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The nature of the Late Noachian climate of Mars remains one of the outstanding questions in the
study of the evolution of martian geology and climate. Despite abundant evidence for flowing water (val-
ley networks and open/closed basin lakes), climate models have had difficulties reproducing mean annual
surface temperatures (MAT) > 273K in order to generate the “warm and wet” climate conditions pre-
sumed to be necessary to explain the observed fluvial and lacustrine features. Here, we consider a “cold
and icy” climate scenario, characterized by MAT ~225K and snow and ice distributed in the southern
highlands, and ask: Does the formation of the fluvial and lacustrine features require continuous “warm
and wet” conditions, or could seasonal temperature variation in a “cold and icy” climate produce suffi-
cient summertime ice melting and surface runoff to account for the observed features? To address this
question, we employ the 3D Laboratoire de Météorologie Dynamique global climate model (LMD GCM) for
early Mars and (1) analyze peak annual temperature (PAT) maps to determine where on Mars tempera-
tures exceed freezing in the summer season, (2) produce temperature time series at three valley network
systems and compare the duration of the time during which temperatures exceed freezing with seasonal
temperature variations in the Antarctic McMurdo Dry Valleys (MDV) where similar fluvial and lacustrine
features are observed, and (3) perform a positive-degree-day analysis to determine the annual volume
of meltwater produced through this mechanism, estimate the necessary duration that this process must
repeat to produce sufficient meltwater for valley network formation, and estimate whether runoff rates
predicted by this mechanism are comparable to those required to form the observed geomorphology of
the valley networks.

When considering an ambient CO, atmosphere, characterized by MAT ~225K, we find that: (1) PAT
can exceed the melting point of water (>273K) in topographic lows, such as the northern lowlands and
basin floors, and small regions near the equator during peak summer season conditions, despite the much
lower MAT; (2) Correlation of PAT > 273 K with the predicted distribution of surface snow and ice shows
that melting could occur near the edges of the ice sheet in near-equatorial regions where valley net-
works are abundant; (3) For the case of a circular orbit, the duration of temperatures >273K at specific
valley network locations suggests that yearly meltwater generation is insufficient to carve the observed
fluvial and lacustrine features when compared with the percentage of the year required to sustain sim-
ilar features in the MDV; (4) For the case of a more eccentric orbit (eccentricity of 0.17), the duration
of temperatures >273K at specific valley network locations suggests that annual meltwater generation
may be capable of producing sufficient meltwater for valley network formation when repeated for many
years; (5) When considering a slightly warmer climate scenario and a circular orbit, characterized by MAT
~243 K, we find that this small amount of additional greenhouse warming (~18 K MAT increase) produces
time durations of temperatures >273 K that are similar to those observed in the MDV. Thus, we suggest
that peak daytime and seasonal temperatures exceeding 273 K could form the valley networks and lakes
with either a relatively high eccentricity condition or a small amount of additional atmospheric warming,
rather than the need for a sustained MAT at or above 273 K.
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The results from our positive-degree-day analysis suggest that: (1) For the conditions of 25° obliquity,
600 mbar atmosphere, and eccentricity of 0.17, this seasonal melting process would be required to con-
tinue for ~(33-1083) x 103 years to produce a sufficient volume of meltwater to form the valley networks
and lakes; (2) Similarly, for the conditions of 25° obliquity, 1000 mbar atmosphere, circular orbit, and
~18K additional greenhouse warming, the process would be required to continue for ~(21-550) x 103
years. Therefore, peak seasonal melting of snow and ice could induce the generation of meltwater and
fluvial and lacustrine activity in a “cold and icy” Late Noachian climate in a manner similar to that ob-
served in the MDV. A potential shortcoming of this mechanism is that independent estimates of the
required runoff rates for valley network formation are much higher than those predicted by this mecha-
nism when considering a circular orbit, even when accounting for additional atmospheric warming. How-
ever, we consider that a relatively higher eccentricity condition (0.17) may produce the necessary runoff
rates: for the perihelion scenario in which perihelion occurs during southern hemispheric summer, in-
tense melting will occur in the near-equatorial regions and in the southern hemisphere, producing runoff
rates comparable to those required for valley network formation (~mmy/day). In the opposite perihelion
scenario, the southern hemisphere will experience very little summertime melting. Thus, this seasonal
melting mechanism is a strong candidate for formation of the valley networks when considering a rela-
tively high eccentricity (0.17) because this mechanism is capable of (1) producing meltwater in the equa-
torial region where valley networks are abundant, (2) continuously producing seasonal meltwater for the
estimated time duration of valley network formation, (3) yielding the amount of meltwater necessary to
incise the valley networks within this time period, and (4) by considering a perihelion scenario in which
half of the duration of valley network formation is spent with peak summertime conditions during per-
ihelion in each hemisphere, higher runoff rates are produced than in a circular orbit and the rates may

be comparable to those required for valley network formation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Ancient fluvial features observed on the surface of Mars, includ-
ing valley networks (Fassett and Head, 2008b; Hynek et al., 2010),
open-basin lakes and closed-basin lakes (e.g. Fassett and Head,
2008a; Goudge et al., 2015), are indicative of the presence of sig-
nificant liquid water and the occurrence of related fluvial and la-
custrine processes on the surface of the southern highlands during
the Late Noachian. Geologists have long argued that these features
and the implied causative processes require a “warm and wet” cli-
mate, with pluvial (rainfall) activity, runoff, fluvial incision, lacus-
trine collection of water, and even the possible presence of oceans
in the northern lowlands (e.g., Craddock and Howard, 2002; Clif-
ford and Parker, 2001; and summary in Carr, 1999). Here we ad-
dress the question: Does the Late Noachian geologic record require
long-term “warm and wet” clement conditions, with temperatures
consistently above the melting point of water, or can the observed
fluvial/lacustrine features form through transient (seasonal) warm-
ing and melting in a “cold and icy” Late Noachian climate?

Earlier studies have explored the stability of liquid water on
the surface at various times in martian history. For example,
Richardson and Mischna (2005) employed the Geophysical Fluid
Dynamics Laboratory (GFDL) Mars general circulation model (GCM)
(Wilson and Hamilton, 1996; Wilson and Richardson, 2000; Fen-
ton and Richardson, 2001; Richardson and Wilson, 2002; Mischna
et al., 2003) to “examine scenarios corresponding to the middle
and recent climate states of Mars...to find locations where condi-
tions are acceptable for liquid water”, focusing predominantly on
gully formation in recent martian history. They varied the orbital
parameters, forcing the pattern of solar heating (obliquity, eccen-
tricity and argument of perihelion), and also varied the mean sur-
face pressure in specific simulations (see their Table 1 for the pa-
rameters they used). We follow a similar approach in our anal-
ysis. In contrast to our analysis, however, Richardson and Mis-
chna (2005) (1) did not examine the predicted water cycle because
of the additional complexity and because the primary focus and
conclusions of their work do not require it, (2) do not treat the ra-
diative effects of water vapor (this is likely to become important
at higher pressures and would increase greenhouse-effected sur-
face temperatures), (3) do not account for the radiative effects of

clouds, and (4) do not account for the decreased solar luminosity
characteristic of the faint and young Sun, which likely would have
altered their results. Their model does include an active seasonal
CO, cycle and they treat radiative heating within the atmosphere
(by dust and CO, gas) by using a band model approach. The CO,
thermal infrared scheme of Hourdin (1992) is used up to 10° Pa in
order to make a qualitative assessment of the impact of very high
pressures on transient liquid water potential (TLWP); they place no
quantitative emphasis on the relationship between specific mean
surface pressure and resulting greenhouse warming.

Richardson and Mischna (2005) found that “liquid water is not
currently stable on the surface of Mars; however, transient lig-
uid water (ice melt) may occur if the surface temperature is be-
tween the melting and boiling points.” The large diurnal range
of surface temperatures means that such conditions are met on
Mars with current surface pressures and obliquity, yielding the
potential for transient, non-equilibrium liquid water. They then
use their GCM to perform an initial exploration of the variation
of this TLWP for a wide range of obliquities and increased pres-
sures, designed to progressively explore “middle and recent cli-
mate states” of the geological history of Mars, while not attempt-
ing to recreate any particular climatological epochs. They find that
at higher obliquities and slightly higher surface pressures, TLWP
conditions are met over a very large fraction of Mars, but that as
surface pressure is increased (> ~50-100 mbar), increased atmo-
spheric thermal blanketing reduces the diurnal surface tempera-
ture range, eliminating the possibility of transient liquid water. On
the other hand, they find that at high enough pressures (for exam-
ple, 1200 mbar), the mean annual temperature is sufficiently ele-
vated to allow stable liquid water. Thus, one of their fundamental
conclusions about the “middle and recent climate states of Mars”
is that “the potential for liquid water on Mars has not decreased
monotonically over planetary history as the atmosphere was lost....
Instead, a distinct minimum in TLWP (the “dead zone”) will have
occurred during the extended period for which pressures were in
the middle range between about 0.1 and 1 bar...following the ear-
liest stages of martian evolution possibly consisting of the “warm,
wet” period...”. Thus, for model simulations with atmospheric
pressure and spin-axis conditions comparable to conditions that
may have persisted in the Noachian (1200 mbar, 25° obliquity),
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Richardson and Mischna (2005) predict a “warm and wet” climate,
characterized by continuous conditions suitable to the stability of
liquid water on the surface.

In contrast to these findings, more recent global climate models
(Forget et al., 2013; Wordsworth et al., 2013) have found that un-
der the influence of a younger Sun, characterized by approximately
75% the current luminosity (Gough, 1981), early Mars would be
characterized by an extremely cold steady-state with MAT well be-
low the triple point of water (MAT ~225K). In these models (de-
scribed below), specific greenhouse gases and CO, clouds are inca-
pable of producing the additional atmospheric and surface temper-
ature increase necessary to cause consistent “warm and wet” con-
ditions (MAT > 273K), with persistent rainfall and runoff, and at
the same time, remain within reasonable climate warming source
and sink constraints (e.g. Forget et al., 2013; Wordsworth et al.,
2013; Wordsworth et al.,, 2015; Kasting et al., 1992; Wolf and
Toon, 2010; Halevy and Head, 2014). Although spin-axis/orbital pa-
rameter variations also differed in the past (Laskar et al., 2004),
Forget et al., (2013) and Wordsworth et al., (2013) found that the
range of these parameters does not induce a sufficiently large tem-
perature increase to permit the continuous existence of stable lig-
uid water at the surface.

Due to these difficulties in producing relatively continuous
natural clement (MAT > 273K) conditions (Forget et al., 2013;
Wordsworth et al., 2013) typical of a “warm and wet” early
Mars climate (e.g., Craddock and Howard, 2002), we first dis-
cuss the detailed nature of a “cold and icy” background cli-
mate, and how periods of episodic or punctuated heating might
permit transitory rainfall or snowmelt, surface runoff, and flu-
vial/lacustrine processes. Recent GCM studies (Forget et al., 2013;
Wordsworth et al., 2013) show that when atmospheric pressure
exceeds tens to hundreds of millibars, an altitude-dependent tem-
perature effect is induced and H,O preferentially accumulates in
the southern highlands, producing the conditions described by the
“Late Noachian Icy Highlands” scenario (Wordsworth et al.,, 2013;
Head and Marchant, 2014). In this context, Wordsworth et al.
(2015) studied where precipitation would occur under a natural
“cold and icy” scenario compared to a gray-gas/increased solar
flux-forced “warm and wet” scenario; they found that snow accu-
mulation in a “cold and icy” climate is better correlated with the
known valley network distribution than pluvial (rainfall) activity in
a “warm and wet” climate because the valley networks and open-
and closed-basin lakes are commonly observed at distal portions of
the predicted ice sheet (Head and Marchant, 2014), where melting
and runoff would be expected to occur. However, surface temper-
atures greatly in excess of the 225K “cold and icy” climate MAT
must occur (Forget et al., 2013; Wordsworth et al., 2013) in order
to induce melting of the accumulated surface snow and ice and
fluvial/lacustrine activity (Head and Marchant, 2014; Fastook and
Head, 2015; Rosenberg and Head, 2015).

Several candidates for transient atmospheric warming processes
on a “cold and icy” early Mars (MAT ~225K) have been proposed,
including:

(1) Intense punctuated volcanism. In this scenario, periods of in-
tense volcanism release high concentrations of sulfur dioxide
into the atmosphere (Postawko and Kuhn, 1986; Mischna et al.,
2013; Halevy et al., 2007; Halevy and Head, 2014). Punctu-
ated volcanism raises temperatures enough to permit snowmelt
and runoff on the surface from the increased SO, in the atmo-
sphere. However, Halevy and Head (2014) point out (in agree-
ment with Kerber et al. (2015)) that the period of warmth
would be relatively short-lived, lasting decades to centuries, be-
cause the SO, would rapidly convert into aerosols and initiate
planetary cooling.

(2) Impact crater-induced warming. Segura et al. (2002, 2008,
2012) and Toon et al. (2010) point out that impact crater-
ing events can induce extremely high atmospheric tempera-
tures and intense precipitation through a transient hydrologic
cycle which could last hundreds of years for basin-scale im-
pacts (Segura et al., 2002, 2008). The rainfall and runoff re-
sulting from this mechanism are predicted to be at very high
rates and globally distributed. The regionalized distribution of
valley networks and their somewhat delicate dendritic nature
(Hynek et al., 2010) appear to be at odds with the predicted
persistent downpours and very high runoff rates (Palumbo and
Head, 2017a; Wordsworth, 2016).

(3) Mean annual temperatures (MAT), peak annual temperatures
(PAT) and peak daytime temperatures (PDT). In this study, we
test the hypothesis that transient PDT warming in a “cold
and icy” climate could cause sufficient ice melting and surface
runoff to explain the observed fluvial and lacustrine features.
We focus on PDT in conjunction with MAT because significant
daily and seasonal variability can occur in any climate system
(see Table 1 for acronym definitions). Although MAT is much
less than 273K in a “cold and icy” climate scenario, it is pos-
sible that the warmest summertime conditions may be charac-
terized by temperatures > 273K, permitting transient periods
of ice melting and surface runoff. Thus, we explore the possi-
bility that the ability to form fluvial and lacustrine features in a
“cold and icy” climate may be defined by the duration of sum-
mertime temperatures > 273 K.

A similar approach to this was taken in a study by
Richardson and Mischna (2005) in an analysis of seasonal temper-
ature variation and the potential of seasonal ice melting and gully
formation in the Amazonian. Richardson and Mischna (2005) find
seasonal temperature variations to be important throughout the
Amazonian, with summertime pressure and temperature condi-
tions suitable for the presence of liquid water. They explore
a range of obliquity and pressure conditions, some of which
may be applicable to the Noachian, but state that they have
not attempted to recreate particular climatological epochs. The
Richardson and Mischna (2005) model over-predicts the green-
house effect for pressures greater than a few hundred millibars
(see their Fig. 2 caption; their GCM over-predicts temperatures
by ~55K MAT for pressure conditions ~1bar in the 1-D Kasting
Model; Kasting, 1991). This large artificial increase in MAT signifi-
cantly affects the results of their higher pressure simulations. Thus,
when Richardson and Mischna (2005) consider pressure and obliq-
uity conditions representative of a Noachian climate (25° obliquity
and 1200 mbar), their results are affected by the over-prediction
of greenhouse warming for these high pressures. Additionally,
Richardson and Mischna (2005) retain solar luminosity at the same
value as today in these simulations, in contrast to predictions
for solar conditions in the Noachian (Gough, 1981) (Faint Young
Sun; ~75% current solar luminosity), which also forces a warmer
climate.

This pioneering study has highlighted the importance of sea-
sonal temperature variation on recent Mars (Richardson and Mis-
chna, 2005). In our study, we utilize an updated model to ex-
tend the analysis of martian seasonal temperature variation to the
Noachian, exploring a specific parameter space that is characteris-
tic of the Noachian to effectively recreate this particular climato-
logical epoch. We address the role of seasonal temperature varia-
tion in the Noachian and how it relates to the melting of surface
snow and ice, runoff, and valley network formation.

The parameter space explored here includes variations in
obliquity, pressure, and eccentricity; Richardson and Mischna
(2005) also explored the influence of these parameters on the dis-
tribution of temperatures in their analysis of the recent martian
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Table 1

Important abbreviations utilized in this paper. In this paper, we focus on seasonal and diurnal temperature variations, as illustrated in Fig. 1. For convenience, we will utilize

multiple abbreviations in our analysis, all of which are described in the table.

Mean annual temperature (MAT)

The average temperature throughout the entire year at a specified latitude and longitude. Global MAT is the average

temperature throughout the entire year for the whole globe. For example, a nominal “cold and icy” climate has
global MAT of ~225K (e.g. Wordsworth et al.,, 2013).

Peak annual temperature (PAT)

The warmest temperature experienced throughout the year at a specified longitude and latitude. In other words, PAT

corresponds to the warmest “data point” from the GCM simulation.

Peak daytime temperature (PDT)

The warmest temperature reached within a given day at a specified latitude and longitude. We use this term when

discussing diurnal temperature variation. For example, the PDT for a day in the middle of the winter will be much
colder than the PDT for a day in the middle of the summer.

Mean seasonal temperature (MST)

The average temperature throughout one of the four seasons at a specified latitude and longitude. To illustrate this,

consider a fictional example of a region with MAT below the melting point of water. In this case, liquid water will
not be stable on the surface throughout the year. However, summertime conditions will be warmer than annual
averages, and it is possible that summertime MST are above 273 K, permitting the stability of liquid water at the
surface for at least half of the summer season.

Peak seasonal temperature (PST)

The maximum temperature reached throughout a specific season. We collect GCM data every six model hours, so this

value represents the absolute warmest six hours of the specific season.

Positive degree day (PDD)

For the purpose of this analysis, we consider a day to be a PDD if it has at least 6 consecutive hours with an average

temperature above 273K (in other words, one data point).

273

225
(MAT)

TEMPERATURE (K)

WINTER

SPRING

SUMMER | FALL

TIME, ONE YEAR

Fig. 1. A cartoon illustrating the relationship among mean annual temperatures
(MAT), peak annual temperatures (PAT), mean seasonal temperatures (MST), and
peak seasonal temperatures (PST). PAT can be much higher than MAT, reflecting the
absolute warmest time recorded during the year. Additionally, MST can be much
higher than MAT (as shown here for the summer season), or much lower (as shown
here for the winter season). This example is a possible sketch for a MAT of 225K,
typical for a Late Noachian “cold and icy” climate scenario. Note that the warmest
days of the summer season (PAT) experience temperatures > 273 K.

climate. Their simulation with spin-axis and pressure conditions
similar to the Noachian (their simulation p128x_std: conditions
of 25° obliquity and 1200 mbar CO, atmosphere) produces warm
conditions with temperatures consistently above the melting point
of water and continuous stability of liquid water at the surface. We
suggest that these results are related to the nature of their model,
which causes over-prediction of temperatures for the reasons out-
lined above (e.g. over-effective greenhouse warming, assumption of
current solar luminosity, and not accounting for radiative effects of
CO, or H,0 clouds). In this analysis, we consider the ambient “cold
and icy” conditions which are predicted by our updated model, in
which temperatures only exceed 273K in the warmest hours of
the summer season in a few places on the planet. The duration
and distribution of these temperature conditions with respect to
obliquity, pressure, and eccentricity are of critical importance to
our analysis.

In order to better understand seasonal temperature variations
on early Mars, we must first consider conditions on Earth. The
Earth’s current global MAT is ~287K, but local MAT can reach
330K in the hottest deserts and plummet as low as 184K in
Antarctica, at the South Pole. Thus, in addition to MAT, it is use-
ful to explore peak temperatures, the range of temperatures, and
how they vary with season (Fig. 1). In addition to MAT, we suggest
that it is also important to explore peak annual temperature (PAT;
the highest daily temperature reached in a year), mean seasonal
temperatures (MST; for example, MAT could be well below 273K,

but MST > 273K for the summer season), peak daily temperature
(PDT; the highest temperature reached in each day), and peak sea-
sonal temperature (PST; the highest temperature reached in each
season). All abbreviations utilized in this analysis, such as those
previously mentioned, are included in Table 1 with corresponding
definitions.

In the Antarctic McMurdo Dry Valleys (MDV), for example, MAT
(~253K) is well below the melting point of water (273 K), yet PAT
can exceed 273K (e.g. Head and Marchant, 2014). Indeed, peak
daytime temperatures (PDT) can exceed 273 K for many weeks of
southern summer, top-down melting of snow and ice can occur,
and resultant meltwater-related fluvial and lacustrine activity can
produce observable landforms and deposits, all in the absence of
pluvial activity (Marchant and Head, 2007; Head and Marchant,
2014). Over much of the MDV in southern summer, PDT can exceed
273K, but there is commonly no surface snow and ice to melt, and
the duration of the period > 273K is insufficient for the warming
thermal wave to penetrate the dry active layer and melt the ice-
cemented portion of the cryosphere (Head and Marchant, 2014).
Thus, formation of the fluvial and lacustrine features in the Mars-
like hyperarid-hypothermal environment of the MDV requires not
only PDT exceeding 273K, but also the presence of localized sur-
face deposits of snow and ice to melt (Head and Marchant, 2014).
We use the MDV as a guideline for conditions that need to per-
sist in a “cold and icy” early Mars climate in order for the ob-
served martian fluvial/lacustrine features to form (Palumbo and
Head, 2017b).

A factor in transient melting of the tops of cold-based glaciers
in the MDV is changes in the ice albedo related to deposits on the
snow and ice (Chinn, 1986; Fountain et al., 1999; Aitkins and Dick-
inson, 2007; Marchant and Head, 2007; Head and Marchant, 2014).
The presence of rocks, dust and dirt on the ice deposit decreases
the albedo of the “dirty” ice deposit, in turn increasing the amount
of solar radiation absorbed by the “dirty” ice, potentially producing
meltwater at surface air temperatures lower than 273K, depend-
ing on the thickness of the deposit and other factors (Wilson and
Head, 2009) which are not well constrained for the Noachian en-
vironment. The dust particles themselves will warm from solar ra-
diation and possibly melt surrounding ice. Dust (including volcanic
tephra) may have influenced ice in the Noachian (Cassanelli et al.,
2015; Wilson and Head, 2009). This topic is not included in this
analysis but is currently being assessed.

Additionally, Gooseff et al. (2017) have analyzed the influence
of an anomalously warm year, 2002, on the physical and ecologi-
cal states of the MDV. They find that the uncharacteristically warm
summertime temperatures produced a significant response in the
Antarctic system, with increases in lake levels and stream fluxes.
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This anomalously warm year has proven to be a turning point in
the MDV climate: the climate was cooling before 2002, and has
been warming since 2002. While some factors in the MDV system
experienced delayed responses to the 2002 austral summer, such
as microbial mats and select species of Antarctic nematodes, the
rivers and lakes appeared to have an immediate response, with
lake levels and stream fluxes increasing immediately during the
2002 austral summer. Thus, we must also consider that anoma-
lously warm years, such as the conditions experienced in 2002 in
the MDV, may be sufficient to induce significant transient overland
flow and contribute to the formation of fluvial features in a com-
parable Noachian climate scenario.

To address our question regarding potential seasonal melting in
the “Late Noachian Icy Highlands” (LNIH) climate model, we use
the 3-Dimensional Laboratoire de Météorologie Dynamique (LMD)
GCM for early Mars to explore the hypothesis that peak annual,
daytime or seasonal temperatures (PAT, PDT, or PST) in a “cold and
icy” Late Noachian climate (Forget et al., 2013; Wordsworth et al.,
2013) with MAT ~225K could produce transient snowmelt and
subsequent runoff in sufficient quantities and at the appropriate
locations to explain the nature and distribution of valley networks
and related lacustrine features. We focus on several specific ques-
tions: (1) In past Mars climate history when the MAT is predicted
to be <<273K, do temperatures ever exceed 273K, for example, in
the summer season? (2) If seasonal temperatures exceed 273K in
the MAT ~225K scenario, but are insufficient to induce prolonged
pluvial (rainfall) activity, are peak annual and peak seasonal tem-
peratures (PAT/PST) sufficiently high and of a sufficient duration to
cause melting of surface snow and ice? (3) How much meltwater
is produced through this mechanism annually and how does this
compare to the volume of water and runoff rates required to form
the valley networks?

2. Methods and approaches
2.1. General model features

To complete our study, we used the 3D LMD GCM for early
Mars (e.g. Wordsworth et al., 2013; Forget et al., 2013). This
finite-difference model uses atmospheric radiative transfer, mete-
orological equations, and physical parameterizations in conjunc-
tion with one another. The model incorporates cloud microphysics
with a fixed cloud condensation nuclei number density scheme
for H,O and CO, cloud particles (Wordsworth et al., 2013; Forget
et al., 2013), convective processes (Wordsworth et al., 2013; Forget
et al,, 2013), and precipitation (Wordsworth et al., 2015; following
Boucher et al., 1995).

Because of the uncertainties in the nature and distribution of
Noachian dust, we do not include the effects of a dusty snow
and ice layer here, although we recognize that the addition of
dust in our simulations may aid in seasonal melting in a “cold
and icy” climate (Clow, 1987; Cassanelli et al., 2015). Additionally,
Kreslavsky and Head (2000, 2003, 2006) have highlighted the im-
portance of surface slopes in seasonal melting. We acknowledge
that the difference of incident solar radiation between equator-
facing and pole-facing slopes may be substantial. The GCM uses
MOLA topography data to account for regional slope variation,
however, the resolution of the model utilized here precludes us
from exploring the influence of this in more detail, and is a topic
of future work.

For the purpose of this study, we track surface temperature
and H,0 ice with a spatial resolution of 64 x 48 x 18 (longi-
tude x latitude x altitude), which is a sufficient spatial resolution to
capture the necessary regional temperature variations, and collect
hourly data, which is a sufficient temporal resolution to capture
diurnal and seasonal temperature variation.

2.2. Approaches and specific applications

We employ the LMD GCM to test for transient melting un-
der the conditions of PAT. In this analysis, we focus on a range
of pressures (600-1000 mbar) for a pure CO, atmosphere (e.g.
Forget et al, 2013), and we explore the effects of a range of
spin-axis obliquities (25°-55°; +1o0 of the mean obliquity over
the past 5 billion years as estimated through a statistical analy-
sis by Laskar et al., 2004) and eccentricities (0-0.17; lower and
upper limit represent statistically probable values for the past
5 billion years with eccentricity 0.17 having ~20% probability;
Laskar et al., 2004), assuming a solar luminosity 75% of the cur-
rent value (Gough, 1981; Sagan and Mullen, 1972). It is important
to note that Laskar et al. (2004) considered a statistical model, esti-
mating probable mean values and ranges (one standard deviation)
for spin-axis/orbital parameters. However, it is probable that these
parameters, such as obliquity and eccentricity, varied to values out-
side the statistically probable range. We recognize that there was
likely to be more variation than that suggested by the statistical
analysis performed by Laskar et al. (2004), but for the purpose of
this study we focus on the range estimated by Laskar et al. (2004),
as described above.

We specifically analyze 600 mbar, 800 mbar, and 1000 mbar
atmospheres, each at obliquities of 25°, 35°, 45°, and 55° and ec-
centricities of 0 (circular) and 0.17. In exploring this parameter
space, we utilize surface temperature variation as a proxy to assess
whether transient melting of snow and ice could be responsible for
valley network formation in areas where Late Noachian snow ac-
cumulation is well correlated with the valley network distribution
(Wordsworth et al., 2015). We also consider the addition of a small
amount of greenhouse gas surrogate in the atmosphere, an addi-
tion that serves to strengthen the annual warming effect, to assess
how much annual warming above 273 K could occur under condi-
tions where MAT is greater than 225K but still below 273 K. In this
part of our analysis, our goal is to assess a climate scenario that is
warmer than the baseline “cold and icy” climate (~225K MAT), but
still not continuously “warm and wet” (MAT > 273 K); this climate
scenario is still broadly characterized by ice and snow distributed
in the highlands and MAT far below the melting point of water. Be-
cause of uncertainty in sources and sinks for specific greenhouse
gases, we account for additional greenhouse warming by adding
gray gas, which absorbs evenly across the spectrum at a defined
absorption coefficient. We choose a small absorption coefficient to
raise MAT by only a few degrees, maintaining an overall “cold and
icy” climate scenario. Lastly, we also explore additional scenarios
for completeness and to consider extreme conditions, including a
low obliquity (15°) simulation and a high eccentricity simulation
(0.2; estimated maximum value reached in the past 5 billion years
based on the statistical analysis of Laskar et al., 2004).

Seasonal temperature variation has been proven to be impor-
tant in the recent Mars climate scenario (Richardson and Mis-
chna, 2005). In our analysis we are using a more advanced model,
including a water cycle, radiative effects of CO, and H,0 clouds,
and decreased solar luminosity, to adequately test whether this
importance extends throughout martian history and back to the
Noachian. These results also lay the basis for determining whether
repetitive yearly peak temperature melting events, in similar loca-
tions over long periods of time, could be responsible for more sig-
nificant fluvial/lacustrine activity if yearly amounts of melting are
insufficient to explain the entire valley network landscape, a situa-
tion that is observed in the MDV (Head and Marchant, 2014).

In this analysis, we first search for regions with substan-
tial snow accumulation that also have PAT>273K, permitting
snowmelt and runoff at these locations. By comparing regions
of PAT>273K and the predicted LNIH ice distribution, we
place further constraints on the spin-axis/orbital parameter space
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Fig. 2. Global maps of the mean (column A) and peak (maximum) (column B) annual temperature for a pure CO, atmosphere and a circular orbit. Shown are these mean
and maximum values in conditions of different obliquity (rows 1 and 2 at 25° obliquity; rows 3 and 4 at 45° obliquity) and different atmospheric pressure (rows 1 and 3 at
600 mbar; rows 2 and 4 at 1000 mbar). Column B also shows regions with peak annual temperature > 273K outlined in white. The purpose of this is to highlight regions
with peak temperatures above the melting point of water. All data shown here are taken from model year 10. Note (1) the increase in surface area > 273K as atmospheric
pressure increases and (2) the north poleward shift of warm temperatures as obliquity increases. Column B illustrates the fact that the highest percentage of the equatorial
region with PAT > 273K occurs for low obliquity (25°) and high atmospheric pressure (1000 mbar). Although higher obliquity conditions (45°) for the same atmospheric
pressure (1000 mbar) produces a higher percentage of the planet with peak annual temperatures above 273K, we consider the lower obliquity case as optimal conditions
for valley network formation because more of the equatorial region experiences peak annual temperatures > 273 K.

necessary to maximize any transient melting in the equatorial re-
gions where valley networks are abundant. Next, we determine the
annual duration of melt conditions at specific valley network sys-
tems to constrain better the applicability of this mechanism to val-
ley network formation. The valley network systems chosen for this
study are distributed near the edges of the predicted ice sheet and
are locations that would require melting of ice and surface runoff
to form in the “cold and icy” climate scenario. Last, we estimate
the volume of meltwater produced annually through this mecha-
nism (for optimal spin-axis/orbital and atmospheric pressure con-
ditions). We then compare this with the total water volume be-
lieved to be required to form the valley networks and lakes to pre-
dict the total duration necessary for such a meltwater process to
form these features. We also explore the magnitude of runoff rates
produced by this mechanism to hypothesize whether they would
be sufficient to form the valley networks and further narrow down
which spin-axis/orbital and atmospheric pressure conditions are
most suitable to valley network formation.

In summary, we use the 3D LMD GCM to better understand
the role of seasonal temperature variations and the potential for
the production of meltwater during peak summertime conditions.
We explore climate variation and possible formation of fluvial and
lacustrine features in a manner similar to how they form in the
MDV; we do this by focusing on peak instead of mean annual
temperatures and assessing whether warm summertime conditions
could produce a significant quantity of meltwater. Additionally, we
offer an expansion on the previously explored parameter space
of early Mars climate (e.g. Richardson and Mischna, 2005; Forget
et al.,, 2013; Wordsworth et al., 2013; Wordsworth et al., 2015) by
studying the implications for both variations in eccentricity and
moderate greenhouse warming in a “cold and icy” climate.

3. Analysis

We now explore the parameter space for specific spin-
axis/orbital conditions, namely both 25° and 45° obliquities, each
with 600 and 1000 mbar CO, atmospheres, at eccentricities 0 and



45° OBLIQUITY 25° OBLIQUITY 25° OBLIQUITY
600 MBAR 1000 MBAR 600 MBAR

45° OBLIQUITY
1000 MBAR

ECCO0.17 ECCO0.17 ECCO0.17

90 PERIHELION AT Ls=90 PERIHELION AT Ls=90 PERIHELION AT Ls:

ECCO0.17
PERIHELION AT Ls

=90

-45

-9

9—80

MEAN ANNUAL TEMPERATURE

A.M. Palumbo et al./Icarus 300 (2018) 261-286 267

PEAK ANNUAL TEMPERATURE
HIGHLIGHT >273 K

90 0 90
-90 0 920 90
—

90 0 90 180 950

200 205 210 215 220 225 230 235 240 245 250 255 260 265 270
KELVIN
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0.17. These cases represent (1) both a low obliquity (25°) and the
most probable average Noachian obliquity (45°, most likely oblig-
uity is 41.8°; Laskar et al.,, 2004), (2) relatively low and high at-
mospheric pressure values (600 and 1000 mbar), and (3) the full
range of probable eccentricity values (0 and 0.17). The model is
run, with fixed conditions, for 10 years; all model data are taken
from model year ten or higher to ensure equilibration of the model
parameters utilized here. We utilize hourly data to ensure that we
are capturing the warmest daily temperatures.

3.1. Pure CO, atmosphere

3.1.1. Mean annual temperatures (MAT) and peak annual
temperatures (PAT)

The global distribution of MAT (globally averaging ~225K)
predicted by our GCM analyses is shown for 25° obliquity and
600 mbar (Fig. 2a-1). For the remainder of this discussion, we will
refer to the column as its corresponding letter and the row as its
corresponding number; for example, Fig. 2a-1 implies Fig. 2, col-
umn a, row 1), 25° obliquity and 1000 mbar (Fig. 2a-2), 45° oblig-
uity and 600 mbar (Fig. 2a-3), and 45° obliquity and 1000 mbar
(Fig. 2a-4) for a circular orbit and, similarly, repeated for the same
spin-axis and atmospheric pressure conditions for the higher ec-
centricity value (eccentricity of 0.17; Fig. 3a-1-4 has perihelion at
Ls =90 or northern hemispheric summer, and Fig. 5a-1-4 has per-
ihelion at Ly =270 or southern hemispheric summer). Within this
parameter space, the equilibrated ice distribution is that derived
for a “Late Noachian Icy Highlands” scenario (Wordsworth et al.,
2013, 2015) (Fig. 4). With global MAT (~225K) far below (48 K) the
273K melting point, we ask the question: Could PAT exceed 273 K
in the warmest parts of the year, the melting point of pure water
ice?

To evaluate this question and determine whether or not tem-
peratures exceed 273K at any point on Mars during the year, we
produced PAT maps showing the peak annual temperature at every
pixel across the globe for each of the four aforementioned studied
cases (Figs. 2b-1-4, 3b-1-4, 5b-1-4). Our analysis shows that peak
annual temperatures exceed 273 K somewhere on Mars during the
year in all cases treated (600-1000 mbar, 25-55° obliquity, 0-0.17
eccentricity).

First, we consider the case of a circular orbit (eccentricity of
0, Fig. 2). How does PAT change with increasing CO, atmospheric
pressure? As the amount of CO, in the atmosphere increases,
the greenhouse effect becomes stronger and peak temperatures
become more significant, increasing across the planet (compare
Fig. 2b-1 and 2b-2). Also, as the total atmospheric pressure in-
creases, the amplitude of the diurnal cycle decreases somewhat
because the atmospheric heat capacity is larger. This mechanism
acts to counteract the increased CO, greenhouse effect on the
diurnal timescale, making it more difficult for temperatures un-
der a thicker atmosphere to reach daytime conditions > 273K for
MAT < 273 K. However, the strengthened greenhouse effect is the
more powerful mechanism at play under these spin-axis/orbital
conditions and thus, the increased CO, atmospheric pressure cor-
responds to a global increase in both MAT and PAT. At 25° oblig-
uity and 600/1000 mbar pressure (Fig. 2b-1, 2b-2), PAT > 273K oc-
currences are concentrated mostly in the northern lowlands and
the floors of the Hellas and Argyre impact basins due to the alti-
tude dependence on temperature. Temperatures across the planet
increase with increasing atmospheric pressure (1000 mbar) and,
thus, the percentage of the planet with PAT > 273K also increases
(compare Fig. 2b-1 and 2b-2, regions outlined in white). For exam-
ple, for 25° obliquity and 600 mbar conditions (Fig. 2b-1), ~22.8%
of the planet has PAT > 273 K, but with increased atmospheric pres-
sure (1000 mbar) (Fig. 2b-2), the percentage of the planet with
PAT > 273K increases to ~28.4%. This trend is illustrated in Fig. 2b,

where all regions with PAT > 273K are outlined in white. Compar-
ison of the PAT distribution plots with a map of the predicted dis-
tribution of snow and ice in the LNIH model (Fig. 4) and the dis-
tribution of valley networks (Fig. 4) shows that a few areas with
both snow and valley networks correspond to the regions of PAT
that exceed 273 K (compare Figs. 2b-1-4 and 4).

Noteworthy is the fact that maximum temperatures (see PAT
maps, Fig. 2b) in the northern lowlands are higher at higher oblig-
uity due to the latitudinal effects of solar insolation with increas-
ing obliquity. This is illustrated in Fig. 2b-1 (25° obliquity and 600
mbar CO, atmosphere) and Fig. 2b-3 (45° obliquity and 600 mbar
CO, atmosphere). At lower (25°) obliquity, the highest maximum
temperatures are located closer to the equator, while at higher
(45°) obliquity, the highest maximum temperatures have shifted
toward the poles. Although the results of our highest obliquity
simulations (55°) are not shown in Fig. 2, the results are substan-
tively the same as those of the 45° obliquity simulations, with
maximum temperatures shifted slightly more towards the poles.

Next, we repeat our study for the case of a more eccentric orbit
(Fig. 3, perihelion at Ly =90; Fig. 5, perihelion at L =270) (eccen-
tricity of 0.17, upper limit of our analyzed eccentricity range be-
cause higher eccentricities have less than 20% probability of hav-
ing occurred in the past 5 billion years; Laskar et al., 2004). This
eccentricity range has not been studied in full detail previously,
and thus our analysis provides important information about the
influence of eccentricity on climate. For example, in a more ec-
centric orbit, the strength of the seasonal cycles increases and, de-
pending on the perihelion conditions, one hemisphere will experi-
ence a warmer summer than in the circular orbit scenario. In other
words, for simulations where perihelion occurs during southern
hemispheric summer (longitude of perihelion of Ls=270), sum-
mertime temperatures in the southern hemisphere are increased
because the planet is closer to the Sun during the summer sea-
son and farther from the Sun during the winter season, as com-
pared to a less eccentric, or circular, orbit. Thus, in the higher ec-
centricity scenario, peak summer temperatures increase and peak
winter temperatures decrease for the hemisphere that experiences
the summer season during perihelion. Understanding the conse-
quences that variations in eccentricity have on MAT and PAT dis-
tributions is important for this study because increasing eccentric-
ity increases peak summertime temperatures for the hemisphere
that is in the summer season during perihelion, potentially per-
mitting the production of more seasonal meltwater than in the
circular orbit case. Additionally, the precession timescale is ~50
ky, significantly shorter than the estimated timescale for forma-
tion of simple valley networks (~10% years total; Hoke et al., 2011).
To remedy this, we analyze two datasets of opposite perihelion
to better understand the influence of eccentricity variation and
analyze the dataset by assuming that both perihelion scenarios
persist for approximately half of the duration of valley network
formation. The two perihelion scenarios that we consider in this
analysis are (1) perihelion at Ls=90, or northern hemispheric
summer, and (2) perihelion at Ls =270, or southern hemispheric
summer.

The overall temperature distribution patterns observed in the
circular orbit case are also observed here for the more ec-
centric case (Fig. 3; northern hemispheric summer at perihe-
lion). As obliquity increases from 25° to 45° (compare Fig. 3b-
1 and 3b-3), PAT increase in the polar regions and decrease
in the equatorial region (for example, compare Fig. 3a-2 and
Fig. 3a-4). However, in the higher eccentricity scenario, the ef-
fects of thermal blanketing by higher atmospheric pressure ap-
pear to significantly decrease the amplitude of the diurnal cycle.
Thus, in contrast to the circular orbit scenario, as atmospheric
pressure increases from 600 to 1000 mbar (compare Fig. 3a-
1 and 3a-2), although MAT across the globe increase by ~10K,
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Fig. 5. Same as Fig. 3, except showing the reversed perihelion simulations (longitude of perihelion Ly =270).

the area of the region with PAT > 273K does not increase sig-
nificantly (compare regions outlined in white in Fig. 3b-1 and
3b-2 or Fig. 3b-3 and 3b-4). For example, approximately the
same percentage of the globe is characterized by PAT > 273K at
45° obliquity and 600 mbar (Fig. 3b-3) and 45° obliquity and
1000 mbar (Fig. 3b-4). In a manner similar to circular orbit con-
ditions, under these spin-axis/orbital conditions, PAT >273K oc-
curs both in the northern hemisphere and in equatorial regions
where valley networks are abundant (see Fig. 3b and compare
to Fig. 4). PAT in the southern hemisphere are lower than PAT
in the northern hemisphere because of the altitude dependence
of temperature and because the longitude of perihelion (Ls=90)
is such that the northern hemisphere experiences summer at
perihelion and the southern hemisphere experiences summer at
aphelion.

In simulations where the perihelion occurs at Ls =270 (Fig. 5;
southern hemispheric summer at perihelion), we observe simi-
lar patterns to those observed in the previous simulations. As a
consequence of the perihelion conditions, PAT in the southern
hemisphere are warmer than in both the circular orbit and the
reversed perihelion simulations; in significant portions of the
southern hemisphere PAT exceed 273K (Fig. 5b). This perihelion
scenario (longitude of perihelion of Ls=270) is critical to sum-
mertime melting because southern hemispheric summer occurs at
perihelion; since a significant portion of the Noachian ice sheet
was likely distributed in the southern hemisphere, this perihelion
scenario can produce significantly more meltwater than the peri-

helion scenario in which northern hemispheric summer occurs at
perihelion.

Our initial study of temperature distributions suggests that
increasing the eccentricity to 0.17 introduces significantly more
seasonal warming (see Figs. 3 and 5) than for conditions of a
circular orbit; the percentage of the planet with PAT> 273K is
greater than in the case of a circular orbit. For example, for
the conditions of a 600 mbar CO, atmosphere and 25° oblig-
uity, 22.8% of the planet experiences PAT>273K when consid-
ering a circular orbit, and up to 33.4% of the planet experi-
ences PAT>273K when considering an orbit with eccentricity
of 0.17 (for conditions of perihelion occurring during southern
hemispheric summer). Additionally, variations in perihelion con-
trol where the meltwater will be concentrated, depending upon
which hemisphere is experiencing the summer season when Mars
approaches perihelion.

In summary, throughout the parameter space explored (atmo-
spheric pressure, obliquity, eccentricity), PAT greater than or equal
to 273K (regions outlined in white in Figs. 2, 3, and 5) occur
in the northern lowlands, topographic lows such as the floors of
basins, and parts of the equatorial region, but equatorial temper-
atures > 273 K only partially spatially correlate with regions where
valley networks are observed (Fig. 2b1-4, 3b1-4, 5b1-4; compare
to Fig. 4). For the case of a circular orbit, as obliquity increases,
the highest MAT and PAT begin to shift towards the pole and as at-
mospheric pressure increases, the greenhouse effect increases, thus
increasing MAT and the percentage of the globe with PAT > 273 K.
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