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a b s t r a c t 

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) > 273 K 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 ∼225 K 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 2 atmosphere, characterized by MAT ∼225 K, we find that: (1) PAT 

can exceed the melting point of water ( > 273 K) 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 > 273 K 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 > 273 K 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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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, 20 0 0; 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
e-degree-day analysis suggest that: (1) For the conditions of 25 ° obliquity,

entricity of 0.17, this seasonal melting process would be required to con-

s to produce a sufficient volume of meltwater to form the valley networks

e conditions of 25 ° obliquity, 10 0 0 mbar atmosphere, circular orbit, and

arming, the process would be required to continue for ∼(21–550) × 10 3

 melting of snow and ice could induce the generation of meltwater and

 a “cold and icy” Late Noachian climate in a manner similar to that ob-

l shortcoming of this mechanism is that independent estimates of the

network formation are much higher than those predicted by this mecha-

ar orbit, even when accounting for additional atmospheric warming. How-

ely higher eccentricity condition (0.17) may produce the necessary runoff

io in which perihelion occurs during southern hemispheric summer, in-

near-equatorial regions and in the southern hemisphere, producing runoff

ired for valley network formation ( ∼mm/day). In the opposite perihelion

ere will experience very little summertime melting. Thus, this seasonal

 candidate for formation of the valley networks when considering a rela-

cause this mechanism is capable of (1) producing meltwater in the equa-

orks are abundant, (2) continuously producing seasonal meltwater for the

ey network formation, (3) yielding the amount of meltwater necessary to

in this time period, and (4) by considering a perihelion scenario in which

etwork formation is spent with peak summertime conditions during per-

her runoff rates are produced than in a circular orbit and the rates may

d for valley network formation. 

© 2017 Elsevier Inc. All rights reserved.

louds, and (4) do not account for the decreased solar luminosity

haracteristic of the faint and young Sun, which likely would have

ltered their results. Their model does include an active seasonal

O 2 cycle and they treat radiative heating within the atmosphere

by dust and CO 2 gas) by using a band model approach. The CO 2 

hermal infrared scheme of Hourdin (1992) is used up to 10 5 Pa in

rder to make a qualitative assessment of the impact of very high

ressures on transient liquid water potential (TLWP); they place no

uantitative emphasis on the relationship between specific mean

urface pressure and resulting greenhouse warming. 

Richardson and Mischna (2005) found that “liquid water is not

urrently stable on the surface of Mars; however, transient liq-

id water (ice melt) may occur if the surface temperature is be-

ween the melting and boiling points.” The large diurnal range

f surface temperatures means that such conditions are met on

ars with current surface pressures and obliquity, yielding the

otential for transient, non-equilibrium liquid water. They then

se their GCM to perform an initial exploration of the variation

f this TLWP for a wide range of obliquities and increased pres-

ures, designed to progressively explore “middle and recent cli-

ate states” of the geological history of Mars, while not attempt-

ng to recreate any particular climatological epochs. They find that

t higher obliquities and slightly higher surface pressures, TLWP

onditions are met over a very large fraction of Mars, but that as

urface pressure is increased ( > ∼ 50–100 mbar), increased atmo-

pheric thermal blanketing reduces the diurnal surface tempera-

ure range, eliminating the possibility of transient liquid water. On

he other hand, they find that at high enough pressures (for exam-

le, 1200 mbar), the mean annual temperature is sufficiently ele-

ated to allow stable liquid water. Thus, one of their fundamental

onclusions about the “middle and recent climate states of Mars”

s that “the potential for liquid water on Mars has not decreased

onotonically over planetary history as the atmosphere was lost….

nstead, a distinct minimum in TLWP (the “dead zone”) will have

ccurred during the extended period for which pressures were in

he middle range between about 0.1 and 1 bar…following the ear-

iest stages of martian evolution possibly consisting of the “warm,

et” period…”. Thus, for model simulations with atmospheric

ressure and spin-axis conditions comparable to conditions that

ay have persisted in the Noachian (1200 mbar, 25 ° obliquity),
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ichardson and Mischna (2005) predict a “warm and wet” climate,

haracterized by continuous conditions suitable to the stability of

iquid 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-

er the influence of a younger Sun, characterized by approximately

5% the current luminosity ( Gough, 1981 ), early Mars would be

haracterized by an extremely cold steady-state with MAT well be-

ow the triple point of water (MAT ∼225 K). In these models (de-

cribed below), specific greenhouse gases and CO 2 clouds are inca-

able of producing the additional atmospheric and surface temper-

ture increase necessary to cause consistent “warm and wet” con-

itions (MAT > 273 K), with persistent rainfall and runoff, and at

he same time, remain within reasonable climate warming source

nd sink constraints (e.g. Forget et al., 2013; Wordsworth et al.,

013; Wordsworth et al., 2015; Kasting et al., 1992; Wolf and

oon, 2010; Halevy and Head, 2014 ). Although spin-axis/orbital pa-

ameter variations also differed in the past ( Laskar et al., 2004 ),

orget et al., (2013) and Wordsworth et al., (2013) found that the

ange of these parameters does not induce a sufficiently large tem-

erature increase to permit the continuous existence of stable liq-

id water at the surface. 

Due to these difficulties in producing relatively continuous

atural clement (MAT > 273 K) conditions ( Forget et al., 2013;

ordsworth et al., 2013 ) typical of a “warm and wet” early

ars climate (e.g., Craddock and Howard, 2002 ), we first dis-

uss the detailed nature of a “cold and icy” background cli-

ate, and how periods of episodic or punctuated heating might

ermit transitory rainfall or snowmelt, surface runoff, and flu-

ial/lacustrine processes. Recent GCM studies ( Forget et al., 2013;

ordsworth et al., 2013 ) show that when atmospheric pressure

xceeds tens to hundreds of millibars, an altitude-dependent tem-

erature effect is induced and H 2 O preferentially accumulates in

he southern highlands, producing the conditions described by the

Late Noachian Icy Highlands” scenario ( Wordsworth et al., 2013;

ead 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

ux-forced “warm and wet” scenario; they found that snow accu-

ulation in a “cold and icy” climate is better correlated with the

nown valley network distribution than pluvial (rainfall) activity in

 “warm and wet” climate because the valley networks and open-

nd closed-basin lakes are commonly observed at distal portions of

he predicted ice sheet ( Head and Marchant, 2014 ), where melting

nd runoff would be expected to occur. However, surface temper-

tures greatly in excess of the 225 K “cold and icy” climate MAT

ust occur ( Forget et al., 2013; Wordsworth et al., 2013 ) in order

o induce melting of the accumulated surface snow and ice and

uvial/lacustrine activity ( Head and Marchant, 2014; Fastook and

ead, 2015; Rosenberg and Head, 2015 ). 

Several candidates for transient atmospheric warming processes

n a “cold and icy” early Mars (MAT ∼225 K) have been proposed,

ncluding: 

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 2 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 2 would rapidly convert into aerosols and initiate

planetary cooling. 
2) Impact crater-induced warming. Segura et al. (20 02 , 20 08 ,

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., 20 02 , 20 08 ). 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 273 K in a “cold and icy” climate scenario, it is pos-

sible that the warmest summertime conditions may be charac-

terized by temperatures > 273 K, 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

ichardson and Mischna (2005) in an analysis of seasonal temper-

ture variation and the potential of seasonal ice melting and gully

ormation in the Amazonian. Richardson and Mischna (2005) find

easonal temperature variations to be important throughout the

mazonian, with summertime pressure and temperature condi-

ions suitable for the presence of liquid water. They explore

 range of obliquity and pressure conditions, some of which

ay be applicable to the Noachian, but state that they have

ot attempted to recreate particular climatological epochs. The

ichardson and Mischna (2005) model over-predicts the green-

ouse effect for pressures greater than a few hundred millibars

see their Fig. 2 caption; their GCM over-predicts temperatures

y ∼55 K MAT for pressure conditions ∼1 bar in the 1-D Kasting

odel; Kasting, 1991 ). This large artificial increase in MAT signifi-

antly affects the results of their higher pressure simulations. Thus,

hen Richardson and Mischna (2005) consider pressure and obliq-

ity conditions representative of a Noachian climate (25 ° obliquity

nd 1200 mbar), their results are affected by the over-prediction

f greenhouse warming for these high pressures. Additionally,

ichardson and Mischna (2005) retain solar luminosity at the same

alue as today in these simulations, in contrast to predictions

or solar conditions in the Noachian ( Gough, 1981 ) (Faint Young

un; ∼75% current solar luminosity), which also forces a warmer

limate. 

This pioneering study has highlighted the importance of sea-

onal temperature variation on recent Mars ( Richardson and Mis-

hna, 2005 ). In our study, we utilize an updated model to ex-

end the analysis of martian seasonal temperature variation to the

oachian, exploring a specific parameter space that is characteris-

ic of the Noachian to effectively recreate this particular climato-

ogical epoch. We address the role of seasonal temperature varia-

ion in the Noachian and how it relates to the melting of surface

now and ice, runoff, and valley network formation. 

The parameter space explored here includes variations in

bliquity, pressure, and eccentricity; Richardson and Mischna

2005) also explored the influence of these parameters on the dis-

ribution 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 ∼225 K (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 273 K (in other words, one data point). 

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 225 K, 

typical for a Late Noachian “cold and icy” climate scenario. Note that the warmest 

days of the summer season (PAT) experience temperatures > 273 K. 
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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 2 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 2 or H 2 O clouds). In this analysis, we consider the ambient “cold

and icy” conditions which are predicted by our updated model, in

which temperatures only exceed 273 K 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 ∼287 K, but local MAT can reach

330 K in the hottest deserts and plummet as low as 184 K 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 273 K,
ut MST > 273 K for the summer season), peak daily temperature

PDT; the highest temperature reached in each day), and peak sea-

onal temperature (PST; the highest temperature reached in each

eason). All abbreviations utilized in this analysis, such as those

reviously mentioned, are included in Table 1 with corresponding

efinitions. 

In the Antarctic McMurdo Dry Valleys (MDV), for example, MAT

 ∼253 K) is well below the melting point of water (273 K), yet PAT

an exceed 273 K (e.g. Head and Marchant, 2014 ). Indeed, peak

aytime temperatures (PDT) can exceed 273 K for many weeks of

outhern summer, top-down melting of snow and ice can occur,

nd resultant meltwater-related fluvial and lacustrine activity can

roduce observable landforms and deposits, all in the absence of

luvial activity ( Marchant and Head, 2007; Head and Marchant,

014 ). Over much of the MDV in southern summer, PDT can exceed

73 K, but there is commonly no surface snow and ice to melt, and

he duration of the period > 273 K is insufficient for the warming

hermal wave to penetrate the dry active layer and melt the ice-

emented portion of the cryosphere ( Head and Marchant, 2014 ).

hus, formation of the fluvial and lacustrine features in the Mars-

ike hyperarid-hypothermal environment of the MDV requires not

nly PDT exceeding 273 K, but also the presence of localized sur-

ace deposits of snow and ice to melt ( Head and Marchant, 2014 ).

e use the MDV as a guideline for conditions that need to per-

ist in a “cold and icy” early Mars climate in order for the ob-

erved martian fluvial/lacustrine features to form ( Palumbo and

ead, 2017b ). 

A factor in transient melting of the tops of cold-based glaciers

n the MDV is changes in the ice albedo related to deposits on the

now and ice ( Chinn, 1986; Fountain et al., 1999; Aitkins and Dick-

nson, 20 07; Marchant and Head, 20 07; Head and Marchant, 2014 ).

he presence of rocks, dust and dirt on the ice deposit decreases

he albedo of the “dirty” ice deposit, in turn increasing the amount

f solar radiation absorbed by the “dirty” ice, potentially producing

eltwater at surface air temperatures lower than 273 K, depend-

ng on the thickness of the deposit and other factors ( Wilson and

ead, 2009 ) which are not well constrained for the Noachian en-

ironment. The dust particles themselves will warm from solar ra-

iation and possibly melt surrounding ice. Dust (including volcanic

ephra) may have influenced ice in the Noachian ( Cassanelli et al.,

015; Wilson and Head, 2009 ). This topic is not included in this

nalysis but is currently being assessed. 

Additionally, Gooseff et al. (2017) have analyzed the influence

f an anomalously warm year, 2002, on the physical and ecologi-

al states of the MDV. They find that the uncharacteristically warm

ummertime temperatures produced a significant response in the

ntarctic system, with increases in lake levels and stream fluxes.
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his anomalously warm year has proven to be a turning point in

he MDV climate: the climate was cooling before 2002, and has

een warming since 2002. While some factors in the MDV system

xperienced delayed responses to the 2002 austral summer, such

s microbial mats and select species of Antarctic nematodes, the

ivers and lakes appeared to have an immediate response, with

ake levels and stream fluxes increasing immediately during the

002 austral summer. Thus, we must also consider that anoma-

ously warm years, such as the conditions experienced in 2002 in

he MDV, may be sufficient to induce significant transient overland

ow and contribute to the formation of fluvial features in a com-

arable Noachian climate scenario. 

To address our question regarding potential seasonal melting in

he “Late Noachian Icy Highlands” (LNIH) climate model, we use

he 3-Dimensional Laboratoire de Météorologie Dynamique (LMD)

CM for early Mars to explore the hypothesis that peak annual,

aytime or seasonal temperatures (PAT, PDT, or PST) in a “cold and

cy” Late Noachian climate ( Forget et al., 2013; Wordsworth et al.,

013 ) with MAT ∼225 K could produce transient snowmelt and

ubsequent runoff in sufficient quantities and at the appropriate

ocations to explain the nature and distribution of valley networks

nd related lacustrine features. We focus on several specific ques-

ions: (1) In past Mars climate history when the MAT is predicted

o be << 273 K, do temperatures ever exceed 273 K, for example, in

he summer season? (2) If seasonal temperatures exceed 273 K in

he MAT ∼225 K scenario, but are insufficient to induce prolonged

luvial (rainfall) activity, are peak annual and peak seasonal tem-

eratures (PAT/PST) sufficiently high and of a sufficient duration to

ause melting of surface snow and ice? (3) How much meltwater

s produced through this mechanism annually and how does this

ompare to the volume of water and runoff rates required to form

he valley networks? 

. Methods and approaches 

.1. General model features 

To complete our study, we used the 3D LMD GCM for early

ars (e.g. Wordsworth et al., 2013; Forget et al., 2013 ). This

nite-difference model uses atmospheric radiative transfer, mete-

rological equations, and physical parameterizations in conjunc-

ion with one another. The model incorporates cloud microphysics

ith a fixed cloud condensation nuclei number density scheme

or H 2 O and CO 2 cloud particles ( Wordsworth et al., 2013; Forget

t al., 2013 ), convective processes ( Wordsworth et al., 2013; Forget

t al., 2013 ), and precipitation ( Wordsworth et al., 2015 ; following

oucher et al., 1995 ). 

Because of the uncertainties in the nature and distribution of

oachian dust, we do not include the effects of a dusty snow

nd ice layer here, although we recognize that the addition of

ust in our simulations may aid in seasonal melting in a “cold

nd icy” climate ( Clow, 1987; Cassanelli et al., 2015 ). Additionally,

reslavsky and Head (20 0 0 , 20 03 , 20 06) have highlighted the im-

ortance of surface slopes in seasonal melting. We acknowledge

hat the difference of incident solar radiation between equator-

acing and pole-facing slopes may be substantial. The GCM uses

OLA topography data to account for regional slope variation,

owever, the resolution of the model utilized here precludes us

rom exploring the influence of this in more detail, and is a topic

f future work. 

For the purpose of this study, we track surface temperature

nd H 2 O ice with a spatial resolution of 64 × 48 × 18 (longi-

ude × latitude × altitude), which is a sufficient spatial resolution to

apture the necessary regional temperature variations, and collect

ourly data, which is a sufficient temporal resolution to capture

iurnal and seasonal temperature variation. 
.2. Approaches and specific applications 

We employ the LMD GCM to test for transient melting un-

er the conditions of PAT. In this analysis, we focus on a range

f pressures (60 0–10 0 0 mbar) for a pure CO 2 atmosphere (e.g.

orget et al., 2013 ), and we explore the effects of a range of

pin-axis obliquities (25 °−55 °; ±1 σ of the mean obliquity over

he past 5 billion years as estimated through a statistical analy-

is by Laskar et al., 2004 ) and eccentricities (0–0.17; lower and

pper limit represent statistically probable values for the past

 billion years with eccentricity 0.17 having ∼20% probability;

askar et al., 2004 ), assuming a solar luminosity 75% of the cur-

ent value ( Gough, 1981; Sagan and Mullen, 1972 ). It is important

o note that Laskar et al. (2004) considered a statistical model, esti-

ating probable mean values and ranges (one standard deviation)

or spin-axis/orbital parameters. However, it is probable that these

arameters, such as obliquity and eccentricity, varied to values out-

ide the statistically probable range. We recognize that there was

ikely to be more variation than that suggested by the statistical

nalysis performed by Laskar et al. (2004) , but for the purpose of

his study we focus on the range estimated by Laskar et al. (2004) ,

s described above. 

We specifically analyze 600 mbar, 800 mbar, and 1000 mbar

tmospheres, each at obliquities of 25 °, 35 °, 45 °, and 55 ° and ec-

entricities of 0 (circular) and 0.17. In exploring this parameter

pace, we utilize surface temperature variation as a proxy to assess

hether transient melting of snow and ice could be responsible for

alley network formation in areas where Late Noachian snow ac-

umulation is well correlated with the valley network distribution

 Wordsworth et al., 2015 ). We also consider the addition of a small

mount of greenhouse gas surrogate in the atmosphere, an addi-

ion that serves to strengthen the annual warming effect, to assess

ow much annual warming above 273 K could occur under condi-

ions where MAT is greater than 225 K but still below 273 K. In this

art of our analysis, our goal is to assess a climate scenario that is

armer than the baseline “cold and icy” climate ( ∼225 K MAT), but

till not continuously “warm and wet” (MAT > 273 K); this climate

cenario is still broadly characterized by ice and snow distributed

n the highlands and MAT far below the melting point of water. Be-

ause of uncertainty in sources and sinks for specific greenhouse

ases, we account for additional greenhouse warming by adding

ray gas, which absorbs evenly across the spectrum at a defined

bsorption coefficient. We choose a small absorption coefficient to

aise MAT by only a few degrees, maintaining an overall “cold and

cy” climate scenario. Lastly, we also explore additional scenarios

or completeness and to consider extreme conditions, including a

ow obliquity (15 °) simulation and a high eccentricity simulation

0.2; estimated maximum value reached in the past 5 billion years

ased on the statistical analysis of Laskar et al., 2004 ). 

Seasonal temperature variation has been proven to be impor-

ant in the recent Mars climate scenario ( Richardson and Mis-

hna, 2005 ). In our analysis we are using a more advanced model,

ncluding a water cycle, radiative effects of CO 2 and H 2 O clouds,

nd decreased solar luminosity, to adequately test whether this

mportance extends throughout martian history and back to the

oachian. These results also lay the basis for determining whether

epetitive yearly peak temperature melting events, in similar loca-

ions over long periods of time, could be responsible for more sig-

ificant fluvial/lacustrine activity if yearly amounts of melting are

nsufficient to explain the entire valley network landscape, a situa-

ion that is observed in the MDV ( Head and Marchant, 2014 ). 

In this analysis, we first search for regions with substan-

ial snow accumulation that also have PAT > 273 K, permitting

nowmelt and runoff at these locations. By comparing regions

f PAT > 273 K and the predicted LNIH ice distribution, we

lace 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 2 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 > 273 K 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 > 273 K 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 > 273 K occurs for low obliquity (25 °) and high atmospheric pressure (10 0 0 mbar). Although higher obliquity conditions (45 °) for the same atmospheric 

pressure (10 0 0 mbar) produces a higher percentage of the planet with peak annual temperatures above 273 K, 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. 
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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. 

w  
In summary, we use the 3D LMD GCM to better understand

he role of seasonal temperature variations and the potential for

he production of meltwater during peak summertime conditions.

e explore climate variation and possible formation of fluvial and

acustrine features in a manner similar to how they form in the

DV; we do this by focusing on peak instead of mean annual

emperatures and assessing whether warm summertime conditions

ould produce a significant quantity of meltwater. Additionally, we

ffer an expansion on the previously explored parameter space

f early Mars climate (e.g. Richardson and Mischna, 2005; Forget

t al., 2013; Wordsworth et al., 2013; Wordsworth et al., 2015 ) by

tudying the implications for both variations in eccentricity and

oderate greenhouse warming in a “cold and icy” climate. 

. Analysis 

We now explore the parameter space for specific spin-

xis/orbital conditions, namely both 25 ° and 45 ° obliquities, each

ith 600 and 1000 mbar CO atmospheres, at eccentricities 0 and
2 
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Fig. 3. Global maps of the mean (column A) and peak (maximum) (column B) annual temperature for a pure CO 2 atmosphere and an orbit with eccentricity of 0.17, 

which is a statistical upper limit (20% probably of occurring in the past 5 billion years) for martian eccentricity during the Noachian ( Laskar et al., 2004 ). Here we consider a 

longitude of perihelion of L s = 90. Compare to Fig. 2 which shows the same maps for a circular orbit. The increased eccentricity results in longer and warmer summer seasons 

(specifically in the northern hemisphere during higher obliquity), producing larger regions of PAT > 273 K than for a circular orbit ( Fig. 2 ) under similar spin-axis/orbital and 

pressure conditions. 

Fig. 4. The distribution of valley networks and the predicted distribution of snow and ice in the LNIH model. Valley network distribution map (red lines; Hynek et al., 2010 ) 

superposed on the predicted “Late Noachian Icy Highlands” ice distribution at 1 km ELA (equilibrium line altitude) ( Head and Marchant, 2014 ). The locations of the three 

valley networks sites analyzed in this study are shown. Topography is MOLA data (brown is high, purple is low). (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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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 obliq-

uity is 41.8 °; Laskar et al., 2004 ), (2) relatively low and high at-

mospheric pressure values (600 and 10 0 0 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 2 atmosphere 

3.1.1. Mean annual temperatures (MAT) and peak annual 

temperatures (PAT) 

The global distribution of MAT (globally averaging ∼225 K)

predicted by our GCM analyses is shown for 25 ° obliquity and

600 mbar ( Fig. 2 a-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. 2 a-1 implies Fig. 2 , col-

umn a, row 1), 25 ° obliquity and 10 0 0 mbar ( Fig. 2 a-2), 45 ° obliq-

uity and 600 mbar ( Fig. 2 a-3), and 45 ° obliquity and 1000 mbar

( Fig. 2 a-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. 3 a-1–4 has perihelion at

L s = 90 or northern hemispheric summer, and Fig. 5 a-1–4 has per-

ihelion at L s = 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 ( ∼225 K) far below (48 K) the

273 K 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 273 K 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. 2 b-1–4, 3 b-1–4, 5 b-1–4). Our analysis shows that peak

annual temperatures exceed 273 K somewhere on Mars during the

year in all cases treated (60 0–10 0 0 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 2 atmospheric

pressure? As the amount of CO 2 in the atmosphere increases,

the greenhouse effect becomes stronger and peak temperatures

become more significant, increasing across the planet (compare

Fig. 2 b-1 and 2 b-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 2 greenhouse effect on the

diurnal timescale, making it more difficult for temperatures un-

der a thicker atmosphere to reach daytime conditions > 273 K 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 2 atmospheric pressure cor-

responds to a global increase in both MAT and PAT. At 25 ° obliq-

uity and 60 0/10 0 0 mbar pressure ( Fig. 2 b-1, 2 b-2), PAT > 273 K 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 (10 0 0 mbar) and,

thus, the percentage of the planet with PAT > 273 K also increases

(compare Fig. 2 b-1 and 2 b-2, regions outlined in white). For exam-

ple, for 25 ° obliquity and 600 mbar conditions ( Fig. 2 b-1), ∼22.8%

of the planet has PAT > 273 K, but with increased atmospheric pres-

sure (10 0 0 mbar) ( Fig. 2 b-2), the percentage of the planet with

PAT > 273 K increases to ∼28.4%. This trend is illustrated in Fig. 2 b,
here all regions with PAT > 273 K are outlined in white. Compar-

son of the PAT distribution plots with a map of the predicted dis-

ribution of snow and ice in the LNIH model ( Fig. 4 ) and the dis-

ribution of valley networks ( Fig. 4 ) shows that a few areas with

oth snow and valley networks correspond to the regions of PAT

hat exceed 273 K (compare Figs. 2 b-1–4 and 4 ). 

Noteworthy is the fact that maximum temperatures (see PAT

aps, Fig. 2 b) in the northern lowlands are higher at higher obliq-

ity due to the latitudinal effects of solar insolation with increas-

ng obliquity. This is illustrated in Fig. 2 b-1 (25 ° obliquity and 600

bar CO 2 atmosphere) and Fig. 2 b-3 (45 ° obliquity and 600 mbar

O 2 atmosphere). At lower (25 °) obliquity, the highest maximum

emperatures are located closer to the equator, while at higher

45 °) obliquity, the highest maximum temperatures have shifted

oward the poles. Although the results of our highest obliquity

imulations (55 °) are not shown in Fig. 2 , the results are substan-

ively the same as those of the 45 ° obliquity simulations, with

aximum temperatures shifted slightly more towards the poles. 

Next, we repeat our study for the case of a more eccentric orbit

 Fig. 3 , perihelion at L s = 90; Fig. 5 , perihelion at L s = 270) (eccen-

ricity of 0.17, upper limit of our analyzed eccentricity range be-

ause higher eccentricities have less than 20% probability of hav-

ng occurred in the past 5 billion years; Laskar et al., 2004 ). This

ccentricity range has not been studied in full detail previously,

nd thus our analysis provides important information about the

nfluence of eccentricity on climate. For example, in a more ec-

entric orbit, the strength of the seasonal cycles increases and, de-

ending on the perihelion conditions, one hemisphere will experi-

nce a warmer summer than in the circular orbit scenario. In other

ords, for simulations where perihelion occurs during southern

emispheric summer (longitude of perihelion of L s = 270), sum-

ertime temperatures in the southern hemisphere are increased

ecause the planet is closer to the Sun during the summer sea-

on and farther from the Sun during the winter season, as com-

ared to a less eccentric, or circular, orbit. Thus, in the higher ec-

entricity scenario, peak summer temperatures increase and peak

inter temperatures decrease for the hemisphere that experiences

he summer season during perihelion. Understanding the conse-

uences that variations in eccentricity have on MAT and PAT dis-

ributions is important for this study because increasing eccentric-

ty increases peak summertime temperatures for the hemisphere

hat is in the summer season during perihelion, potentially per-

itting the production of more seasonal meltwater than in the

ircular orbit case. Additionally, the precession timescale is ∼50

y, significantly shorter than the estimated timescale for forma-

ion of simple valley networks ( ∼10 8 years total; Hoke et al., 2011 ).

o remedy this, we analyze two datasets of opposite perihelion

o better understand the influence of eccentricity variation and

nalyze the dataset by assuming that both perihelion scenarios

ersist for approximately half of the duration of valley network

ormation. The two perihelion scenarios that we consider in this

nalysis are (1) perihelion at L s = 90, or northern hemispheric

ummer, and (2) perihelion at L s = 270, or southern hemispheric

ummer. 

The overall temperature distribution patterns observed in the

ircular orbit case are also observed here for the more ec-

entric case ( Fig. 3 ; northern hemispheric summer at perihe-

ion). As obliquity increases from 25 ° to 45 ° (compare Fig. 3 b-

 and 3 b-3), PAT increase in the polar regions and decrease

n the equatorial region (for example, compare Fig. 3 a-2 and

ig. 3 a-4). However, in the higher eccentricity scenario, the ef-

ects of thermal blanketing by higher atmospheric pressure ap-

ear to significantly decrease the amplitude of the diurnal cycle.

hus, in contrast to the circular orbit scenario, as atmospheric

ressure increases from 600 to 10 0 0 mbar (compare Fig. 3 a-

 and 3 a-2), although MAT across the globe increase by ∼10 K,
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Fig. 5. Same as Fig. 3 , except showing the reversed perihelion simulations (longitude of perihelion L s = 270). 
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he area of the region with PAT > 273 K does not increase sig-

ificantly (compare regions outlined in white in Fig. 3 b-1 and

 b-2 or Fig. 3 b-3 and 3 b-4). For example, approximately the

ame percentage of the globe is characterized by PAT > 273 K at

5 ° obliquity and 600 mbar ( Fig. 3 b-3) and 45 ° obliquity and

0 0 0 mbar ( Fig. 3 b-4). In a manner similar to circular orbit con-

itions, under these spin-axis/orbital conditions, PAT > 273 K oc-

urs both in the northern hemisphere and in equatorial regions

here valley networks are abundant (see Fig. 3 b and compare

o Fig. 4 ). PAT in the southern hemisphere are lower than PAT

n the northern hemisphere because of the altitude dependence

f temperature and because the longitude of perihelion (L s = 90)

s such that the northern hemisphere experiences summer at

erihelion and the southern hemisphere experiences summer at

phelion. 

In simulations where the perihelion occurs at L s = 270 ( Fig. 5 ;

outhern hemispheric summer at perihelion), we observe simi-

ar patterns to those observed in the previous simulations. As a

onsequence of the perihelion conditions, PAT in the southern

emisphere are warmer than in both the circular orbit and the

eversed perihelion simulations; in significant portions of the

outhern hemisphere PAT exceed 273 K ( Fig. 5 b). This perihelion

cenario (longitude of perihelion of L s = 270) is critical to sum-

ertime melting because southern hemispheric summer occurs at

erihelion; since a significant portion of the Noachian ice sheet

as likely distributed in the southern hemisphere, this perihelion

cenario can produce significantly more meltwater than the peri-
elion scenario in which northern hemispheric summer occurs at

erihelion. 

Our initial study of temperature distributions suggests that

ncreasing the eccentricity to 0.17 introduces significantly more

easonal warming (see Figs. 3 and 5 ) than for conditions of a

ircular orbit; the percentage of the planet with PAT > 273 K is

reater than in the case of a circular orbit. For example, for

he conditions of a 600 mbar CO 2 atmosphere and 25 ° obliq-

ity, 22.8% of the planet experiences PAT > 273 K when consid-

ring a circular orbit, and up to 33.4% of the planet experi-

nces PAT > 273 K when considering an orbit with eccentricity

f 0.17 (for conditions of perihelion occurring during southern

emispheric summer). Additionally, variations in perihelion con-

rol where the meltwater will be concentrated, depending upon

hich hemisphere is experiencing the summer season when Mars

pproaches perihelion. 

In summary, throughout the parameter space explored (atmo-

pheric pressure, obliquity, eccentricity), PAT greater than or equal

o 273 K (regions outlined in white in Figs. 2, 3 , and 5 ) occur

n the northern lowlands, topographic lows such as the floors of

asins, and parts of the equatorial region, but equatorial temper-

tures > 273 K only partially spatially correlate with regions where

alley networks are observed ( Fig. 2 b1–4, 3 b1–4, 5 b1–4; compare

o Fig. 4 ). For the case of a circular orbit, as obliquity increases,

he highest MAT and PAT begin to shift towards the pole and as at-

ospheric pressure increases, the greenhouse effect increases, thus

ncreasing MAT and the percentage of the globe with PAT > 273 K.
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Fig. 6. Temperature time series (one martian year duration, beginning at L s = 0) for all conditions studied in Fig. 2 (circular orbit) at three different valley network systems 

distributed at different latitudes and longitudes (see Fig. 4 for locations). Column A is 25 ° obliquity and 600 mbar CO 2 . Column B is 25 ° obliquity and 10 0 0 mbar CO 2 . 

Column C is 45 ° obliquity and 600 mbar CO 2 . Column D is 45 ° obliquity and 10 0 0 mbar CO 2 . Valley network locations are 1 (top) Evros Valles (12 °S, 12 °E), 2 (middle) the 

valley networks near the Kasei Outflow Channels (23 °N, 55 °W), and 3 (bottom) Parana Valles (24.1 °S, 10.8 °W). Horizontal lines at 273 K provide a reference to show how 

close PAT approach the melting point of water. Green lines highlight examples when temperatures approach (temperatures exceed 265 K at some point during the year) or 

are above 273 K for at least one data point during the year. Red lines indicate when temperatures approach, but do not exceed 273 K (temperatures are consistently below 

265 K). Note that all horizontal lines are green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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In other words, lower obliquity conditions permit warmer temper-

atures in the equatorial region (where valley networks are most

abundant), and higher pressure increases temperature globally, in-

creasing the percentage of the planet with PAT above the melting

point of water. Based on these results and thermal considerations

for the production of meltwater, we predict that the optimal spin-

axis/orbital conditions to produce equatorial melting are relatively

low obliquity and elevated atmospheric pressure. For the case of

a more eccentric orbit (eccentricity 0.17), the same obliquity ef-

fects are observed, but as atmospheric pressure increases, increas-

ing the greenhouse effect, the increased thermal blanketing signif-

icantly decreases the diurnal cycle and, although MAT increases

on a global scale, the percentage of the globe with PAT > 273 K

does not significantly increase. Higher eccentricity increases the

possibility of seasonal summertime melting in regions with abun-

dant valley networks for conditions characterized by perihelion at

q  
outhern hemispheric summer, because significant meltwater can

e produced in the southern hemisphere. Thus, higher eccentricity

onditions are more optimal for the production of meltwater in re-

ions with abundant valley networks than circular orbit conditions.

.1.2. Valley network analysis: temperature time series 

Our exploration of parameter space has shown that PAT in ex-

ess of 273 K, and thus areas conducive to melting of surface snow

nd ice, can occur in equatorial regions where valley networks are

bserved ( Fig. 4 ). Uncertain, however, is whether these tempera-

ures will persist long enough to create significant melting and

ubsequent surface runoff. In order to produce the maximum tem-

erature plots shown in Fig. 2 b (and Figs. 3 b and 5 b for eccen-

ricity of 0.17), we sampled the maximum temperature reached

hroughout the year at each lat/lon model grid point. We ask the

uestion: Do temperatures > 273 K occur at more than one data
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Fig. 7. Temperature time series (one martian year duration) for all conditions studied in Fig. 3 (orbital eccentricity of 0.17, longitude of perihelion of L s = 90) at three different 

valley network systems distributed at different latitudes and longitudes (see Fig. 4 for locations). Column A is 25 ° obliquity and 600 mbar CO 2 . Column B is 25 ° obliquity and 

10 0 0 mbar CO 2 . Column C is 45 ° obliquity and 600 mbar CO 2 . Column D is 45 ° obliquity and 10 0 0 mbar CO 2 . Valley network locations are 1 (top) Evros Valles (12 °S, 12 °E), 

2 (middle) the valley networks near the Kasei Outflow Channels (23 °N, 55 °W), and 3 (bottom) Parana Valles (24.1 °S, 10.8 °W). Horizontal lines at 273 K provide a reference to 

show how close PAT approach the melting point of water. Green lines highlight examples when temperatures approach (temperatures exceed 265 K at some point during the 

year) or are above 273 K for at least one data point during the year. Red lines indicate when temperatures approach, but do not exceed 273 K (temperatures are consistently 

below 265 K). Note that all horizontal lines are green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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oint (on the time domain; e.g. one data point is collected ev-

ry model hour) during the martian year, suggesting that temper-

tures > 273 K persist for more than just the warmest hour of the

armest day in the summer season? In order to assess the dura-

ion of temperatures > 273 K at each lat/lon model grid point, we

ollected model data 24 times per martian day (hourly), 16,056

imes per martian year. While the PAT maps represent only one

ata point, it is possible that, at locations where PAT > 273 K ( Figs.

, 3, 5 ), temperatures > 273 K may occur at more than one data

oint during the year, suggesting a longer duration of conditions

uitable to melting of surface ice. In fact, such conditions would

e required to produce sufficient melting and runoff to form the

bserved fluvial and lacustrine features. To determine whether the

AT values at each lat/lon grid point correspond to a single data
oint, a few data points, or a summer average, we produced tem-

erature time series for one model martian year. We do this for all

he previously described obliquity, pressure, and eccentricity con-

itions ( Fig. 6 , circular; Fig. 7 , eccentricity 0.17 with perihelion at

 s = 90; Fig. 8 , eccentricity of 0.17 with perihelion at L s = 270). 

For this part of the analysis, we focus on three specific val-

ey network systems (locations shown in Fig. 4 ): (1) Evros Valles

12 °S, 12 °E), (2) valley networks near the Kasei outflow chan-

els (referred to as the Kasei site; 23 °N, 55 °W), and (3) Parana

alles (24.1 °S, 10.8 °W). We chose examples at these different lon-

itudes and latitudes in order to obtain a global sampling of re-

ions where valley networks are abundant and to assess the per-

entage of the year that these different areas experience temper-

tures in excess of 273 K. In the MDV, for example, temperatures
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Fig. 8. Temperature time series (one martian year duration) for all conditions studied in Fig. 5 (orbital eccentricity of 0.17, longitude of perihelion of L s = 270). Note that, 

under some conditions at some locations, horizontal lines are red; temperatures are consistently below 265 K. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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above 273 K are achieved during only a few percent of the year,

and yet fluvial features similar to those on Mars are observed to

form and persist from year to year ( Head and Marchant, 2014 ). We

have analyzed Long Term Ecological Research (LTER) climate mon-

itoring data for Lake Hoare, in Taylor Valley of the MDV ( https://

lternet.edu/sites/mcm ), and find that (1) under average annual

conditions—where both MAT and PAT are comparable to adjacent

years—approximately 5–7% of the year is characterized by surface

temperatures > 273 K; and (2) under warmer than average annual

conditions—where both MAT and PAT are slightly higher than ad-

jacent years—approximately 11% of the year is characterized by

surface temperatures greater than 273 K. Although these ambi-

ent Antarctic conditions are of course not directly comparable to

Noachian “cold and icy” conditions because the MDV climate sce-

nario is driven by seasonal temperature variation and lacks sig-

nificant diurnal variation, we use the fact that transient seasonal

warming for a minimum of ∼5–7% of the year is a duration that

permits local seasonal melting of accumulated snow and ice and
eads to transient fluvial and lacustrine activity in the MDV as a

road interpretive guideline for this study. 

First, we focus on the case of a circular orbit ( Fig. 2 ).

ig. 6 shows temperature time series at the three valley network

ample locations, and encompassing one martian year, for the con-

itions shown in Fig. 2 . In all figures representing the results of our

alley network analysis ( Fig. 6 corresponds to circular orbit condi-

ions; Figs. 7 and 8 correspond to eccentricity of 0.17 with perihe-

ion at L s = 90 and L s = 270, respectively), the horizontal lines show

he location of the 273 K ice melting temperature; the horizontal

ines are green when temperatures approach the melting point of

ater (temperatures exceed 265 K at some point during the year)

nd red when temperatures do not approach the melting point of

ater (temperatures never exceed 265 K). The green lines at 273K

n all panels in Fig. 6 show that temperatures approach the melt-

ng point at all locations under all spin-axis conditions (tempera-

ures exceed 265 K at some point during the year). However, these

ime series plots ( Fig. 6 ) show that, at these three valley network

https://lternet.edu/sites/mcm
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ocations, melting conditions (273 K) are either never reached or, if

hey are reached, only last for a few data points per year. Because

e utilize hourly data in this analysis, it is possible that the data

oints above 273 K represent peak day time conditions from the

armest days in the summer season. Thus, with only a few data

oints above 273 K, we conclude that these conditions permit only

ne or a few days per year where melting conditions are reached

uring peak day time conditions. When we compare this to the

onditions required to form similar fluvial and lacustrine features

n the MDV, such a short annual period of melting would likely

e insufficient to form the observed martian fluvial and lacustrine

urface features. 

Under some conditions, however, such as 25 ° obliquity and a

0 0 0 mbar CO 2 atmosphere ( Fig. 6 ), the valley networks near the

asei site hover just below 273 K for a more significant portion

f the year (for example, 22 days have maximum temperatures

reater than or equal to 265 K, approximately 3.3% of the year).

easonal variation in temperature in the MDV, where fluvial fea-

ures are present, imply that, while melting conditions are not

ersistent, being close to the melting point for approximately one

eason could allow for fluvial features to form or persist under spe-

ific conditions ( Head and Marchant, 2014 ). However, this scenario

equires one season, or ∼25% of the year, to have temperatures

lose to the melting point (in other words, summer PST ∼273 K),

hich is much more than the model simulations suggest for these

arly martian spin-axis/orbital and pressure conditions. Therefore,

lthough temperatures can be close to 273 K for multiple days in

he summer season, we conclude that the duration is still not suf-

cient to sustain fluvial and lacustrine features under conditions of

 pure CO 2 atmosphere and a circular orbit. 

Next, we focus on the case of a more eccentric orbit, with ec-

entricity of 0.17 ( Fig. 7 , perihelion occurs at L s = 90; Fig. 8 , peri-

elion occurs at L s = 270). As previously mentioned, the increased

ccentricity leads to more extreme seasonal cycles, and thus to

ncreased PAT due to warmer summertime conditions. This is ex-

ressed in the form of (1) a higher percentage of the planet char-

cterized by PAT > 273 K, and (2) a difference in number of days

n which temperatures rise above 273 K at the valley network lo-

ations studied. Locations that never reach 273 K in the circular

rbit are now characterized by temperatures greater than 273 K,

ometimes for multiple days depending on which hemisphere ex-

eriences summertime during perihelion ( Figs. 7 and 8 ). For ex-

mple, the Kasei site experiences less time above freezing than

arana Valles for conditions of southern hemispheric summer at

erihelion ( Fig. 8 ). A significantly higher percentage of the year

s characterized by temperatures > 273 K at the valley network lo-

ations for the case of a more eccentric orbit, with values more

imilar to what is observed in the MDV (maximum 25 days with

AT > 273 K at the Kasei site ( ∼4% of the year), maximum 30 days

ith PAT > 273 K at Parana Valles ( ∼4.5% of the year), and maxi-

um 22 days with PAT > 273 K at Evros Valles ( ∼3% of the year);

he maximum values are taken as the maximum value from either

erihelion scenario). Thus, the results from the simulations with

ccentricity of 0.17 are more promising for the production of sig-

ificant summertime melting than that of a circular orbit and we

xplore these conditions further in a later section. 

There are some conditions which result in a greater portion

f the year with temperatures temporarily stabilized just below

73 K, in a manner similar to the case of a circular orbit. For ex-

mple, at 25 ° obliquity and a 600 mbar CO 2 atmosphere with ec-

entricity of 0.17 and perihelion at L s = 90, Parana Valles experi-

nces PDT > 265 K for ∼71 days (approximately 11% of the year).

nder these same conditions, Evros Valles experiences PDT > 265 K

or ∼69 days (approximately 10% of the year) and the valley

etworks near the Kasei site experience PDT > 265 K for ∼88 days

approximately 13% of the year). Thus, a significantly higher per-
entage of the summer season is characterized by temperatures

hat approach 273 K for increased eccentricity conditions. Although

hese conditions persist for a period much less than one season

nd there is likely to be significantly more diurnal temperature

ariation than observed during the summer season in the MDV,

e consider that increased eccentricity conditions warrant fur-

her consideration when considering seasonal summertime melt-

ng ( Head and Marchant, 2014 ). 

In conclusion, when considering an eccentric orbit (0.17), the

agnitude of the seasonal cycle is enhanced and significant

easonal melting can ensue, producing a number of days with

AT > 273 K at different valley networks that is comparable to what

s observed in the MDV. However, when considering a circular or-

it, although a “cold and icy” early Mars can have PAT > 273 K,

uch conditions appear to be of very short duration in the equa-

orial region and, in some cases, do not occur at certain valley

etwork locations at all. Nonetheless, mean seasonal temperatures

MST) can hover below, but near 273 K. Based on the fact that flu-

ial and lacustrine features form in the slightly warmer MDV cli-

ate and in attempt to estimate atmospheric and spin-axis condi-

ions where significant melting can occur in the equatorial region

or a circular or low eccentricity (significantly less than 0.17) or-

it, we raise the question: Could the addition of small amounts of

reenhouse gases raise temperatures above 273 K for a period of

ime during the year sufficient to produce enough melt to erode

he valley networks, when repeated over many years, while main-

aining MAT < 273 K? We do not aim to reproduce the MDV cli-

ate exactly because of differences in seasonal and diurnal solar

ycles, but attempt to reproduce the MDV seasonal melting effect

y considering a climate that is characterized by MAT > 225 K but

till < 273 K. We speculate that, because PAT and seasonal temper-

tures in the “cold and icy” model (MAT ∼225K) can approach

73 K, the observed fluvial and lacustrine features might be caused

y the addition of small amounts of greenhouse gases in the atmo-

phere to produce temperature conditions suitable to melting for a

ew percent of the year, similar to what is observed in the MDV

e.g. Head and Marchant, 2014 ). 

.2. Addition of gray gas 

There is still no consensus on the most likely combination of

reenhouse gases that would serve to force a continuous over-

ll “warm and wet” climate, characterized by MAT ∼273 K. Pre-

ious studies have considered the warming effects of H 2 O (e.g.

orget et al., 2013 ), CO 2 (e.g. Forget et al., 2013; Wordsworth et al.,

013 ), NH 3 ( Kasting et al., 1992; Kuhn and Atreya, 1979; Sagan and

hyba, 1997; Wolf and Toon, 2010 ), CH 4 (e.g. Wordsworth et al.,

017 ), H 2 S ( Johnson et al., 2008 ), and SO 2 ( Johnson et al., 2008 ).

urrently, it appears that given reasonable source and sink con-

traints for these gases, permanent ( > 1,0 0 0,0 0 0 years) increases

f MAT above 273 K are not possible, although extended periods

f enhanced warming by their intermittent release may have oc-

urred. Here, however, we explore whether the addition of green-

ouse gases other than CO 2 into the atmosphere can increase the

verall temperature slightly and, despite MAT still being much

ower than 273 K, produce transient seasonal conditions suitable to

elting in the equatorial region when considering a circular or-

it, which we have shown cannot be done in an ambient CO 2 at-

osphere. In lieu of knowledge of specific greenhouse gas species

nd quantities that might have been available in the late Noachian,

nd in order to cover a range of possibilities, we introduce a gray

as absorption into the model. A gray gas absorbs evenly across

he spectrum at a defined absorption coefficient, ĸ . The addition

f gray gas permits us to introduce a small amount of greenhouse

arming, increasing overall temperatures by a few Kelvin, without
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forcing the planet into a condition in which MAT is > 273 K and a

“warm and wet” climate state might result. 

We focus on the forcing of moderate greenhouse warming in

a “cold and icy” climate and on the possibility that moderate

warming could be sufficient to permit seasonal melting and val-

ley network formation without transitioning to a “warm and wet”

climate. To accomplish this, we chose a relatively low value for

the gray gas absorption coefficient, ĸ = 2.5 ×10 −5 m 

2 kg −1 , corre-

sponding to an overall increase in globally averaged MAT of ∼18K.

We have chosen our gray gas absorption coefficient based on the

analyses of Scanlon et al. (2016) and Fastook and Head (2015) .

Scanlon et al. (2016) analyzed the distribution and rates of snow-

fall, rainfall, and runoff, for a variety of different climate scenarios

ranging from a typical “cold and icy” climate to a typical “warm

and wet” climate. For this analysis, we have chosen to use the low-

est absorption coefficient utilized by Scanlon et al. (2016) , which

represents the coldest (but still slightly warmed from the nomi-

nal “cold and icy” conditions) climate analyzed in their study. We

choose to reproduce this climate scenario to emphasize the role of

seasonal variability in predominantly “cold and icy” climates and

to compare the implications of our results with the results from

this previous study ( Scanlon et al., 2016 ). Additionally, Fastook and

Head (2015) estimate that a warming of at least ∼18 K is necessary

to produce significant meltwater under Noachian Mars conditions

(they do not consider a higher eccentricity orbit, as we have done

here), and we are testing this hypothesis with the GCM. 

3.2.1. Mean annual and peak temperatures 

The mean and peak annual temperatures for the gray gas sce-

narios ( Fig. 9 ) are plotted in the same manner as shown previously

under the pure CO 2 atmosphere case ( Figs. 2, 3, 5 ). We consider

the same obliquity and pressure range and present results for a

circular orbit. In general, the same trends are observed in the “ex-

tra greenhouse gas” warming case, but now include the addition

of a greenhouse-forced overall increase in globally averaged MAT

of ∼18 K ( Fig. 9 a). 

At 600 mbar, as obliquity increases from 25 ° to 45 ° (compare

Fig. 9 b-1 and 9 b-3), the warmest PAT migrate further towards the

poles, and the equatorial region experiences overall colder temper-

atures. 

Differences in the temperature distribution are evident when

focusing on the regions outlined in white (PAT > 273 K) in Fig. 9 b-1

(obliquity 25 °, 600 mbar) and Fig. 9 b-3 (obliquity 45 °, 600 mbar);

these show warmer temperatures at the poles and colder tem-

peratures in the equatorial regions at higher obliquity. Specifically,

at 25 ° obliquity, almost half of the equatorial region experiences

PAT > 273 K, while at 45 ° obliquity, much less of the equatorial re-

gion is characterized by PAT > 273 K. However, due to the com-

mon atmospheric pressure of 600 mbar, a similar percentage of

the planet experiences PAT > 273 K in both the 25 ° and 45 ° obliq-

uity cases (warmest peak temperature conditions are shifted to

higher latitudes for increased obliquity), with average percentages

of PAT > 273 K of ∼52% and ∼58%, respectively. 

As atmospheric pressure increases, an overall increase in tem-

peratures is noted, and thus, a larger portion of the planet

is characterized by PAT > 273 K. For example, 25 ° obliquity and

600 mbar CO 2 atmospheric pressure conditions ( Fig. 9 b-1) corre-

spond to PAT > 273 K for ∼52% of the planet, while increased at-

mospheric pressure (10 0 0 mbar; Fig. 9 b-2) conditions correspond

to PAT > 273 K for ∼61% of the planet. 

3.2.2. Valley network analysis: temperature time series 

Having achieved warmer overall temperatures by artificially in-

creasing the greenhouse effect with a modest gray gas compo-

nent, we now return to the question of the duration of condi-

tions suitable to induce melting. We address the question: Can
lightly higher greenhouse-forced temperatures produce seasonal

elting of sufficient magnitude and duration to account for valley

etwork formation when considering a circular orbit? We return

o the three specific valley network study regions ( Fig. 4 ), Evros

alles (12 °S, 12 °E), the Kasei site (23 °N, 55 °W), and Parana Valles

24.1 °S, 10.8 °W), and repeat the temperature time series analysis

reviously described. The results of this analysis ( Fig. 10 ) can be

ompared to the earlier time series results for the pure CO 2 at-

osphere and circular orbit simulations ( Fig. 6 ). In this warmer

cenario, the temperature time series at the given valley network

ocations show a consistent overall increase of ∼10–18 K, corre-

ponding to the global increase observed in the MAT/PAT maps

 Fig. 9 ; globally averaged increase of ∼18 K) from the additional

reenhouse warming. In most cases, specifically the Kasei site,

his increase from modest greenhouse warming is sufficient to

roduce peak summertime temperature conditions that result in

DT > 273 K for a few percent of the year. As expected, low obliq-

ity and high atmospheric pressure conditions (25 °, 10 0 0 mbar)

 Fig. 10 b) optimize the effect, and consistently produce the high-

st percentage of the year above 273 K. For example, at the valley

etworks near the Kasei site, PDT > 273 K occurs on ∼34 days, or

5% of the year ( Fig. 10 b-2). These conditions are comparable to

he durations observed in the MDV at Lake Hoare ( https://lternet.

du/sites/mcm ). We thus conclude that temperatures > 273 K per-

ist for a sufficient length of time to melt ice and produce surface

unoff at this location. It is important to note, however, that even

ith the inclusion of gray gas-induced warming, low pressure con-

itions (e.g. 600 mbar CO 2 atmosphere) ( Fig. 10 a) do not produce

DT > 273 K for more than ∼1–2% of the year at the Kasei site. 

In general, it follows that at 45 ° obliquity, valley networks at

id-latitudes will experience higher temperatures or longer dura-

ions of melting conditions ( Fig. 10 c-2 and 10 d-2) than those closer

o the equator ( Fig. 10 c-1 and 10 c-3; Fig. 10 d-1 and 10 d-3), as the

igher obliquity forces the maximum solar insolation to migrate to

id-latitudes ( Fig. 9 b-3 and 9 b-4). Additionally, due to the altitude

ependence on temperature, the southern hemisphere will expe-

ience colder temperatures than the northern hemisphere when

onsidering a circular orbit. 

When considering higher obliquity conditions (45 °), the two

alley network locations in the southern hemisphere, Evros Valles

nd Parana Valles ( Fig. 4 ), do not experience as much of the year

bove 273 K as those near the Kasei site ( Fig. 10 ). However, the ad-

itional modest greenhouse warming still produces melting con-

itions for a few data points of the year (maximum 6 days with

DT > 273 K or ∼1% of the year at Evros Valles; maximum 7 days

r ∼1% of the year at Parana Valles). MDV analogs (e.g. Head and

archant, 2014 ) suggest that only a few percent of the year above

he melting point of water are required to produce features similar

o the martian valley networks and lakes, but these values are a

ew percent lower than what we observe at Lake Hoare ( ∼5–7%).

n the other hand, the percentage of the year exceeding freezing

emperatures at the Kasei site is comparable to what is observed

t Lake Hoare. 

Melting conditions are being reached more frequently than in

he simulations without additional greenhouse warming and per-

entages of the year with daytime temperatures exceeding freezing

pproached values observed in the MDV, which might be signifi-

ant when repeated over many years. 

In summary, we have forced modest greenhouse warming

hrough the addition of a gray gas in order to increase global tem-

eratures by ∼18 K, still keeping an overall “cold and icy” climate

ith MAT ∼243 K, significantly below 273 K. By repeating the same

ime series analysis and corresponding assessment of specific val-

ey network locations ( Fig. 4 ), we find that a small amount of

reenhouse warming increases temperatures sufficiently to induce

elting of snow and ice, and produces melt conditions potentially

https://lternet.edu/sites/mcm
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Fig. 9. Global maps of the mean (column A) and peak (maximum) (column B) annual temperature for a pure CO 2 atmosphere and a circular orbit, with the additions of 

a gray gas in the atmosphere to induce additional warming (absorption coefficient ĸ = 2.5 × 10 −5 m 

2 kg −1 ; see text for details). Compare to Fig. 2 which portrays the same 

conditions without the addition of a gray gas. 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 10 0 0 mbar). All data shown here are taken from model year 10. Note the 

significantly larger area (column B, outlined in white) in which the PAT exceeds 273 K during the year. . 
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uitable for the formation of these valley networks if the process

epeats for many years. All three regions studied ( Fig. 4 ) are char-

cterized by a low-to-modest percent of the year above 273 K, with

he networks located in the northern hemisphere experiencing the

ongest duration of melt conditions (e.g. the Kasei site). 

Recent work by Scanlon et al. (2016) studied the implications

or snowmelt in a greenhouse-warmed “cold and icy” climate,

arying the gray gas forced warming from the absorption co-

fficient we utilized in this study, ĸ = 2.5 × 10 −5 m 

2 kg −1 , to a

armer scenario, with ĸ = 2 × 10 −4 m 

2 kg −1 . For minimal addi-

ional warming, they conclude that snowmelt could explain runoff

ates at some valley network locations, but not all. This is in agree-

ent with our work, which suggests that the small amount of

reenhouse forcing included here (the lowest amount of gray gas

onsidered by Scanlon et al. (2016) ) corresponds to a high enough

ercentage of the year above 273 K at the Kasei site ( ∼5% of the

ear), and possibly insufficient percentages of the year at Evros

alles ( ∼1% of the year) and Parana Valles ( ∼1–4% of the year).

dditionally, Scanlon et al. (2016) conclude that their warmest

imulations ( ĸ = 2 × 10 −4 m 

2 kg −1 ; temperatures exceed 273 K by

10–20 K for most of the year) produce too much continuous pre-

ipitation and snowmelt to form the observed valley networks.
hus, it is likely that the amount of greenhouse warming neces-

ary to induce the appropriate scale of melting and erosion is less

han the maximum considered by Scanlon et al. (2016) , suggest-

ng that MAT was likely to have been < 273 K (without consider-

ng the influence of increased eccentricity). Although a plausible

ombination of greenhouse gases to produce a continuous “warm

nd wet” scenario has not been identified, a somewhat enhanced

reenhouse effect can increase MAT above the “cold and icy”

225 K MAT, producing slightly warmer conditions. We hypothe-

ize that a combination of greenhouse gases could raise MAT to

243 K, creating the conditions considered here and reproduced

ith gray gas ( ĸ = 2.5 × 10 −5 m 

2 kg −1 ). This scenario agrees with

he conclusions reached by Scanlon et al. (2016) : MAT > 273 K ap-

ears to produce too much precipitation and runoff; it appears that

AT < 273 K and > 225 K are required for formation of the valley

etworks. 

We are currently assessing additional methods to quantify more

igorously the necessary amount of additional warming and per-

entage of the year required to produce ice melting and water

unoff to form the observed fluvial and lacustrine features. Next

teps include (1) specific greenhouse gases: introducing and testing

pecific greenhouse gas combinations and quantities, within rea-
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Fig. 10. Temperature time series (one martian year duration) for all conditions studied in Fig. 2 (circular orbit) but with the addition of a gray gas to induce warming 

(absorption coefficient ĸ = 2.5 × 10 −5 m 

2 kg −1 ; see text for details). Data are for three different valley network systems distributed at different latitudes and longitudes (see 

Fig. 4 for locations). Column A is 25 ° obliquity and 600 mbar CO 2 . Column B is 25 ° obliquity and 10 0 0 mbar CO 2 . Column C is 45 ° obliquity and 600 mbar CO 2 . Column D 

is 45 ° obliquity and 10 0 0 mbar CO 2 . Valley network locations are 1 (top) Evros Valles (12 °S, 12 °E), 2 (middle) the valley networks near the Kasei Outflow Channels (23 °N, 

55 °W), and 3 (bottom) Parana Valles (24.1 °S, 10.8 °W). Horizontal lines at 273 K provide a reference to show how close PAT approach the melting point of water. Green lines 

highlight examples when temperatures approach (temperatures exceed 265 K at some point during the year) or are above 273 K for at least one data point during the year. 

Red lines indicate when temperatures approach, but do not exceed 273 K (temperatures are consistently below 265 K). All horizontal lines approach or exceed 273 K. The 

greenhouse-forced overall increase in temperature of ∼18 K permits all studied valley network locations to exceed 273 K for at least one data point per year (peak conditions 

for at least one day, annually). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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sonable source and sink constraints, to test more precisely what

conditions might have been present and possibly responsible for

forming the fluvial and lacustrine features under a Late Noachian

“cold and icy” climate, and (2) influence of dust: further consid-

ering the effects of dust on the snow and ice, which will lower

the albedo and allow the “dirty” ice layer to absorb more incom-

ing shortwave radiation, permitting seasonal melting and possible

surface runoff of the snow and ice at a lower temperature than

is possible without dust (e.g. Wilson and Head, 2009; Kite et al.,

2013; Clow, 1987 ). 

3.3. Melt volumes 

At this point in our study, we have determined that, with ei-

ther a relatively high eccentricity (0.17) or a small amount of ad-
itional greenhouse warming, seasonal temperature variations can

roduce durations of melt conditions at specific valley networks

omparable to what is observed in the MDV. Next, we constrain

he predicted annual melt volumes further to determine whether

his is a plausible mechanism for formation of the valley net-

orks and lakes when repeated for many years. To do this, we

ave adopted and adapted the methods of a positive degree day

PDD) analysis, previously used for terrestrial snowmelt calcula-

ions (e.g. Huybrechts et al., 1991 ) and adapted for early Mars by

astook and Head (2015) . A PDD analysis uses temperature as a

roxy for the thickness of ice melted in a single day; for a sin-

le day, the PDD value is identified as the average number of de-

rees above freezing. We follow these steps: (1) Determine the

DD values for each day in one model year at every lat/lon grid

oint. Then, we sum over the course of one year to produce an
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Fig. 11. Thickness of ice melted for varying spin-axis/orbital and pressure conditions (overlain on MOLA hillshade topography data; the predicted 1 km ELA ice sheet is 

shown as regions shaded in white and is used for calculations). The methods for performing this PDD calculation are described in the test. This figure illustrates that lower 

obliquity conditions are related to melting in the equatorial regions, where we observe valley networks, while higher obliquity conditions produce more melting poleward of 

40 °S. This confirms our previous conclusion that lower obliquity conditions are optimal for producing melt correlated with the valley networks. In cases where temperatures 

are > 273 K and valley networks are abundant but ice is not present, we consider that (1) there could be supply limitations preventing the current ice distribution to extend 

to this region and they could be produced at a later time when the ice distribution shifts due to spin-axis/orbital variations or (2) the actual ice distribution varied slightly 

from the utilized 1 km ELA ice distribution. If the former is the case, it is possible that ice limitations throughout the Noachian were a main driver for distribution of valley 

networks. 
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rray of annual PDD values with one value per lat/lon grid point.

2) Compare the predicted 1 km equilibrium line altitude (ELA)

 Head and Marchant, 2014 ) ice/snow distribution map with the

ap of annual PDD values, highlighting any areas where the an-

ual PDD value is greater than 0 and ice/snow is present. If tem-

eratures > 273 K are reached in areas where ice is present, melt-

ng can occur. (3) Next, we adopt the predicted rate for melting on

arly Mars of 1.08 mm/PDD ( Fastook and Head, 2015 ). Fastook and

ead (2015) determine this rate by scaling a terrestrial PDD melt-

ng rate, that has been confirmed to make close approximations

or melting on terrestrial glaciers, to a Noachian Mars PDD melt-

ng rate by accounting for factors that affect the energy balance,

ncluding the decreased solar luminosity and the high snow-like

urface albedo. At every lat/lon grid point where ice is present and

he annual PDD value is greater than 0, we multiply the annual

DD value by 1.08 mm/PDD ( Fastook and Head, 2015 ) to calculate

he thickness of ice melted annually through this process at each

at/lon grid point (see Fig. 11 ). (4) Next, we determine the vol-

me of meltwater produced by summing the total thickness of ice

elted and then multiplying by the area where ice is present and

he PDD value is greater than 0. A useful quantity for comparison

etween the annual volume of meltwater produced through this

echanism and the amount of water required to form the valley

etworks is the global equivalent layer (GEL) of meltwater pro-
uced through ice melting. To obtain this, we divide the volume of

eltwater produced through this mechanism by the surface area of

ars. Rosenberg and Head (2015) suggest that 3–100 m GEL of wa-

er is required to form the valley networks. This is a predicted total

mount of water and does not imply that all required water was on

he surface at once. Thus, we can divide the total amount of wa-

er needed (3–100 m) by the amount produced annually through

his mechanism to estimate how many years this process would

e required to repeat to form the valley networks. Estimating the

mount of annual meltwater produced and the required duration

elps determine the viability of this process for forming the valley

etworks. 

In previous sections, we have concluded that (1) a small

mount of additional greenhouse warming is required to produce

elt conditions (temperature > 273 K) at specific valley networks

or a percentage of the year comparable to what is observed in

he MDV, when considering a circular orbit, (2) higher atmospheric

ressure increases temperatures globally and produces conditions

ore favorable to melting, however, for higher eccentricity simu-

ations, increasing atmospheric pressure significantly decreases di-

rnal temperature variation, and (3) conditions of increased ec-

entricity can produce significantly more melting than circular

rbit conditions, and possibly a volume of meltwater sufficient

o form the valley networks when repeated for many years. For
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these reasons, we have focused on four specific model simula-

tions for the PDD analysis portion of our study: (1) 25 ° obliq-

uity, 10 0 0 mbar CO 2 atmosphere, circular orbit, and additional gray

gas ( ĸ = 2.5 × 10 −5 m 

2 kg −1 ), (2) 45 ° obliquity, 10 0 0 mbar CO 2 at-

mosphere, circular orbit, and additional gray gas, (3) 25 ° obliq-

uity, 600 mbar CO 2 atmosphere, eccentricity of 0.17, and no gray

gas, and (4) 45 ° obliquity, 600 mbar CO 2 atmosphere, eccentric-

ity of 0.17, and no gray gas. The results are illustrated in Fig. 11 .

Fig. 11 confirms that melting occurs in the equatorial regions for

lower obliquity conditions (e.g. 25 °) and moves toward the pole

as obliquity increases (e.g. 45 °), and illustrates the thickness of ice

melted during one comparison to the 1 km ELA predicted ice sheet.

For low obliquity conditions, the melt distribution correlates with

the edges of the ice sheet in the equatorial region and can produce

a small quantity of liquid water runoff, annually, in regions where

valley networks are abundant (see Fig. 4 for distribution of valley

networks and predicted ice sheet). However, some valley networks

are located in regions where melting is not expected to occur. If,

however, the ice sheet retreated, potentially due to variations in

spin-axis/orbital parameters, both the distribution of the ice sheet

and the locations where meltwater is produced (at the edges of

the ice sheet) would change. 

For 25 ° obliquity, 10 0 0 mbar CO 2 atmosphere, circular orbit,

and additional gray gas, 2.10 × 10 10 m 

3 (1.45 × 10 −4 m GEL) of melt-

water is produced through this process annually. Thus, if 3–100 m

GEL of water is required to produce sufficient meltwater to form

the valley networks, this process would need to be repeated for

20,70 0–548,0 0 0 years. Estimated time durations to form simple

valley networks suggest that individual valley network formation

time spanned a minimum of 10 5 –10 7 years, with total time to

carve all valley networks constrained to be less than about 2 × 10 8 

years (spanning the period of 3.6–3.8 Gya; Hoke et al., 2011 ). Thus,

while specific valley networks suggest a formation timescale of

10 5 –10 7 years, liquid water may have been intermittently flowing

on the surface for a total of ∼10 8 years, with formation of the val-

ley networks being intermittent and formation of different valley

network systems overlapping in time. In conjunction with the pre-

dicted distribution of melting ( Fig. 11 ), the predicted duration im-

plies that this mechanism could plausibly be responsible for the

formation of many valley networks under low obliquity conditions.

For 45 ° obliquity, 10 0 0 mbar CO 2 atmosphere, circular orbit,

and additional gray gas, 1.58 × 10 10 m 

3 (1.28 × 10 −4 m GEL) of

meltwater is produced annually, implying that the process must

repeat for 23,40 0–728,0 0 0 years to produce sufficient meltwater

to form the valley networks. While this duration correlates with

the predicted minimum time duration for formation of individual

valley networks, the distribution of melting does not correlate well

with the valley network distribution; melting is produced mostly

poleward of 40 ° instead of in the equatorial region ( Fig. 11 ). Thus,

we suggest that the valley networks are unlikely to have formed

through such seasonal melting processes under high obliquity con-

ditions. 

For 25 ° obliquity, 600 mbar CO 2 atmosphere, eccentricity of

0.17, and no gray gas, (1) for simulations with perihelion oc-

curring at L s = 90 (perihelion at northern hemispheric summer),

8.71 × 10 9 m 

3 (6.01 × 10 −5 m GEL) of meltwater is produced annu-

ally, implying that the process must repeat for 49,90 0–1,660,0 0 0

years to produce sufficient meltwater to form the valley networks;

and (2) for simulations with perihelion occurring at L s = 270, (re-

versing the perihelion conditions; perihelion at southern hemi-

spheric summer), 2.68 × 10 10 m 

3 (1.97 × 10 −4 m GEL) of meltwa-

ter is produced annually, implying that the process must repeat

for 15,20 0–5,060,0 0 0 years to produce sufficient meltwater to form

the valley networks. However, it is important to note that dur-

ing conditions where perihelion occurs at L s = 90, most meltwa-

ter is produced in the northern hemisphere near Tharsis, which
s not a region with abundant valley networks. Thus, we consider

hat most of the meltwater to form the valley networks must be

roduced during conditions where perihelion occurs at L s = 270.

ecause the perihelion will precess to the opposite value every

50 ky , both perihelion situations would occur throughout ∼10 8 

ears, the predicted duration of valley network formation. Thus,

f we approximate that each of the perihelion situations occurred

or half of the ∼10 8 years of valley network formation, it should

ake 32,450–1,083,0 0 0 consecutive years to form the valley net-

orks. However, as previously mentioned, meltwater is only pro-

uced in regions with abundant valley networks approximately

alf of the time (when perihelion occurs at L s = 270), suggesting

hat this estimate is a minimum and it could take up to twice as

ong ( ∼2,166,0 0 0 years) to produce the necessary amount of melt-

ater in regions where valley networks are abundant. In a manner

imilar to the scenario of a circular orbit with the same obliquity

ondition (25 °) and additional greenhouse warming, the predicted

istribution of meltwater suggests that these spin-axis/orbital con-

itions could reasonably have been characteristic of the values that

ere typical during the time of valley network formation ( Fig. 11 ).

he predicted timescale for valley network formation is shorter

nder the conditions of a circular orbit with gray gas, although

oth result in timescales within the range predicted by Hoke et al.

2011) . 

For 45 ° obliquity, 600 mbar CO 2 atmosphere, eccentricity of

.17, and no gray gas, (1) for simulations with perihelion oc-

urring at L s = 90 (perihelion at northern hemispheric summer),

.22 × 10 9 m 

3 (5.68 × 10 −5 m GEL) of meltwater is produced annu-

lly, implying that the process must repeat for 52,90 0–1,760,0 0 0

ears to produce sufficient meltwater to form the valley networks;

nd (2) for simulations with perihelion occurring at L s = 270 (re-

ersing the perihelion conditions; perihelion at southern hemi-

pheric summer), 1.19 × 10 11 m 

3 (8.25 × 10 −4 m GEL) of meltwater

s produced annually; implying that the process must repeat for

,640–121,0 0 0 years to produce sufficient meltwater to form the

alley networks. In a manner similar to the previous scenario, (1)

eltwater produced during the conditions of perihelion at L s = 90

ccurs mostly at the edges of the ice sheet near Tharsis, not in

quatorial regions where valley networks are abundant, suggest-

ng that most of the meltwater that contributes to valley network

ormation is produced during conditions of perihelion at L s = 270,

nd (2) because the orbit is non-circular, both perihelion scenar-

os would occur during the duration of valley network formation,

uggesting a period of approximately 28,270–940,500 consecutive

ears is required to produce sufficient meltwater to form the val-

ey networks under these spin-axis/orbital conditions. However, as

reviously mentioned, meltwater is not always produced in re-

ions with abundant valley networks (e.g. when perihelion occurs

t L s = 90; Fig. 11 ), suggesting that this estimate is a minimum.

dditionally, although the duration required to produce sufficient

eltwater to incise the valley networks agrees with the predicted

imescale for formation of valley networks ( Hoke et al., 2011 ), sim-

lar to the scenario of a circular orbit with the same obliquity con-

ition (45 °) and additional greenhouse warming, the high obliq-

ity condition causes the strongest incident solar radiation to be

ocused at higher latitudes during the summer season when most

elting occurs, producing meltwater at higher latitudes, instead of

n the equatorial region where valley networks are most abundant.

or this reason, we conclude that lower obliquity conditions are

ore suitable to forming the observed valley networks. 

Although not illustrated in Fig. 11 , for optimal circular orbit

onditions (25 ° obliquity, 10 0 0 mbar CO 2 atmosphere) with no ad-

itional greenhouse warming (MAT ∼225 K), only 1.83 × 10 8 m 

3 

1.26 × 10 −6 m GEL) of meltwater is produced annually and the

rocess would need to repeat for 2,370,0 0 0–79,10 0,0 0 0 years

o produce sufficient meltwater to form the valley networks.
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lthough this duration overlaps with the predicted duration for

alley network formation ( ∼10 8 years), it also extends outside of

he predicted range for individual valley network formation (10 5 –

0 7 years), reinforcing the idea that additional greenhouse warm-

ng may be required for this process to be capable of forming the

alley networks under circular orbit conditions. It is important to

eiterate that higher eccentricity conditions are more favorable to

he formation of the valley networks without additional green-

ouse warming than circular orbit conditions, suggesting that ec-

entricity may have been an important factor in the early martian

limate for seasonal melting under ambient “cold and icy” condi-

ions (MAT ∼225 K). 

To conclude, the calculations undertaken here imply that the

eak seasonal melting process could be responsible for forming the

alley networks. Optimal spin-axis/orbital and atmospheric con-

itions for valley network formation are either (1) low obliquity

25 °), high atmospheric pressure (10 0 0 mbar), a circular orbit,

nd a small amount of additional greenhouse warming (gray gas,

 = 2.5 × 10 −5 m 

2 kg −1 ; ∼18 K global increase), or (2) low obliquity

25 °), relatively lower atmospheric pressure (600 mbar), eccentric-

ty of 0.17, and no additional greenhouse warming. Conditions of

ow obliquity (25 °), high atmospheric pressure (10 0 0 mbar), a cir-

ular orbit, and no additional greenhouse warming also produce

he required quantity of meltwater in regions where valley net-

orks are abundant. However, the duration required to produce

his quantity of meltwater extends outside of the range of the pre-

icted formation timescale for individual valley networks, suggest-

ng that additional greenhouse warming or higher eccentricity may

ave been required for valley network formation in this climate

cenario. Additionally, higher obliquity conditions focus the pro-

uction of meltwater to higher latitude regions, not in the equato-

ial region where valley networks are abundant; this suggests that

igher obliquity conditions are not optimal for valley network for-

ation in a “cold and icy” climate. Thus, it is possible that the val-

ey networks could have formed through seasonal melting under a

cold and icy” climate under conditions (1) with MAT ∼243 K, or

2) of higher eccentricity (0.17). “Warm and wet” conditions and

xternal forcing, such as impact cratering and volcanism, may not

e required for valley network formation if there is either ∼18 K

dditional greenhouse warming or significant periods of higher ec-

entricity. 

.3.1. Consideration of runoff rates 

Based on the geomorphology of different valley network sys-

ems, Hoke et al. (2011) estimated necessary runoff rates for for-

ation of the valley networks through intermittent runoff, finding

hat required rates are between mm/day and cm/day. 

.3.2. Consideration of runoff rates: MAT ∼243 K, circular orbit, 

limate scenario 

Based on our results ( Fig. 11 ), melting has a maximum of

20 mm/year for a given location on the globe when considering

 circular orbit and additional greenhouse warming. Based on our

nalysis, meltwater is produced for only a fraction of the sum-

er season; we find that melting conditions would occur for up

o 30 days. Thus, if we assume that an equal amount of meltwater

s produced each day that meltwater is produced in the summer

eason and that no meltwater is produced outside of the summer

eason, the daily runoff rate during the summer season would be

0.6 mm/day, which is likely to be too low to form the observed

eomorphology of the valley networks. 

Scanlon et al. (2016) studied average daily runoff rates at spe-

ific valley networks, finding that more greenhouse warming than

onsidered here is likely to be required to produce intermittent

aily runoff rates of mm/day to cm/day. We conclude that, while

his seasonal melting mechanism produces the required volumes
f water to form the valley networks in the approximate dura-

ion of valley network formation, spanning a period of ∼10 8 years,

unoff rates are likely to be too low to form the observed features,

n agreement with Scanlon et al. (2016) . Thus, we consider that in-

ermittent episodes of more intense, transient heating, potentially

ue to impact-induced warming or volcanism-induced warming,

ay be required to produce the necessary daily runoff rates for the

onditions of a circular orbit, regardless of total annual meltwater

roduced. 

.3.3. Consideration of runoff rates: MAT ∼225 K, eccentricity of 0.17, 

limate scenario 

In this analysis, we have considered two perihelion conditions

nd assumed that, on average, each perihelion condition would

ave persisted for approximately half of the duration of valley net-

ork formation. The two perihelion conditions that we utilized are

erihelion at L s = 90, or northern hemispheric summer, and peri-

elion at L s = 270, or southern hemispheric summer. When condi-

ions are such that perihelion occurs during northern hemispheric

ummer, conditions suitable to the production of meltwater in the

outhern latitudes will almost never persist. On the other hand,

hen conditions are such that perihelion occurs during south-

rn hemispheric summer, conditions suitable to the production

f meltwater in the equatorial region and slightly southern lati-

udes will persist during the summer season and significant vol-

mes of meltwater are produced because most of the predicted

ate Noachian ice sheet is in the southern hemisphere. 

Thus, when the perihelion scenario permits (L s = 270), signif-

cantly higher runoff rates will ensue, and when perihelion pre-

esses to L s = 90, every ∼50 ky , little to no meltwater is pro-

uced in the regions with abundant valley networks. In other

ords, higher eccentricity conditions (eccentricity of 0.17; peri-

elion at L s = 90 and L s = 270) can introduce a ∼50 ky intermit-

ency into the production of meltwater in regions with abundant

alley networks and, while perihelion occurs at L s = 270, signifi-

ant meltwater is produced and runoff rates are increased by a

actor of approximately two in comparison to runoff rates esti-

ated for circular orbit conditions, producing runoff rates more

imilar to those estimated by Hoke et al. (2011) . The maximum

hickness of ice melted in regions with abundant valley networks

when perihelion occurs at L s = 270) is ∼30–40 mm/year. Based on

ur analysis of temperature time series at the three valley net-

ork locations, a maximum of ∼15 days experiences PDT > 273 K

or conditions of perihelion at L s = 270. Thus, if we assume that

n equal amount of meltwater is produced in every day that ex-

eriences conditions suitable to melting in the summer season,

unoff rates would be ∼2–2.7 mm/day. This estimate is within the

ange predicted by Hoke et al. (2011) , ∼mm/day—cm/day, sug-

esting that this spin-axis/orbital and atmospheric pressure sce-

ario can reproduce the observed geomorphology of the valley

etworks. 

In conclusion, there are two spin-axis/orbital and pressure con-

itions that are suitable to the production of the correct volume of

eltwater in the correct period of time to be responsible for valley

etwork formation: (1) low obliquity (25 °), relatively high atmo-

pheric pressure (10 0 0 mbar CO 2 atmosphere), circular orbit, and

dditional greenhouse warming (MAT ∼243 K), and (2) low obliq-

ity (25 °), relatively lower atmospheric pressure (600 mbar CO 2 

tmosphere), eccentricity of 0.17, and no additional greenhouse

arming. However, when considering the former spin-axis/orbital

nd pressure conditions, the seasonal melting mechanism does

ot predict high enough runoff rates to form the observed geo-

orphology of the valley networks when compared to the esti-

ates of required runoff rates for valley network formation from

oke et al. (2011) . On the other hand, if optimal perihelion condi-

ions persisted for summertime melting (e.g. perihelion precesses
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Fig. 12. Results from 15 ° obliquity analysis. Top: mean annual and peak annual temperature maps. Bottom: temperature time series at three valley network locations. This 

figure highlights that 15 ° obliquity will produce less meltwater than 25 ° obliquity, suggesting that 25 ° obliquity is the optimal obliquity condition for formation of the valley 

networks. 
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between L s = 90 and L s = 270), a ∼50 ky intermittency is intro-

duced into the seasonal melting mechanism and, for the dura-

tion in which perihelion occurs at L s = 270 and there is significant

melting in regions with abundant valley networks, runoff rates

are sufficiently high to incise the valley networks. Thus, we con-

clude that the optimal spin-axis/orbital and atmospheric pressure

conditions for valley network formation are low obliquity (25 °),
relatively low atmospheric pressure (600 mbar), and eccentricity

of 0.17. In this scenario, the seasonal melting mechanism is ca-

pable of producing meltwater in equatorial regions where valley

networks are abundant, producing the necessary volume of wa-

ter for valley network formation in the corresponding duration

of valley network formation (spanning ∼10 8 years), and produc-

ing runoff rates comparable to those required for valley network

incision. 

3.4. Additional simulations 

In addition to the simulations described above, we have also

completed multiple additional simulations to explore fully the pos-

sible Noachian climate parameter space. Our previous results sug-

gest that low obliquity, paired with either high atmospheric pres-

sure (10 0 0 mbar) and additional greenhouse warming or lower

atmospheric pressure (600 mbar) and relatively high eccentric-

ity (0.17), provide optimal conditions to produce meltwater in the

equatorial regions and form the valley networks. Although statisti-

cally less likely, it is also possible that obliquity was lower than

25 ° and eccentricity was higher than 0.17. Thus, we consider a

lower obliquity case of 15 ° and a higher eccentricity case of 0.2,

the latter representing the maximum eccentricity that may have
xisted in the past 5 billion years based on the statistical analysis

f Laskar et al. (2004) . 

.4.1. 15 ° obliquity 

Here, we consider whether lower obliquity conditions could

roduce significantly more meltwater in equatorial regions with-

ut the necessity of additional greenhouse warming for the case

f a circular orbit. We have already shown that high atmo-

pheric pressure is optimal for producing seasonal melting in a

cold and icy” climate under the conditions of a circular orbit,

o we explore 15 ° obliquity, 10 0 0 mbar CO 2 atmosphere, cir-

ular orbit, and no additional warming ( Fig. 12 ). In this sce-

ario, PAT > 273 K are focused in the equatorial region; Parana

alles experiences 3 days with PDT > 273 K, Evros Valles ex-

eriences 3 days with PDT > 273 K, and the Kasei site experi-

nces 1 day with PDT > 273 K. The major difference between 15 °
bliquity and 25 ° obliquity appears to be in the Evros Valles re-

ion; the geographic location of Evros Valles is very close to the

quator and the lower obliquity focuses more incident solar ra-

iation in that region, increasing the number of days with PDT

bove freezing. However, the number of days with PDT > 273 K at

he other two valley network locations are approximately the same

s for the 25 ° obliquity case, suggesting that a slightly lower obliq-

ity does not cause a significant difference and additional green-

ouse warming would be required to produce sufficient meltwa-

er to form the valley networks under these spin-axis/orbital and

ressure conditions. The results of a PDD analysis suggest that

.58 × 10 8 m 

3 (1.89 × 10 −6 m GEL) of meltwater is produced an-

ually under these spin-axis/orbital conditions. If 3–100 m GEL of

ater was required to form the valley networks, it would take
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Fig. 13. Results from the analysis of conditions of eccentricity of 0.2. Same as Fig. 12 , but for conditions of 25 ° obliquity and 10 0 0 mbar CO 2 atmosphere. We find that, 

similar to eccentricity of 0.17, the increased eccentricity leads to the production of significant volumes of meltwater in the equatorial region, suggesting that the valley 

networks may have formed during a high eccentricity phase in the Noachian. This conclusion suggests that additional warming may not have been required and that the 

valley networks may have formed in a “cold and icy” (MAT ∼225 K) climate. 
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r  

H  

s  

1  

i  

i  

c  

b  
,750,0 0 0–91,80 0,0 0 0 years to form the valley networks. The up-

er limit of this range is outside of the estimated timescale for

ndividual valley network formation (10 5 –10 7 years; Hoke et al.,

011 ) and is approximately equal to the upper limit for the du-

ation of formation of all Noachian valley networks ( ∼10 8 years;

oke et al., 2011 ). The lower obliquity considered here produces
lightly less annual meltwater than the comparable 25 °, ambient

0 0 0 mbar CO 2 atmosphere with no additional greenhouse warm-

ng, circular orbit scenario (1.83 × 10 8 m 

3 ), likely because more ice

n the southern hemisphere can be melted at the 25 ° obliquity

ase, while vast portions of the more equatorial region effected

y the 15 ° obliquity warm conditions are devoid of snow and ice.
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Additionally, maximum daily runoff rates under these conditions

are less than mm/day, which is likely to be too low to incise the

valley networks ( Hoke et al., 2011 ). In summary, although lower

obliquity conditions focus the meltwater in the equatorial region

where valley networks are abundant, annual volumes of meltwater

produced and corresponding runoff rates are likely to be too low to

form the valley networks under these spin-axis/orbital conditions. 

3.4.2. 0.2 eccentricity 

We have shown that relatively high eccentricity (0.17) can in-

crease summertime temperatures significantly to produce melt-

water in equatorial regions without additional greenhouse warm-

ing. Additionally, under the correct perihelion conditions (peri-

helion at L s = 270), eccentricity of 0.17 can produce runoff rates

that are comparable to those required to form the valley net-

works. Thus, we consider the maximum possible eccentricity (0.2)

that is predicted to have occurred in the past 5 billion years

( Laskar et al., 2004 ) to provide an end-member simulation of the

influence of eccentricity on seasonal melting in equatorial regions

in the Noachian. Fig. 13 shows MAT and PAT maps and tempera-

ture time series for low obliquity (25 °), 600 mbar CO 2 atmospheric

pressure, eccentricity of 0.2, and perihelion conditions of L s = 90

and L s = 270. The higher eccentricity increases the seasonal cycles

even further, producing very warm summertime conditions in the

hemisphere that experiences summer at perihelion. The results of

our PDD analysis suggest that it would take approximately 20,750–

693,500 years to produce sufficient meltwater to form the valley

networks. However, similar to the simulations with eccentricity of

0.17, significant meltwater is not produced in regions with abun-

dant valley networks under the conditions when perihelion occurs

at L s = 90, suggesting that this estimation is a minimum. In other

words, the production of meltwater in equatorial regions where

valley networks are abundant only persists for approximately half

of the time (when perihelion occurs at L s = 270), suggesting that

a duration of up to 1,387,0 0 0 years may be required to produce

sufficient meltwater to form the valley networks under these spin-

axis/orbital and atmospheric pressure conditions. Estimations for

runoff rates in these simulations is ∼2–3 mm/day, similar to those

predicted for conditions of eccentricity of 0.17. Thus, the volume

of meltwater produced, the duration to produce sufficient meltwa-

ter to form the valley networks, and the predicted runoff rates all

agree with the observed geomorphology ( Hoke et al., 2011 ), sug-

gesting that these spin-axis/orbital and atmospheric pressure con-

ditions could have been responsible for valley network formation.

However, it is important to note that these results do not differ sig-

nificantly from those of simulations with eccentricity of 0.17, and

an eccentricity of 0.17 was more likely to occur in the past 5 bil-

lion years ( Laskar et al., 2004 ). Thus, it is possible to form the val-

ley networks through this seasonal melting mechanism in a “cold

and icy” climate without invoking statistically unlikely eccentricity

conditions. 

4. Discussion and conclusions 

In our analysis of the Late Noachian Mars climate model

( Wordsworth et al., 2013 ), we followed the broad exploratory ap-

proach of Richardson and Mischna (2005) , using improved mod-

els ( Forget et al., 2013; Wordsworth et al., 2013 ) to test the “cold

and icy highlands” model ( Wordsworth et al., 2013, 2015 ). We ad-

dressed the following specific questions and reached the following

conclusions: 

Nominal cold and icy MAT ∼225 K model: 

1. In the nominal Late Noachian “cold and icy highlands” climate

model (MAT ∼225 K), do PAT ever exceed 273 K anywhere on

Mars? 
Even with MAT ∼225 K, PAT can exceed 273 K in the nomi-

nal equilibrium “cold and icy” Noachian Mars climate scenario.

Additionally, when considering a circular orbit, low obliquity

and high atmospheric pressure conditions (25 ° obliquity, 10 0 0

mbar CO 2 atmosphere) are optimal for producing PAT > 273 K

in the equatorial region where valley networks are abundant

( Fig. 2 b). Richardson and Mischna (2005) concluded that there

would have been a transient liquid water potential (TLWP)

“dead zone” between ∼0.1 and 1 bar atmospheric pressure. This

“dead zone” is defined as conditions during which there are

no locations on the planet that have the necessary pressure

and temperature conditions for the formation of liquid water.

In contrast to this prediction, we find that TLWP conditions, or

pressures and temperatures suitable to liquid water, exist in the

northern lowlands and other topographic lows, such as the floor

of the Hellas impact basin, for all pressure conditions analyzed

here, ranging from 60 0–10 0 0 mbar. 

2. In what locations on a “cold and icy” Mars does PAT exceed

273 K? 

We found that PAT exceeds 273 K in broad areas of the northern

lowlands and in some equatorial regions, due to the altitude

dependence on temperature ( Fig. 2 b). 

3. How do variations in obliquity influence the locations where

PAT are > 273 K, and their duration? 

It is critical to understand the influence of obliquity on

seasonal temperature variation because the obliquity varies

through time and it is likely that it was not constant

throughout the duration of valley network formation. We

explored the obliquity range 25–55 ° and found that obliq-

uity variations do not influence the percentage of the

planet in which PAT > 273 K (when atmospheric pressure is

constant), but do cause the distribution of regions with

PAT > 273 K to shift poleward at higher obliquities and

equatorward at lower obliquities (see Fig. 2 b). When consider-

ing a circular orbit, there is no trend for changes in duration of

temperatures > 273 K at the three valley network locations. 

4. How do variations in eccentricity influence the locations and

abundance of areas where PAT > 273 K? 

We explored the eccentricity range 0–0.17 and found that ec-

centricity variations do not cause the broad locations of areas

where PAT > 273 K to change, but can increase/decrease the size

of these areas at relatively extreme eccentricity ( Fig. 3 b, 5 b). We

found that at the most extreme eccentricity studied here (0.17;

Laskar et al., 2004 ), areas of Mars where PAT exceeded 273 K

ranged from a maximum of ∼46% of Mars for a circular orbit,

to a maximum of ∼71% of Mars for an eccentricity of 0.17. Ad-

ditionally, increasing the eccentricity allows for the number of

days with PAT > 273 K to increase in the hemisphere that expe-

riences summer at perihelion, due to increased summer-season

temperatures. Additionally, the longitude of perihelion preces-

sion cycle is less than the predicted duration of time required

to form simple valley networks ( Hoke et al., 2011 ), suggesting

that the longitude of perihelion would change over the course

of valley network formation. This suggests that (1) the perihe-

lion scenario where perihelion occurs during southern hemi-

spheric summer, and (2) the perihelion scenario where peri-

helion occurs during northern hemispheric summer, will each

occur during the period of valley network formation. For this

reason, we consider the average conditions experienced by the

opposing perihelion situations when estimating the ability of

this mechanism to produce seasonal meltwater. 

5. How do variations in atmospheric pressure influence the loca-

tion and abundance of areas where PAT > 273 K? 

We explored the atmospheric pressure range of 60 0–10 0 0 mbar

and found that atmospheric pressure variations influence the

abundance of areas where PAT > 273 K, but do not cause the
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distribution to shift. For a circular orbit, we found that for the

25 ° obliquity case, at 600 mbar, ∼22.8% of Mars was character-

ized by PAT > 273 K, while at 10 0 0 mbar, the percentage of Mars

where PAT exceeded 273 K rose to ∼28.4% ( Fig. 2 ). However, in-

creasing atmospheric pressure also increases atmospheric ther-

mal blanketing, decreasing the magnitude of the diurnal cycle.

We found that this effect is more prominent in more eccen-

tric orbits and the damping of the diurnal cycle has a stronger

influence on number of days with PAT > 273 K than the over-

all MAT increase from the thicker atmosphere. For example, for

simulations with 25 ° obliquity and eccentricity of 0.17, the three

valley network locations analyzed here were characterized by

more days with PAT > 273 K in simulations with atmospheric

pressure of 600 mbar than in simulations with atmospheric

pressure of 10 0 0 mbar. 

6. For the locations where PAT > 273 K, how often does summer-

time mean seasonal temperature (MST) exceed 273 K? 

We found that despite PAT exceeding 273 K, summertime

MST never exceeded 273 K. In other words, the duration of

temperatures > 273 K is not long enough to force summer

MST to be > 273 K when considering a pure CO 2 atmosphere

( Fig. 6 ). Although multiple days in the summer season expe-

rience PDT > 273 K, the daily duration of temperatures > 273 K

and number of days in the summer season that experience

PDT > 273 K is not high enough to increase the summertime

MST > 273 K. 

7. For the locations where PAT > 273 K, how often does peak day-

time temperature (PDT) exceed 273 K? 

We found that peak daytime temperatures exceeded 273 K in

the northern lowlands and other topographic lows, such as the

floor of the Hellas and Argyre basins. During the warmest sum-

mertime conditions, PDT at higher altitudes, near the edges of

the Noachian ice sheet, may also exceed 273 K. To understand

the duration of temperatures > 273 K in regions with abundant

valley networks, we performed temperature time-series analy-

ses at three valley network systems (e.g. Fig. 6 ). The three valley

network systems utilized in this study are located at different

latitudes and longitudes to represent a global sample. For ex-

ample, when considering 25 ° obliquity and 10 0 0 mbar CO 2 at-

mosphere, we found that PDT exceeded 273 K at the valley net-

works near the Kasei site for 2 days ( ∼1% of the year) for circu-

lar orbital conditions and up to ∼9 days ( ∼1.5% of the year) for

more eccentric orbital conditions (0.17), when considering the

scenario during which perihelion occurs during northern hemi-

spheric summer. This result highlights that the more extreme

seasonal cycles characteristic of increased eccentricity can pro-

duce more summertime melting in regions with abundant val-

ley networks. 

Specifically, at Lake Hoare in the MDV, ∼5–7% of the year above

273 K is necessary to form and sustain the lake, a percent-

age which is comparable to that observed for the simulations

with 25 ° obliquity, 600 mbar CO 2 atmosphere, and eccentric-

ity of 0.17 (maximum 25 days with PDT > 273 K at the Kasei

site ( ∼4% of the year), maximum 30 days with P DT > 273 K at

Parana Valles ( ∼4.5% of the year), and maximum 22 days with

PDT > 273 K at Evros Valles ( ∼3% of the year); the maximum

values are taken as the maximum value from either perihelion

scenario). Thus, the percentage of the year during which tem-

peratures exceed freezing at the three valley network systems

may be sufficient to produce the necessary volume of meltwa-

ter for formation of the valley networks when repeated over

many years. 

8. For the locations where PDT exceeds 273 K, what percentage of

the day does temperature exceed 273 K? 

On average, for the specific valley networks studied here, tem-

peratures above 273 K in the equatorial region do not usually
last for more than a few data points per year. At the three

valley network systems that we analyzed, for low obliquity

(25 ° obliquity) and high atmospheric pressure (10 0 0 mbar),

(1) for the case of a circular orbit, on average 0–2 days have

PDT > 273 K and only one to two hours are characterized by

temperature > 273 K on each of those days, and (2) for the case

of a more eccentric orbit (0.17), 0–30 days have PDT > 273 K and

on average three to four hours are characterized by tempera-

ture > 273 K on each of those days. 

9. Are the locations where PAT exceeds 273 K also locations where

snow and ice is predicted to occur in the “cold and icy” climate

model? 

We compared the locations where PAT exceeds 273 K with the

locations of snow and ice predicted by the “Late Noachian Icy

Highlands” model ( Fig. 4 ; circular orbit) and found a close 

correspondence in the equatorial and near equatorial regions,

especially for lower obliquity conditions (25 °). For example,

some regions of PAT > 273 K appear to correspond well with the

edges of the predicted ice sheet, producing a small amount of

annual melting in these areas ( Fig. 11 ). The fluvial and lacus-

trine features correlate well with this distribution; they are lo-

cated at the edges of the ice sheet where melting and runoff

would be expected to occur if durations were sufficient. For a

circular orbit and pure CO 2 atmosphere, we interpret durations

of conditions suitable to melting of surface ice to be insuffi-

cient at all valley network locations analyzed in this study. For a

more eccentric orbit (eccentricity of 0.17), durations of melting

conditions at the three valley network systems are comparable

to durations observed in the Antarctic Dry Valleys: valley net-

works north of the equator would have formed when perihe-

lion occurred during northern hemispheric summer and valley

networks south of the equator would have formed when peri-

helion occurred during southern hemispheric summer. For both

a circular orbit and more eccentric orbit, areas in the northern

lowlands where PAT is predicted to exceed 273 K are devoid of

snow and ice, and the duration of temperatures > 273 K appears

to be insufficient to penetrate the dry permafrost and to cause

significant melting of ice-cemented permafrost. 

0. Are the periods of time during which PDT exceeds 273 K of suf-

ficient length to cause top-down melting of snow and ice and

runoff? 

We found that the average number of days with PDT > 273 K

globally are of sufficient duration to cause top-down melting

of snow and ice and runoff of water to create fluvial and la-

custrine activity. When considering a circular orbit, our simu-

lations suggest that an area of up to ∼45% of Mars could be

exposed to temperatures > 273 K during peak daytime condi-

tions for many days during the summer season. It is important

to note, however, that a large portion of this ∼45% is located

in the northern lowlands, a region predicted to be devoid of

snow and ice. When focusing on specific valley networks, we

find that the possibility of warm temperatures (and their dura-

tion) in these (more equatorial) regions is low. For pure CO 2 at-

mospheric conditions and a circular orbit, the duration of tem-

peratures > 273 K at these locations may be insufficient to per-

mit liquid water fluvial and lacustrine processes to operate long

enough before refreezing of the stream and lake surfaces. Ad-

ditionally, melt volume calculations suggest that this process

would have to repeat for hundreds of millions of years to form

the valley networks. Hoke et al. (2011) estimate that individ-

ual valley networks were likely to have formed in ∼10 5 –10 7 

years and all valley networks formed between 3.6 and 3.8 Gya,

suggesting that this process may be insufficient because the

amount of time required to produce enough meltwater to carve

the valley networks extends to the upper limit of this pre-

dicted time range. Lastly, runoff rates produced by this seasonal



284 A.M. Palumbo et al. / Icarus 300 (2018) 261–286 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w  

i  

w  

b  

m  

t  

i  

l  

p  

t  

R  

b  

p

 

r  

s  

s  

o  

u  

c  

v  

n  

q  

l  

l  

l  

(

 

(  

c  

n  

w  

o

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

melting mechanism would be significantly lower than those es-

timated to be necessary to form the observed valley networks

( Hoke et al., 2011 ). 

However, we also analyzed the influence of increased eccen-

tricity and find that increased eccentricity can significantly af-

fect the seasonal cycle in the equatorial region and that, be-

cause Mars would experience both perihelion situations within

∼10 8 years, valley networks in both the southern and northern

hemisphere would experience warm conditions comparable to

what is observed in the Antarctic Dry Valleys at least half of

the time. Because the predicted ice sheet is distributed mostly

within the southern hemisphere, most ice melting occurs under

the conditions when perihelion occurs during southern hemi-

spheric summer occurs. For eccentricity of 0.17, this seasonal

melting process would be required to persist for a minimum of

32,50 0–1,083,0 0 0 years to form the valley networks, within the

range predicted by Hoke et al. (2011) . Additionally, runoff rates

produced through this seasonal melting mechanism are simi-

lar to those required for valley network formation ( ∼mm/day).

This is due to the enhanced southern hemispheric summer-

time melting when orbital conditions are such that perihelion

occurs at L s = 270. For these reasons, we believe that the val-

ley networks could have been formed through this seasonal

melting mechanism when Mars experienced high eccentricity

conditions. 

Nominal cold and icy MAT ∼225 K model with gray-gas induced

∼18 K temperature increase: 

1. Are greenhouse gases required to induce higher tempera-

tures in order to explain the observed valley networks and

closed/open-basin lakes in a “cold and icy” early Mars climate?

For the conditions of a circular orbit, we have shown that the

locations and duration of PDT > 273 K in a “cold and icy” early

Mars climate are sufficient to induce limited top-down heating

and melting in some regions, but it may not be of sufficient an-

nual duration to form all of the observed fluvial and lacustrine

surface features. However, with the addition of modest green-

house warming, durations of temperatures > 273 K are signifi-

cantly increased, and PDT > 273 K are produced for at least ∼1%

of the year ( ∼8 days) at all studied valley networks locations

( Fig. 10 ). 

Melt volume calculations suggest that the optimal spin-axis

conditions for producing snowmelt and runoff in the equatorial re-

gion when considering a circular orbit are 25 ° obliquity, 10 0 0 mbar

CO 2 atmosphere, and additional greenhouse warming (globally av-

eraged MAT ∼18 K increase; ĸ = 2.5 × 10 −5 m 

2 kg −1 ). Under these

conditions, the melt distribution correlates well with the valley

network distribution and the seasonal melting process would need

to repeat for ∼20,70 0–548,0 0 0 years to form the valley networks. 

Additionally, Wordsworth et al. (2017) have explored the poten-

tial of warming a reduced atmosphere on Mars and find that colli-

sion induced absorption (CIA) warming effects (namely CO 2 –CH 4 

and CO 2 –H 2 ) have been underestimated in the past. Producing

the necessary ∼18 K globally averaged MAT increase might be ac-

complished through CIA effects, for example, requiring the addi-

tion of a smaller amount of greenhouse gases in the atmosphere

than when underestimating CIA effects, as has been done in the

past. 

While this mechanism can produce the necessary volume of

water to erode the valley networks within ∼10 5 years, it is pos-

sible that runoff rates may be too low to match the observed ge-

omorphology of the valley networks ( Hoke et al., 2011 ), implying

that warmer temperatures or other external heating mechanisms

may be required if the eccentricity in the Noachian was circular

(or significantly lower than 0.17). 
Main conclusion: 

There are four necessary requirements to form the valley net-

orks through transient heating and ice melting in a cold and

cy climate. (1) Melting of ice must occur in the equatorial region

here valley networks are abundant. This requires the presence of

oth ice and temperatures above 273 K. (2) The melting process

ust persist, either continuously or in transient periods, for the es-

imated duration of valley network formation ( ∼10 5 −10 7 years for

ndividual valley networks, ∼10 8 years to form all Noachian val-

ey networks; Hoke et al., 2011 ). (3) Within this time period, the

redicted volume of meltwater produced must be comparable to

he necessary amount for valley network formation (3–100 m GEL;

osenberg and Head, 2015 ). (4) Runoff rates of the meltwater must

e comparable to the required runoff rates inferred from geomor-

hological observations of the valley networks ( Hoke et al., 2011 ). 

We conclude that it is possible to meet the first three of these

equirements for formation of the valley networks through sea-

onal melting for conditions of (1) low obliquity (25 °), high atmo-

pheric pressure (10 0 0 mbar), a circular orbit, and a small amount

f additional greenhouse warming (MAT ∼243 K), or (2) low obliq-

ity (25 °), relatively lower atmospheric pressure (600 mbar), ec-

entricity of 0.17, and no additional greenhouse warming. We fa-

or the latter conditions because these conditions also produce the

ecessary runoff rates to incise the valley networks (the fourth re-

uirement). The former conditions produce runoff rates that are

ikely too low to form the observed geomorphology of the val-

ey networks; future analyses are required to determine whether

ower runoff rates than those previously estimated by Hoke et al.

2011) could be sufficient to form the valley networks. 

In conclusion, neither “warm and wet” ambient conditions

MAT ∼273 K) nor external forcing, such as impact cratering or vol-

anism to drive the MAT to 273 K, are required to form the valley

etworks; seasonal melting could potentially form the valley net-

orks in a “cold and icy” climate, specifically under the conditions

f a more eccentric orbit. 

Conclusions from additional simulations: 

1. Does lower obliquity produce more equatorial melting? 

Our initial analysis suggests that low obliquity (25 °) is criti-

cal for the production of meltwater in the equatorial regions

where valley networks are abundant. We considered 15 ° obliq-

uity to determine whether lower obliquities than those consid-

ered in our original analysis would focus temperatures > 273 K

even closer to the equator, possibly aiding in valley network

formation. Our original simulations did not include this obliq-

uity condition because it is outside of the ±1 σ range from the

estimated average obliquity for the past 5 billion years ( ∼25–

55 ° obliquity; Laskar et al., 2004 ). However, it is important to

consider lower obliquity conditions as well because, although

less likely, these lower obliquity conditions may have persisted

for a significant period of time during martian history, as well.

We find that 15 ° obliquity produces less meltwater than the

25 ° obliquity simulation. This is likely to be because 15 ° obliq-

uity implies that maximum solar insolation is very close to the

equator, but the predicted “Late Noachian Icy Highlands” ice

sheet and valley networks do not perfectly align with the equa-

tor. In fact, a significant portion of the ±15 ° latitudinal band is

ice-free. Thus, we have confirmed that 25 ° obliquity is the op-

timal obliquity condition for equatorial melting and valley net-

work formation. 

2. Does increasing eccentricity further produce even more annual

meltwater? 

We find that the simulations with eccentricity of 0.2 produce

significant meltwater, similar to the simulations with eccen-

tricity of 0.17. The higher eccentricity produces a stronger sea-

sonal cycle, suggesting that (1) when the perihelion condition is
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such that perihelion occurs during southern hemispheric sum-

mer, there is significant ice melting and the valley networks in

the southern hemisphere experience a percentage of the year

with PDT > 273 K comparable to what is observed in the Antarc-

tic Dry Valleys, and (2) a similar scenario occurs in the north-

ern hemisphere when the perihelion condition is such that the

northern hemisphere experiences summer closer to perihelion,

but much less meltwater is produced because a significant por-

tion of the northern hemisphere is devoid of snow and ice. Un-

der these conditions, the necessary volume of meltwater to in-

cise the valley networks is produced within the estimated time

duration for formation of individual valleys ( Hoke et al., 2011 )

and estimated runoff rates are similar to predicted rates for val-

ley network incision ( Hoke et al., 2011 ). However, the results

presented for eccentricity of 0.2 are not much different than

those for eccentricity of 0.17; the higher, less likely, eccentric-

ity value (0.2) is not required to form the valley networks. We

conclude that a period of increased eccentricity on Mars may

have been responsible for elevating seasonal temperatures in

the equatorial region, producing significant meltwater, and in-

cising the valley networks in an ambient “cold and icy” climate.

In summary, these results underline the critical importance of

AT, PDT and PST, in addition to MAT. Our results underline the fact

hat MAT does not need to exceed 273 K in order to explain the ac-

ivity associated with the observed fluvial and lacustrine features.

e conclude that there are two spin-axis/orbital and atmospheric

ressure scenarios that could be responsible for Noachian valley

etwork formation: (1) low obliquity (25 °), relatively high atmo-

pheric pressure (10 0 0 mbar), circular orbit, and a modest amount

f additional greenhouse warming, or (2) low obliquity (25 °), rela-

ively lower atmospheric pressure (600 mbar), no additional green-

ouse warming, and higher eccentricity conditions (0.17). However,

he former scenario cannot reproduce the necessary runoff rates

o form the observed geomorphology of the valley networks, so

e conclude that the latter spin-axis/orbital and atmospheric pres-

ure scenario is a better candidate for valley network formation.

f climate models have great difficulty in achieving conditions in

hich MAT exceeds 273 K, then an alternative scenario to that of

ontinuous “warm and wet” conditions could be a combination of

1) modest warming by greenhouse gases, other transient warming

echanisms, or a period of increased eccentricity, and (2) annually

epeated summertime seasonal melting of snow and ice to explain

he observed fluvial and lacustrine features. 
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