N

N

Sublimation waves: Geomorphic markers of interactions
between icy planetary surfaces and winds
M Bordiec, Sabrina Carpy, Olivier Bourgeois, C. Herny, M Massé, L. Perret,
P. Claudin, S Pochat, Sylvain Douté

» To cite this version:

M Bordiec, Sabrina Carpy, Olivier Bourgeois, C. Herny, M Massé, et al.. Sublimation waves: Geo-
morphic markers of interactions between icy planetary surfaces and winds. Earth-Science Reviews,
2020, 211, pp.103350. 10.1016/j.earscirev.2020.103350 . hal-02975787

HAL Id: hal-02975787
https://hal.science/hal-02975787
Submitted on 23 Oct 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02975787
https://hal.archives-ouvertes.fr

Journal Pre-proof .| —

(\ )

Sublimation waves: Geomorphic markers of interactions between REVIEWS
icy planetary surfaces and winds

M. Bordiec, S. Carpy, O. Bourgeois, C. Herny, M. Mass¢, L.
Perret, P. Claudin, S. Pochat, S. Douté

PII: S0012-8252(20)30396-2

DOI: https://doi.org/10.1016/j.earscirev.2020.103350
Reference: EARTH 103350

To appear in: Earth-Science Reviews

Received date: 7 January 2020

Revised date: 15 July 2020

Accepted date: 21 August 2020

Please cite this article as: M. Bordiec, S. Carpy, O. Bourgeois, et al., Sublimation waves:
Geomorphic markers of interactions between icy planetary surfaces and winds, Earth-
Science Reviews (2020), https://doi.org/10.1016/j.earscirev.2020.103350

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.earscirev.2020.103350
https://doi.org/10.1016/j.earscirev.2020.103350

Sublimation waves: geomorphic markers of interactions between icy planetary surfaces and winds
M. Bordiec?, S. Carpy?, O. Bourgeois®, C. Herny®, M. Massé?, L. Perret®, P. Claudin®,

S. Pochat?, S. Douté®

& Laboratoire de Planétologie et Géodynamique, Université de Nantes, Université d’ Angers,
CNRS, UMR 6112, Nantes, France
® Physikalisches Institut, Universitat Bern, Bern, Switzerland
¢ Laboratoire de recherche en Hydrodynamique, Energétique et Environnement Atmosphérique,
Centrale Nantes, CNRS, UMR 6598, Nantes, France
¢ Laboratoire de Physique et Mécanique des Milieux Hétérogénes, =Sr°Cl, Université
Paris-Diderot, Université Pierre et Marie Curie, CNRS, UMR 7%, raris, France
® Université Grenoble Alpes, Institut de Planétologie et d’A stroitysique de Grenoble (IPAG),
CNRS, UMR 5274, Grenoble, France
Abstract

Sublimation waves are periodic, linear ana ‘rar.sverse bedforms that grow by sublimation
of icy substrates under turbulent winds. T'ey occdr in different environments of the Earth and
other planets, where the climate is favorable .~ sublimation. Their morphological and kinematic
characteristics (wavelength, migratior “‘ei zity, characteristic time of formation) depend on the
environmental conditions in which the, zevelop (atmosphere viscosity, wind speed, sublimation
rate). To highlight these relatior.s, v.~ designed a theoretical model for their formation, based on
models previously designed for u’ssolution bedforms. From a linear stability analysis of the model,
we derived a dispersion rzlawon and three scaling laws. These are validated by comparison with
measurements available v ~r two natural terrestrial examples (Blue Ice Areas of the Antarctic ice
sheets and ice caves) and with new measurements in a laboratory experiment. They are applied to
linear bedforms, of hitherto unknown origin, that we identified on the Martian North Polar Cap.
We thus demonstrate that sublimation waves are convenient geomorphic markers to constrain
surface compositions, atmospheric properties, climates, and winds on terrestrial ice sheets and
other icy planetary surfaces.
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Nomenclature

Greek symbols
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Von Karman constant, x~0.41 [dimensionless]

wavelength of the waves [m]

kinematic viscosity of the fluid [m?-s™]
angular frequency of the waves [rad-s™]
density of e [kg-m~]

growth rate of the waves [s™]

shear stress of the flow [kg-m™.s7?]
mass transfer phase lag [°]

height of the interface ice-flow [m]

half-amplitude of the waves [m]

Roman symbols

D
H
k
Ls

Py
psat

Re,,

RH
Sc

diffusion coefficient of ice venour i the flow [m?-s™]

height of the boundary layer i:~w ;m]

wavenumber of the waves [ "]
solar longitude [°]

linear correction o< the _ublimation flux [dimensionless]
molar mass ~f - [kg-mol™]

total pressure [P ]

partial vapour pressure [Pa]

saturated vapour pressure [Pa]

sublimation flux [kg-m™-s™]

aspect ratio [dimensionless]

global Reynolds number [dimensionless]

relative humidity [%]

Schmidt number [dimensionless]



SH specific humidity [%]

T ambiant temperature [K]

t time [s]

t, characteristic time of formation [s]

Tea temperature at saturation [K]

T, temperature at the triple point [K]

u flow speed [m-s™]

U mean flow speed [m-s™]

U.. friction velocity or shear velocity [m-s™]

u.(z)  flow speed at height z inthe x direction [m-s™]

Vv migration velocity of sublimation waves [ m-<™]
X horizontal coordinate of the main flow direction |1.1]
z vertical coordinate [m]

Superscripts and subscripts

o dimensionless form of e

o° base state of e (flat surface)

. critical e (most unstablc: n."ae)
° e of the fluid

. e of the ice surfice

®int e at the interface ice-flow

1. Introduction

Aeolian processes are central geomorphic agents on many bodies of the Solar System
(Bourke et al., 2010; Craddock, 2012; Lorenz and Zimbelman, 2014; Cohen-Zada et al., 2016):
they produce bedforms such as ripples, dunes, yardangs and streaks. These ”loose bedforms”,
which derive from mechanical transport of loose granular materials (Figure 1a and 1c), have been
observed and well documented, in particular on Earth (Cooke et al., 1993; Lancaster, 1995;
Livingstone and Warren, 2019), Mars (Hayward et al., 2007; Fenton and Hayward, 2010), Titan
(Lorenz  and  Radebaugh, 2009), Venus (Greeley et al., 1997), comet



67P/Churyumov-Gerasimenko (Thomas et al., 2015; Jia et al., 2017) and Pluto (Telfer et al.,
2018). The geometric and kinematic characteristics of these bedforms (e.g., shape, size,
orientation, migration direction, migration velocity and growth rate) can be determined by field
measurements or remote sensing. Aeolian bedforms thus constitute convenient geomorphic
markers to constrain surface/atmosphere interactions on the solid bodies of the Solar System. For
example, they have been abundently used to constrain or validate atmospheric, climatic or wind
numerical models on Earth (Blumberg and Greeley, 1996), Mars (Greeley et al., 1993; Lee and
Thomas, 1995; Fenton and Richardson, 2001; Fenton et al., 2005; Lapotre et al., 2016, 2018;
Duréan et al., 2019), Titan (Tokano, 2008, 2010; Charnay et al., 2015, 2odriguez et al., 2018), Pluto
(Telfer et al., 2018) and comet 67P/Churyumov-Gerasimenko (J.2 et al., 2017). Conversely, from
known atmospheric and surfaces conditions, scaling laws car. he | sed to predict aeolian bedforms
characteristics in other planetary environments (Claudin .a ,\ndreotti, 2006).

For these purposes, the physics behind the formati. =« and development of aeolian bedforms
has to be sufficiently well understood. This is relat vry true for ”loose bedforms” (Schmidt, 1980;
Kok et al., 2012; Durén et al., 2011; Charru ~* ar.. 2013; Courrech du Pont, 2015). However, it is
still not the case for ”’solid bedforms” that a: » uroduced by mass transfers between solid substrates
such as ices or rocks and fluid flows. Pha.~ transitions (sublimation and condensation, melting and
freezing) and chemical reactions (dissc(uuon and precipitation) are the main processes possibly
involved in the generation of the:» ”sulid bedforms” (Thomas, 1979; Allen, 1982; Meakin and
Jamtveit, 2010) (Figure 1b anc 14,

[[Image]]

Figure 1. Physical p:coesc~e possibly involved in the formation of bedforms. (a) Example of
’loose bedforms”: image ~f a sand ripples field (Erg Chebbi, Morocco, credit: Thomas Hartmann).
The wavelength of ripples is decimetric. (b) Example of ”solid bedforms”: image of a sublimation
wave field (Blue Ice Area in Svea, Antarctica, (Bintanja et al., 2001)). The wavelength of

sublimation waves is on the order of 20cm . (c) Matter transfers in loose bedforms” are

controlled by mechanical transport of particles, by either creeping, saltation or suspension. (d)
Matter transfers in ”solid bedforms” are controlled by chemical reactions or phase changes
between a solid substrate and a flowing fluid. Illustrated is the case of sublimation: spatial
variations in the sublimation rate lead to differential ablation of the substrate.

While sublimation plays only a minor role in shaping terrestrial landscapes, it is potentially



more effective on other planets (Mangold, 2011) such as Mars (Hofstadter and Murray, 1990;
Skorov et al., 2001), on icy bodies (Consolmagno and Lewis, 1978) such as Pluto (Moore et al.,
2018; White et al., 2017; Protopapa et al., 2017; Bertrand et al., 2018), Ceres (Nathues et al., 2015;
Formisano et al., 2016), Callisto (Howard and Moore, 2008), Ganymede (Squyres, 1980), lapetus
(Kimura et al., 2011), but also on lo (Ingersoll et al., 1985) and on comets (Keller et al., 2015;
Sunshine et al., 2016). We thus explore here the development of a specific class of solid bedforms,
made by sublimation of an icy solid substrate and diffusion of the corresponding vapour in the
flow of a different gas (Figure 1Db).

These processes may lead to the development of either bowl-.aped depressions, known as
scallops or cups (Curl, 1966; Bintanja et al., 2001), or perioa.~ li'iear bedforms, displaying a
regular spacing and an orientation transverse to the main winc dire ction (Curl, 1966; Weller, 1969;
Bintanja et al., 2001). We focus on the latter, which we r..2nc~e to name sublimation waves”.

First, we compile data currently available in = literature about their development
conditions and morphological characteristics in “w2 *errestrial settings: Blue Ice Areas of the
Antarctic Ice Sheet and ice caves. Then, **= crovide new observationnal data on candidate
sublimation waves on the North Polar Cap =« Mars. We complement this natural observational
dataset with the results of a new laborato.s experiment performed in a wind tunnel.

Then, to explore the physics tiie ¢ cuvern the development of sublimation waves, we adapt
the stability analysis of a theoretic:l mudel initially designed for dissolution bedforms by Claudin
et al. (2017). Using the relevar.* n.-ameters for sublimation waves, we derive a dispersion relation
and three scaling laws for ~u.'i.nation waves. These relate some morphological and kinematic
characteristics (wave’c., au:, mnigration velocity, characteristic time of formation) of sublimation
waves to their environr2ntal conditions (atmosphere viscosity, wind speed, sublimation rate).
These laws are compared to observations in natural systems (Earth, Mars) and in our experiment
for validation and for prediction of missing data in some of these systems. Based on these new
scaling laws, sublimation waves can be employed as markers of surface/atmosphere interactions

on ice sheets and icy planetary surfaces.
2.  Sublimation waves in nature and experiments

2.1. Conditions required for sublimation

Sublimation is the direct phase transition from solid to gas without passing through a liquid

phase. Sublimation of water ice can occur on the whole ranges of temperatures of the ice-vapour



interface T

.« and partial water vapour pressures p,, for which the solid and gaseous phases
coexist (Figure 2a). It requires energy as it is an endothermic process. At any atmospheric pressure
p , the sublimation flux g of ice depends on its temperature and the relative humidity RH of the
atmosphere, which is the ratio of the partial pressure of water vapour to the saturated vapour
pressure p., ata given temperature. Relative humidity is different from specific humidity SH,
which is a measure of the moist content and is defined as the ratio of the mass of water vapour to

the total mass of moist air in a parcel. Sublimation can occur as long as RH <100% and T, <T,
, Where T, is the temperature of the triple point. The lower the - ative humidity is, the more
sublimation is effective (Law and Van Dijk, 1994), as indicated L / the typical Hertz-Knudsen law:
qoc Py~ Pear-

[[Image’]
Figure 2: Phase diagrams (p, T ) for (a) H,O and (b* CJO,. The saturated water vapour
pressure p, (black lines) is the pressure at whizl, -he solid and the gaseous phases are at

equilibrium, at a given temperature. The sa*Jraf :d vapour pressure follows the Clausius-Clapeyron

relation. For sublimation to occur, the gartial vapour pressure p, in the atmosphere must be such
that p, < p,, (T) for temperatures befcw the triple point (T <273 K for waterand T < 216 K
for CO,). For partial water vapou. oressures below the triple point ( p, <611Pa for water and
p, <5.18x10° Pa for CO,), sthhmation occurs when temperatures are such that T >T_, (p,)-

Partial vapour pressures o, ctthe temperature of the ice-vapour interface T,, and atmospheric

int
total pressures p and ten perature T are displayed for the different environments described in
Sections 2.2, 2.3 and 2.4 (Blue Ice Areas, ice caves, Martian North Polar Cap and experimental
model) and summarized in Table 1.
2.2. Observations on Earth

On Earth, the pressure, humidity and temperature conditions required for glacial surface
sublimation are encountered in very specific settings only. This explains why terrestrial
sublimation waves are rare and still poorly known. However, these conditions exist on some
tropical glaciers of high altitude during the dry season (Winkler et al., 2009), in the Blue Ice Areas

(BIAs) of Antarctica (van den Broeke and Bintanja, 1995) and in some ice caves (Obleitner and



Spotl, 2011). Sublimation waves have been observed in the latter two environments. From the
literature, we compile here observations and measurements made on sublimation waves in these
environments and complement some missing data by recomputing them (Table 1).

2.2.1. Blue Ice Areas (BIAS)

BIAs are regions at the surface of ice sheets, where ablation is so efficient, that previously
buried layers of old and blue ice are exhumed. They have been described in Antarctica only, where
they cover approximately 1% of the continent (Giovinotto, 1964) (Figure 3a). BIAs usually
display specific environmental and meteorological conditions (Table 1), such as typical

atmospheric pressures between 800 hPa and 850 hPa (Bintanja. 2999). The atmosphere over
BIAs is dry, as the specific humidity varies between 0.085% =n7 0.12% in the first 100 m
above the surface (van den Broeke and Bintanja, 1995) 1.~.ng to partial vapour pressures
between 110Pa and 160 Pa and relative humidities be.veen 30% and 50% . Atmospheric
temperatures above the surface (2m ) vary betwecn —.4°C and —7°C during the austral

summer and the temperature of the ice-air interface .z zimost equal to the atmospheric temperature
(Bintanja, 1999). The low albedo of ice . 0.f) compared to that of snow (0.8) increases the

absorption of solar radiations, and so tF.= energy, available for sublimation in BIAs.

([Image]]
Figure 3: BIAs in Antarctica. (a) Ma,> ur the Antarctic continent with superimposed locations of
ice shelves and BIAs (Winther v al., 2001; Fretwell et al., 2013; Hui et al., 2014). (b) Location of

the BIA studied by Bintanjc et .. (2001) and Bintanja R. (1995) in Svea, Scharffenbergbotnen
valley, Queen Maud ' ard. 74°35'0”S, 11'13'0” W. Dominant winds flow from east to west.
Image is from Google Ear.h V 7.3.2.5495. (December 1, 2011). Eye alt 21.83 km. DigitalGlobe
2018. http://earth.google.com.

The surface temperature on BIAs is such that T <273 K and the partial water vapour
pressure is such that p, < p,, throughout the year (Figure 2a). In these areas, ablation is thus
mainly induced by sublimation. The annual surface mass balance of BIAs is negative, with higher
sublimation rates (lower RH that induces lower p,) in summer than in winter. Sublimation rates
of approximately 10cm-yr were measured for steady states during the austral summer

(Bintanja et al., 2001), and were validated by comparison to latent heat fluxes deduced from



surface energy balance (Bintanja R., 1995).

The slightest snow accumulation on BIAs is blown away by katabatic winds that flow on
their aerodynamically smooth surfaces (Bintanja, 1999). Mean wind speeds are generally higher
on BIAs (between 2m-s™ and 8m-s™ at 6m above the surface) than on the surrounding
snow surfaces (van den Broeke and Bintanja, 1995). Those winds are turbulent, as indicated by the

short-time variability in recorded atmospheric pressures (Bintanja, 1999).

Parameters: symbols BIA (Sveain Ice cave (Eisriesenwelt MNPC (summer)  EXxp.

[units] summer) in winter)

(H,O ice - air) (H,O ice-air) H,0 ice- CO, (CO, ice-
2 2 2 2 2

atm.) air)
Molar mass (ice): M, 0.018 0.C'8 0.018 0.044
[kg -mol™]
Molar mass (fluid): M, 0.029 0.029 0.044 0.029
[kg -mol™]
Density (ice): 850-880 [1,7.5, 870+18 [4] 917 (a) 1562
p.lkg-m=]
Ice-fluid interface 256 193] 272 [6,7] 220 [8] 198
temperature: T, [K]
Ambiant temperature: 265 [5] 272 [6,7] 210 [8] 293
T[K]
Atmospheric pressure: 80000—-85000 101300 [6] 715-740 [9,10] 101300
p[Pa] [5]
Specific humidity: 0.085-0.12 [3] 0.3 (b) 0.06 (b) 0.05 (b)
SH[%]
Relative humidity: 30-50 (c) 97.5 [7] 23-27 (c) 20 (c)
RH[%]

Partial vapour pressure:  110-166 (b) 516 (c) 0.6-0.7 (d) 40 (e)




p,[Pa]

Saturated vapour 336 (f) 530 [7] 2.6 (f) 1.4x10°
pressure: p,, (T)[Pa]
Temperature at 254 —258 (f) 271 (f) 209-210 (f) 128 (f)

saturation: T, (p,)[K]

Table 1: Average environmental conditions in the BIA in Svea during austral summer, the
Eisriesenwelt ice cave in winter, the Martian North Polar Cap (MNPC) at 80°N for
110° < Ls <120°, and the experimental model. [1] Weller (1969;. 2] Mellor and Swithinbank
(1989). [3] van den Broeke and Bintanja (1995). [4] May et al. (20'1). [5] Bintanja (1999). [6]
Curl (1966). [7] Obleitner and Spétl (2011). [8] Pankine et al. (20. 0). [9] Forget et al. (1999). [10]
Millour et al. (2018). (a) The standard density of water i~= 1. considered here, as the dust content

estimated on the entire MNPC (Barr and Milkovich, 2002 s sufficiently small (< 2% by mass)

that it can be neglected. (b) The relation SH =- - — ————— s used either to compute the
r —(L—M;/M;)p

v

specific humidity or the partial vapour press.*:, depending on the available data. (c) The definition

RH = o of the relative humidity is *:~eq. (d) The partial water vapour pressure on the MNPC is
psat

deduced from water vapour column «bundances (Pankine et al., 2010). (e) The partial CO,
vapour pressure in the experime.t conditions is derived from the standard volume fraction of CO,

in air. (f) The saturated v pou~ pressure and the temperature at saturation were computed with the
Clausius-Clapeyron relau n.

The surface of some BIAs displays typical examples of sublimation waves (Mellor and

Swithinbank, 1989). These have been described in details in the Svea station (74°35'0"”S,

11'13'0" W), Queen Maud Land (Bintanja et al., 2001; van den Broeke and Bintanja, 1995;

Bintanja, 1999; Bintanja R., 1995) (Figure 3b). They are regularly spaced and parallel crested
ridges, transverse to the strongest winds (Bintanja et al., 2001; Mellor and Swithinbank, 1989)
(Figure 4a and 4b). In map-view, they display bifurcations and junctions, similar to those observed
on aeolian sandy ripples and dunes (Cooke et al., 1993; Lancaster, 1995; Livingstone and Warren,

2019). In cross-section, they can be either symmetrical (Figure 4c) or asymmetrical, with a



steepest slope on the lee side (Bintanja et al., 2001).

[[Image]]
Figure 4: Typical morphology of sublimation waves in a BIA. (a) Image of the regularly rippled
surface of the BIA in Svea (Bintanja, 1999). Black lines highlight some of the crests while white
arrows show the orientation of the main wind direction. (b) Typical cross-sectional profile
(Bintanja et al., 2001).

Their typical wavelengths and heights cover wide ranges of values, from 5cm to 25cm
, and from 1cm to 10cm , respectively (Weller, 1969; Bintenja et al., 2001; Mellor and
Swithinbank, 1989). Their aspect ratio (i.e. wavelength/height), i< les: than 0.1 in Svea but can
reachupto 0.5 inother places (Mellor and Swithinbank, 1980} r~t!i their shapes and heigths can
vary over time. They migrate in the downwind direction wi.> % maximal measured velocity of
2cm-month™ (Bintanja et al., 2001).

2.2.2. Ice caves

[[Imig. !
Figure 5: Typical morphology of sublimz.aon waves in Eisriesenwelt (Salzburg, Austria). The
wavelength is on the order of 140 cm (Curl, 2.966). The white arrow shows the direction of air
flow on the icy wall and the black linrs - .ianiight the crests.

Ice caves are found in all ray."ns of the Earth outside the tropics and are defined as rock
caves, which contain seasonal ¢ percnnial ice (Ford and Williams, 1989). Conceptual models of
ice cave climates have beei. bun: from long-term meteorological measurements (Peroiu et al.,
2011), especially in the E'srie senwelt cave (Salzburg, Austria) (Obleitner and Spétl, 2011). As in
many ice caves, the ice su face temperature in Eisriesenwelt is about —1.5°C during winter and
reaches 0°C in summer. The relative humidity RH is high ( RH =97.5% ) in average
throughout the year but the air is dry, especially in winter (SH =0.3%, computed from the
existing measurements), with partial water vapour pressures around 520 Pa (Figure 2a, Table 1).
Sublimation thus occurs dominantly in winter when dry, cold and turbulent air circulates at speeds
up to 0.2m-s™ (Curl, 1966; Obleitner and Spétl, 2011; Bella, 2007). Sublimation rates during
winter have not been measured directly in the Eisriesenwelt cave but have been estimated in other

ice caves. The annual ablation rate due to sublimation in ice caves can be as low as 3mm-yr™

(Marshall and Brown, 1974) and as highas 35 mm-yr (Persoiu and Lauritzen, 2018), leading to



sublimation rates between 3.8x10° m-s™* and 4.5x10°m-s™, if the ablation is restricted to

winter, when sublimation is most effective.

The walls of many ice caves display bedforms induced by sublimation (Curl, 1966; Bella,
2007; Cigna and Forti, 2012). Among them, sublimation waves are regular, periodic, parallel
crested patterns, transverse to the air flow direction (Curl, 1966). Their lee slope is steeper than

their stoss slope. Their average wavelength is on the order of 140 cm and their height is between
0.1m and 0.3m, leading to an aspect ratio between 0.07 and 0.2. Their migration in the
downflow direction has been mentioned but not measured (Curl, 1366).

2.3. Martian North Polar Cap

The Martian North Polar Cap (MNPC) is composed /st 1.2 mixed with minor amounts of

dust. The major processes involved in its present-day evolu‘ion are condensation and sublimation
of H,O0 and CO, ices (Hofstadter and Murray, 1520; Skorov et al., 2001). CO, vapour
constitutes up to 95% of the Martian atmosphere ar.a .nis amount is seasonally variable (Kieffer et
al., 1976): CO, vapour condenses and precinita.?s as frost on the MNPC in winter and sublimates
in spring and summer. The CO, seasonal c..- is thus ephemeral (James, 1982; Kelly et al., 2007).
While sublimating, the CO, cap reve=!s y-adually the underlying perennial water ice cap, which
is exposed to sublimation in turn (“ieer et al., 1976). Water ice sublimation occurs in early
summer (90" <Ls<120") with a maximum between Ls=110" and Ls=120". A water

recondensation period occui: in »ate summer (135" < Ls <164°) (Pankine et al., 2010; Brown et
al., 2016).

The atmospheric f ressure on the MNPC for latitudes between 80°N and 90°N varies
from 600 Pa to 900 Pa during summer (Forget et al., 1999; Millour et al., 2018). At these

latitudes, the average surface temperature varies from 150 K to 220 K throughout the year, and
is highest (220 K ) between Ls=110" and Ls=120" (Pankine et al., 2010). During this period,
the atmosphere is very dry (SH <0.1%) even if the relative humidity is high (RH = 25%). The

partial water vapour pressures deduced from water vapour column abundances (between
55 pr—um and 65 pr— zm) given by TES data (Pankine et al., 2010) and CRISM data (Khayat

et al., 2019) are thus very low (between 0.6 Pa and 0.7 Pa, Figure 2a, Table 1).

Sublimation rates on the Martian surface have been derived theoretically (Ingersoll, 1970;



Ivanov and Muhleman, 2000; Hecht, 2002; Dundas and Byrne, 2010) and experimentally
(Chittenden et al., 2008) for various conditions of temperature and wind speed. As the sublimation
rate appears to be only temperature-dependent for high relative humidities (RH ~30%), we

compute the sublimation rate for temperatures between 150 K and 220 K and find that it should

vary respectively from 2x10°m-s™ to 2x10°m-s™ (Chittenden et al., 2008).

Turbulent katabatic winds flow in spring and summer over the entire MNPC (Howard,
2000; Kauhanen et al., 2008; Petrosyan et al., 2011). Wind speeds computed from general and
mesoscale atmospheric circulation models 20m above the sirface are estimated between
2m-s and 10m-s™ between Ls=110" and Ls=130" (Smi.n .na Spiga, 2018).

[[Image]]

Figure 6: The Martian North Polar Cap. (a) Image of the M, 'PC on October 16, 2006 taken by the
Mars Orbiter Camera (MARCI) onboard the Mars Re.onraissance Orbiter (MRO) (image ID:
P1A01928; credit: NASA/IPL/MSSS). The perenniz. “vater-ice cap (white) is visible, as well as the
dark circumpolar sediments. (b) Location of the - tuaicd area (84° N, 120°E ). The dominant wind
direction (white arrow) was interpolated from “wumerical simulations (Smith and Spiga, 2018) and
morphological features (Massé et al., 2c12).

Landforms observed at the Mi rt’a > North Polar Cap surface include spiral troughs (Massé
et al., 2012; Murray et al., 1972; +iowrd et al., 1982; Smith et al., 2013; Smith and Holt, 2015),
undulations (Howard, 2000; Cuw.~ et al., 1979; Herny et al., 2014), polar chasmae (Fisher, 1993;
Warner and Farmer, 2008; r!1lt et al., 2010), arcuate scarps, dune fields (Howard et al., 1982;
Edgett et al., 2003), <~al.2ns and pits (Malin and Edgett, 2001) and many small-scale features
(Nguyen et al, 202)). Aeolian redistribution of surface material (ice, dust),
deposition/condensation of ices and dust from the atmosphere (James, 1982; Jakosky, 1985; Kahn
et al., 1992; Fanale et al., 1992) and ablation/sublimation due to solar radiations (lvanov and
Muhleman, 2000; Masse et al., 2012; Herny et al., 2014; Ng and Zuber, 2006; Smith and Holt,
2010) are assumed to be the major processes involved in the generation of these landforms
(Howard, 2000).

To investigate the existence of possible sublimation waves on the MNPC, we used orbital

images in the regions above 80°N in latitude, where water ice is exposed to sublimation between

Ls=110" and Ls=135". On these images, we identified linear ridges at the limit between



Boreales Scopuli and Olympia Cavi (82°N,120°E, Figure 6). No explanation has been proposed

yet for the formation of these ridges but Nguyen et al. (2020) suggested that they are different from
the classical aesolian Martian dunes and that another process is responsible for their formation. The
orientation of the dominant winds there, as derived from mesoscale simulations (Smith and Spiga,
2018) and confirmed by frost streaks (Figure 7), is E-W. This area shows regular, linear and
parallel ridges oriented N-S. These ridges are thus transverse to the dominant winds (Figure 7a).
The ridges display bifurcations and junctions (Figure 7b).

To constrain the morphology of these ridges, we derived a digital elevation model (DEM)
from stereoscopic HiRISE images with a horizontal spatial samp'ing ~f 25 cm/pixel . The DEM
was computed with a combination of photogrammetric and ph<*ac!tiiiometric techniques (Jiang et
al., 2017; Douté and Jiang, 2019). The spatial resolution anc. re.2*.ve vertical accuracy of the DEM

are on the order of 25cm/pixel and 15-20cm resper.ive'y. Topographic profiles derived from
the DEM show that the average wavelength of the ridyes is 7+0.3m, and their height is on the
order of 0.3m to 0.5m, although these value, a.> close to the vertical accuracy of the DEM.

The aspect ratio of the ridges is thus 0.0 at most, and their lee side is apparently steeper than
their stoss side (Figure 7c). From a con.narison of all HIRISE images available for this region, we
could not observe a temporal evolutica ©.7 the ridges between 2006 and 2019.
[[Image]]

Figure 7: Typical morphologv ¥ pruposed sublimation waves on the MNPC. (a) Image of the
regularly rippled surface (1''RI>E image ID: PSP_009689; credit: NASA/JPL/University of
Arizona) captured on Auy'ist 20, 2008 during northern Martian summer (Ls =115"). The spatial
resolution is 25 cm/pixel The size of the largest images available in this area (~ 24 km?) gives a

lower bound of the overall surface covered by the linear ridges as they are visible on the entire
images. The wind direction derived from numerical simulations (Smith and Spiga, 2018) and
morphological features (Massé et al., 2012) is indicated (white arrow) as well as the orientation of
wind streaks visible on the image (orange arrows). (b) Zoom on some sublimation waves: these are
regular and parallel crested. Black lines highlight the troughs. The location of the topographic
profile displayed in (c) is indicated (blue line). (c) Topographic profile derived from the
high-resolution DEM computed from HiRISE images.

These linear ridges are made of water ice, as they can be observed only during summer,



when the CO, ice has completely disappeared. At this period, sublimation combined with

katabatic winds occurs at this location. Their morphological characteristics are similar to those of
sublimation waves in the Blue Ice Areas of Antarctica. Therefore we suggest they are Martian
examples of sublimation waves.
2.4. Laboratory experiments

[[Image]]
Figure 8: Sketch of the experimental device. (a) The ambiant air is aspirated in the wind tunnel,
generating a turbulent flow. (b) The turbulent wind flows from "eft to right above the carbone
dioxide ice sample (grey box). The ramp is inclined (10°) anu ¢ 1¢cm  high step on its peak
initiates a perturbation of the flow downwind on the planar su-tace. The ice plateform is 1 m
long.

Apart from Blue Ice Areas in Antarctica (Sec.nn 2.2.1) and ice caves (Section 2.2.2),
natural sublimation waves are rare on Earth. We .. 1dentified candidate sublimation waves on
Mars (Section 2.3). To complement this sparc? ouservational dataset and provide additionnal
constraints on the development conditi \ns of sublimation waves, we conducted physical

experiments with CO, ice in an atmos,heric wind tunnel. In air at 1013 hPa, the partial vapour

pressure of CO, is 40Pa and CO, ict sublimates as long as T >T_(p,) =-145C (Figure
2b).

The experiment was poriermed at the Laboratoire de recherche en Hydrodynamique,
Energétique et Environner..."t.".tmosphérique (LHEEA) in Nantes (France). The wind tunnel was
24m longand 2m x ™ nsection. A turbine aspirated the ambiant air (T =20°C, p=1bar),
causing a wind speed of U =6m-s™ through the test section. Turbulence was ensured with
spires and fences located at the tunnel entry. A planar sample of CO, ice (T,, =-75C), of
horizontal dimensions 1 m x 30 cm, was placed on the tunnel floor, in the centre of the test section
(Figure 8a). The tunnel configuration imposed a thickness of the hydrodynamical boundary layer
of 1m. To perturb the flow, a ramp (slope=10") and a step (1cm ) were fashioned in the sample,

upwind the observation area. This shape caused separation of the turbulent boundary layer and

flow re-attachment on the planar sample surface (Figure 8b). The environmental conditions of the

experiment are given in Table 1. The measured sublimation rate without wind was 1.4x10°m-s™



[[Image]]
Figure 9: Experimental sublimation waves observed after 4h on the surface of the carbon

dioxide ice sample. Their wavelength is approximately 6.5cm and their amplitude is less than
1cm . The white arrow shows the direction of the wind and the black lines highlight the crests.
After 4 h, topographic waves were observed on the CO, ice sample (Figure 9). They
were linear, perpendicular to the wind direction, displayed a spacing of about 6.5cm and their
heights were less than 1cm . Due to technical constraints, we co.''d not monitor their potential

migration during the experiment. This experiment confirms thit pe -iodic aeolian bedforms can
grow without grain transport, by sublimation of ice under t irbu'ent winds. It complements the
current database of observations in BIAs, in ice caves and on Mars with a new set of

measurements, in different conditions.
3. Sublimation waves in theory

The natural and experimental examp’c. ac-cribed in Section 2 provide evidence that wind
flow may lead to the development of sublim. ton waves on icy substrates. They also provide four
different sets of quantitative data, corres,"nding to four different physical environments, against
which theoretical models may be testec’.

One theoretical model ha. been proposed for the development of sublimation waves
(Bintanja et al., 2001). This moual assumes that sublimation waves form in response to an
instability of the coupled io=-v.ind system. Based on a linear stability analysis of this model,
Bintanja et al. (2001, ac..ved typical growth rates, migration rates and wavelengths for
sublimation waves in CiAs (Section 2.2.1). Their results are in reasonable agreement with
observations made on natural sublimation waves in terms of wavelengths but not in terms of
migration direction: this model predicts a displacement of the waves in the upwind direction,
which is contrary to observations. No other theoretical studies were dedicated specifically to the
development of bedforms by sublimation.

Thomas (1979) and Allen (1982) however highlighted the morphological and physical
similarities between various kinds of solid bedforms that result from different processes:
sublimation/condensation of ice in flowing air, melting/freezing of ice in flowing water, and

dissolution/precipitation of soluble rocks in flowing water. All these processes, which involve



ablation of (or accumulation on) a solid substrate and diffusion of the ablated (or accumulating)
matter in a flowing fluid, are able to produce topographic patterns from flat surfaces (Meakin and
Jamtveit, 2010). Based on measurements in natural occurences and in physical experiments,
several authors performed dimensional analyses and/or derived scaling laws for the development
of such bedforms by dissolution/precipitation (Curl, 1966; Goodchild and Ford, 1972; Blumberg
and Curl, 1974; Short et al., 2005) and by melting/freezing (Ashton and Kennedy, 1972; Ashton,
1972). Others performed stability analyses of theoretical models designed for
dissolution/precipitation bedforms (Thorness and Hanratty, 1979; Chan and Goldenfeld, 2007;
Camporeale and Ridolfi, 2012a; Claudin et al., 2017) and for meltir.y.“reezing bedforms (Gilpin et
al., 1980; Ueno, 2007; Ueno et al., 2010; Camporeale and Ridolf. 20.2b). Among these analyses,
Hanratty (1981) demonstrated that a specific formulation of ti e re axation of the pressure gradient
in the fluid is required to model properly the feedback L>tw ~en the flow and the topography in
these problems. This relaxation of the pressure gradient 1. #i10t taken into account in the model by
Bintanja et al. (2001). Therefore, we adapt here tr: t*e specific case of sublimation/condensation
bedforms, the model and stability analy<i~ .nitially proposed for dissolution/precipitation
bedforms by Claudin et al. (2017), folic»«ng the pioneering work of Hanratty (1981). A
correspondence table between the notau~n system used by Claudin et al. (2017) and our own
system is provided in Appendix s+ suice these problems may be modeled with similar
formulations. They differ, howewve * in several important properties of the implied materials: fluid
viscosity and velocity, momer.:'in. and mass diffusivities in the fluid, kinetics of the mass transfer
at the interface, bed roughrss. ‘'/e take these differences into account here.

First, we desc: .= 1>~ adapted model and the characteristic dimensionless numbers that are
relevant for sublimatior/zondensation. Then we briefly review the aims and the methods of the
stability analysis described in details by Claudin et al. (2017), and give the results of its adaptation
to the sublimation/condensation problem. From these results, we eventually derive new scaling

laws for the specific case of sublimation waves.

3.1. Description of the model

[[Image]]
Figure 10: (a) General configuration of the problem with the main parameters. (b) The diffusive

flux g above the wavy surface is shifted by the phase lag &,, imposing the maximum g,

somewhere in the trough when the waves are unstable.



The formation of sublimation waves results from interactions between an icy substrate and
the flow of an overlying turbulent boundary layer (Curl, 1966; Bintanja, 1999), where a phase
transition (sublimation) controls matter transfers between the solid substrate and the flowing gas.

Natural sublimation waves are generally perpendicular to the main wind direction, thus the
problem can be reduced to a two-dimensional plane where the x-axis is the horizontal migration
direction and the z-axis is the vertical direction. To model the processes, we consider the flow of
an atmospheric boundary layer of height H , kinematic viscosity v and density p, over an icy
substrate of density p, (Figure 10a). We consider that the interfacz between the substrate and the
atmosphere is wavy, with a sinusoidal profile of height ¢, waveicngih 4 (or wavenumber k)
and amplitude 2¢,. The interface is assumed to be hydrrdy, amically smooth and the flow

turbulent. It is characterized by its friction velocity u. on the substrate. This velocity is also called

’shear velocity” as it is related to the shear stress Tg M e flow on the interface and to the fluid

density p,, by T = P u?. The friction velocity < extrapolated from a classical law of the wall

on smooth and flat surfaces such as u,(z) - iIn[gzu*j, where x=~0.41 is the Von Karman
9 v

"n

constant, and u,(z) isthe wind speer a.:e1ght z inthe X-direction perpendicular to the waves.

The mass transfer diffusec the sublimating ice vapour into an other gaseous species that
composes the flow, with a diffisicn coefficient D . We assume that the convective mass transfer

(diffusive matter flux q, Fiau-e 10b) at the interface may vary along the profile and may have a
maximum g, somew:eic along the profile, shifted from the crests by a phase lag ¢, . The flux
phase lag 6, canvaryfrom 0" to 360" fromacrestto an other, with ¢, =180° meaning that the

flux maximum is right in the middle of the troughs. This effect allows the growth of a range of

wavelengths and their migration, depending on the location of this maximum. When the maximum

is located in the troughs (90" <@, <270°), the waves grow in height and the corresponding
wavelengths are called “unstable”. When the maximum is located on the crests (0" < ¢, <90° and

270" < g, <360°), the waves reduce in height or disappear (6, -0 or 6, —360") and the

corresponding wavelengths are ’stable”. The crests migrate in the upwind direction, downwind

direction or remain stationnary, according to whether the maximum is located on the downwind



side (0" <6, <180°), upwind side (180" < 6, <360°), or right in the troughs, respectively (Figure
10Db).

The hydrodynamic boundary layer is the layer of fluid flowing on a surface where the
viscosity effects are significant. The flow velocity varies from zero at the surface to a maximal
speed far from the surface. The thickness of the hydrodynamic boundary layer is defined as the
region where the velocity is less than 99% of the far field velocity. As for the hydrodynamic
boundary layer, the mass transfer and thus the concentration difference between the substrate and
the fluid induces a concentration boundary layer. We define this concentration boundary layer as
the region where the difference from the surface concentratic: is 99% of the difference in
concentration between the free stream flow and the surface.

The equations of the model are the usual Navier-Stuke. zquations for the dynamics of the
flow and the convection-diffusion equation for the m=ss wansfer. The global turbulence of the
boundary layer is taken into account by introducing (luc.:ating turbulent perturbations in the
previous equations following the statistical turku.~ac.. modeling (RANS method), in which the
closure problem is solved with a classi_al eauy viscosity model (Chassaing, 2000), with
consideration to a specific treatment on the ..*xing length involving a relaxation on the pressure
gradient (Loyd et al., 1970; Hanratty, 178,

3.2.  Characteristic dimensicixtecs numbers of the model

Five characteristic dimchsioi.less numbers are relevant for the model. We review these
numbers and discuss the si¢gnificance of their values in the different environments described in
Section 2. The values cf th. parameters displayed on Figure 10 are given for the different

environments in Table 2, s well as the corresponding values of the five dimensionless numbers.

Parameters: BIA (Sveain Ice cave MNPC Exp.
symbols [units] summer) (Eisriesenwelt (summer)
in winter)

(H,O ice -air)(H,O ice -air) (H,O ice- (CO, ice -air)
CO, atm.)

Flow Density: 1.1@® 1.3® 1.8x107%® 1.2®




pilkg-m~]

Kinematic 1.5x107°® 1.3x107°® 6x107*® 1.5x107°®

viscosity:

v[m®-s™]

Friction velocity: ~ 0.07 [1] 0.01¢ 0.09° [2,3] 0.2

um-s™]

Boundary layer 70 [4] 4 [5] 10600 [6] 1

height: H[m]

Diffusion 2.9x107°%@ 2.4x10°9  7.4x10°© 1.5x107°%@

coefficient:

D[m?-s™]

Wavenumber: 315 [7] 475 |21 0.9® 104
Ice k[m™]

Amplitude: <2x107 [7 <0.3 [§] <0.5® <1x107

2¢,[m]

Sublimationrate:  3x?9 "? [7] <4.5x10°%® 2x107°® [11] 1.4x10°®

q°/ p[m-s7] [9,10]

Schmidt: Sc 052 0.54 0.42 1

Kinetic ratio® 4.3x107° <<1 <45x10°%<<1 23x10° <<1 7x10°<<1

ale

U,

Characteristic Relative height: 2100> 27 18.3>2rx 9540 > 2 104> 2rx

dimensionless kH

numbers Aspect ratio: R, <0.10 <0.20 <0.08 <0.16
Dimensionless 6.75x107 5.85x10°° 6.2x10°° 7.8x10°°
wavenumber:
kv

u*




Table 2: Averaged parameters of the problem of sublimation waves formation for the BIA located
in Svea, the Eisriesenwelt ice cave, the MNPC and the experimental model. [1] van den Broeke
and Bintanja (1995). [2] Forget et al. (1999). [3] Millour et al. (2018). [4] Swain and Gallée
(2006). [5] Obleitner and Spotl (2011). [6] Pankine and Tamppari (2015). [7] Bintanja et al.
(2001). [8] Curl (1966). [9] Marshall and Brown (1974). [10] Persoiu and Lauritzen (2018). [11]
Chittenden et al. (2008). (a) Flow densities are simply derived from the ideal gas law and the
environmental conditions of Table 1, assuming that they are not mixed with other gaseous species.
(b) Kinematic viscosities are computed from Sutherland’s law for the viscosity of gases. (c)

Average wind speeds were measured directly and used to deduce iction velocities u, with a

typical law of the wall. (d) The diffusion coefficients are ~b.~ired with Boynton’s formula
(Boynton et al., 2002). (e) The average value of the waven'in."er was deduced from the different
available HIiRISE images of the studied area on the mcrtian NPC. (f) An upper bound for
amplitudes is only given, as indicated in Section 2.3. (r,) 1.2 sublimation rates were found in the

litterature but can be computed from Aa ‘ne'mal convection analogy leading to

q°/p5=0.14A77D(£%%)1’3 , Where A; s the difference between the a vapor
oV

concentration in b at the surface ana that of b away from the surface (Ingersoll, 1970;
Chittenden et al., 2008; Dundas and E vrne, 2010; Hecht, 2002). The parameters related to the
experimental model were comptte as described in (a), (b), (c), (d) and (e), or measured directly.

(i) The Schmidt numbc- St compares the effects of momentum diffusivity and mass

diffusivity in the flow. It is deiined as the ratio Sc = % where v isthe kinematic viscosity of the

fluid and D the mass ¢:ifusivity. Its order of magnitude is typically 10° in liquids while it is
closer to 1 in ideal gases, due to much smaller mass diffusivities in liquids (Incropera et al.,
2007). The values of Sc in the different environments described in Section 2 differ but are of the
same order of magnitude ( Sc ~1). These values imply momentum and mass transfer diffusivities
are comparable, thus the thickness of the concentration boundary layer almost coincides with that
of the hydrodynamic boundary layer in all these environments.

(ii) The relative height kH measures the difference in length scale between the turbulent

hydrodynamic boundary layer and the sublimation waves. It is defined as kH = 27;% , Where H



is the height of the boundary layer and k = 27” is the wavenumber. In all environments described

in Section 2, the relative height is such as kH >1, which means that the flow can be considered as
unbounded” in its upper part (Fourriére et al., 2010).

(i) The aspect ratio R, is the geometric criterion relating the horizontal and vertical sizes
. . 2 .
of the waves. It is the ratio R, = % between the amplitude (2¢,) and the wavelength of the

waves. The maximum values of R, in all environments described in Section 2 are larger than
R, =0.03, the limit above which hydrodynamical non-linear etfeis are no longer negligible

(Kuzan et al., 1989). This point will be discussed in Section 4 *
(iv) The kinetic ratio compares the kinetics of mass .rai.~fzr between the solid ice substrate

A

and the fluid with the kinetics of the flow. We define it as a ﬁ , the ratio of the sublimation rate

U,
q°/ p,, where q° is the matter flux of the base st.. @ ' the case of an equivalent flat surface and

P, the ice density, and the friction veloctty of the fluid on the substrate u.. Its value for all

environments described in Section 2 is . ich less than unity, which indicates that the concentration
variations of the sublimated ice into tt e 71..:d near the interface are modulated more by the kinetics
of the flow than by the sublimatic' rawc (Claudin et al., 2017).

(v) The dimensionless w.7enumber controls the near-wall hydrodynamical regime with
respect to the waves. It is the \~verse of the wavenumber-based Reynolds number and is defined as

kv
U*

, Where K is the wa ‘eniumber, v /u. is the viscous length, v is the kinematic viscosity of

the fluid and u. is the friction velocity of the fluid on the interface. Three hydrodynamical

near-wall regimes can be defined, according to the value of the dimensionless wavenumber:

kv kv

<3x10™, laminar for 2x102 <—<10" and transitional from laminar to

u* u*

turbulent for

turbulent when 3x10™* i 2x107 (Charru et al., 2013). In all environments described in

*

Section 2, its value is close to 7x107°, meaning that the waves are produced under the transitional

near-wall regime.



The wavenumber-based Reynolds number must be differentiated from the global Reynolds

number Re, _UH based on the height H of the boundary layer, where U is the mean
14

. H . . . .
velocity of the flow. Re, = UH characterizes the overall flow regime and its value is such as
|4

Re,, >10°, which indicates that the boundary layers are turbulent in all environments described in

Section 2.

. ] kv . ] ]
The constant value of the dimensionless wavenumber in all environments described

U*

in Section 2 suggests that the viscous length v /u. is a characteris:ic length in all natural and

experimental environments where sublimation waves have he~>n caserved: the viscous length thus
appears to be involved in the scaling of the wavelength . suclimation waves. This conclusion is

consistent with empirical laws (Thomas, 1979) and dimc.sional analyses (Blumberg and Curl,

kv . . . , .
1974), where =¥ is also constant and stands aicn i the range of transitional dimensionless

wavenumbers.
3.3. Linear stability analysis of ti.» model

To constrain the conditions uder which sublimation waves appear, we performed a
temporal linear stability analysis 0i *he model described in Section 3.1. A similar stability analysis
has been performed and descni.=a :n details by Claudin et al. (2017). We first briefly review the
aims and the methods ~:i *his analysis, and then give the results of its adaptation to the
sublimation/condensativ prublem.
3.3.1. Aims

A temporal linear stability analysis aims at examining the temporal stability of a system
subject to small disturbances. In our model, the presence of the wavy surface profile produces
small disturbances in the atmospheric flow and in the mass transfer between the icy substratum and

the flow. We consider these disturbances through the small parameter k¢, oc Ra. The aim is thus
to determine the temporal evolution of a sinusoidal topographic profile of the form:
S(x,1) = e R ™), 1)

where o is the temporal growth rate associated to the wavenumber k, and to the angular



frequency @. From Eq. 1, it appears that o is responsible for the growth and @ for the
propagation of topographic waves with a certain wavenumber k. The waves develop (they are
unstable) if o >0, while they fade (they are stable) if o <0. The propagation velocity of the
waves is equal to —@/k and is thus positive (in the same direction as the wind) if @ <0 and
negative (opposite to the wind) if @ > 0. The linear stability analysis allows to find the dispersion

relation D(o,w,k) =0 and thus to identify the most unstable wavenumber k, for which the

growth rate o is maximum.
3.3.2. Methods

Linear stability analyses are generally carried out accor”ing *o the following steps: (i)
linearise the governing equations of the model with respect tr 2 _ull disturbance, (ii) inject the
decomposition in normal modes of all quantities into the lincar.z2% equations, (iii) derive and solve
a system of closed equations with appropriate boundzry conditions, (iv) derive the dispersion
relation. Given the assumptions of the model (Sectior. 3..) and its characteristic dimensionless
numbers (Section 3.2), these steps, correspond hai » 0:

(1) linearisation of the Reynolds-2vei 1ged equations for the flow dynamics and the mass

transfer with respect to k¢, oc ko . with Ra <0.03;

(if) injection of the decompo~c™ turms (written as the sum of an homogeneous part and a
linear correction witk 1 2spcct to the small parameter) of all quantities (flow speed,

stresses, mass flu* anu concentration) into the linearised equations; definition of

characteristic scales (u, for velocities, pu’ for stresses, q°, the base state of the

diffusive “lu,” frr the flux, and q°/u. for the concentration) to make the quantities
dimensionl~zs;

(iii) derivation of closed equations, imposing that the flow is ”unbounded” in its upper
part at a finite kH and imposing a no-slip conditionat z=¢;

(iv) explicitation of the dispersion relation, after injection of Eq. 1 and decomposition of
the flux

g =q°[1- Fkgoeme' ], ()

into the evolution equation of the interface

ps(jj—f=—q(§)+q°, A3)



where F is a non-dimensional mode function, which describes the vertical profile
of the linear correction of the flux; the numerical computation of the mode function
F and of o and @ as functions of the dimensionless wavenumber kv /u. to
determine the values of this characteristic number for which sublimation waves are
unstable.

The last step leads to the dispersion relation:

a+ia):q—0kF(0), (4)

S

or, by separating the real and imaginary parts:

0
o =Kk|F(0)|cosd,, 5)

S

m:iHF@Bm% (6)

S

The dispersion relation (Eqg. 5 and Eq. 6) thus cep2nus explicitly on the flux phase lag 6,. The
phase lag ¢, corresponds to the arg'm.nt of the complex number F(0) , such as
F(0)=|F(0)]e™.

The dimensionless forms «* a~? " of the computed dispersion relation are:

o' = Gﬂgi, (7)
q° U
" = wﬂgi (8)
q u.
[[Image]]
Figure 11: The dispersion relation computed numerically with the model in the kv space, for

*

Sc=1. The absolute value of the dimensionless growth rate o* is represented in (a) and the

absolute value of the dimensionless angular frequency @* in (b). The shaded part is the instability

domain and corresponds to the unstable wavelengths that can develop. Thin and thick lines
represent negative and positive values of o" and o', respectively. The most unstable

wavelength k; corresponds to the largest o, and is obtained from (a). By locating k. on (b),



o, and the migration direction can be determined. Pannel (c) illustrates the growth and migration

direction of the waves for the most unstable mode. The negative value of . indicates that the

waves migrate in the downwind direction (v=-w/k).

Following Claudin et al. (2017), we compute numerically the linear correction of the mass
flux at the interface F(0), which has no explicit expression.
3.3.3. Results: dispersion relation for sublimation waves

To get the dispersion relation for the specific case of sublimation, the stability analysis is
performed under the assumptions outlined in the previous sections ~nd by adjusting a specific set

of parameters: (i) R,, the bed roughness-based Reynolds num'ser, ‘ntroduced by Claudin et al.

(2017),issetto O (smooth case); (ii)) Sc issetto 1, becaus= the values of momentum and mass
transfer diffusivities in gas are of the same order of magrituc=: (iii) we stay in the limit of a small
kinetic ratio (much less than unity), because mass transte < iear the interface in the environments
described in Section 2 are modulated by the kinetict of the flow, rather than by the sublimation
rate. The resulting dispersion relation is displave 1 on Figure 11 as a function of the dimensionless

kv
U*

wavenumber

. The most unstable wavele. ath is the one which has the largest growth rate o,

and its associated dimensionless wavenun weris k. (Figure 11a). Once k. has been determined,
the characteristic angular frequenc,” @, and the migration velocity can also be obtained (Figure

11b). The range of k™ for which the waves are unstable corresponds to the transitional
hydrodynamical near-wa'( recime.
[[Image]]

kv

Figure 12: The phase lag 6, as a function of
U..

, for Sc=0.5. The phase lag 6, is defined as

the shift between the crest and the maximum of the flux intensity. The unstable waves develop

when 90° < ¢, <270" and when the hydrodynamical near-wall regime is transitional.

For large kv (k—V> 2x107%), when the wavelength is much smaller than the viscous
u

* *

sublayer and the regime is laminar, the regions of largest flux are located slightly upwind of the

kv kv
(

* %

crests (0" < g, <90°, Figure 12). This is a stabilising situation. For small <3x107™),in




the turbulent near-wall regime, the maximum flux is located slightly downwind of the crests (

270" <, <360°, Figure 12), and this is a stabilising situation again. Sublimation waves thus

cannot develop when Q>2><1O*2 or Q<3><10*4 . For intermediate values of k—v,

Us Us Us
corresponding to the transitional near-wall regime, the relaxation on the pressure gradient shifts

the maximum flux in the troughs (90" < ¢, <270°, Figure 12), leading to the destabilisation and

growth of the waves.

From the linear stability analysis, the most unstable mode 1>~ the formation of sublimation
waves can thus be identified in terms of dimensionless waveruan.er, growth rate and angular
frequency. Those characteristic numbers give a theoretical cli e o wnat should be the wavelength,
growth rate, migration velocity, migration direction and ci. raceeristic time scales of sublimation
waves, if (i) only the most unstable mode develops ¢ fect vely in nature and (ii) if this mode
corresponds to wavelengths and amplitudes large en~ugh to oe observed.

3.4. Scaling laws derived from the moc:|

”Loose bedforms™ are classicaly .'ser’ as geomorphic markers of interactions between
planetary surfaces and atmospheres. “\is is possible since scaling laws derived from natural
observations, experiments and model, 7. ~ now avalaible, and relate the geometric and kinematic
characteristics of loose bedforms to the nnysical characteristics of their environments (Claudin and
Andreotti, 2006; Duran et al., 20.1). 1'0 provide a similar theoretical framework for interactions of

atmospheric flows with icy .'aneary surfaces, we now derive three scaling laws for sublimation

waves. For that purprce, ve use the characteristic numbers of the most unstable mode o, , o,

c

and k., revealed by the Zispersion relation. By reworking the set of equations from Eq. 5 to Eq. 8,

these characteristic numbers explicitly appear in the expression of the physical quantities

(wavelength, migration velocity and characteristic time of formation) that we seek to parameterize.
[[Image]]

Figure 13: Theoretical scaling laws (lines) derived from the dimensionless dispersion relation and

superimposed measurements (symbols) from the litterature or from our experiment. Data from

sublimation waves on BIlAs are represented with blue circles (Bintanja et al., 2001), in ice caves

with blue squares (Curl, 1966) and in the experimental model with blue diamonds. Arrows point at



predictions in the different environments. (a) Viscous length Y as afunction of wavelength 4.

*

(b) Wind speed u,, transverse to wave crests, as a function of wavelength A. The height z and
the viscosity v act as parameters for this version of the first law. (c) Migration velocity v as a

0
function of sublimation rate q_. (d) Characteristic formation time t, of sublimation waves as a

S
function of the ratio viscous length/sublimation rate.

(i) From the dispersion relation expressed in Eq. 5 and Eq. 7, we find a law that links 4 to

the viscous length Y.

*
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where kI ~7x107 is the dimensionless waveniimker, computed numerically, at which the

maximum growth rate is reached (o" = o, ). This law. (Figure 13a) confirms an empirical law that

has been proposed previously from natura. ard4 experimental data for different Schmidt numbers
(Curl, 1966; Thomas, 1979). It shows Mat the most unstable wavelength of sublimation waves
does not depend on the substrate comj0%1.:2n but only on the flow, because this wavelength scales

linearly with the viscous length v 'u. . Navelengths of sublimation waves can thus be predicted if

the viscosity of the atmosphere <nu the friction velocity are known. This last quantity is difficult to

. 14 . . .
measure, however. Convr rsei ¢, the viscous length — can be estimated where sublimation waves

are detectable and meac.rable. Thus, the friction velocity can be predicted if the viscosity is
known.

The physical significance of the coefficient k. in the law is not yet clearly identified, but

it may depend on the relaxation of the pressure gradient (Hanratty, 1981). No explicit form is
found for it and additional work would be necessary to explore its physical meaning.

An alternative form of this law, proposed by Curl (1966) and Ashton and Kennedy (1972)
from experimental results, linearly links A to the inverse of the average wind velocity U . We

find that this linear law comes from the logarithmic law:



u (z) = Em(gzu*j. (10)

K 14

By injecting Eq. 10 in Eq. 9, we derive the general expression of wind speed u,(z) at height z

as a function of the wavelength A and the flow viscosity v:

2r1lv 187 z
u(z)=—=——1In — |, 11
«(2) ki K 4 [ k; Aj (1)
where kI ~7x10"° and x~0.41.
Parameters BIA (Svea) Ice cave (Eisriesenwelt) I\/T'PC Exp.
) A(m) 0.22 1.4 - 7 0.06
o
% g V/u(m) 2.1x10* 1.3x10 7.5x10" 7.5x10°
E — _
= 2 u(m-s? 0.07 0.0 0.08 0.2
™ ©
k& u, (m-s™) 2.4 (6 m) 0.2 m) 2.2 (100 m) 6 (1 m)
g d1p(msT) 3x10° 45x10° 2x10™%° 1.4x10°
|
.LsLb 8x107 9x10° 4x10™ 3x10°
2 v(m-s? ~ 3.5x107?
= =~ 2 cm/nionth =~ 2.5 cm/month =~ 10 mm/h
™~ mm/sol
. 6.4.10° 3x10’ 3.9x10° 5.4x10°
o™
= 2L0) =~ 70 days =~ 350 days ~ 44000 sols =~ 90 min
™ T

Table 3: Average values of the parameters involved in the three scaling laws for the different
environments (Blue Ice Areas, ice cave, Martian North Polar Cap and experimental model) and

displayed on Figure 13. These values correspond to measurements (white cells) or predictions

from the laws (grey cells).
In contrast with the first form of the law (Eq. 9), where the friction velocity u. cannot be

measured directly, Eq. 11 relates four quantities (4, z, v and u,), that can be measured in

nature (Figure 13b). In the range of heights over which the logarithmic law is valid, this form thus

allows to compute the average wind speed at any height above sublimation waves of known



wavelengths, if the viscosity of the flow is known also. The average wind velocity U ,
corresponding to the wind speed at the top of the turbulent boundary layer, can thus be computed.

(if) We derive a second scaling law on the migration velocity of sublimation waves. This

0
quantity is found to scale linearly with the average value of the sublimation rate q_, as proposed

Ps

by Hanratty (1981). From the dispersion relation expressed in Eq. 8 and the definition of the

migration velocity v =|—-w/k]|, it comes:

V:Mq_’ (12)

| o |

C

where o~ 2, according to the numerically computed \alues of @

C

and k.. The negative

value of @, (Figure 11b) indicates that sublimation :-ave: must migrate downwind. This law

demonstrates that the migration velocity of sublimation waves depends only on the sublimation
rate (Figure 13c). It can be used either to predict 11e 1. :igration rate if the sublimation rate is known,
or conversely to estimate the sublimation r4te, .f the migration velocity is known.

(iii) We derive a third law that links tie characteristic time of formation of sublimation

0
waves with the viscous length Y anune sublimation rate 4 (Figure 13d). From the dispersion

* S

. . . S 1
relation again, expressed in Eq. 7, ond considering t, >~ —, we get:
O

c

1
tc :—+
O

, (13)
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with — =100, according to the numerically computed value of o . This last law is a powerful

o

tool to evaluate the development time scale of sublimation wave landscapes, as will be discussed

in Section 4.5.
4.  Discussion: validation and planetary applications of the scaling
laws

4.1. Non-linearity

The first law (Eqg. 9) correctly predicts the relation between viscous length and wavelength



observed in natural and experimental sublimation waves (Figure 13a), despite the fact that the
aspect ratio of natural sublimation waves is greater than 0.03 (Sections 2.2, 2.3 and 2.4). This
suggests that, although non-linear effects may be responsible for morphological changes during
the growth of natural sublimation waves, the linear expansion of the problem is still reasonable.
Possible morphological changes due to non-linear effects include development of asymmetric
profiles and large aspect ratios in natural sublimation waves.
4.2. Importance of the turbulence model

The model by Bintanja et al. (2001) was not designed to identify the maximal growth rate
of sublimation waves and therefore, their most unstable mode. This ,~odel thus provides only an
upper bound for the wavelength, such as 4 <16 cm, suggestinn ~at all wavelengths smaller than
this limit can develop. This bound of the wavelength s :'ightly lower than our predicted
wavelength (20 cm), but is of the same order of magnicua. . Bintanja’s model fails at predicting
correctly the migration direction of sublimation wav.s. 1ie main difference between the two
models lies in the type of turbulent closure. To n-o.' -l r.roperly the feedback between the flow and
the topography, the classical Van Driest’s r.1ixi 1g 1ength is not sufficient and needs to be adapted
with a specific relaxation on the pressure grau.~nt (Hanratty, 1981).
4.3. A comparison tool for winz and climate models

Wind velocity measuremer.s are performed in nature at various heights z. To compare
these values with our precicticns, we use Eg. 11 with a set of parameters (
v=15x10"m?-s*,z=6m fo BIAs, v=15x10"m?-s*,z=1m for ice caves and
v =1.3x10"m?-s!,~ =1 m -or the experiment). The theoretical results are in good agreement
with the measurements ‘Tigure 13b). The law does not depend strongly on the height z, as the
predictions are really close for z=1m and z=6m , for the same viscosity (BIA and
experimental model, respectively).

The first scaling law (Eq. 9) applied to the Martian North Polar Cap leads to a predicted
friction velocity u, ~0.09 m-s™ in the area described in Section 2.3. By using daily average
horizontal wind speeds for solar longitudes between 110° and 120° from the GCM simulations

of the Mars Climate DataBase (MCD) (Forget et al., 1999; Millour et al., 2018) as an input for the

typical law of the wall for dynamically smooth flow, we obtained a friction velocity of



u. ~0.08m-s™, which is in good agreement with this prediction. The similarity of friction
velocities induces the similarity of wind speed profiles. For example, at a height z =100 m, the
wind speed is predicted to be u, (100 m)=2.2m-s with Eq. 11, while the daily average wind

speed provided by the MCD simulation is u, (m)=2.5 m-s™ (Forget et al., 1999; Millour et al.,

2018). The first law (Eqg. 9 and Eq. 11) is therefore a powerful tool for the validation of wind and
climate models. This result also supports our suggestion that the linear ridges observed on the
MNPC are sublimation waves. Other tests should be performed on different locations of the
MNPC where small-scale features exist (Nguyen et al., 2020) to co:."ider the possibility that these

landforms are sublimation waves.
4.4. Migration velocity
The maximum observed migration velocity of svL:*mction waves in BIAs is 2 cm/month

in the downwind direction (Bintanja et al., 2001). Th2 s>cond scaling law (Eq. 12) predicts a

migration velocity of 1.6 cm/month in the down v nc direction from the measured sublimation

rate (Table 2), which is in excellent agreer.ie: t v.*th the observations. This is the only point of
comparison available, since no estimations 1.r ice caves and the Martian North Polar Cap were
found in the literature.

With the second law (Eo 12). we find a migration velocity of 2.5cm/month of
sublimation in the Eisriesenwell icc cave, assuming a maximal sublimation rate of the order or
5x10°m-s™ (Persoiu and ! aur.*zen, 2018). These waves should thus have a displacement on the
order of 7cm in winte. Tt 2 predicted migration velocity for the sublimation waves in the
experiment is 10 mm/h. 11 these two latter cases, the predicted values are realistic and could be
confirmed by future measurements. On the MNPC, the migration is predicted to be very slow (

3.5x102 mm/sol of sublimation). If we consider that the sublimation waves migrate during all
the water ice sublimation period (~20° in solar longitude, which corresponds to 37 sols), then
their total displacement in a entire Martian year should be less than 2 mm. This low value is

consistent with the fact that no migration of these waves can be observed over a 13 years interval

on HIRISE images with a resolution of 25cm/pixel (Section 2.3).

4.5. Characteristic time of formation



According to our analysis, the characteristic time of formation of sublimation waves is
much larger than the time scale of turbulence, which justifies the use of averaged quantities when
modeling. In BIAs, this characteristic time is estimated to be about 70 days (as computed from
their increase in height during summer (Bintanja et al., 2001)). This duration is consistent with the
value of 85 days computed from the third scaling law’s (Eq. 13). In the experiment, sublimation
waves developed in less than 4 hours, which is also in agreement with the predicted time of
90 min .

We find that the development time scale of sublimation waves in the Eisriesenwelt ice cave
is approximately 350 days of sublimation, with a sublimation rat> o *he order of 5x10° m-s™
in winter (Persoiu and Lauritzen, 2018). It means that a few ;,2ai. should be necessary to make
them visible on the walls of ice caves. On the MNPC, thic tin.c s predicted to be approximately
44000 sols of sublimation, which is equivalent to approxin ately 1200 Martian years. This time
scale is too long to observe the emergence of new si*hli,nation waves in the near future. In order to
evaluate the possibility for such waves to grow v iti.* ne predicted time we compare this with the
time scale of formation of the MNPC. f tie MNPC likely formed during the last 5 Myr
(Hvidberg et al., 2012), an upper bounc' for the age of the uppermost layer is believed to be about
300 kyr (Head et al., 2003), which cor 2snonds to the last change of Mars obliquity. Assuming
that the water cycle was comparat.te u"ring that time to the one observed today, we evaluate that
water ice of the MNPC experie.cea sublimation during 5.5% of the period, corresponding to
~17000 Martian years. The.~fcre the predicted characteristic time to form sublimation waves is
consistent with the M} P tire scale and suggests that the area in which sublimation waves are
visible has sustained subli nation for thousands of Martian years.

The characteristic time is a powerful tool to predict sublimation rates. As they are still
poorly constrained in ice caves and measured with difficulty on terrestrial and Martian ice sheets,
sublimation rates could be estimated by monitoring the average time scale of development of
sublimation waves.

4.6. What about condensation waves?
[[Image]]

Figure 14: The dispersion relation computed numerically with the model in the kv

*

space in the



case of condensation. The absolute value of the dimensionless growth rate o is represented in
() and the absolute value of the dimensionless angular frequency @® in (b). The shaded part is
the instability domain and corresponds to the unstable wavelengths that can develop. Thin and
thick lines represent negative and positive values of " and ", respectively. The most unstable

wavelength k; corresponds to the largest o, and is obtained from (a). By locating k. on (b),

o, and the migration direction can be determined. Pannel (c) illustrates the growth and migration
direction of the waves for the most unstable mode in the turbulent near-wall regime. The negative
value of @, indicates that the waves migrate in the downwind dir_-tion (v =—a/k). Pannel (d)
illustrates the growth and migration direction of the waves fo, the most unstable mode in the

laminar near-wall regime. The positive value of @, indicotes that the waves migrate in the

e
upwind direction.

Under appropriate pressure, temperature and hu'niuity conditions, atmospheric vapors can
condense in the form of frost on solid substrates. T.i% is a classical ice accumulation process on the
Earth and it has been proposed to occur alsu v sciveral other bodies of the Solar Sytem, such as
Venus (Schaefer and Jr, 2004), the Moon (.1ayne et al., 2015), Mars (lvanov and Muhleman,
2000), Callisto (Lebofsky, 1977), Pluto an'' Charon (Cruikshank et al., 1976; Buie et al., 1987) and
comets (De Sanctis et al., 2015). To nur kr.owledge, topographic waves formed by condensation of
atmospheric vapors in windy atraoonheres have never been observed on the Earth or elsewhere.
The model described in Sectio.»s 3, according to the assumptions of Sections 3.1 and 3.2, can
therefore be used to evaluuie *he theoretical possibility that such ”condensation waves” could exist
in environments simitar :2 uiose described in Section 2 or determine the conditions under which
their development woulu oe possible elsewhere.

The only difference with sublimation is that the flux is oriented in the opposite direction

(the sign changes in front of q in Eqg. 3), leading to an opposite dispersion relation, by injecting

Eg. 1 and Eq. 2 into Eqg. 3 (Figure 14a and 14b). The destabilising situations for condensation thus

kv . . kv .
correspond to large — (laminar near-wall regime) and small — (turbulent near-wall regime),
u

* *

while the transitional regime remains stable. The dimensionless wavenumber of the most unstable

wavelength k; occurs in the laminar near-wall regime and is three to four orders of magnitude

greater for condensation than for sublimation. The wavelength of condensation waves in this



regime is thus expected to be four orders of magnitude smaller than that of sublimation waves

under similar conditions for u, and v. Under the conditions of BIAs in Antarctica, ice caves, the
MNPC and our experimental model, wavelengths generated by condensation would be very small:
10*m, 8x10“"m, 4x10°m and 4x10°m, respectively. Condensation waves of this size

would not be visible at all and hardly detectable, even if they existed in those environments. To
generate condensation waves of visible size in the laminar near-wall regime, the viscous length
should be larger, involving larger viscosities of the atmosphere or smaller friction velocities. These
conditions may perhaps occur on other planetary bodies. In the tu bulent regime, wavelengths of
condensation waves are expected to be one to two orders oi magnitude greater than for
sublimation. Natural examples of such condensation waves he'.. nu: neen described yet, but could
exist.

The predicted difference in wavelengths of topcgraphic waves produced by either
sublimation or condensation, may help differentiate t.1ese ‘wo possible formation processes in
natural settings. In addition, internal layering of *he suk.strate should be expected for condensation
waves, because they would develop by progr :ssive accumulation of ice crystal layers at their
surface. By contrast, the development of suu:imation waves is unable to produce such internal
layering because sublimation is an ab!ctive process. On the Earth and other bodies of the Solar
System, internal layering of icy st.otre*2s may be observed in-situ or by remote-sensing, either
directly in vertical outcrops, or inu.vectly on vertical profiles provided by subsurface sounding
radars (e.g., Frezzotti et al. 12002); Christian et al. (2013); Herny et al. (2014)). Sublimation and
condensation areas on ‘errestrial ice sheets and other icy planetary surfaces can also be
differentiaded from remo.~ly-sensed spectroscopic observations (e.g., Herny et al. (2014)) or from
external constrains, derived either from measurements or from models, on the relative humidity

and temperature of the atmosphere during the development of the observed topographic waves.
5. Conclusions

[[Image]]
Figure 15: Formation of sublimation waves under a turbulent boundary layer flow. The initial
ice-flow interface may display irregularities such as bumps and depressions. The instability caused
by the hydrodynamical anomaly in the transitional near-wall regime and the diffusion processes,

leads to the growth and selection of, after a characteristic time scale t_, a specific wavelength 4



that migrates with a velocity v. The flow speed u, (z) at height z is related to the wavelength.

The coefficients k'

., @, and o, come from the results of the linear stability analysis and
correspond to the dimensionless wavenumber, angular frequency and growth rate of the most
unstable mode, respectively.

Sublimation waves are linear and periodic bedforms resulting from an instability at the
interface between an icy substrate and a turbulent boundary layer flow. Observations on Earth
(BIAs and ice caves), Mars (North Polar Cap), and in a wind tunnel experiment reveal that
sublimation waves appear and develop in specific environments, such as in dry and cold areas
where the partial vapour pressure of the sublimating ice is far <i.~uyh from the corresponding
saturated vapour pressure. The sublimating vapour diffuses i*i.c uiwc gas that composes the flow,
which is globally turbulent. The crests of sublimation wav-s aic finear, parallel and transverse to
the main wind direction. Their wavelength A varic: frrm an environment to another (for

example, 2 ~20cm in BIAs and A~7m on the MIIPC) and their height 27, also (

2¢, ~1cm and 2, ~250cm), respectively). T"e ciests migrate in the downwind direction and

form under a characteristic time.

Sublimation waves formation invnlves several characteristics of both the icy substrate and
the flow. In currently known natural a..d experimental occurences, the length scale of the
hydrodynamical boundary layer i lary2r than the sublimation waves length scale. The height of
the concentration boundary Icve, is close to that of the hydrodynamical boundary layer. The
kinematics of the flow contry! the concentration of vapour above the surface. Non-linear effects
may be involved in th. ir (evzlopment but these effects do not alter significantly the wavelength
that appears in the linear raase.

Sublimation waves are produced under the transitional near-wall regime, which induces a

strong feedback between the bedforms and the flow. It means that sublimation waves can grow

only if 3x107* < kv 2x107, where k is the wavenumber, v the viscosity of the fluid and u.

*

the friction velocity. The wavelength is thus controlled by the viscous length v/u,.. The

transitional regime needs a specific modelization of the turbulent viscosity, which cannot be taken
as constant. Only a relaxation on the pressure gradient included in the Van Driesta€™s mixing

length leads to correct modeling of the matter transfer.



To our knowledge, ”condensation waves”, i.e. topographic waves produced by
condensation of vapor on solid substrates, have never been described on Earth or other planetary
bodies. Our analysis however demonstrates that this kind of bedforms can develop theoretically in
two near-wall hydrodynamic regimes. In the laminar regime, they would be so small that they
probably couldn’t be observed. In the turbulent regime however, their sizes would be several
orders of magnitude larger than those of sublimation waves: future investigations may reveal their
existence on terrestrial ice sheets and extraterrestrial planetary surfaces.

From our analyses, three scaling laws ((i), (ii) and (iii) on Fig. 15) were derived, which can
be applied to both sublimation and condensation cases. They link the main morphological and

kinematic features (wavelength A, migration velocity v and time scale of development t ) of
the waves to the surrounding environmental conditions (1,> viscosity v, wind speed u,,

sublimation rate q°/ p, ). They were tested for sublim:tion waves on several examples on Earth

(BIAs in Antarctica, ice caves and an experimente! model) and on the Martian North Polar Cap,
and validated for all the cases for which measuremei..; were available. This application shows that

the scaling laws can be used to predict or ¢ ‘tir.ate parameters such as friction velocities u., wind

speeds at any height z, wind directions, migration velocities, sublimation rates or characteristic
time of formation of sublimation wa.2s in environments where sublimation occurs. As
sublimation is expected on other i v pionetary surfaces, the scaling laws constitute powerful tools
for the prediction of those quantiies there. As geomorphic markers, sublimation waves constitute
a complementary database  luose aeolian bedforms, allowing a new kind of validation of
atmospheric, climatic .na "~ir.d numerical models over ice sheets and other icy substrates.

Pluto seems to be a good candidate for possible future applications, as sublimation and
persistent winds have been suspected to play a role in shaping its surface (Moore et al., 2018). But
more widely, the existence of sublimation waves may also be expected on all planetary bodies
where surface ices is exposed to flowing gaseous fluids, like the Moon, Ceres and the icy moons of

Jupiter and Saturn.
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