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Introduction: Understanding the processes that 

caused fluvial erosion and geochemical alteration on 

early Mars is a continuing challenge to planetary sci-

ence. Key features of the observations include dendrit-

ic valley networks that are distributed widely across 

low to midlatitudes over the Noachian/Hesperian ter-

rain (Hynek et al., 2010), lacustrine deposits (Malin 

and Edgett, 2003), in-situ observations of conglomer-

ates in Gale Crater (Williams et al., 2013), and geo-

chemical observations of phyllosilicate and sulphate 

minerals in many regions where the geomorphology 

suggests fluvial erosion (Ehlmann et al., 2011). All of 

these features strongly suggest the presence of liquid-

water on the early Martian surface, at least episodical-

ly. Based on these geological observations, many re-

searchers have previously argued that the Martian 

climate passed through a warm, wet phase in the late 

Noachian and early Hesperian (Pollack et al., 1987; 

Craddock and Howard, 2002). This conclusion is not 

universally accepted; the phyllosilicate observations, 

in particular, have instead recently been interpreted as 

primarily due to subsurface hydrothermal processes, 

rather than alteration at the surface (Ehlmann et al., 

2011). Nonetheless, elements of the geomorphology, 

particularly the valley networks, are difficult to ex-

plain in scenarios where the early Martian surface was 

always extremely cold. 

 

The ‘icy highlands’ hypothesis for the late Noachi-

an climate: Previously, we performed the first 3D 

simulations of the early Martian climate with accurate 

radiative transfer, and showed that even with cloud 

radiative effects taken into account, a CO2/H2O 

greenhouse would have been insufficient to raise early 

Martian mean surface temperatures above the freezing 

point of liquid water alone (Wordsworth et al., 2013; 

Forget et al., 2012). However, we also found that due 

to the increase in surface-atmosphere thermal cou-

pling with atmospheric pressure, H2O would have 

migrated towards the highland equatorial regions 

where most valley networks are observed, even when 

annual mean temperatures were far below the freezing 

point of water (Wordsworth et al., 2013). This led us 

to propose the so-called ‘icy highlands’ hypothesis for 

early Mars, where transport of H2O as ice/snow to the 

valley network source regions occurs in a cold climate 

on long timescales, and melting occurs episodically on 

much shorter timescales due to transient or episodic 

heating events. This hypothesis circumvents the need 

for H2O transport to the valley network source regions 

as rain during warm periods, as is necessary for e.g. 

postimpact steam atmosphere scenarios. However, to 

cause fluvial erosion, transient warm periods of some 

duration are clearly still required.  

 

Comparing surface H2O deposition under cold, dry 

and warm, wet climate scenarios: We have per-

formed a range of simulations at increased spatial 

resolution where we assume a) a faint young Sun and 

realistic radiative transfer (the standard cold scenario) 

and b) and increased solar flux and/or atmospheric 

opacity due to exotic climate or solar physics (the 

warm, wet scenario). In the cold simulations, we have 

broadly confirmed our previous result on the icy high-

lands effect, although we find increased inhomogenei-

ty in the spatial distribution of snow accumulation. 

For example, at 0.5 bar and obliquities below 55 de-

grees, little migration of water ice to Arabia Terra is 

observed. Arabia Terra is notable for a relative ab-

sence of valley networks compared to the neighbour-

ing Noachian terrain Hynek et al. (2010). Previously, 

this has been interpreted as a result of late Noachian 

resurfacing (Hynek et al., 2010; Hynek and Phillips, 

2001). However, our results suggest that limitations 

on the rate of H2O supply from the atmosphere 

due to adiabatic cooling could also have been im-

portant. The relative absence of valley networks below 

around 60°S is also interesting, particularly because at 

the most probable obliquity for early Mars predicted 

from dynamical models [~40°; Laskar et al. (2004)], 

the temperature gradient between equator and pole is 

low even for low atmospheric pressures. At pressures 

above ~1 bar, the pole-equator temperature gradient 

becomes small for most obliquity values due to effi-

cient atmospheric meridional heat transport. Hence in 

our warm, wet simulations where Hellas is an H2O 

source, significant precipitation is observed to lati-

tudes as far south at 70°S, where no valley networks 

are currently observed. In addition, our putative 

‘warm, wet’ simulations exhibit a planetary-scale 

rain shadow effect due to the Tharsis bulge. This re-

sults in low equatorial precipitation rates in the Mar-
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garitifer Sinus quadrangle, where high valley network 

drainage densities are observed. Work is ongoing to 

test the sensitivity of these phenomena to assumed 

parameters in our hydrological cycle. 

 

Transient melting events: We are currently testing 

the plausibility of the icy highlands hypothesis by 

simulating the changes in surface temperature, melt-

ing rates and runoff caused by a variety of forcing 

mechanisms. Unlike in the warm, wet simulations, we 

work within known constraints on solar evolution and 

use physically realistic absorption and scattering prop-

erties for gases and aerosols. We find a significant 

warming effect by SO2 / H2S, in agreement with other 

authors (Postawko and Kuhn, 1986; Mischna et al., 

2013). However, even when the effects of SO2 de-

struction by photolysis are neglected, the maximum 

plausible warming effect at 0.5 bar CO2 pressure is 

insufficient to cause significant melting of ice deposits 

alone. Other effects such as increased levels of atmos-

pheric dust, a reduced ice surface albedo, small in-

creases in the atmospheric content of reduced gases 

and a slightly increased solar constant all cause small 

(< 5 K) perturbations to the baseline climate state at 

0.5 bar in isolation. Nonetheless, because of the 

nonlinearity in the climate system due to H2O vapour 

absorption in the IR and visible, in combination these 

effects can cause warming sufficient to raise summer-

time mean temperatures above 273 K in the valley 

network regions and hence significant melting (Fig. 

2). Explaining how such a scenario could emerge self-

consistently remains an important challenge. We 

nonetheless suggest that rather than focusing on indi-

vidual effects, the key to understanding Noachian 

warming episodes lies in understanding how multiple 

effects interact in the full climate system. 
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Figure 1: (top) Valley network drainage density, re-

produced from Hynek et al. (2010). (middle) Simulat-

ed surface ice accumulation on Mars after 15 years 

iteration assuming a 0.5 bar CO2 atmosphere and 

polar H2O sources. (bottom) Annual precipitation in a 

1-bar early Mars simulation assuming a solar flux of 

1.2×present-day and a liquid H2O ocean below 

altitudes of -2540 m [di Achille and Hynek (2010)]. In 

both simulations 64×48×18 spatial resolution and an 

obliquity of 40.0 degrees are used. 

 
Figure 2: (top) Maximum diurnal mean surface tem-

perature in standard ‘cold’ state at 0.5 bar, 40 degree 

obliquity. (bottom left) Diurnal mean temperature vs. 

time averaged over area denoted by the rectangle in 

the top panel for different forcing combinations (SO2 

amount, dust, H2O cloud parametrization, surface 

albedo, +5% increase in solar constant). (bottom 

right) Surface liquid water amount vs. time for the 

most extreme forcing case. 
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