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We consider under what environmental conditions water waves (and thus eventually shorelines) should
be expected to be produced on hypothetical ancient martian seas and lakes. For winds and atmospheric
pressures that are too small, no waves should be expected, and thus no shorelines. If the winds and atmo-
spheric pressure are above some threshold, then waves can be formed, and shorelines are possible. We
establish these criteria separating conditions under which waves will or will not form on an ancient mar-
tian open body of water. We consider not only atmospheric pressure and wind, but also temperature and
salinity, but find these latter effects to be secondary. The normal criterion for the onset of water waves
under terrestrial conditions is extended to recognize the greater atmospheric viscous boundary layer
depth for low atmospheric pressures. We used terrestrial wave models to predict the wave environment
expected for reasonable ranges of atmospheric pressure and wind for end-member cases of ocean salin-
ity. These models were modified only to reflect the different fluids considered at Mars, the different mar-
tian surface gravity, and the varying atmospheric pressure, wind and fetch. The models were favorably
validated against one another, and also against experiments conducted in a wave tank in a pressure con-
trolled wind tunnel (NASA Ames MARSWIT). We conclude that if wave-cut shorelines can be confirmed
on Mars, this can constrain the range of possible atmospheric pressures and wind speeds that could have
existed when the open water was present on Mars.
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1. Introduction

Mariner 9 images first showed geomorphological evidence that
water has shaped the martian surface in prominent outflow chan-
nels and valley networks, but the final fate of this water has been
debated ever since, and is still unresolved. There has been analysis,
discussion, and speculation that water responsible for carving
channels eventually accumulated, perhaps repeatedly, in relatively
large bodies of open or ice-covered water (ponds, lakes, oceans)
early in martian geologic history. However, the evidence for stand-
ing bodies of water on Mars, whether open or ice-covered, has
been circumstantial and controversial. Ocean shoreline morpholo-
gies proposed from analysis of Viking Orbiter data were evaluated
later with higher resolution Mars Global Surveyor (MGS) imaging
and altimetry data, with equivocal results. Smaller bodies of water,
especially within large, older impact craters, have also been pro-
posed. The Curiosity Mars Rover was sent to Gale crater, just such
an environment, to better understand the geologic history of water
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on Mars. Not long after landing, it discovered unambiguous evi-
dence of sediments created by flowing surface water (Williams
et al., 2013). Determining the fate of flowing water is central to
understanding how much water existed, and how long it remained
at the surface, with direct implications for the possibility of life
developing on the planet. One of the key components of the debate
concerning whether water accumulated in standing bodies has
been whether ancient shoreline erosion features are still evident.
Something that so far has been unrecognized in the debate over
these features (or the significance of their absence, in places where
other geomorphological evidence is suggestive of standing water)
is the following question: Is the expectation of shoreline erosional
features a physically reasonable concept?

Terrestrial seas modify their shorelines through the action of
wind-driven water waves, as well as tides, tsunamis and the effects
of thermal expansion or wind traction on ice sheets. All of these
phenomena except tides (because Mars lacks a large moon like
Earth’s Moon) could also occur on ancient martian seas, creating
shorelines. A careful examination of each of these may allow limits
to be placed on the ancient martian environmental conditions if
evidence of their action can be definitively identified. If no shore-
lines are ever found, an examination of the ability of various size
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shorelines to persist to the present may still allow us to establish
limits of the environmental conditions that existed on ancient
Mars. The full scope of what can be learned from the current pres-
ence or absence of ancient shorelines on Mars is beyond the scope
of this work. The magnitude of tsunami waves on ancient Mars was
examined by lijima et al. (2014). Here, we ask under what condi-
tions could wind-driven open-water waves have formed on ancient
Mars, leaving the other aspects of the problem to later work.

Evaluating the physics of wind waves in a low-pressure atmo-
sphere affecting a water surface is not a simple exercise of extrap-
olation from terrestrial experience to very different martian
conditions of lower gravity and significantly lower atmospheric
pressure. Clearly, reducing the surface pressure to very low values
will reduce the capability of the atmosphere to generate waves on
a liquid water surface. The pressure at which these atmospheric
stresses become insignificant is not yet well understood, but is cer-
tainly amenable to investigation. Today, Mars’ atmospheric pres-
sure is small (about 0.5% of Earth sea level pressure), but its
value in the past is not well constrained. Using models of water
waves, we explore the wave conditions that would have occurred
on the downwind shores of ancient martian seas subjected to car-
bon dioxide atmospheres with different surface winds and
densities.

Wave formation is fundamental to understanding the potential
of shoreline formation. This paper focuses on wave formation
under possible conditions on ancient Mars. Section 2 begins by
summarizing the present evidence for fossil shorelines on Mars.
Section 3 describes wind-wave formation on Earth, the relevant
physics of water waves, the two wave-growth models used in this
study, and outlines the transition to theoretical martian conditions.
Section 4 describes how we validated our generalized wave-
growth models against wind-tunnel/wave-tank experimental data
under conditions approaching those on Mars. In Section 5, we
report the results of the model simulations for a wide range of
assumed martian atmospheric and oceanic conditions. Finally, in
Section 6, we summarize our results and their implications for con-
straining conditions on ancient Mars.

2. Background - Evidence for fossil shorelines

The notion that Mars once had flowing water on its surface is
long-standing, and recent results have strengthened this viewpoint
immensely. The earliest evidence to suggest this were the Mariner
9 images of outflow channels with streamlined islands within
them and debris aprons at their ends. Using Viking images,
Parker et al. (1989, 1993) identified several geomorphologically
distinct levels in the northern lowlands, which they proposed were
shorelines of an ancient sea. In addition to the proposed shoreline
features, Parker et al. also noted that the debris deposits changed
character near these same levels at the mouths of the channels,
consistent with a change from sub-aerial to sub-aqueous
deposition.

The Mars Orbiter Laser Altimeter (MOLA) instrument on MGS
provided well-controlled geopotential heights of features on Mars’
surface. Head et al. (1998, 1999) and Ivanov and Head (2001)
examined Parker et al.’s shoreline features and found that one of
their contacts (‘contact 2’) was at a nearly constant elevation, sup-
porting the argument that it represents an ancient shoreline. They
also noted that the circum-Chryse Channel termini all fall within
18 m vertically of one another. However, there were definite differ-
ences from an equipotential surface on contact 2, and Parker et al.’s
other proposed shorelines were even farther from an equipotential
surface. Some of these problems might be explained by tectonic
changes since the sea disappeared, isostatic changes from volcanic
loading (e.g., Head et al., 1998), the removal of the water itself

(Leverington and Ghent, 2004) or true polar wander (Perron
et al., 2007).

Malin and Edgett (1999) used MGS Mars Orbiter Camera (MOC)
images to examine Parker et al.’s proposed shorelines at higher res-
olution than was possible with Viking images. They found no evi-
dence to support the hypothesis that ancient shorelines had been
preserved, but recognized that identifying shorelines from orbit
may be difficult. Carr and Head (2003) synthesized much of the
preceding work and concluded that the evidence for Parker
et al.’s proposed shorelines was small, but that other lines of evi-
dence strongly support an ancient sea in the northern lowlands
of Mars. In particular, the character of the Vastitas Borealis Forma-
tion, a veneer covering most of the northern lowlands, is most con-
sistent with sub-aqueous sedimentation of debris transported from
the southern highlands to the northern lowlands in the cata-
strophic floods that carved the outflow channels, and presumably
once formed a sea in the northern lowlands.

Most recently, the Spirit and Opportunity rovers identified min-
eralogy at both landing sites suggesting evaporite minerals. This
suggests plentiful ground-water, if not surface waters. Addition-
ally, the hematite-enriched ‘blueberries’ found at the Opportunity
site are believed to be hematite concretions, aided in their forma-
tion by significant ground water. The Mars Exploration Rover’s
(MER’s) most compelling evidence is the cross-bedded sediments
found in the Eagle and Endurance craters by the Opportunity rover
(Squyres et al., 2004). These cross-bedded sediments are most con-
sistent with deposition in a stream-flow environment, i.e., running
water at the surface of Mars (Grotzinger et al., 2005). These obser-
vations are bolstered by the even more recent discovery by the
Curiosity rover of definitive identification of stream-bed deposited
gravels (Williams et al., 2013). The evidence for shorelines is still
uncertain, with some studies producing no evidence for shorelines
(e.g., Ghatan and Zimbelman, 2006), and others finding further
evidence of shorelines (e.g., Webb, 2004; Di Achille et al., 2007;
de Pablo and Pacifici, 2008; Di Achille et al., 2009; Di Achille and
Hynek, 2010; Erkeling et al., 2012). Ghatan and Zimbelman
(2006) found no shorelines, but recognize that this could have been
due to a lack of waves on an ancient sea. Irwin and Zimbelman
(2012) compared terrestrial paleo-shoreline indicators to what
we might expect to find at Mars, and concluded that only highly
degraded shoreline indicators would be likely to be found on Mars,
even if shorelines were once robust. Kraal et al. (2006) argue that
ancient lakes would be unlikely to have sufficient time to incise
a shoreline into bedrock, even with waves of terrestrial strength,
however this only addresses bedrock-incised shorelines, while
other landforms could still produce and possibly retain shorelines.
Although the debate is still uncertain, it places increasing
pressure and interest on resolving the possibilities of standing
water at the martian surface in some locations, for some periods
of time.

A key unresolved question is how to reconcile the marginal evi-
dence for shorelines with other evidence pointing to a sea in the
martian northern plains in the past. The absence of ancient, pre-
served shorelines may not be evidence that a sea did not once exist
on Mars. Rather, if a sea ever did exist, it may be that atmospheric
and other environmental conditions might have been unfavorable
for creation of prominent, robust shoreline morphologies. These
issues also apply to ponds and lakes proposed for smaller basins,
e.g., provided by impact craters in the southern highlands. Our tar-
get in this paper is to clarify if wind waves are indeed possible in
atmospheric conditions substantially different from the ones we
are used to on Earth. Principally, the atmospheric pressure is a
key variable in influencing the ability of the atmosphere to transfer
energy to the sea, which eventually is then deposited on the shore-
line. Without this energy transfer, there would be no erosional/
depositional shoreline, even in the presence of a sea.
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This work addresses wind-wave generation processes in open
bodies of water (i.e., not ice-covered). Current conditions on Mars
for low-salinity oceans would eventually result in an ice-covered
body of water. However, the thermal environment of ancient Mars,
as well as the ultimate salinity of ancient martian seas, is unclear
(e.g., see Fairen, 2010). Additionally, due to the effectively high
thermal inertia of a convecting sea, even if Mars were too cold
for stable liquid surfaced seas, it would still take some considerable
time for a sea to freeze (Carr, 1996). During this time, if sufficiently
large waves can be developed, a shoreline might be formed. For the
places on Earth where shorelines annually freeze and thaw, the
majority of the shoreline modification often occurs with open
water, as forcing by waves can be more efficient than by ice in
depositing energy directly on the shoreline (Forbes and Taylor,
1994). Consequently, and due to the unknown climate history of
Mars, this work is focused on the ability of winds at various atmo-
spheric pressures to create water waves and presumably thus
shorelines.

3. Wave modeling

On Earth the physics concerning the generation and develop-
ment of wind waves is fairly well understood. Present wave models
perform in general at a very high level, their operational accuracy
for terrestrial applications often being comparable to that of the
measuring instruments. In the present work we have used two dif-
ferent, but well established, wave models to simulate the possible
wave conditions in the Mars environment. The physics of the mod-
els must be adapted to the different possible Mars conditions.
However, apart from changing the values of some basic physical
variables (e.g., gravitational acceleration, atmospheric and liquid
density, atmospheric pressure, and liquid viscosity and surface ten-
sion), no ad hoc calibration has been done on the models. Because
the wave models are built and expressed in terms of the funda-
mental physics (as opposed to empirical fits), we have confidence
that extrapolating them to the foreign conditions of ancient mar-
tian seas is likely to be accurate. However, to validate their accu-
racy over the large extrapolations required, we have also
successfully proven these same models against wind tunnel tests
for conditions between terrestrial and (approaching) those on cur-
rent Mars. Because of this, we have a high degree of confidence in
our ability to accurately model wave conditions that could have
existed on ancient martian seas.

To further increase our confidence in our modeling of waves
under possible ancient martian conditions, we use and inter-com-
pare two modern spectral models of Earth wave growth and prop-
agation: UMWM, developed by Donelan et al. (2012), and SWAN,
developed by Booij et al. (1999). If our two independent models
can both match our wind tunnel data, as well as one another when
extrapolated to realistic ancient martian conditions, we will con-
clude that their results are accurate. The key aspects of our work
in converting these models from terrestrial to martian conditions
lie in identifying all of the terms that are likely to be modified in
the martian environment, and ensuring that they are explicitly
handled in all of the aspects of the models. In the rest of this sec-
tion, we review water waves, discuss the model parameters that
are expected to change on Mars, and finally identify in which terms
of the models these modified parameters appear.

3.1. Physics of surface water waves

Water waves are oscillatory perturbations to the surface of a
liquid. For long wavelength (1) waves, the restoring force maintain-
ing the oscillation is gravity. For wavelengths shorter than some
cutoff length, surface tension takes over and dominates. On Earth,

this cutoff occurs for wavelengths of about 2 cm. On Mars, with a
reduced gravity, and perhaps a different surface tension with briny
waters, this cutoff may occur at different wavelengths. Because on
Earth these cutoff lengths are usually quite small, one usually only
thinks of gravity as the restoring force for water waves. However,
because the first waves to grow are near this cutoff length, in con-
sidering the possible generation in different conditions the effects
of surface tension must be taken into account.

The phase speed of a water wave depends on whether it is prop-
agating in water that is deep or shallow compared to its wave-
length. Typically, in considering the growth phase of a wave
spectrum, the waves are assumed to be in deep water, and only
when they move into depths lower than half the wavelength, then
approach the beach and start breaking, are they treated as shallow
water waves. The relation between the wavelength of the wave
and its phase speed is known as the dispersion relation of the

waves. For deep-water waves, this can be written as: ¢ = | /f +1,

where c is the wave’s phase speed, k is its wavenumber (27/4), d
is liquid depth, g is the acceleration of gravity, p is the liquid den-
sity and T is the surface tension. By deep-water waves, we mean
that the product of wavenumber and depth (i.e., kd) is large. This
means that the water depth is significantly larger than the wave-
length of the waves. From the dispersion relation, we can see that
long waves on Mars (gravity dominated) will move more slowly
than on Earth (for the same wave period) because of the reduced
gravity. The separation between gravity-dominated and surface

tension dominated (capillary) waves can be seen to be ko = \/‘?.

These are also the slowest waves. Thus, a reduction of gravity by
a factor of 3 corresponds to a ~73% increase in the wavelength of
the capillary-gravity division - still too short to be relevant except
in the earliest stages of generation by wind.

While the wave crests move at the phase velocity, a train of
waves will propagate at their group velocity, which in the case of
long (gravity-dominated), deep-water waves is half the phase

speed, Cg = 5 + 35 ~ § (if kd is large and k < ko).

3.2. Modeling

Wave conditions at a given time and space are represented by
their wave spectrum F(f,¢) or F(k,¢), with f the wave frequency
related to wavenumber k by the dispersion relationship w?=
gktanh(kd) with w =27nf and d the local depth. In practice the
wave conditions are considered as a superposition of a large
(nf x n¢) number of wave sinusoidal components, each character-
ized by frequency (hence period and wavelength), direction ¢, and
energy.

For given wind speed and basin geometry, the evolution in time
and space of the wave spectrum is expressed in terms of the radi-
ative transfer equation (written for F(k, ¢))

7]
(55 7 Ce )Ptk ) =S+ S+ S (1

where the left hand side of the equation expresses the conservation
of wave energy as the wave field evolves, i.e. propagates, in space
and time, while the right hand side consists of the sources and sinks
of wave energy. S;, is the energy input from the wind, S,,; represents
non-linear wave-wave interactions, Sq;iss is the energy loss due to
various deep and shallow water processes. Indeed Sg;ss can be split
into various components, Sgiss = Svisc * Swb * Spr + Spr» Where Syisc is
the viscous dissipation, S, is breaking (including white-capping
and micro-breaking) in deep water, Sy is the loss due to bottom fric-
tion, Sy, is the loss due to shallow water wave breaking. See Komen
et al. (1994) and Holthuijsen (2007) for a both general and detailed
description of Eq. (1) and all its terms.
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3.2.1. The UMWM model

In the UMWM the source terms of the radiative transfer equa-
tion are summarized as Siy + Swpb + Sni + S + Spr, Where S;, includes
both generation by wind and viscous damping. Observational evi-
dence for S;, has accumulated over the past decades and, coupled
with the results of numerical modeling, the form and strength of
Sin can be said to be quite well known. Based on comparison with
wavenumber spectra of gravity waves measured in the North Sea,
Donelan et al. (2012) find:

Sin = 0.11%\&1/2 €os6 —c—ucos¢ — vsing| x (U, cosf
1
—C—ucos¢ — vsin (b)gl"(’ﬂ ®) — 4VK’F(k, ) (2)

where p, and p; are the overlying gas and liquid density, U, is the
wind speed at half the wavelength height, 0 is the angle between
the wind direction and waves traveling in direction ¢, u, v are the
east and north components of the surface current, w is the intrinsic
frequency of waves of wavenumber k, and v is the liquid viscosity.
The first term on the right is the wind driven wave growth, while
the second term is the wave damping from viscosity (only impor-
tant for large k, i.e. short wavelengths). Careful fetch limited growth
studies in the field corroborate this form for S;,, at least under ter-
restrial sea-level conditions.

This term represents the only dependence of the problem on
gravity or the density of either fluid. As mentioned above, we
expect the changes in gravitational acceleration, air density and
wind speeds to be the most important differences between Earth
and Paleo-Mars, so properly accounting for these effects is critical.
While we believe that they are correctly and completely accounted
for in our wave evolution models, we describe below (see Section
4) how we have verified the gas density effect by using a pressure
regulated wind tunnel.

The second most important change between Earth and ancient
Mars is likely to be in the viscosity of the water, as evidence sug-
gests martian sub-aqueous sediments were deposited in highly
concentrated brines. Viscosity is a strong function of salinity for
high concentrations. Additionally, temperature can strongly affect
viscosity, and the potentially different thermal environment of
water on Mars from typical Earth ocean temperatures may repre-
sent another difference in their wave environments. Here too is
the only dependence of the problem on liquid viscosity. So, as with
air density, we believe that this term completely and correctly
accounts for possible changes in the water viscosity on Paleo-Mars.

The next most significant term is the wave breaking
term Syp. This term (Donelan et _al, 2012) is given by
Swp = —42(1 + 120mss(k, ¢))2[k*F(k. ¢)]" wF(k, ¢), where mss(k)
is the mean slope squared of all waves longer than 27n/k. S\, has
no direct dependence on any of the 7 parameters we expect to vary
at Mars (air density, viscosity, gravity, liquid viscosity, density, sur-
face tension, wind speed). Instead, it only involves functions of the
wave slope, frequency and wavenumber. The changes to S, from
these parameters are already automatically handled by modifying
the dispersion relation for Mars. Thus, we expect this term to carry
over to Mars with no explicit modification.

The non-linear, wave-wave interaction term is treated as being
proportional to the magnitude of the wave breaking term. But
instead of removing wave energy from the spectrum, it merely
redistributes it within the spectrum. The UMWM model redistrib-
utes this energy into wavenumber and azimuth bins within two
bins of the bin under consideration. This matches the observations
on Earth very effectively. Because its form is the same as the wave
breaking term, we also expect that this term will have no explicit
dependence on the 7 parameters varying between Mars and Earth.

The enhanced dissipation due to breakers in the surf zone, Sy, is
taken to be of the form of S, with the multiplier, coth(kd) — 1, to

account for the increased dissipation in shoaling waves. Conse-
quently, this too will transition from Earth to Mars unchanged.

The final term in the radiative transfer equation is the bottom
friction term, which only becomes important as the waves move
into shallow water. Bottom friction depends on wave orbital veloc-
ities near the bottom and the roughness characteristics of the sed-
iments and not on any of the 7 parameters that are expected to
vary between Earth and Mars. The reduced water depth merely
changes the wavelength, phase and group velocities of the waves,
enhancing their steepness, producing energy convergence and
enhanced bottom velocities. So, once again, we expect no explicit
dependence on the 7 parameters expected to vary between Mars
and Earth. The modified dispersion relation accounts for all of
the relevant changes.

3.2.2. The SWAN model

SWAN (Booij et al., 1999) is one of the so-called third generation
wave models that started in late ‘80s and early ‘90s with the pre-
cursor WAM model (WAMDI-Group, 1988; Komen et al., 1994).
The basic idea of this generation of models is to represent the evo-
lution of a wave field only on the basis of physical principles. Third
generation models represent the basic tool in use by most of the
world’s meteo-oceanographic centers.

While the basic equation is still the radiative transfer equation
(1), the expression of the various source terms on its right side dif-
fers from UMWM. Wave generation by wind is described by the
classical approach by Miles (1957, 1959, 1960), later improved
by Janssen (1989). Basically, waves grow because of the input of
momentum by the overlying wind, Janssen pointing out that the
downward momentum flux must also imply a reduction of the
wind speed. The non-linear interaction term represents the conser-
vative exchanges of energy among the spectral components. This
term, originally proposed by Hasselmann (1962), is the best known
one among the various source terms. However, its exact evaluation
far exceeds the practical possibility. Hence a simplified version, the
so-called Discrete Interaction Approximation, has been devised
(Hasselmann et al., 1985). A three component resonant interaction
is also possible in shallow water (Eldeberky, 1996; Eldeberky et al.,
1997). Wave breaking in deep water, commonly referred to as

Fig. 1. Fetch at which transition to turbulent liquid flow was observed in a wave
flume as a function of gas (g) and liquid (I) densities and gas friction velocity. Data
are from Caulliez et al. (1996). These results justify the analytic expression for the
transition to wave growth as a function of wind speed, liquid viscosity and the
density ratio of the two fluids.
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white-capping, is probably the least known part of the radiative
transfer equation (1). Acting mostly on deep water conditions,
we have used the empirical expression proposed by Komen et al.
(1984). Approaching the shore and moving in progressively shal-
low water, waves begin to feel the bottom and become progres-
sively steeper. Two processes become important at this stage:
bottom friction dissipation and bottom induced breaking. For the
former we have used the standard formulation by Madsen et al.
(1989). For the latter we have followed the approach by Battjes
and Janssen (1978), i.e. with the maximum ratio between wave
height and local depth equal to 0.78, where this figure is also a
function of the wavelength and of the shoaling bottom slope
(see, e.g., Tsai et al., 2002).

Because SWAN is expressed in terms of the fundamental phys-
ics, we can simply apply the various parameters as may have
existed on Mars in the past and run the model to predict the wave
environment that should have existed under those conditions.
With our application of SWAN (as with UMWM) there is no “tun-
ing” of the model, only the proper recognition and replacement of
the various parameters that would have been different on Paleo-
Mars.

4. Model validation in the Mars wind tunnel

To validate the two wave models we use to predict the wave
conditions that may have existed on ancient martian seas, we have
directly compared their predictions with measurements in a wind
tunnel that can be run at reduced pressures, approaching those of
current Mars. By verifying the onset of wave generation, as well as
the detailed wave spectrum that developed at higher winds, we
have proven that our models are accurate under conditions far
from the sea level terrestrial conditions for which they were orig-
inally developed and tested.

However, before we compare the models to the wind tunnel
data, we need to more carefully examine the physics of the onset
of wave formation. This is crucial because one of the doubts in
the literature (e.g., Lorenz et al.,, 2005) was if winds at a highly
reduced pressure could still trigger the onset of wave generation.
There are two different conditions that must both be met for wave
generation to occur. These will be different on Mars than on Earth,
and must be accounted for to fully understand our small wind-tun-
nel wave-tank modeling. Section 4.1 discusses these processes and
thus the changes to the onset of wave generation that would occur
under different conditions from terrestrial. The details of the wind-
tunnel wave-tank experiments are discussed in Section 4.2 and
finally the data are compared against the models in Section 4.3.

4.1. Threshold wind speeds

Waves grow in response to a feedback process modeled using
the mechanism of Miles (1957, 1959, 1960) in SWAN and that of
Jeffreys (1924, 1925) in UMWM. Here we follow the limiting con-
ditions as they appear in the UMWM model, but similar conditions
apply to the SWAN model. In the UMWM model, waves appear to
begin growing when the feedback mechanism (1st term of S, in
(2)) exceeds the wave dissipation due to liquid viscosity (2nd term
of Si,); i.e. Si, > 0. This threshold velocity has been suggested by
Donelan and Pierson (1987) and demonstrated to be sensitive to
water viscosity by Donelan and Plant (2009). It is largely depen-
dent on liquid viscosity and is called the “v,” threshold. This is
the first condition that must be met for waves to be produced by
wind on a flat surface, and will vary on ancient Mars due to
changes in the gravitational acceleration, the fluid densities and
the viscosity of the briny, possibly cold water differing from that
of terrestrial sea water.

Fig. 2. Picture of the martian wave flume installed in the MARSWIT martian wind
tunnel at NASA Ames. This shot is looking downwind along the axis of the wind
tunnel. The fan used to generate winds near atmospheric pressure is seen at the end
of the wind tunnel. The horizontal grates just upwind from that are injectors used to
generate winds at low pressures. The 4 metal hoops are supports for the 4 wave
staffs used to measure wave height in the experiment. The red sensor wires can be
seen along the mid-line of the wind tunnel. The black bottom of the tank is a
waterproof rubber membrane. The flume is not filled to operating levels in this
picture and the most distant wave staff is completely out of the (low) water
midway up the downwind ‘beach’. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Picture of the martian wave flume, in this case looking upwind from the
downwind ‘beach’. In this case, sea level pressure winds are blowing and waves are
being generated. The red sensor wires of the wave staff are clearly seen in this
image. The total fetch to the nearest sensor wire is 557 cm and to the second sensor
wire is 480 cm. The water depth here is about 16 cm. (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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The initial surface disturbance appears to be due to turbulent
fluctuations beneath the surface (Caulliez et al., 1996, 1998), which
change the growth with fetch from weakly exponential to strongly
exponential (“explosive”) at the point of transition to turbulence of
the initially laminar liquid boundary layer. We identify that sudden
increase in growth rate with the point at which the liquid turbu-
lence induced wavelets (height, h) are large enough to penetrate
the viscous gas boundary layer (depth, ) and interact directly with
the turbulent gas flow (Donelan, 1990). This threshold wind speed
for h/6 =1 provides a second constraint on the velocity and pres-
sure fields for which there can be any wave growth at all. Because
of the differences in gravity and air density at Mars, this criterion
will also change from the standard terrestrial condition.

The thickness of the fully developed viscous gas sub-layer, ¢ is
given by: 6 = i‘—§ where 1., is the friction velocity in the gas bound-
ary layer and v, is the kinematic viscosity of the gas. The kinematic
viscosity is inversely related to density (or pressure) — the dynamic
viscosity being nearly independent of pressure. The height of the
turbulence-induced roughness may be deduced from the vertical

ow? .
<t where u, is

turbulent fluctuations acting against gravity: h = 2
the friction velocity in the liquid, and « is a dimensionless constant
that is determined by comparison with the observed thresholds
from our low pressure wind tunnel experiments. Since there are

no wind-generated waves at the transition, stress continuity across
the surface can be assumed (u, = u.g,/p./p;) and the threshold
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gas viscosity and is called the “v,” threshold.

The conclusion is that, for given air and water conditions, for
any wave generation the wind speed must be higher than the lar-
ger of the two considered thresholds. The point of transition to tur-
bulence of the liquid flow may be several meters downwind
(Caulliez et al., 1996). This transition therefore imposes a fetch
dependent wind speed threshold below which the liquid boundary
layer remains laminar and no waves are amplified by the wind. The
rate of boundary layer development is proportional to the liquid
friction velocity, u,; and inversely proportional to its viscosity, v,.
We have used the experimental results from Caulliez et al.
(1996) to determine the wind speed, liquid viscosity and gas-to-
liquid density ratio dependent fetch for the transition to wave
amplification. The results from Caulliez et al. (1996) are plotted
in Fig. 1 and demonstrate that the relation is well represented
by: x = %f 2.94 m. For fetches shorter than this, no wave
growth v(?’i}’l/lf)—c’véur. For fetches longer than this, wave growth will
be found. At low pressure and low wind speed this fetch may well
be larger than the length of a wind-wave tank. In particular, we
demonstrate below that this is what occurred in the experiments
reported by Lorenz et al. (2005).

occurs at: L= = 1. This threshold is largely dependent on

4.2. Experimental setup

To test whether the wave models accurately represent the
wave-forming capabilities of reduced density winds, we con-
structed a wave flume within the Mars boundary layer wind tunnel
at NASA Ames. In this facility, we were able to control the atmo-
spheric pressure and the winds blowing over a tank of water that
we inserted within the wind tunnel. By sampling different combi-
nations of atmospheric pressure and wind speed, we were able to
explore the boundary between where waves can and cannot be
generated by low-density winds (at least within the fetch limits
in the wind tunnel). This did not allow us to explore varying grav-
ity (difficult to do on Earth), nor did we attempt to modify the
salinity or viscosity of the water in the tank. However, we believe
that the single most important term that differs between current
terrestrial oceanic conditions and those likely to be experienced
on Paleo-Mars is the density of the atmosphere blowing over the
open water.

Table 1
Experimental pressure and wind speeds and resulting wave heights.

Pressure (mbar) Wind speed @28.5 cm Significant wave height

(m/s) (mm)

630 3 0
630 4 0
550 10 22
500 10 20
450 10 20
400 10 20
350 15 23
300 5 0
300 7 2
300 8 7
300 10 16
300 12 20
300 15 29
300 17.5 34
275 15 29
230 15 22
195 15 21
180 15 20
165 15 21
150 15 20
100 10 0
100 125 3
100 15 7
100 20 16
100 25 32
100 30 30

40 23 1

40 25 4

40 30 14

40 40 33

Fig. 4. Schematic diagram of the martian wave flume. In this diagram, the wind flows from right to left. A midline axial cross-section of the flume is indicated by the black
shapes, showing the flume bottom, the upwind end and ‘beach’, and the downwind ‘beach’. The water in the flume is shown in blue and has a nominal depth of 16 cm. The
fetch of the wave flume is measured from the upwind end of the water, and extends about 6 m to the nominal location of the downwind ‘beach’. The wave staffs to sense the
time dependent wave height are located at the fetches indicated on the figure. The most valuable data was returned from wave staff #2 at 480 cm fetch. (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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The NASA Ames MarsWIT facility is an open circuit wind tunnel
with a cross section 1.2 m wide x 0.9 m high and a length of 13 m.
It sits within a former Titan missile test chamber that can be evac-
uated to typical current martian pressures (roughly 6 mbar). Due
to safety considerations, it can only operate with the gas being ter-
restrial atmosphere (air, not CO;), but density scaling can be per-
formed to account for the mean molecular mass difference
between CO, and air. At pressures below about 600 mbar, the
winds in the wind tunnel are created by controlled leaks into the
chamber to create flow through the wind tunnel. Consequently,
the winds that can be produced are a function of the ambient pres-

Fig. 5. This plot shows the significant wave heights (mm) that we measured in the
martian wave flume under different atmospheric pressures (mbar) and wind speed
(m/s) (see Table 1). The measurements are indicated with numbers for the wave
heights in mm at the location in pressure and wind speed where they were
obtained. The fetch for all the data is 4.8 m. The curves on the figure show the
threshold below which no waves are expected to be generated for various choices of
water temperature.

Fig. 6. As Fig. 5, but for a 1.2 m fetch. This figure is produced to allow comparison
with the result in Lorenz et al. (2005) where a 1.2 m fetch wave tank was used in
the MARSWIT wind tunnel. The lowest pressures they tested (300 mbar) generated
no waves because the fetch available was too short for the wind speed and
temperature of their tests. That does not mean that waves cannot be generated over
long fetches for pressures of 300 mbar or lower.

sure, and the ambient pressure changes with time as the winds are
produced. Typical winds that we could achieve were up to ~40 m/s
at pressures below ~100 mbar dropping to about 15 m/s by the
time the pressure reached ~600mbar. At pressures above
600 mbar a fan driven system can provide the winds in the tunnel,
but we only used the fan to check our system’s performance under
1 bar conditions.

The wave tank was built to nearly fully occupy the width and
length of the wind tunnel (see Figs. 2-4). The width was maxi-
mized to minimize edge effects in the tunnel, and the length max-
imized to allow the waves to grow as much as possible beyond the
surface tension regime and into the gravity regime. Our initial esti-
mates suggested that a wave tank with a fetch of ~6 m (the longest
we could fit within the wind tunnel) would achieve this. The wave
tank was 80 cm wide and had a total fetch of ~6 m long, and pro-
vided a water depth of about 16 cm (which we concluded was
enough to effectively provide “deep water” for the waves likely
to be generated in this limited fetch). We could not make the wave
tank any longer than this ~6 m fetch, even though the wind tunnel

Fig. 7. (a) Dimensionless variance versus dimensionless fetch for the data recorded
in the wave tank on Day 1 (June 15, 2010). (b) as in the upper panel, but for
dimensionless peak frequency. The numbers on the figure are the slope and
intercept (respectively) of the (red) regression line. (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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itself is substantially longer than this. The pitot tubes to measure
winds in the tunnel, and the leak injectors to create the winds limit
the usable length to 6 m. At the upwind inlet of the wind tunnel,
we constructed a smooth flare of the wind tunnel entrance to
match the lip of the wave tank to avoid excessive turbulence at
the start of the wave tank. The wave tank’s upwind lip was slightly
higher than the 16 cm depth of the water itself to avoid it spilling
out of the wave tank. To avoid a discontinuity in the airflow there,
we constructed a short ramp down to the water level. This also
served as a small upwind “beach” to dissipate any waves that
might reflect and propagate upwind. The downwind end of the
wave tank was a much longer and shallower sloping region, to
serve as a downwind beach to dissipate any waves at the end of
the tank to avoid them reflecting and propagating upwind. This
downwind beach started at the 16 cm depth of the tank and had
a slope of 1:7, or in other words a length of about 210 cm to rise
the ~30 cm from the bottom to the top of the wave tank. All of
these design considerations for the wave tank were made not only
to ensure that the low pressure waves we observed would be of
measurable height (if they existed at all) and dominated by gravity
as the restoring force, but also taking into consideration the exten-
sive design experience that one of us (Donelan) has with wind-
wave flumes.

We used capacitive wave staffs to measure the waves gener-
ated. These instruments have been used extensively in terrestrial
wave measurement (both in the field and in wave flumes). They
operate by measuring the effective capacitance of thin wires
immersed vertically in the water. The wires are firmly held in posi-
tion in the centerline of the wave tank and at various fetches
downstream. As the waves move the water level up and down on
the wires, the capacitance between the inner conductor of each
wire and the water outside (with the insulation of the wire as
the capacitor’s dielectric) changes linearly with the surface eleva-
tion. We used custom electronics to measure the charging time
of the thin-wire capacitor to a given voltage under a constant cur-
rent. This charging time is then a proxy for the capacitance of the
thin wire and can be measured with high accuracy and precision
at a high repetition rate (100 Hz). These capacitances could then
be translated to wave heights by recording the charging times
while the wave tank was filled. In fact, we overfilled the tank (just
before overflowing it) and used a linear regression on the measure-
ments over the ~6 cm range of interest for each separate wave
staff. The resulting precision on the wave height measurement
was about 0.1 mm.

We had wave staffs located at fetches of 394 cm, 480 cm and
557 cm. These positions are indicated on the schematic in Fig. 4.
The wave staff at 480 cm was just before the submerged toe of
the downwind beach, and still had the full ~16 cm depth of the
wave tank. The wave staff at 557 cm was about halfway up the
beach, and only had about 6.3 cm of water depth at its location.
While measurements at the longest fetch would seem to be the
most valuable, the smaller depth at this site mid-way up the beach
made it less reliable than the one at 480 cm for comparison with
modeled waves, due to the growing importance of the bottom-
related processes. The wave staff at 394 cm showed notably smal-
ler wave heights than that at 480 cm as expected. An earlier study
by Lorenz et al. (2005), which used a much smaller wave tank with
fetches limited to 1.2 m, did not see any waves below a pressure of
about 300 mbar with wind speeds up to 11 m/s. We demonstrate
below that this was likely because of the fetch dependent thresh-
old and the shorter fetches used in their study.

In addition to measuring the wave heights produced at these 3
different wave fetches, we also measured the water temperature in
the tank. Evaporation, especially at the lowest atmospheric pres-
sures tested, cooled the tank considerably. The physical properties
of the fresh water we used in the tank did not vary tremendously

over the ~10 °C temperature range we saw, but we were able to
measure the temperature to account for these changes. However,
the temperature sensor was not recorded on the first day at the
wind tunnel, so the temperature then was estimated based on its
behavior on subsequent days. The active tests were done on the
15th, 16th and 17th of June 2010, which we will call Day 1, 2
and 3.

Fig. 8. Intercomparison between modeled and measured wave characteristics in
the wave tank. (a) Significant wave heights, (b) peak frequency. This very good
agreement between model and data suggest that the models accurately model the
behavior even at reduced ambient pressures.
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4.3. Experimental results

We conducted wave tests under pressures ranging from a low of
40 mbar to a high of 650 mbar (as well as at 1 bar) (see Table 1).
The peak winds we could generate depended on the ambient pres-
sure of each particular test, with the highest winds available at the
lowest pressures. As discussed above, we could not easily control
the pressure at all times. For a portion of the time, we could main-
tain the ambient pressure while producing wind via a controlled
leak into the chamber because we could continue to evacuate the
chamber to maintain the pressure. However, for the majority of
the time, the pressure would systematically rise as we leaked air
into the chamber to provide the wind. Consequently, we most
often performed tests under a few different wind speeds as the
pressure slowly crept upward. For each combination of pressure
and wind, we would allow the wave tank to come to equilibrium
with the wind over a period of 2 min, then we would sample the
waves from each wave staff in turn for 45 s. We serially polled each
wave staff because of interference between the timing circuits
when multiple wave staffs were polled simultaneously. We believe
this was due to ground loops in the bulk-head through to the pres-
sure chamber of the wind tunnel. The 2 min settling time and the
45 s (per wave staff) sampling time was sufficient to produce con-
sistent and well-documented results, especially in light of the need
to minimize observation times in light of the slowly increasing
pressure.

Our basic strategy was to identify the minimum wind that
would produce detectable waves for a given pressure, and then
to explore the behavior of the wave heights and spectra for wind
speeds above that. In Fig. 5 significant heights [mm] for each run
are plotted on pressure and wind speed axes. The data are from
wave staff #2 at 4.8 m fetch. This figure not only shows the combi-
nations of wind and pressure at which we took data, but also the
wave heights that were realized at the 4.8 m fetch for each of those
conditions (including wave heights of 0 mm). The curves also
shown in Fig. 5 are the maxima of the three wave growth thresh-
olds (vy, vg, x) for different water temperatures and « = 1200. Water
temperatures were between 4 °C and 9 °C and the observed thresh-
olds fall on the curves. The choice of the dimensionless constant, o
(Section 4.1), is thus determined and is transportable to different
environments.

The expected thresholds for a fetch of 1.2 m (the tank length of
Lorenz et al., 2005) are graphed in Fig. 6. The Lorenz et al. (2005)
maximum wind speed of 11 m/s would not generate waves at
300 mbar and lower pressures with fetch limited to 1.2 m and
water temperature less than 5 °C.

The development of gravity waves with fetch in a steady and
uniform wind closely follows Kitaigorodskii’'s (1962) scaling laws
with an approximately linear relationship between dimensionless

Table 2
Atmospheric characteristics considered for Paleo-Mars.

Parameter Units Values tested
Pressure mbar 6, 60, 600, 1200
Wind m/s 5,10, 15, 20
Temperature °C 0

Table 3

Ocean characteristics considered for Paleo-Mars.
Parameter Units Ocean A Ocean B Ocean C
Density kg/m> 1010 1180 1360
Viscosity Pas 0.0018 0.0220 0.0420
sfc.tension N/m 0.0722 0.0810 0.0900

variance (=variance x g2/U.*, where variance is the measured sur-
face height variance) and dimensionless fetch (=fetch x g/U.?)
and an approximately —1/3 power law between dimensionless
peak frequency (=f, x Ue/g, where f, is the peak frequency, see
Appendix A) and dimensionless fetch (e.g. Hasselmann et al.,
1973). Here we replace the measured wind speed, U with an
effective wind speed, U, to account for the reduced stress at low

pressure: U, = U, /p,/p,. The dimensionless variance and peak fre-

quency for Day 1 are graphed versus dimensionless fetch in Fig. 7.
The data at short dimensionless fetch show (corresponding to
strong effective winds) the characteristic behavior - indicated by
the regression lines - with slopes of 0.98 and —0.29 as expected.
However, beyond a dimensionless fetch of 1.65 - corresponding
to light effective winds - the data fall/rise from the regression lines
indicating the low variance/high frequencies associated with noise.
These data mark the pressure dependent threshold and indicate
that, beyond the threshold, the waves develop in much the same
manner as they do in wind-wave tanks and in the field at normal
atmospheric pressures.

The models (UMWM and SWAN) were exercised to compare
with these above-threshold results. The aspect of the models rele-
vant to this test is the wind input source function, S;,, which
depends linearly on the ratio of densities (p,/p;). In the UMWM
model the sheltering coefficient is increased from 0.11 (in the field)
to 0.17 characteristic of the very short waves generated in tanks
(see Donelan and Plant, 2009). SWAN was left unchanged. Both
the models were run for all the cases considered in the wave tank
(i.e. varying atmospheric pressure and wind speed). Both models
recover the observed variances and peak frequencies quite well.
Fig. 8 reports the respective comparison with the measured data
from the SWAN simulations. Already obviously good, we point
out that some of the scatter in the peak frequency diagram is to
be attributed to the stepwise character of this variable and its large
steps in the high frequency range consequent to the geometrical
progression of the considered frequencies. Following these results,
we are reassured that the models work in a wide range of pressures
and wind speeds, and they are suitable for wave hindcasting on
other planets with widely different atmospheres, oceans and
gravity fields.

Fig. 9. Gas (g) and liquid (I) wind speed threshold for different atmospheric
pressures on different oceanic conditions on Paleo-Mars (see Tables 2 and 3). For
conditions below any of these curves (for a given Ocean), no waves would be
expected to be produced, even for very long fetches. If wave-cut shorelines can be
identified on Mars, this indicates that the atmospheric conditions (pressure and
wind speed) were above the lines on this plot to ensure that wind-driven waves
were produced.



D. Banfield et al./Icarus 250 (2015) 368-383 377

5. The Mars environment

This section is devoted to estimating the wave conditions that,
under a number of assumptions, could have been present on Mars
in the past. Armed with the two validated wave models, we can
now explore the possible wave conditions on Paleo-Mars. We begin
by establishing the range of conditions to be explored with our mod-
eling (atmospheric pressure, temperature, characteristics of the
liquid that composed the martian seas) and the numerical and phys-
ical details of the experiments. This is done in Section 5.1. Given this
information, in Section 5.2 we proceed to evaluate when waves were
indeed possible and, if so, their characteristics as a function of fetch,
depth, wind speed, pressure and oceanic conditions. The implica-
tions for the shore will be discussed in Section 6.

5.1. The atmospheric and oceanic conditions on Paleo-Mars

The wave conditions that may have existed on open bodies of
water on early Mars depend on the size of the body of water (the
fetch), as well as the atmospheric density, the water density and
viscosity, and the wind speeds experienced. Unfortunately, there
are no simple ways to accurately predict these parameters for
early Mars. Indeed, a major motivation for studying this topic
is to constrain the possible environmental conditions for early
Mars. Nevertheless, we can make some assessments of the likely
ranges of conditions that may have occurred on early Mars if
there were open bodies of water. We will discuss these likely
parameter ranges here and then use them to estimate the
expected range of wave heights that may have once been found
on Mars’ seas.

The atmospheric pressure of early Mars is not well constrained
by observations. There are geological signatures and more substan-
tial recent evidence (e.g., Williams et al., 2013) that liquid water
was once stable at the surface. This has been used by some to
assert that the surface pressure on early Mars may have been as
high as 500 mbar (or more), to allow a sufficiently strong green-
house warming to raise the temperature enough for long-term
water stability (e.g., Kasting, 1991; Mischna et al., 2000). Under
various assumptions about cloud opacity and the freezing point

depression of the ancient bodies of water on Mars, the pressure
may have been significantly less than this as well. Thus, we will
allow a very large range of possible early Mars atmospheric pres-
sures, from the current 6 mbar up to slightly more than terrestrial,
i.e., 1.2 bars. Specifically, we have modeled cases with surface pres-
sures in a roughly geometric progression, i.e., 6, 60, 600, and
1200 mbar (see Table 2).

Wind speeds on early Mars have not been examined in detail,
but we can expect that early Mars was similar to the current winds.
Mischna et al. (2012) modeled the meridional temperature cross-
sections of early Mars assuming a 500 mbar atmosphere, resulting
in meridional gradients similar to those of current Mars. This sug-
gests that zonal winds were similar in relative magnitude to those
now found on Mars as well. Consequently, we used a range of wind
speeds spanning those presently observed at the surface of Mars
(e.g., Ryan et al., 1978). Specifically, we used winds of 5, 10, 15,
and 20 m/s (see Table 2). However, in differing slightly with the
measurements (which were typically taken at about 1.5 m eleva-
tion), we are assuming these wind speeds are relevant for 10 m ele-
vation above the mean liquid level. Assuming a typical logarithmic
wind profile, these wind speeds at 10 m elevation represent wind
speeds about 2/3 as great at 1.5 m elevation, still consistent with
current measured winds at the surface of Mars.

For temperature, we have assumed 0 °C for simplicity, although
the actual liquid temperature could be well below that if the early
martian seas were significantly briny. The temperature is a factor
determining the atmospheric density (given the mean molecular
mass, assuming a pure CO, atmosphere, and the atmospheric pres-
sure), as well as the liquid’s surface tension and viscosity. The
changes in the atmospheric density between 0 °C and what might
be a lower limit to a liquid (un-frozen) temperature even in extre-
mely briny conditions (~240 K) only represent a 10% change in
atmospheric density, so we will ignore that effect in light of the
much larger uncertainties in the properties of early Mars. The
behavior of the liquid’s density does not change appreciably over
this temperature range. Its surface tension and viscosity do change,
but well within the uncertainties due to salinity differences. We
will ignore the possibility that the surface temperature could be
significantly different from 0°C even with open seas on Mars,

Fig. 10. Significant wave heights (m) on Mars Ocean A (see Table 3) for different wind speeds and surface pressures at 960 km of fetch. Results for SWAN wave model.
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and assume it stays at 0 °C with little impact on the fidelity of our
modeling.

For the martian sea-water, the principal effect in varying its
parameters is the unknown salinity that it may have had. Recent
observations by the MER rovers suggest that brines may have been
frequent in early Mars. Tosca et al. (2011) estimated the properties
of several different brines that may have been present on Mars.
Many of these may have been extreme end-member brines and
would not represent a full ocean’s salinity, but in the absence of
any more detailed information we will adopt them as the extreme
cases for what Mars’ seas may have been like. We chose to use
three cases to test our modeling, signified as Ocean A, Ocean B
and Ocean C with progressive increases in salinity. The lowest

salinity case (Ocean A) was Tosca et al.’s Brine 1a. The highest
salinity case (Ocean C) was Tosca et al.’s Brine 4b. Ocean B was cho-
sen as the mean of these two extreme cases. The density, viscosity
and surface tension for each of these three cases are indicated in
Table 3, and were taken from Tosca et al. (2011). Combined with
the four atmospheric pressures and four wind speeds, this leads
to a total of 48 simulations. For each simulation we have used a
constant and uniform wind speed. In these conditions the achiev-
able wave heights are a function only of the dimension and geom-
etry of the basin.

As basic reference we have considered a square basin with
1000 km sides. This is about half the size of Hellas in linear dimen-
sion and significantly smaller than the northern lowlands, but big-

Fig. 11. Significant wave heights (m) on Mars for different wind speeds and surface pressures at 960 km of fetch modeled using the UMWM wave model. Panel (a) showed the
results for Ocean A (see Table 3). This is nearly identical to Fig. 10, demonstrating that the two wave models produce essentially identical results (increasing our confidence in
both). Panel (b) shows the results for Ocean C. These waves are ~10% smaller than those for Ocean A, mainly because of the difference in the liquid density between Ocean A

and C.
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ger than many of the smaller crater lakes that may have once
existed on Mars. The wind is blowing perpendicular to one of the
sides and, starting from flat calm conditions, we let the wind blow
until equilibrium wave conditions are reached. Focusing our atten-
tion on the central axis of the basin, at the end of each run we have
available full information about how wave characteristics, in par-
ticular wave height, and peak period vary with fetch, i.e. with the
distance from the coast from which the wind blows. This provides
information on the possible wave heights also for basins of smaller
dimensions.

Deep water conditions (400 m) are assumed for the first
960 km. The largest waves we modeled were ~25m high and
600 m long, so all of our waves would behave as deep-water waves
in a 400 m deep model domain. A depth of 400 m is also likely
quite conservative for any basin on Mars that approaches

1000 km on a side. On Mars, basins of this scale are measured in
km of depth, rather than 100s of meters. After this the bottom pro-
gressively slopes up at 1% reaching the shore at the 1000 km line.
The details of this slope are not important to the wave spectrum
obtained before reaching this point (i.e., at 960 km fetch where
we report our results). At all the grid points we have available full
2D spectral information from which all the relevant integrated
wave parameters (significant wave height Hy, mean and peak per-
iod Tp,, Ty, etc.) are derived. See Appendix A for their full definition.

5.2. Waves on Paleo-Mars

First we consider the conditions on Mars for which there will
not be any wave growth. Both threshold wind speeds on Mars
are graphed in Fig. 9 for the three oceans of Table 3. No waves at

Fig. 12. As in Fig. 11, but for peak wave period.
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wind speeds beneath the higher of the two curves (vg, v;) will grow
at that pressure. Above 30 mbars the liquid viscosity threshold
dominates for briny Ocean C, while at 800 mbars the liquid viscos-
ity threshold dominates for the sea-water like Ocean A. Below
20 mbars the threshold is determined in all cases by gas viscosity.
Waves will grow at wind speeds as low as 1.4 m/s at pressures of
1 bar on Ocean A. On the contrary no waves will grow at wind
speeds beneath 13 m/s when the surface pressure is only 30 mbars.
At 6 mbars (Mars’ surface pressure today) it would take winds
between 33 and 37 m/s to generate waves on Mars' putative
oceans.

As mentioned above, we exercise the models (UMWM and
SWAN) on a deep square ocean basin of side 1000 km. The thresh-
old limits are applied to the model outputs, replacing them with
zeros where conditions fall beneath the thresholds. The overall

results for significant wave height H;, for different pressures and
wind speeds, and at 960 km fetch on Ocean A, are plotted for both
the models, SWAN and UMWV, in Figs. 10 and 11a respectively.
Before any quantitative comment on the results, we stress two
points. First, the apparent discontinuities present in the plot iso-
lines are due to the rather discrete values of the pressure and wind
speed considered. Much more important, and relevant for our
results, the quantitative similarity between the two plots strongly
indicates that the models - tested on Earth against data - adjust in
the same way to the changes in gravitational acceleration, pressure
and viscosity. This strengthens our contention that the models do
realistically simulate conditions on Mars and we can move with
confidence to the analysis of the results. The similarity between
the two model results holds for all the considered quantities.
Therefore subsequent figures will be from one model or the other.

Fig. 13. As in Fig. 11, but for wave power flux per meter crest length (W/m).
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To show the results, we return to Fig. 11a (Hs for UMWM for
Ocean A) and compare with the corresponding results for Ocean
C (Fig. 11b). The distribution of significant wave heights, for the
different pressures and wind speeds, is obviously similar in the
two oceans. However, as seen from the color scales on the right
of the plots, Ocean A hosts higher waves - see the peak values
respectively at 24 and 22 m H,. The reason (see Table 3) is the
lower density of the liquid in Ocean A, the two differences being
both of the order of (slightly larger than) 10%. Given that the
energy input by wind is similar, this energy must lead to higher
H, in the case of reduced liquid density. Note that we are reporting
the results at 960 km fetch, i.e. still in deep water (400 m depth),
before any shoaling towards the shore.

It is worthwhile to point out the differences from Earth. On our
planet the maximum achievable significant wave height for a
20 m/s wind speed (and similar atmospheric pressures) is between
9 and 10 m. The lower value with respect to the ones in Fig. 11a
(Ocean A, see Table 3) is mainly due to the different gravity on
the two planets, hence the different phase speed of the waves
(much larger on Earth), and hence the different energy input by
wind (much larger on Mars).

We get a different perception of the wave characteristics on the
two systems by looking at the peak periods T, in martian Oceans A
and C, respectively in Fig. 12. First, note how the maximum T}, val-
ues are similar in the two oceans, implying similar wavelengths.
For T, =30 s this corresponds to about 532 m wavelength. This is
interesting in that the ratio H,/L,, with L, the peak period wave-
length, for Ocean A is only slightly larger on Mars, 4.7%, with
respect to the classical terrestrial value of 4%. This is likely related
to the stronger wind forcing of the slower martian waves.

Relevant for the potential shoreline forming action on the
coasts, in Fig. 13, we report the power flux at the 960 km fetch line,
again for the considered pressures and wind speeds, and for Oceans
A and C. The maximum 1.3 MW/m value holds for both the oceans.
Given the similar phase and group speeds (as determined from
Fig. 12), the similar power flux results from the lower wave heights
in C associated with the higher density of the liquid brine.

Because Ocean B (see Table 1) has characteristics intermediate
between Oceans A and C, it is not surprising that its wave charac-

Fig. 14. Wave power per meter crest length (W/m) on Mars, at 960 km fetch, for
different surface pressures and a 20 m/s wind speed. The almost overlapping curves
are for the three Oceans A, B, C. See Table 3 for their characteristics. This
demonstrates that salinity differences are only a small effect on the power in the
wind-driven waves created.

teristics lie between the two reported ones. This is clearly seen in
Fig. 14 where we have plotted the power available in the three
oceans for the different considered pressures and a 20 m/s wind
speed. The different wave heights in the three systems are com-
pensated for by the different liquid densities. The result is a prac-
tically equal power on all three oceans.

6. The implications for Mars geological features

In this work, we have asked the question whether water waves
could be created on open water on ancient Mars, under various
possible atmospheric pressure conditions. We found that there
are clear combinations of reasonable atmospheric pressure and
wind where waves could be formed and other equally plausible
combinations where waves could not be formed (i.e., see Fig. 9).
In this sense, our work is valuable in that identifying wind-driven
wave-cut shorelines on Mars can have some diagnostic capability
for the atmospheric conditions that must have occurred at the time
that extensive open water was present. We found that the other
variables that could conceivably influence the wave environment
on an ancient martian sea are much less important than wind
speed and atmospheric pressure. The temperature and salinity of
the sea would change its density, viscosity and surface tension,
but these three effects would not present significant differences
in the wave environment one would find, particularly when one
considers the power deposited onto the shoreline by the various
wave scenarios. Ultimately, it is this power deposition to the shore-
line that creates the geomorphologic features that could be recog-
nized some several billion years later to act as a record of the sea’s
existence. This means that the presence of a shoreline around an
ancient martian sea is a good indicator of whether the pressure
and wind speed was above all of the curves in Fig. 9.

We have not attempted to model the formation of a shoreline as
was done in Kraal et al. (2006). In our opinion, the problem is too
complex to adequately and definitively address. Kraal et al. (2006)
addressed the question of whether benches could be cut into bed-
rock, finding that sea-level recession may not allow adequate time
for benches to be cut. However, the duration over which a sea may
have stood at a particular level at Mars is still unclear. We do not
fully understand how water was delivered to this hypothetical
sea (steadily or episodically or catastrophically) and so fully under-
standing its sea-level history is not yet possible. Smaller chains of
lakes may have naturally regulated levels by overflowing their out-
lets, even in the presence of significant evaporation (e.g., Fassett
and Head, 2008; Matsubara et al., 2011). With adequate fetch,
these lakes may have had sufficient time to develop a shoreline
under a variety of water delivery scenarios. Perhaps most impor-
tantly, it is unlikely that the only available material from which
to form a recognizable beach would be bedrock. Williams et al.
(2013) identified river-deposited material at the Curiosity rover
site. The erosive action of the river flow identified by Curiosity is
similar to the wave-induced bottom flow speeds of a shoaling
wave. Fig. 15 shows the maximum bottom orbital velocity during
the shoaling of the Ocean A waves seen in Fig. 10. Repetitive and
long acting velocities of the order of 1 m/s or more would certainly
be effective in sloping an unconsolidated shore. This wave formed
beach could perhaps still be recognizable today.

The debate about the presence or absence of shorelines on seas
or lakes at Mars is not concluded. Our work stands to help shape
this debate whether or not shorelines are found, or whether some
other approach can establish constraints on the ancient atmo-
spheric pressure at Mars. In any case, our results can help narrow
the permissible conditions that must have been obtained when
open water may have existed on Mars. If wave-cut shorelines are
eventually found, this will require that winds were above a given
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Fig. 15. Maximum bottom orbital velocity (m/s) during the shoaling of waves after 960 km fetch for different surface pressures (mbar) and wind speeds (m/s) using the

SWAN model. Ocean A and C are considered. See Table 3 for their characteristics.

strength depending on the atmospheric pressure at the time (lower
winds for higher pressures) as shown in Fig. 9.
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Appendix A

Definition of the integral quantities of a wave spectrum.

We consider the two-dimensional wave spectrum F(f, ¢), with f
the frequency (1 —nf) and ¢ the direction (1 —n¢) evaluated
clock-wise with respect to geographic north. We define the follow-
ing quantities:

ng
Frequency spectrum (m?s) E(f) = ZF(f, @) - Ag
1

nf
Spectral moments m, = > E(f)-f" - Af
1

Significant wave height (m)

Hs:4-\/m0
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Peak period (s) T,=1/f,
with f, the frequency corresponding to the highest E(f) value

Mean period (s) Tp=—

([ SUSTVF(f, ¢) -sing - Ag - Af
SUSIF(f, ¢) - cos ¢ - A - Af

Mean direction ¢, = tan~
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