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Abstract

The Viking Orbiters imaged early morning, long, linear wave clouds along the flanks of the Tharsis volcanoes during late northern spring and
early summer. These clouds are believed to be a product of either an atmospheric bore wave or a hydraulic jump generated by nightly katabatic
winds. The Mars Regional Atmospheric Modeling System was used to study the interaction of the katabatic flows with the surrounding atmosphere
to determine what mechanism is responsible for the clouds. Simulations at Ly = 90°, 100°, 142°, 180°, 270°, and 358° were conducted focusing
on the eastern flank of Olympus Mons. Model results compare well with Viking observations and closely approximate theoretical treatments of
atmospheric bores. Strong downslope flows are simulated during the night, with a bore wave forming on and behind a well-defined katabatic front.
The observed seasonality of the clouds was reproduced in the simulations; the bore was deeper and faster during northern summer and weakest
during the winter. When the bore was strong, it was undular in form, and generated vertically propagating gravity waves in the atmosphere
above. During the winter, the atmospheric structure was such that any gravity waves generated damped with height. Less atmospheric water vapor
abundance during northern winter, as compared to the summer, is also a factor in the seasonality of the wave clouds. This study concludes that

bore waves are the most likely mechanism for the generation of the observed linear wave clouds.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The Viking Orbiters imaged long rolling wave clouds
(Briggs et al., 1977; Hunt et al., 1981) along the flanks of the
Tharsis volcanoes almost three decades ago (Fig. 1). In the two
years that the Viking Orbiters observed Mars, these clouds were
only seen in the early morning during the late northern spring
and early northern summer, and dissipated by approximately
1000 local time.

Two hypotheses for the origin of the observed cloud phe-
nomenon have been suggested. Kahn and Gierasch (1982) fa-
vored a hydraulic jump explanation in which katabatic drainage
flows originating from the volcano slopes and moving at a speed
greater than the internal gravity wave speed, propagate into the
undisturbed, ambient air at the foot of the volcanoes. As a re-
sult, a shockwave or fluid field discontinuity (i.e., a hydraulic
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jump) is produced at the katabatic front. It was suggested that
waves originate at the hydraulic jump and generate the lin-
ear cloud structures. Hunt et al. (1981) and Pickersgill (1984)
preferred a slightly different idea, although they also cite the
katabatic drainage flows from the volcanoes as the catalyst for
these disturbances. Pickersgill compared the martian clouds to
the “Morning Glory” clouds, seen off the coast of Carpente-
ria, Australia (Clarke, 1972), which are caused by atmospheric
bores, and suggested that the martian clouds were a result of
bores generated by a katabatic front.

The difference between the mechanisms proposed by Kahn
and Gierasch (1982), and Hunt et al. (1981) and Pickersgill
(1984) may be more a matter of semantics than true differences
in physics. The literature is full of examples where the terms
bores and hydraulic jump are used somewhat interchangeably
(e.g., Rottman and Simpson, 1989). However, others make a
distinction between the two. For example, Klemp et al. (1997)
indicates that, “Shocks propagating into a quiescent fluid are
typically called bores, while flows decelerating through a nearly
stationary shock are termed hydraulic jumps.” To some degree,
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Fig. 1. Long, linear wave clouds observed between Pavonis and Arsia Mons by
Viking Orbiter. The arrow indicates the most pronounced cloud feature. Pavonis
Mons is in the image; the east slope of Arsia is the dark region on the west side
of the image.

the distinction or blurring thereof may be caused by differ-
ences in a frame of reference, since “nearly stationary” clearly
depends on a frame of reference. In this paper, “stationary”
is taken to mean in a frame of reference with respect to the
ground. However, it is also possible to use the motion of the
obstacle triggering the bore to be the frame of reference; this
is often convenient for theoretical treatments. In this case, if
the “bore” moves at the same speed as the triggering obsta-
cle, then it should properly be considered a “hydraulic jump.”
To further complicate matters, the bore or hydraulic jump may
form in an atmospheric environment with substantial veloc-
ity. In this case, it is not clear whether to choose a reference
frame associated with the non-moving ground, the moving ob-
stacle triggering the bore, or the atmospheric flow. This study
presents mesoscale modeling results that show the production
of katabatically-generated waves along the slopes of Olym-
pus Mons. If the frame of reference is the ground—as in this
paper—the waves are produced by a bore, since the bore prop-
agates into an unperturbed (but moving) environment.

2. Bore theory and observations
2.1. Theory

A bore is a solitary wave that propagates (with respect to
the ground) along a density interface as shown schematically
in Fig. 2. Here, there is a motionless fluid of density pg with
an undisturbed depth of &g underlying a less dense, motionless
fluid of density p; and depth H — hg. A third fluid (shaded
region, p,), with the greatest density, intrudes into the bottom
layer at speed U, generating a propagating disturbance known
as a bore, moving at speed Uy . The bore speed is usually greater
than the current speed, U, and is driven by the momentum of the
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Fig. 2. Idealized schematic of how a bore forms from a density current (stippled
region) intruding into a fluid with two layers of lower density (reference for
original figure unknown). See text for details.

undisturbed fluid colliding with the impinging density current.
The depth H is assumed to be much deeper than A, and the
disturbance does not perturb the height of the upper fluid, which
remains at height H.

In the reference frame of advancing current, the undisturbed
fluid appears to be impinging on an obstacle comprised of the
dense current. The ratio of the kinetic energy (per unit mass)
of the undisturbed fluid speed U (in the reference frame of the
advancing current) to the gravitational potential energy (per unit
mass) of the undisturbed fluid is known as the Froude number:

U2

v 1
8'ho M

Fr=
where g’ = g(po — p1)/po is the reduced gravity, and g is grav-
itational acceleration. Alternatively, the denominator of Eq. (1)
is the square of the shallow water gravity wave speed, so that
Fr can be viewed as the square of the ratio of the fluid veloc-
ity to the internal gravity wave speed. If Fr < 1, gravity waves
forced by a disturbance can propagate ahead (upstream) of the
obstacle. If Fr > 1, gravity waves may not propagate faster
than (ahead of) the fluid. Importantly, the Froude number may
change as the flow interacts with the obstacle and the depth and
speed of the fluid changes.

Not all density currents produce bores. The criteria for gen-
eration of a bore from a density current is a function of the
Froude number in the undisturbed fluid and the relative heights
of the current (dp) and undisturbed fluid, 4o (Klemp et al.,
1997) as shown in Fig. 3 (their Fig. 18). The height of the undis-
turbed fluid can be related to the height of an inversion—the
stronger the inversion, the larger the 19p—and the height of the
current depends on the scale of the gravity current source. At
relatively high Froude numbers and comparatively low dy/ ho,
there is sufficient kinetic energy in the undisturbed flow, as seen
from the reference frame of the advancing density current, to
overcome the potential energy of the barrier (i.e., the density
current), and the bulk of the undisturbed fluid flows over the
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Fig. 3. This plot from Klemp et al. (1997) shows the flow regimes based on the
Froude number and the ratio of the density current head (dg) to the undisturbed
fluid (hg). Depending on these two parameters, the flow is either supercriti-
cal, subcritical, partially blocked or completely blocked. Bores are generated
when the flow is either partially or completely blocked. The thin, solid lines
indicate the speed of the bore. The dotted line separates the regimes for down-
stream-propagating lee hydraulic jumps (above) and stationary hydraulic jumps
(below). (a) A plot based on Houghton and Kasahara (1968), where traditional
hydraulic theory (conservation of mass and momentum) is applied to upstream
propagating bores. (b) Modified version of (a) assuming that energy, instead
of mass and momentum, is conserved within the shallow water layer through
which the bore is propagating. Based on the modeling results, the approximate
flow regime at Ly = 100° is indicated by the filled dot. The open dot shows the
approximate regime at Ly = 358°.

obstacle, accelerating and thinning as it passes over the crest
and returning to the undisturbed state on the lee side. The flow
is said to be supercritical, and there is no disturbance ahead or
behind the obstacle in this case. As the ratio dy/ho grows or
Fr decreases in the undisturbed fluid, the flow may not have
sufficient kinetic energy to completely overcome the barrier. In

such a case the flow is partially blocked, and a fluid disconti-
nuity propagating into the undisturbed fluid (i.e., a bore) can
develop ahead of the obstacle. For Fr < 1 and dy/ho < 1, this
regime is mostly defined to be subcritical, and, like supercritical
flow, there is no disturbance. For low Fr (e.g., Fr < 0.8) flows
and large barrier-to-fluid height ratios (dp/ho > 1), the flow is
completely blocked and all the fluid is pushed ahead of the ob-
stacle. Bores are generated when the flow regime is defined to
be partially blocked (the striped region in Fig. 3).

The strength of a bore is gauged by the ratio hy/ho, where
h is the mean height of the bore. Rottman and Simpson (1989)
classified bores into three regimes based on laboratory studies.
In these studies, an obstacle is towed through a tank of undis-
turbed, motionless fluids; Fig. 4 shows the three types of bores
generated. A smooth, undular bore forms with 1 < hy/hy < 2,
and there is little or no mixing along the interface between fluids
of density pg and p; (Fig. 4a). “Undular” refers to the wave-
train trailing the bore interface. When 2 < hy/ho < 4, the bore
is also mostly undular, though more mixing (turbulence) is ob-
served along the interface (Fig. 4b). For hy/hg > 4 the bore
appears similar to a gravity current, with turbulent mixing be-
hind the leading edge overwhelming any undulations that may
form (Fig. 4c). Undular (weak) bores were found to propagate
with a speed governed by

c* 1h h
=1+ ), 2)
g/ho Zh() /’l()

where C is the bore speed (Up). The bore speed for stronger
bores, i.e., when h/hg > 2, is governed by the following em-
pirical formula (Huppert and Simpson, 1980):

2

i 1.19. 3)

Note that the 1.h.s. of both Egs. (2) and (3) is the Froude
number. Since bore strengths are defined for hy/ho greater
than 1, the Froude number is greater than 1 in Eq. (2), and
is defined as such for Eq. (3). This implies that the propaga-
tion speed of bores exceeds the gravity wave speed, as noted by
Kahn and Gierasch (1982).

In linear shallow water theory, bore disturbances are found
by considering a steady-state solution. However, in reality,
bores undergo a life cycle as illustrated in Fig. 2. An undu-
lar bore generated in a laboratory tank (Rottman and Simp-
son, 1989) begins as a smooth hump in the fluid of density
po, as it flows over the head of the density current (at time
to in Fig. 2). The undisturbed flow is partially blocked as
the current impinges on it, and because of this there is an
induced velocity component in the undisturbed fluid that is
in the direction of the density current propagation. The bore
develops as the hump then detaches from the main current,
and moves ahead of the dense air mass due to the induced
velocity in the partially blocked undisturbed fluid (at time
to + 2dt). In some instances, the hump may cause some of
the denser fluid to detach from the bulk of density current.
However, a new hump redevelops at the leading edge of the
density current, and the process repeats itself. The result of
this process is a series of wave-like oscillations downstream
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Laboratory Images of Different Bore Types

Fig. 4. Laboratory photographs (from Rottman and Simpson, 1989) of three bores with different strengths: (A) 1 < &1 /hy < 2 (undular), (B) 2 < h1/hg < 4 (mostly
undular), and (C) i1/ ho > 4 (turbulent). Note here the difference in height of the fluid in front of the propagating bore wave, with (C) showing the shallowest h).

(ahead) of the density current propagating along the interface
of fluids 1 and 2, at speed U, (Rottman and Simpson, 1989;
Holyer and Huppert, 1980).

In the natural environment, bores have been observed to
occur both in water and in the atmosphere. The atmosphere,
however, is typically not as simple a system as the three-fluid
systems shown in Figs. 2 and 4. Other processes come into play
in the atmosphere. For example, the atmosphere is typically
not motionless like the undisturbed fluids in laboratory stud-
ies. Also, the bore’s passage can excite vertically propagating
gravity waves, because the atmosphere is continuously strati-
fied. Fig. 5 shows a schematic of a bore observed on Earth.
Drawn from terrestrial meteorological station data, the plot is
a time series of the passage of a bore generated by a dissipat-
ing thunderstorm gust front. Assuming the bore structure is in
steady state as it propagates, the temporal axis may be equiv-
alently viewed as a spatial axis. The heights ¢ and h; are
indicated, and although the atmosphere is continuously strati-
fied, three distinct air masses can still be identified. The shaded
region represents the densest air mass, or the density current
associated with the dissipating gust front. The stippled region
shows the cold air below the inversion (an air mass less dense
than the density current). Finally, the white region indicates the
least dense, or in this case, the relatively warmer air above the
inversion. The bore forms along the interface between the stip-
pled and white regions. However, as the least dense air (white
region) interacts with the bore, vertically damped gravity waves
are generated above the bore, as indicated by the streamlines.

The structure of the observed atmospheric bore is different
than the idealized bores shown in Fig. 2. Notably, the undu-
lations in the observed bore are found behind the initial bore
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Fig. 5. Schematic of a bore observed on Earth, derived from radiosonde and
tower data (adapted from Fig. 18, Koch et al., 1991). The density current
(shaded region) from a dissipating thunderstorm gust front generates a bore
(stippled region) as the current flows through a less dense atmosphere. The
streamlines above the bore show vertically damped gravity waves excited by
the bore passage.

disturbance. This difference is a result of the velocity of the
undisturbed fluid ahead of the bore, which counters through
advection the propagation of the bore wave undulations. Specif-
ically, the unperturbed flow impinging upon the bore front has
Fr > 1, which indicates that waves triggered at the bore cannot
propagate out ahead of the bore. If the undisturbed fluid were
motionless, the bore wave undulations would propagate ahead
of the bore, as shown in Figs. 2 and 4.
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2.2. Martian observations of putative bore wave clouds

Nocturnal inversions (cold, dense air underlying less dense,
warmer air) on Mars are conducive for atmospheric bore wave
formation. Cold katabatic flows driven by negative thermal
buoyancy produced through intense radiative cooling on high
topography accelerate down the slopes. Although these flows
warm adiabatically with descent, this is offset by radiative cool-
ing during descent, and overall, the flows remain colder than the
surrounding environment. Thus, these currents can undercut the
local radiation inversion and produce bore waves as suggested
by Hunt et al. (1981) and Pickersgill (1984).

Clouds might develop or be enhanced along the rising branch
of undular bore waves or at the leading edge of a bore head if
the atmosphere is near saturation. Linear and wave-like cloud
disturbances were observed northwest of Pavonis Mons, east
of Arsia Mons between Pavonis and Ascraeus Mons, south
of Olympus Mons, and southwest of Arsia Mons (Kahn and
Gierasch, 1982). The most well-defined clouds were seen be-
tween Pavonis and Arsia Mons (Fig. 1). Wavelengths derived
from the Viking images ranged from 10-20 km, with propa-
gation speeds of 6.8-27.6 m/s (Pickersgill, 1984). The waves,
made visible by condensation, were also observed to bend and
refract around large topographic barriers suggesting the dis-
turbances were confined near the surface (Hunt et al., 1981).
The clouds were most evident, based on two-year Viking cli-
matology, between L; = 69.8°-121.5° for the first year, and
Ls = 33.6°-121.5° the second year (Pickersgill, 1984). These
clouds have not been imaged by Mars Orbiter Camera (MOC)
aboard Mars Global Surveyor (MGS), due to the roughly 1400
local time of observations in mapping phase, well beyond the
time at which the clouds and the katabatic fronts are expected to
dissipate. MOC images taken out of the 1300—1500 local time
window during aerobraking show no obvious bore wave-like
clouds, but the wide-angle images taken over the Tharsis re-
gion during aerobraking maneuvers were taken no earlier than
1100 local time, by which time bores are expected to have dis-
sipated. Also, these aerobraking images were obtained around
Ly = 260°, when atmospheric water vapor content is near a
minimum (Smith, 2004), and thus the formation of clouds from
nighttime katabatic flows is not favored. Finally, as discussed
in Section 4, if bore waves and/or gravity waves are responsible
for generating the clouds, these phenomena are more dynami-
cally favored in the northern hemisphere summer.

3. Model description and simulation design

This study uses the Mars Regional Atmospheric Model-
ing System (MRAMS) to simulate the nightly katabatic flow.
MRAMS was adapted for Mars from a widely used terres-
trial modeling code (Pielke et al., 1992). It is a non-hydrostatic
model that simulates synoptic-scale, mesoscale, and microscale
atmospheric flows over complex topography (e.g., Rafkin et al.,
2002; Michaels and Rafkin, 2004; Rafkin and Michaels, 2003;
Rafkin et al., 2004). Rafkin et al. (2001) provides a complete
description of the model.

MRAMS GRID DOMAIN CONFIGURATION
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Fig. 6. Topography on the first model grid; the locations of the other three grids
are indicated by the boxes. Topography is successively better resolved on each
nested grid.

All simulations in this study are configured with four grids
(Fig. 6). The first grid has a horizontal grid spacing of 240 km
and encompasses the entire Tharsis bulge. This grid is con-
figured to provide a smooth transition to the mesoscale grid
spacing from the NASA Ames Mars General Circulation Model
(MGCM) (Haberle et al., 1999), which provides initial and
boundary conditions. The second grid resolves the bulk of the
Tharsis volcanoes and has a 60 km grid-spacing. Nests three
and four of these simulations are positioned slightly northeast
of Olympus Mons, and have horizontal grid spacing of 15 and
3 km, respectively. Although Viking observations suggest the
most well-defined bore-like disturbances are found between Ar-
sia and Pavonis Mons, the locations of the grids in this study
were previously selected for an unrelated atmosphere—surface
interaction simulation. However, as will be shown, the putative
bore waves were well represented within the grid domains cov-
ering the flanks of Olympus Mons.

All grids have the same vertical resolution, with vertical grid
intervals increasing with height. The lowest model level is at
25 m above the ground, with the maximum interval reaching
3000 m at about 30 km above ground level. There are 60 ver-
tical levels with a model top at approximately 70 km above
the areoid. The simulations were run at six solar longitudes:
Ly =90°, 142°, 100°, 180°, 270° and 358°, in order to assess
seasonal variations. The duration of each simulation was 4 sols
(and three nights).

4. Model results
4.1. Katabatic fronts and bore structures

Every night, at all simulated seasons, strong downslope
flows originate along the slopes of the four volcanoes, as seen
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Fig. 7. (a) A horizontal cross-section at a local time at 2317 and Ly = 100°
of the near-surface winds (vectors) with pressure (shaded; used as a proxy for
topographic height on grid 2) showing the katabatic winds and fronts emanating
from the four Tharsis volcanoes. The scale of the 20 m/s velocity vector is indi-
cated in the lower left of the figure panel. The axes are given in terms of model
grid points, with ~60 km grid spacing per point on this grid. (b) Near-surface
wind speed (shaded) and wind vectors as the front passes through the fourth
grid domain at 2350 local time at Lg = 100°. Pressure (Pa) is contoured as a
proxy for topographic height. The crater in the middle of the grid did little to
impede the progress of the front. The velocity vector scale is as indicated in (a).
The front is identified by a pronounced wind shift and narrow region of winds
of 20 m/s and greater. There is ~3 km per model grid point on this grid.

in grid 2 (Fig. 7a). Katabatic fronts form at the leading edge
of these flows as the dense air from higher elevations acceler-
ate down the volcano slopes and move radially outward. These
fronts are observed as soon as the flow changes from upslope to
downslope, starting at the top of the volcanoes. As the downs-
lope flow spreads across the plains surrounding the volcanoes,
some of the radial symmetry is lost due to local topographic ef-
fects and interaction with atmospheric flows from the surround-
ing volcanoes. The passage of a katabatic front from Olympus
Mons is captured in the fourth grid (Fig. 7b). Prevailing winds
are easterly ahead of the front. Winds are southerly behind the
front, and stay this way well after the front has passed, only to
shift again when the sun rises and the flow turns upslope (east-
erly). The density field (not shown) also shows a denser air mass
(0.016 kg/m? in the katabatic current vs 0.0145 kg/m? in the
undisturbed region) as the front first enters the grid.

A vertical cross-section of temperature and potential tem-
perature through the front at Ly = 100° shows three different
air masses (Fig. 8a). A shallow, undisturbed layer of radiatively
cooled air is found below relatively warm air in the right (east-
ern) half of the figure. This represents the classical nocturnal
inversion scenario, and can be likened to the undisturbed two-
layer fluid system seen upstream of the density current seen in
Fig. 2. Katabatic flow originating from the slopes of Olympus
Mons is very cold and dense, as evidenced in the left (west-
ern) half of Fig. 8a. The katabatic front is seen at the center
of the figure, forcing the radiatively-cooled nocturnal inver-
sion air up above the katabatic density current. The katabatic
density current itself is very shallow, about the same depth as
the nocturnal inversion. As the front passes through, the noc-
turnal inversion deepens as the air is forced over the current.
The modeled structure most closely resembles the terrestrial
atmospheric bore shown in Fig. 5. Therefore, the modeled phe-
nomenon is, at least morphologically, a bore. As will be shown
later, the disturbance also behaves dynamically like a bore, and
for this reason, we identify it as such in the remainder of this
paper.

Directly behind the front, a mature bore head can be seen
detaching from the bulk of the density current, similar to that
shown in Fig. 2 at time 7 4 2dt. However, unlike the bore shown
in Fig. 2, waves do not propagate ahead of the front, because of
an impinging flow in excess of 20 m/s. Without this impinging
flow, the velocity seen by the density current would be much
less (on the order of a few meters per second), and Fr < 1. In
the present situation, the resulting Fr number is greater than 1,
and the waves are advected back over the density current by the
impinging current.

The air above the bore is far enough from the surface that
effects of radiative cooling from the surface are not dominant
and the atmosphere here can be considered adiabatic. Poten-
tial temperatures in this region therefore correspond to material
surfaces for adiabatic processes and are taken as a proxy for
streamlines in this study. This allows comparison of Fig. 8a
with observed bore waves on Earth, such as that shown in Fig. 5.
In both figures, two kinds of waves are seen: waves associated
with the bore itself, and gravity waves that are excited in the air
mass above the density current. The bore wave structure evident
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Fig. 8. A vertical cross-section of temperature (shaded) with potential temperature (contours) on grid 4. The location of the cros-section is along model grid point
y =40, as shown in Fig. 7. Note that only the lowest 6 km of the vertical domain are displayed. (a) 0030 local time at Ly = 100°. The katabatic current from
Olympus Mons is coming in from the west (blue shaded colors, roughly) and raises the nocturnal inversion boundary (white shaded colors, roughly) as it passes
through. The relatively warmer air aloft is roughly indicated by red shades. The potential temperature contours are considered to be approximately a material surface,
and thus indicate streamlines. The undulations in the potential temperature contours associated with the bore damp out with height until they almost flatten out at
about 3 km above the ground. Undulations associated with gravity waves start to develop above this height. Compare with Fig. 5. (b) 0210 local time on Lg = 358.
The current at this season does not generate a strong and defined undular bore, but a single, vertically propagating gravity wave is evident above the front.
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Fig. 9. A vertical cross-section as in Fig. 8a, but of vertical winds (shaded) with temperature contours. The temperature contours show the density current itself is
confined very close to the surface and its depth is comparative to that of the inversion height in the undisturbed air. As the current impinges into the undisturbed
flow, air is pushed over the current and the inversion height is raised over it. Behind the leading edge of the bore, the ascending/descending winds associated with
the bore extend only to about 3 km (as indicated by the dashed line), with distinctly separate gravity waves above. Note that the bore undulations have a shorter
horizontal wavelength than the gravity waves, which further distinguishes the two wave disturbances.

in the simulated potential temperature field closely resembles
the streamlines seen in Fig. 5. The bore wave disturbance then
interacts with the overlying atmosphere and generates either
vertically propagating or damped gravity waves. The difference
in propagation behavior is a result of differences in atmospheric
structure, i.e., in the Scorer parameter (see Section 4.2).

When the bore is well defined in the simulations, gravity
waves triggered by the bore propagate vertically in the lowest
scale height of the atmosphere (Fig. 9). Perturbations associ-
ated with the gravity waves reach maximum amplitude at an
altitude of approximately 20 km above the surface, then grad-
ually damp with height until they are no longer identifiable at
an altitude of approximately 40 km. Bore wave undulations be-
hind the front are well defined up to ~3 km above the surface
before damping out. The vertical winds at the leading edge of
the bore extend much higher than the undulations of the bore
wave, up to ~9 km, because winds here constructively interfere
with the leading edge of the gravity waves above the bore. It
is likely that the bore waves are what generate the rolling type
of clouds observed by the Viking Orbiters, rather than the grav-
ity waves, because the simulated bore waves are found closer to
the ground, and the observed waves appear as perturbations on

alow cloud (Hunt et al., 1981). Moreover, the distance between
ascending branches of the simulated bore undulations is about
12 km; this falls into the lower wavelength range (10-20 km)
of the wave clouds measured by Hunt et al. (1981). The grav-
ity wave wavelength is ~50 km, which is much larger than the
wavelength observed in the Viking cloud images.

4.2. Seasonal behavior

Although katabatic flows occur every night throughout the
year, undulations are not found in all simulations. Bore waves
are simulated at Ly = 90°, become more pronounced at Ly =
100°, and weaken, but are still seen at Ly = 142°. During the
other simulated seasons, Ly = 180°, 270°, and 358°, the kata-
batic current does not appear to excite the same strong gravity
or undular bore wave-like behavior. Fig. 8b shows the katabatic
flow at Ly = 358°. Although similar in appearance to a turbu-
lent bore (refer to Fig. 4c), the ratio of the hump height (&) to
the depth of the undisturbed inversion (4g) does not exceed 4,
which is the criterion that characterizes turbulent bores. This
singular hump at the head of the katabatic current is more simi-
lar to the usual disturbance associated with a front, where there
is a slight build up of dense fluid behind the front as it converges
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with the undisturbed, less dense air. A single, low amplitude
gravity wave forms aloft as air is forced up by the passing front.

Based on model results, the bore strength (h1/ho) is ap-
proximately 3.7 at Ly = 100°. In comparison, the strength is
2.8 at Ly = 142° and 3.1 at Ly = 90°. The fastest bores were
seen at Ly = 90° and 100°, with the disturbance traveling at
about 20 ms~! (relative to the ground). At Ly = 142°, the
bore had a speed of approximately 17 ms~!. These model-
predicted speeds can be compared with Eq. (2), which gives
22ms~! for Ly = 100°,20 ms™! for L, = 142°, and 21 ms™!
for Ly = 90°. The theoretical speeds compare relatively well to
those predicted by the model. It takes the bore 2.5 h to cross the
fourth grid at the strongest seasons. The bore strengthens (i.e.,
its depth increases) during the first hour, and then slowly weak-
ens as it travels up the slight slope. The bore generally appears
in the grid by 2330 local time, but it appears about an hour later
during the weaker seasons, with the front dissipating before it
can cross the domain.

Vertically propagating gravity waves are also evident during
the stronger seasons. At the other three seasons (L = 180°,
270°, and 358°), there is little indication of any vertical wave
propagation. A possible explanation for this is found in the
structure of the atmosphere during these seasons. One way of
examining the atmospheric vertical structure is via the Scorer
parameter, and this was calculated for two seasons: Ly = 100°
and 358°.

The Scorer parameter (/%) determines the vertical propa-
gation characteristics of linear gravity waves. It combines the
effects of both the stability and the vertical wind profile, and is
expressed as

_ N(2) 1 32U

1’(z) = -, 4
@ U(z) U(z) 922 @
where N? is the Brunt—Vaisala frequency,
a0
N2=82 )
0 9z

U is horizontal wind component in the plane of the gravity
wave, and 6 is potential temperature. The second term on the
r.h.s. of (4) can be important if there is substantial curvature
of the wind profile, or if the wind speed is small. The Scorer
wavelength is A; = 27 /1. Gravity waves with horizontal wave-
lengths greater than this value will propagate vertically, while
wavelengths less than A; will damp with height.

The stability of the atmosphere at both seasons is similar,
but the vertical east—west wind profiles are not (Fig. 10). The
winds are easterly nearest the surface, with a layer of wester-
lies above in the weak (Lg = 358°) bore case (Fig. 10b). Above
that, the winds shift once more to easterlies. Also, compared
to Ly = 100° (Fig. 10a), there is a relatively deep region of
weak winds at Ly = 358° between 2 and 8 km. The differences
in the u-wind vertical structures result in different A; profiles
for each season (Fig. 11). The Scorer wavelengths are lim-
ited to relatively small wavelengths, never exceeding ~7 km
in the Ly = 100° simulation. Thus the ~50 km wavelength
gravity waves seen in the simulation are able to propagate. At
Ly =358°, the A; profile has higher values, with several regions

where A; is imaginary (i.e., the Scorer parameter is negative,
and/or the Scorer wavelength is infinite), as indicated by dis-
continuities in the profile shown in Fig. 11. Imaginary values
indicate critical layers through which no gravity waves of any
wavelength may propagate. The single gravity wave excited im-
mediately above the katabatic front at Ly = 358° damps out
below an altitude of ~6 km, which is consistent with the Scorer
parameter profile.

The seasonality of the phenomenon predicted by the model
coincides with the Viking observations, where bore wave clouds
were only seen during late northern spring and early northern
summer (Ly = 33.6° at the earliest to Ly = 121.5° at the lat-
est). Though the model results are from Olympus Mons, they
are comparable with observational data from the wave clouds
seen near, and between, Pavonis and Arsia Mons. The observed
typical propagation speed for the bore waves near these vol-
canoes was 6.8-27.6 ms™! (Pickersgill, 1984) and the clouds
were believed to form near the surface.

The clouds were also observed in the early morning hours,
and although the model results show the bore appearing in the
fourth grid near midnight, the timing of the observations can
still be explained. During the summer season, the bore main-
tains its structure as it crosses grid 4, and is still seen moving
through the plains in grid 2 during the early morning hours. By
the time the Sun has rises, upslope flow begins to develop along
the volcano flanks, but this does not affect the bore immedi-
ately as it has traveled far enough away from the volcanoes at
this time. This allows for the formation of wave clouds through-
out the early morning.

Aside from the simulated seasonal atmospheric dynamics,
the appearance of the wave clouds is strongly related to the
amount of water vapor in the atmosphere. The amount of wa-
ter clouds observed over Tharsis by MOC, and water vapor
by Viking Mars Atmospheric Water Detector and the Thermal
Emission Spectrometer (TES) aboard MGS show this. TES ob-
servations (Smith, 2004) show water vapor originating from the
exposed northern water ice cap during late northern spring and
early summer, migrating to the tropics throughout the summer.
The aphelion cloud belt, formed by the cross-equatorial Hadley
circulation, is also seen in the observations at these same
seasons. Simulations by MGCMs (Montmessin et al., 2004;
Richardson et al., 2002; Houben et al., 1997) also demonstrate
that the tropical air is most moist during the summer. This rel-
atively high concentration of water vapor in the atmosphere,
coupled with the seasonal dynamics, make the conditions con-
ducive for allowing the presence of bore waves to be manifested
as long wave clouds.

Finally, the lack of bores during some seasons can be ex-
plained by examining the ratio between the density current
height and &¢. Although it was difficult to identify distinct lay-
ers and distinguish the actual density current in a continuously
stratified atmosphere, the two heights were roughly estimated
from the model results. It was found that at L, = 358°, hg
was greater than the density current height; it was the oppo-
site for Ly = 100°. This implied that the flow was likely par-
tially or completely blocked at Ly = 100°, and supercritical at
Ly = 358°. These flow regimes are indicated on Fig. 3—the
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Fig. 10. Vertical cross-section of east-west winds (shaded) with potential temperature contours. Westerly winds are in red, easterly are in blue. (a) At Ly = 100°,
the layer of easterlies are very shallow, confined to less than a kilometer above the ground. (b) At L = 358°, the layer of easterlies are deeper than at Ly = 100°,
extending to almost 2 km above the surface. The extremely shallow westerlies associated with the katabatic current are capped by the easterly winds.
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Scorer Wavelength Profile of Undisturbed Atmosphere
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Fig. 11. The Scorer wavelength profile at Ly = 100° and Ly = 358°. The Scorer wavelength values for northern summer are smaller, and thus, the range of

wavelengths over which gravity waves are allowed to propagate is larger.

filled dot shows the approximate regime at Ly = 100°, and the
open dot is for Ly = 358°. Based on hydraulic theory, bores
form when the flow is partially or completely blocked.

5. Summary and conclusions

Nightly katabatic winds off the Tharsis volcanoes form at-
mospheric bore waves that match long, linear clouds observed
by the Viking Orbiters. There is seasonality to the bore waves,
which only developed along katabatic fronts during Ly = 90°,
100°, and 142°. These seasons were particularly conducive for
bore wave formation because of the vertical structure of the
lowest 1000 m of the atmosphere, where the ratio of the den-
sity current depth and Ao was greater than 1, characterizing the
flow as partially or completely blocked. Vertically propagating
gravity waves are more easily generated in the summer when
the vertical structure of the atmosphere, as measured by the
Scorer parameter, is favorable. The strong ascending and de-
scending winds associated with the bore, rather than the gravity
waves above the bore, appear to be what generates the observed
linear, smoothly rolling clouds. The seasonality of atmospheric
water vapor abundance in this region is also a major factor in
the absence of clouds during the other seasons.

The bore phenomenon is strongly associated with topograp-
hically-driven katabatic fronts, and thus the same disturbance
can be expected (as long as a conducive atmospheric environ-
ment exists) along the flanks and nearby plains of other volca-
noes and steep topography. The results of this study support the
hypothesis that atmospheric bore waves in the Tharsis region
produce the wave-like clouds observed by Viking.

Future work on this subject would greatly benefit from
the acquisition of additional observations during the morning

hours. Mars Express, the Mars Climate Orbiter, and MTO (as-
suming it carries a suitable camera), may be able to provide
these images. Thermal imaging during the night would be ex-
tremely valuable, but would require instrumentation sensitive
enough to separate the low level temperature signal from the
underlying ground, as well as the temperature differences be-
tween the adjacent air masses. Spacecraft observations with
large horizontal footprints, such as would be obtained by limb
sounders would likely not capture the temperature/density dis-
continuities; nadir pointing instruments are probably best suited
for this task.
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