equator, where the majority of the VNs and lakes are observed (Hynek et al.,
2010); this effect produces warmer conditions in the near-equatorial regions. Periods of higher obliquity
are likely to have existed, but we do not explore that parameter space here because higher obliquity would
focus incident solar radiation, and thus temperatures >273 K, toward the poles, where the ﬂuvial/lacustrine
features are not observed. Additionally, eccentricity was likely to have been higher than zero, with a predicted statistical average for the past 5 Gy of 0.069 (Laskar et al., 2004). Although theoretically, periods of relatively high eccentricity could lead to increased summer season temperatures, potentially producing summer
season conditions more suitable to rainfall in the highlands, analyses of LN-EH peak and seasonal temperature distributions (Palumbo et al., 2018) suggest that changing the eccentricity within the probable LN-EH
range would not lead to signiﬁcant changes in the rainfall, snowfall, or MAT distributions. Thus, assuming a
circular orbit is sufﬁcient for our analysis. Finally, assuming that the Sun is a main sequence-like star,
Gough (1981) estimated that solar luminosity in the LN-EH would have been approximately 75% the present
value, and we adopt this value here.
Previous work has shown that these ambient conditions will naturally produce a “cold and icy” LN-EH climate
(Forget et al., 2013; Wordsworth et al., 2013). A plausible combination of greenhouse gases that can produce
continuous and long-lived MAT ≥273 K has not yet been identiﬁed (Forget et al., 2013). Thus, we focus on the
lowest temperature end of a “warm and wet” climate (global MAT ~275 K, ~2 K above the melting point of
water) because the least amount of required greenhouse warming is considered to be the most plausible.
We note that 273 K is ~50 K above the ambient “cold and icy” climate. Because a plausible combination of
greenhouse gases that can produce this continuous and long-lived “warm and wet” climate has not yet been
identiﬁed, we artiﬁcially warm the planet by introducing a gray gas into the model atmosphere. A gray gas
uniformly absorbs across the infrared spectrum at all wavelengths with a deﬁned absorption coefﬁcient, κ.
We choose κ = 7:510

5 m2
kg for

the 25° obliquity simulation and κ = 9:510

5 m2
kg for

45° obliquity, which pro-

duces the desired climate, with MAT ~273 K in the near-equatorial regions where VNs/lakes are abundant and
global MAT is ~275 K.
We run the GCM at a spatial resolution of 64 × 48 × 25 (longitude × latitude × altitude) and collect hourly data.
These spatial and temporal resolutions are sufﬁcient to capture necessary regional and seasonal variations.
We have ensured that the model has reached equilibrium before analyzing the data; the results shown here
are not inﬂuenced by the initial surface water/ice distribution. Further, simulations shown here include a global water inventory of ~5 m global equivalent layer (GEL), in line with lower limit estimates for the amount of
water required to carve the VNs (minimum 3 m GEL; Rosenberg & Head, 2015). We have conﬁrmed that the
model has sufﬁcient volumes of water to accurately predict rainfall and snowfall patterns because we have
produced similar simulations with 34 m GEL water (likely upper limit for the Noachian; Carr & Head, 2015)
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and rainfall is concentrated in the same regions. The physics, chemistry, and physical parameterizations for
this version of the GCM implemented here is described in detail by Wordsworth et al. (2015) and includes
a full water cycle, advanced ice equilibration methodology for accuracy and time efﬁciency, cloud nucleation
dynamics and microphysics, tracers for both CO2 and H2O molecules, and Mars Orbiter Laser Altimeter topography. We use present-day topography, assuming that the major impact basins and volcanic rises had
formed by the LN-EH (Fassett & Head, 2011).
To better understand the climatic characteristics of a “warm and wet” climate, we analyze the simulated
climate on the basis of the factors deemed necessary to explain the formation of the VNs and lakes, temperatures ≥273 K and rainfall. We determine regions of the planet that experience temperatures ≥273 K and
rainfall and how these patterns vary seasonally. Then we perform a spatial correlation between areas with
temperatures ≥273 K and the distributions of the VNs (from Hynek et al., 2010) and lakes (from Fassett &
Head, 2008b; Goudge et al., 2015) and areas with rainfall and the distributions of the VNs/lakes.
Speciﬁcally, we determine whether the VNs and lakes are within regions characterized by rainfall and temperatures ≥273 K, based on the assumption that if liquid water were to run off on the surface and incise a
VN, the head (source region) of the channel would have to be at a location where rainfall occurred. We are
also interested in whether or not ice is stable anywhere on the planet and if, and where, snowfall occurs,
which are important factors for characterizing the global hydrological system and water sinks on the surface.
The aim is to determine whether the ﬂuvial and lacustrine features could have formed in a “warm and wet”
climate or whether they are inconsistent with this climate scenario. In the latter case, we consider that the
formation of these features may have required even warmer and wetter conditions by reﬂecting on the
results of previous work by Wordsworth et al. (2015) which simulated a rainfall-dominated climate with
Earth-like MAT (~283 K) or that they formed through punctuated ice melting and runoff in a predominantly
“cold and icy” climate (Head et al., 2017). We then use our results to address the four main predictions of
Craddock and Howard (2002) and Ramirez and Craddock (2018).

3. Results and Discussion
The current Mars atmosphere is so tenuous (~7 mbar) that it is not thermally coupled to the surface, and
surface temperatures vary primarily as a function of latitude, with warmer temperatures focused near the
equator and colder temperatures focused near the poles. However, for atmospheric pressures above a few
tens of millibars, the atmosphere becomes thermally coupled to the surface and an adiabatic cooling
effect becomes the prominent mechanism for heat transport through the atmosphere. Because of the
large topographic variations across the surface of Mars and relatively high atmospheric density, the adiabatic cooling effect causes temperature to be dominantly altitude-dependent (Forget et al., 2013;
Wordsworth et al., 2015, 2013), instead of dominantly latitude-dependent. Thus, higher altitude surfaces
act as cold traps for water, and ice becomes stable at high altitudes year-round. In the typical “cold and
icy” scenario, ice is cold-trapped in the southern highlands because of this effect. In the “warm and
wet” global MAT ~275 K simulations analyzed here (Figure 1), for the case of 25° obliquity, the highest altitude region, the Tharsis rise, and the south polar region are consistently below 273 K year-round and some
water is cold-trapped in these regions as ice (Figure 1b). In the 45° obliquity simulation, relatively more
solar insolation reaches the south polar region and the only part of the planet that is consistently below
273 K is the highest altitude region, the Tharsis rise, and some water is cold-trapped there (Figure 1b). In
addition to this cold-trapping effect, volumes of annually accumulated snow outweigh volumes of melted
snow in many areas of the highlands, causing areas in the highlands that are not permanent cold traps to
contain some surface snow/ice throughout the entire year (Figure 1c). At locations where ice is present
year-round, the surface is never exposed to the atmosphere, implying that overland ﬂow and surface erosion at those locations is not possible. On the other hand, at locations where the minimum amount of ice
present over the course of one year is zero, any snow/ice that accumulated at that location is melted during periods of relatively warm conditions, such as the summer season. At these locations, the surface is
exposed to the atmosphere for at least part of the year, allowing for surface erosion by runoff of meltwater
or rainfall. To determine the locations of regions that contain surface snow/ice throughout the entire year,
we calculate the minimum volume of surface snow/ice at each latitude/longitude GCM grid cell. The distribution of regions that contain snow/ice throughout the year is shown in Figure 1c.
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Figure 1. Results from simulations. (a) Mean annual temperature and (b) peak annual temperature maps. (c) Locations where ice is present year-round. (d) Percent of
the year above freezing. This is calculated by number of data points per year above freezing which is a reasonable approximation because we utilize hourly data.
Results are for 25° (top) and 45° (bottom) obliquity. The black line in (a) and (b) is the 273 K isotherm. Valley networks are black lines (from Hynek et al., 2010), and
lakes (from Fassett & Head, 2008b; Goudge et al., 2015) are ﬁlled white circles.
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Figure 2. (a) VN density map (data from Hynek et al., 2010). Major topographic features that are referred to in the text are
labeled. Lighter shades of blue represent lower density; darker shades represent higher density. (b) Distribution of
locations where rainfall occurs and (c) distribution of locations where snowfall occurs for both simulations done here, 25°
obliquity (top) and 45° obliquity (bottom). In (b) and (c), VNs and lakes are shown as black lines and ﬁlled white circles,
respectively. VN = valley network.

3.1. Case 1: 25° Obliquity
The global MAT is above the melting point of water (~275 K), but the altitude dependence of temperature
means that vast portions of the highlands have local MAT <273 K (Figure 1a). In Figure 1a, regions with
MAT >273 K are indicated by the black line, the 273 K contour. With respect to the 273 K contour, regions
shaded in warmer colors have MAT >273 K (reds and oranges) and regions shaded in cooler colors have
MAT <273 K (yellows, greens, and blues). Areas with abundant VNs and lakes and MAT ≥273 K (Figures 1a
and 2a) include Arabia Terra, near the south-eastern rim of Hellas basin, near the rim of Isidis basin, and
regions in close proximity to the dichotomy boundary; in general, however, regions with high VN density
are not located in regions with MAT ≥273 K (Figure 1a). In total, ~33% of the VNs mapped by Hynek et al.
PALUMBO AND HEAD
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(2010) and ~54% of the lakes mapped by Goudge et al. (2015) and Fassett and Head (2008) are located within
regions with MAT ≥273 K. It is important to note, however, that the Hynek et al. (2010) database includes
some mapped ﬂuvial features that are not typical VNs. Speciﬁcally, fretted channels in the Arabia Terra region
and outﬂow channels and associated networks in the Hellas basin region are included in these maps. Because
the majority of the VNs that are consistent with locations where local MAT ≥273 K are within the Arabia Terra
and SE Hellas rim regions (Figure 1a), we note that this correlation may be artiﬁcially increased by these nonVN ﬂuvial features.
Seasonal variations increase temperatures to >273 K in the warmest parts of the summer season, producing
peak annual temperatures (PAT) >273 K for most of the planet (Figure 1b). These temperatures are relatively
short lived in the highlands, however, persisting for only the warmest parts of the summer season (Figure 1d).
For a scenario with higher eccentricity and therefore a higher magnitude of seasonal temperature variations,
the PAT would be higher, but the duration of temperature ≥ 273 K at any location would be generally similar
(Palumbo et al., 2018) within the plausible range of Noachian eccentricity values (Laskar et al., 2004). As a
result of the fact that the majority of the year is characterized by temperatures <273 K in the highlands, most
precipitation occurs as snowfall instead of rainfall (Figures 2b and 2c; snowfall occurs on ~31% of the planet,
while rainfall occurs on ~0.8% of the planet). The distribution of locations that experience rainfall is very limited, with only a few locations where rainfall occurs; all of the locations in which rainfall occurs are in the highlands (see rainfall distributions in Figure 2b) due to the adiabatic cooling effect which causes water to be
deposited in the highlands, not the lowlands. None of the regions in which rainfall occurs are correlated with
areas with MAT ≥273 K, implying that even when rainfall does occur, the location where rainfall occurs is likely
to return to temperatures <273 K rapidly (Figure 1d) and the surrounding regions are likely to be characterized by temperatures <273 K, causing the liquid water to rapidly freeze. In other words, the very small
amount of rainfall that does occur in the MAT ~275 K model is associated with peak summertime conditions
in the highlands. Due to the general atmospheric circulation in the modeled climate and the fact that our
simulations do not force the long-lived presence of a standing body of water in the lowlands, precipitation
does not occur within the northern lowlands, where temperatures ≥273 K are more widespread and persist
for longer durations. The lowlands are warmer than the highlands because temperature is dominantly dependent on altitude. However, the adiabatic cooling effect causes water to be deposited as ice in the highlands;
the major sink for water is the highlands. Summertime melting will allow the ice to melt and run off downslope, temporarily ponding in the lowlands, but the adiabatic cooling effect will cause it to be naturally redeposited as snow in the highlands. We note that a larger global water inventory may permit thicker coldseason ice sheets in the highlands and, in turn, a larger volume of summertime meltwater which could
seasonally pond in the lowlands before it is transported back to the highlands in colder seasons. This is in
contrast to expected circulation patterns in the presence of a northern hemispheric ocean—the ocean is a
major water source and will initiate hydrological cycling in the lowlands, in addition to the hydrological
cycling in the highlands, as the water is slowly transported to the highlands, where it will be redeposited
as surface ice (e.g., Kreslavsky & Head, 2002; Turbet et al., 2017). Upon redeposition of all water from the
ocean to the highlands, the precipitation patterns are expected to be similar to the results shown here.
Additionally, locations that experience rainfall are not correlated with the distribution of VNs and lakes
(Figure 2b), mainly because the regions with rainfall cover such a small surface area (<1% of the planet).
Thus, the distribution of VNs and lakes is inconsistent with formation through rainfall-related erosion in this
simulated climate that is characterized by globally averaged surface temperatures that are above freezing.
Instead of rainfall, widespread snowfall occurs across most of the highlands (Figure 2c). In low latitudes and
near equatorial regions, the snowfall distribution coincides with the location of many VNs and lakes
(Figure 2c). Speciﬁcally, ~33% of the VNs mapped by Hynek et al. (2010) and ~16% of the lakes mapped by
Fassett and Head (2008b) and Goudge et al. (2015) are located in regions where snowfall occurs at some
point in the year. Generally, snowfall is regionally widespread in the highlands, in the same areas as the lake
distribution and regions of both high density and low density of VNs (Figure 2a).
3.2. Case 2: 45° Obliquity
The results of the higher obliquity simulation are broadly similar to those of the 25° obliquity simulation
(Figure 1). MAT is ≥273 K for the vast majority of the lowlands, but MAT is generally <273 K in the highlands
due to the altitude dependence of temperature and the adiabatic cooling effect (Figure 1a). In the
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summertime, peak surface temperatures are ≥273 K across most of the planet (Figure 1b), permitting minor
amounts of localized rainfall (Figure 2b), but precipitation is again dominated by snowfall. Speciﬁcally, ~4% of
the VNs mapped by Hynek et al. (2010) and ~8% of the lakes mapped by Fassett and Head (2008) and Goudge
et al. (2015) are located in regions where rainfall occurs at some point in the year. On the other hand, ~68% of
the VNs mapped by Hynek et al. (2010) and ~55% of the lakes mapped by Fassett and Head (2008) and
Goudge et al. (2015) are located in regions where snowfall occurs at some point in the year.
The rainfall that does occur is predominantly focused near the south pole and west of Tharsis (Figure 2b; rainfall occurs on ~7% of the planet and snowfall occurs on ~42% of the planet) because precipitation is most
abundant in these two regions and temperatures exceed 273 K in these regions in the summer (Figure 1b),
permitting seasonal rainfall instead of snowfall. Rainfall is observed to the west, but not east, of the Tharsis
rise because there is a rain shadow effect induced by the relatively high slopes and increase in elevation associated with Tharsis; warm, moist air approaches the rise in westerly winds and cools as it rises which causes
the moisture to condense into rainfall, leaving dry air to advance down the eastern slope of Tharsis. There is
more rainfall in the 45° obliquity simulation than the 25° obliquity simulation because temperatures in the 25°
obliquity simulation are consistently below 273 K in the south polar region, one of only two locations where
rainfall is observed in this simulation. In a manner similar to the 25° obliquity simulation, most of the rainfall
does not occur within regions of MAT ≥273 K, implying that the rainwater would rapidly freeze. In the 45° obliquity simulation (Figure 2c), snowfall is distributed across more of the highlands than the lower obliquity
simulation (25°); a larger percentage of the equatorial region experiences snowfall.
Approximately 24% of the VNs mapped by Hynek et al. (2010) and ~43% of the lakes mapped by Goudge
et al. (2015) and Fassett and Head (2008) are located within regions with MAT ≥273 K. The VNs and lakes that
correspond to regions with MAT ≥273 K are mostly distributed within Arabia Terra and the SE rim of the Hellas
basin, and a smaller percentage of the VNs and lakes that correspond to regions with MAT ≥273 K are distributed along the dichotomy boundary (Figure 1a). Because a majority of the mapped VNs in the Arabia Terra
and Hellas basin regions mapped by Hynek et al. (2010) are not VNs but are instead fretted channels and outﬂow channels, almost no LN-EH VNs are distributed in regions with MAT ≥273 K.
3.3. Summary
We have analyzed two artiﬁcially simulated “warm and wet” climates, with 25° and 45° obliquity. We have
compared the distribution of temperatures ≥273 K, rainfall, and snowfall with the observed distribution of
VNs and lakes. We now use our results to test the predictions and points outlined in Craddock and Howard
(2002) and Ramirez and Craddock (2018).
1. Rainfall occurs “at least seasonally, if not persistently.” Rainfall did indeed occur in both of our simulations
with global MAT ~275 K but only seasonally (during peak summer temperatures, Figure 2b) in very
restricted regions, mostly located at southern high latitudes and altitudes and west of the Tharsis rise.
We utilized the hourly GCM data to constrain the annual duration of rainfall and percent of the year in
which rainfall occurs at each latitude/longitude GCM grid point. In the 45° obliquity simulation, rainfall
occurs on ~7% of the planet and persists for a maximum of ~5% of the year. In most locations, however,
rainfall persists for less than ~2 days. In the 25° obliquity simulation, rainfall occurs on ~0.8% of the planet
and persists for a maximum of ~1.5% of the year.
2. Rainfall patterns and locations are coincident with the occurrence and density of VNs, whose morphology and
drainage density are “entirely consistent with rainfall and surface runoff.” Based on the temperature and precipitation distributions, the formation of the VNs and lakes appears broadly inconsistent with formation
through rainfall-related erosion in the modeled MAT ~275 K “warm and wet” climates.
3. Degraded crater morphometry is due to “modiﬁcation [that] occurred by creep induced by rainsplash combined with surface runoff and erosion.” The climate simulated in this study is inconsistent with rainfall as
the driving mechanism for crater degradation and surface aqueous alteration due to the fact that the
dominant form of precipitation is snowfall and rainfall is not widespread or voluminous in the highlands.
Future studies should test other mechanisms to explain the degraded crater morphometry that do not
require rainsplash-related erosion.
4. “… landscapes consistent with … possibly even oceans ….” In our simulations, we found that water in the
lowlands would be rapidly transported to the highlands and be reprecipitated as snow. During the summer, some of the surface snow/ice will melt and run off on the surface but will be transported back to the
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highlands as snow/ice in the colder seasons. In some locations, such as the Tharsis rise (25° and 45° obliquity) and the south polar region (25° obliquity), water is trapped as ice year-round. This description of the
global hydrological cycle is not consistent with a stable or long-lived overland ﬂow-fed ocean in the
lowlands.
Despite the warm 275 K MAT climate, (1) the ﬂuvial and lacustrine features and the observed crater degradation are unable to be explained through rainfall in this climate scenario, (2) the lack of widespread, persistent
rainfall and elevated temperatures, and the signiﬁcant areas covered by long-term snow and ice cover, do not
favor the formation of widely distributed aqueous alteration products, and (3) a long-lived overland ﬂow-fed
ocean in the lowlands is not predicted.
How much higher would MAT need to be to induce more widespread rainfall? Wordsworth et al. (2015) simulated a warmer climate scenario (~283 K) with a (forced) stable northern ocean and found that precipitation is
dominated by rainfall, instead of snowfall. However, although there is abundant rainfall, the distribution of
VNs and lakes is inconsistent with the distribution of rainfall in many regions (Wordsworth et al., 2015).
Thus, increasing temperatures even further leads to more areas that experience rainfall but does not appear
to offer a rainfall-related explanation for VN and lake formation. Wordsworth et al. (2015) found that snowfall
in a “cold and icy” climate, and associated seasonal or punctuated melting, is better correlated with the VN
distribution than rainfall in a “warm and wet” climate. Under these warmer MAT ~283 K conditions, rainfall
is widespread, and it is important to note that a rainsplash-related explanation for degraded crater rims
and aqueous mineral alteration at the surface in the highlands is more plausible than in the MAT ~275 K climate that we simulate in this study.

4. Conclusions
Using the 3-D LMD GCM for early Mars, we have simulated a “warm and wet” climate, characterized by global
MAT ~275 K and equatorial MAT ~273 K. Rainfall is limited, precipitation is dominated by snowfall, and temperatures in the highlands are <273 K for the majority of the year. Many of VNs and lakes, as well as degraded
craters, occur in areas of snowfall, not rainfall, and the global distribution of water is dominated by ice in the
highlands and near the Tharsis rise, not by an ocean or global liquid water that might form surface clays. The
ability to form surface clays in colder conditions, possibly through seasonal snowmelt, requires a better
understanding of the temperature, water volume, and duration constraints for in situ clay formation (e.g.,
Bishop et al., 2017).
The transition from a snowfall-dominated to a rainfall-dominated climate (Wordsworth et al., 2015) occurs at
global MAT >275 K and <283 K. Even at MAT 283 K, the distribution of VNs is not well correlated with predicted rainfall patterns (Wordsworth et al., 2015). Thus, we suggest that shorter-term transient warm temperature phases in an otherwise “cold and icy” background climate (e.g., Head & Marchant, 2014;
Wordsworth et al., 2015), permitting transient melting of surface snow/ice and liquid water runoff, might
be more likely to explain the formation of the VNs and lakes than rainfall in a “warm and wet” climate. In other
words, we suggest that the VNs and lakes, which are commonly cited as the most robust evidence for “warm
and wet” Late Noachian conditions, might be better explained by a “cold and icy” climate.
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