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Highlights

« Modelled Martian dust devil activity occurs earlier in the sol than expected.

Peak dust devil activity occurs during morning hours across multiple areas.

Dust devil diurnal variability is governed by local wind speeds.

Model results show good match to surface observations of dust devil timings.

Dust devil parameterisation in Mars Global Circulation Models is incomplete.
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Abstract

We show that the dust devil parameterisation in use in most Mars Global Circulation
Models (MGCMs) results in an unexpectedly high level of dust devil activity during
morning hours.

Prior expectations of the diurnal variation of Martian dust devils are based mainly
upon the observed behaviour of terrestrial dust devils: i.e. that the majority occur during
the afternoon. We instead find that large areas of the Martian surface experience dust
devil activity during the morning in our MGCM, and that many locations experience a
peak in dust devil activity before mid-sol.

We find that the diurnal variation in dust devil activity is governed by near-surface
wind speeds. Within the range of daylight hours, higher wind speeds tend to produce
higher levels of dust devil activity, rather than the activity simply being governed by the
availability of heat at the planet’s surface, which peaks in early afternoon.

Evidence for whether the phenomenon we observe is real or an artefact of the param-
eterisation is inconclusive. We compare our results with surface-based observations of
Martian dust devil timings and obtain a good match with the majority of surveys. We
do not find a good match with orbital observations, which identify a diurnal distribu-
tion more closely matching that of terrestrial dust devils, but orbital observations have
limited temporal coverage, biased towards the early afternoon.

We propose that the generally accepted description of dust devil behaviour on Mars is
incomplete, and that theories of dust devil formation may need to be modified specifically
for the Martian environment. Further surveys of dust devil observations are required to
support any such modifications. These surveys should include both surface and orbital
observations, and the range of observations must encompass the full diurnal period and
consider the wider meteorological context surrounding the observations.

Keywords: Mars, atmosphere, Mars, climate, Mars, surface

1. Introduction

Dust is present within the atmosphere of Mars as a constant background haze (Pollack
et al., 1977; Martin, 1986; Smith et al., 2001). Martian dust devils were first identified
in Viking Orbiter images (Thomas and Gierasch, 1985) and have since been observed
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in a large number of images captured by Mars orbiting spacecraft (Fisher et al., 2005;
Stanzel et al., 2006), as well as in multiple images returned from rovers on the surface
(Ferri et al., 2003; Greeley et al., 2006). The tracks left behind by the passage of dust
devils — usually visible as dark streaks against the higher albedo surface — have also been
observed in many orbiter images (Cantor et al., 2006).

Martian dust devils are named after the apparently similar features observed on Earth.
These are near-surface atmospheric vortices that are visible due to the particles they lift
from the ground and entrain in a vertical, upwardly-spiraling column of air. The core
of a dust devil is commonly at a lower pressure than the surrounding vortex (Sinclair,
1964). Dust devils are able to lift surface dust particles due to the wind shear stress
present within the walls of the vortex (Balme et al., 2003a). The lower central pressure
within the column may also contribute to dust lifting by providing an upwards force that
assists the shear stress in overcoming interparticle cohesion forces (Greeley et al., 2003;
Balme and Hagermann, 2006). Dust devil activity on Mars is highly variable between
regions and seasons (Fisher et al., 2005), and Martian dust devils are more frequently
observed in local spring and summer months (Thomas and Gierasch, 1985; Balme et al.,
2003b; Cantor et al., 2006).

This work uses a Martian Global Circulation Model (MGCM) to investigate the
diurnal variation in Martian dust devil activity. The rate of surface dust lifting by dust
devils (henceforth termed “dust devil lifting”) was used as a proxy for assessing the level
of dust devil activity at any specific location and time. No statements can made about
the number or size of dust devils represented by a specific level of activity.

In Section 2 we discuss the model parameterisation that simulates dust devils in the
Martian atmosphere; in Section 3 we present the results from the model; in Section 4
we explore in detail the components of the dust devil parameterisation and consider how
our results compare against orbital and surface observations. Section 5 summarises this
work and in Section 6 we detail our conclusions.

2. Method

The MGCM used in this work (henceforth referred to as “the MGCM”) is a global,
multi-level spectral model of the Martian atmosphere up to an altitude of [IOD km,
as described by Forget et al. (1999). Simulations were completed at a resolution of 5°
latitude < 5° longitude, resulting in a gridbox at the equator measuring % 300 km.

Each simulation begins with a two-year ‘spin-up’ period from a dynamically static
atmosphere, in order to allow the annual progression of tracer distributions to settle into
representative cycles. The results analysed below correspond to the third full Mars Year
(MY) of each simulation, starting at solar longitude Ls = 0°. The prescribed atmo-
spheric dust loadings used within these simulations correspond to daily global dust maps
described by Montabone et al. (2015), which were obtained by binning and interpolation
of spacecraft data. The Martian calendar adopted herein follows the approach proposed
within Clancy et al. (2000). Following Lewis et al. (1999), a Martian ‘hour’ is 1/24th of
a sol (a sol being a Martian day). All times herein that refer to surface-level phenomena
relate to local times.

The dust devil parameterisation was implemented by Newman et al. (2002). The
subroutine was modified by Mulholland (2012) to add a two-moment tracer scheme, but
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the core of the parameterisation remained the same. Here, we outline the components
of this dust devil parameterisation; in Section 4, we assess in detail the impact of each
component on the diurnal timing of dust devil lifting.

The flux of surface dust lifted by dust devils within an MGCM gridbox, Fgevir, is
calculated from the sensible heat flux, Fs, and the dust devil thermodynamic e [Ciehcy,
n:

Fdevil = dpnFs @
where ap is a tuneable parameter representing the ‘dust devil lifting e Cciehcy’, required
due to the uncertainty surrounding the actual quantity of dust that Martian dust devils
are able to lift. The value of this parameter is set such that the total annual dust cycle
within a simulation best matches the range of observed dust opacities (Newman et al.,
2002). For the current resolution, ap = 1.13333 x 1078 kg J~1. This value is constant
throughout the simulation.

The quantity n arises from the modelling of a dust devil as a ‘heat engine’, following
Rennd et al. (1998). n is the thermodynamic e [ciehcy of a dust devil: the fraction of
the input heat that is converted into mechanical work. This thermodynamic e [ciehcy is
approximated as n =1 — b, where

+1 +1
(pg(urf - p%(op )

B (Psurf — Prop) (X + 1)pg(urf

©)

in which psyrf is the local surface pressure, piop is the pressure at the top of the convective
boundary layer (CBL) within the Martian atmosphere, and ¥ is equal to the specific gas
constant (R) divided by the specific heat capacity at constant pressure (cp).

The sensible heat flux, Fs, represents the input heat available to drive the dust devil
‘heat engine’, and can be written as:

Fs = pcpCpU (tsurf — tatm) 3

where p is the near-surface atmospheric density, Cp is the surface drag coe [cieht, U is
the horizontal wind speed, tg is the surface temperature, and tym is the temperature
in the lowest layer of the atmosphere.

The surface drag coe [cieht Cp is parameterised using the classical expression for a
boundary layer drag coe [cieht (Esau, 2004):

2
_ K
o= (i 720 @

where the von Karman constant k = 0.4, z is the height of the lowest layer of the
atmosphere, and zy is the surface roughness length. In these simulations z [C5Im. The
surface roughness length was kept constant at zo = 0.01 m, resulting in a constant value
of Cp across the planet’s surface.

The wind speed U is the magnitude of the near-surface wind speed, calculated from
the large-scale zonal and meridional wind components (u and v) within the lowest layer
of the atmosphere.

The dust devil parameterisation in operation within the MGCM has been used as the
basis for similar parameterisations in other Mars atmospheric models. The NASA Ames
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Mars General Circulation Model (GCM) directly incorporates the Newman et al. (2002)
parameterisation (Kahre et al., 2006, 2008), as does the Geophysical Fluid Dynamics
Laboratory (GFDL) Mars GCM parameterisation (Basu et al., 2004).

Surface dust was also lifted into the atmosphere through lifting by near-surface wind
stress, implemented within the MGCM following Newman et al. (2002) as modified by
Mulholland et al. (2013). Lifting by near-surface wind stress is thought to be the primary
dust lifting process associated with Martian dust storms (e.g. Strausberg et al. (2005),
Basu et al. (2006) and Wilson (2011)).

To provide comparison and validation datasets for the model results we have chosen to
use observations of Martian dust devils obtained from orbit and from the surface. Global
plots and histograms from the model output can be compared with orbital observations;
localised plots of model results can be compared with surface observations.

The gridboxes chosen for the localised analysis correlate as closely as possible with the
locations of Mars landers identified in Table 1. The daily cycle of dust devil lifting was
plotted for each location, taking into account the time of year and the local atmospheric
dust environment of the observations.

The simulations were completed using prescribed dust fields. In the current approach,
dust lifted by both dust devils and near-surface wind stress is combined into a total
atmospheric dust field, which is then scaled (at gridbox resolution) to match daily global
maps of the optical depth of the Martian atmosphere (Montabone et al., 2015). Dust from
both surface-level processes is treated as equivalent once it is within the atmosphere. The
local atmospheric dust environment during a lander’s observations can be approximated
using these fields: the modelled optical depth that would be reported at a surface location
in the vicinity of a lander’s position can be compared to the optical depth recorded by
that lander during its observations.

If a dust map has been constructed for the year in which a mission took place (for
example, the Phoenix mission landed in MY29), a simulation using the relevant atmo-
spheric dust loading was used for the comparison analysis. For missions that took place
before the earliest dust map observation (MY24, beginning in July 1998), the local op-
tical depth observed by the lander was compared with the local optical depth produced
by the MGCM simulations across multiple Mars years of di Lering atmospheric dust con-
ditions, and results from the closest match were then used for the analysis. Dust maps
are available from MY24 to MY32.

The amount of dust present in the atmosphere has an eledt on dust devil lifting
primarily through its impact on surface and near-surface temperatures. Atmospheric
dust absorbs incident solar radiation, resulting in a heating of the atmosphere and a
reduction of surface insolation (Zurek, 1978). A high level of atmospheric dust, such
as that observed during dust storms, will therefore cause an increase in near-surface
atmospheric temperatures and a decrease in insolation-driven surface temperatures. This
reduces the surface-to-atmosphere temperature gradient ((tsurs — tatm) in Equation 3),
which lowers the amount of surface-level heat available to drive dust devil formation.

3. Results

From our simulation results we created global maps of the diurnal variation in dust
devil lifting. For each gridbox, dust devil lifting was calculated at 12 local times, spaced
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Lander Lander location
(latitude/°N, longitude/°E)

Viking Lander 2 (VL2) 47.97, 134.25

Pathfinder 19.33, 33.55

Phoenix 68.22, 125.70

MER Spirit -14.61, 175.47

MSL Curiosity -4.59, 137.44

Table 1: Locations of NASA landers, Mars Exploration Rover (MER) Spirit and Mars Science Laboratory
(MSL) Curiosity.

evenly through a sol. Dust devil lifting is somewhat stochastic in nature, varying from
sol to sol in both amplitude and timing, so to investigate trends, simulation results were
averaged over 30° Ls-long sections of the Martian year. This allows the identification of
the time-of-sol at which dust devils are most commonly active within a given gridbox
during the analysed portion of the year: the ‘peak dust devil lifting’ time. (To eliminate
extremely low levels of dust devil lifting from subsequent calculations, a threshold dust
lifting rate was applied at this stage of the analysis. This threshold was set at 1x10~11
kg m™2 s™1, a value chosen by considering the dust lifting rates at the lander sites, see
Figures 4 and 5.)

An example of these global maps is shown in Figure 1, which displays the range of
timings in the daily peak dust devil lifting across the planet’s surface. This figure displays
data from the start of the Martian year (Ls = 0-30°), corresponding to early Northern
Hemisphere spring. Figure 2a shows the same data plotted as a histogram. These figures
identify a clear bimodal distribution of the diurnal timing of peak dust devil lifting, with
one peak evident in the mid-morning and one peak evident in the late afternoon.

The global diurnal variation of dust devil lifting changes through the year, displaying
a seasonal shift from a bimodal to unimodal distribution. Figure 2b displays a histogram
of data from the same simulation, but at a point in the year approaching perihelion,
corresponding to late Northern Hemisphere autumn (Ls = 210-240°). This figure displays
a unimodal timing distribution of peak dust devil lifting, with a single peak in the mid-
afternoon. Figure 3 shows histograms of all 12 such 30° Ls-long sections of the Martian
year, illustrating the seasonal shift in the distribution.

Surface observations provide more dust devil lifting diurnal variation information
than orbital observations. We completed simulations for direct comparison with pre-
vious studies that use data from the four surface missions identified in Table 1. The
comparisons presented here for each landing site correspond to the times of year anal-
ysed by the previous studies. For the shorter duration missions, Pathfinder and Phoenix,
those studies covered the full length of the mission; for VL2 and Spirit, those studies
covered only a portion of the whole mission.

It should be noted that the majority of lander data reported within the comparison
studies are pressure detections of atmospheric vortices, with one study reporting directly
imaged dust devils (detailed in Section 4.2). The two data types are not completely
equivalent: although all dust devils are vortices, not all vortices entrain dust.

The following figures display the diurnal variation in dust devil lifting for each site.
The envelope encompassing all of the results obtained through the analysed time period
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Figure 11: Near-surface wind speeds within individual gridboxes through the period Ls = 120-150°.
Each plotted line corresponds to the varying wind speed through one sol (60 sols in total). a) gridbox
centred on -12.5°N, 175°E, b) gridbox centred on 37.5°N, 75°E. Compare with panels a) and b) in Figure
6.

during which dust devils can form. Precisely when dust devils form within that timing
envelope is governed by the instantaneous near-surface wind speed, at least, as described
in the dust devil parameterisation schemes used in MGCMs. Figure 13 shows how the
wind speed and temperature terms of the parameterisation vary globally, and highlights
examples of the correlation between these terms and the resultant level of dust devil
lifting.

The magnitude and direction of the near-surface wind flow arises from a complex
interaction of local and large scale influences. Solar heating of the atmosphere drives
global diurnal thermal tides, the smaller-scale flow of which is aledted by more local
variations in surface properties (Wilson and Hamilton, 1996). Variations in topography
give rise to slope winds (upslope during daylight hours and downslope during the night),
and contrasts in surface thermal properties (such as variations in albedo and thermal
inertia, or polar ice cap edges) have a changing e[edt on the flow of local-scale winds
throughout the diurnal heating cycle (Read and Lewis, 2004). Interactions between these
locally-forced wind flows and large-scale, regional circulations (e.g. lower-level Hadley
circulation) must also be considered (Toigo and Richardson, 2003).

Observations of terrestrial dust devil activity suggest that near-surface winds must be
present for the initiation of dust devils, but that high wind speeds may inhibit their for-
mation: Sinclair (1969) observed dust devil activity decreasing as wind speeds increased;
Oke et al. (2007) observed dust devils only when ambient wind speeds were between 1.5
and 7.5 m s™1; Kurgansky et al. (2010) observed an increase in dust devil numbers when
wind speeds were between 2 and 8 m s™1. It has been proposed that terrestrial convective
vortices forming in high wind conditions will be rapidly destroyed by a shearing of the
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Figure 12: Histogram displaying the diurnal timing of peak near-surface wind speeds as a percentage of
all surface gridboxes. A bimodal distribution in timings is evident in the sections covering Lg = 0-210°
while the sections plotted Ls = 210-300° display a unimodal distribution. The shape of the sections
through Ls = 300-360° suggest a returning shift to a bimodal distribution. Compare with the similar
annual variation in peak dust devil lifting timings in Figure 3.

upper portion of the vortex from the lower portion due to the wind speeds present (Oke
et al., 2007), and analyses of terrestrial dust devil populations have found that favourable
conditions for dust devil formation can be modelled using increasing wind speeds to curb
the level of dust devil activity (Lyons et al., 2008; Jemmett-Smith et al., 2015). Con-
versely, Toigo et al. (2003) completed high resolution numerical simulations of Martian
dust devils, in which dust devils formed in ‘no wind’ and ‘high wind’ scenarios but did
not form in low or medium wind scenarios, potentially highlighting another incidence in
which terrestrial dust devil theory cannot be directly applied to the Martian phenomena.

Some dust devils on Mars have been identified moving considerably faster than ter-
restrial dust devils. Martian dust devils have been observed to travel in the direction of
the ambient wind (Stanzel et al., 2008; Reiss et al., 2014), with horizontal speeds of 27
m s~ identified from surface observations (Greeley et al., 2010), and up to 59 m s~ cal-
culated from orbital images (Stanzel et al., 2008). Limited data is available on Martian
near-surface wind speeds (Balme et al., 2012), but if there is a systematic inhibition of
Martian dust devil formation due to high wind speeds, it occurs at much higher speeds
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Figure 13: Global map of a) near-surface wind speeds, b) dust devil lifting and c) surface-atmosphere
temperature dilerence, (tsyr  tam ). All gridboxes are displayed at a local time of 1300, providing a
global picture of activity at one specific time of sol. Values are averaged over Lg = 240-270°. Dust
devil lifting occurs within the ‘permitted’ envelope represented by (tsuf  tatm ) = 0, but at specific
locations governed by the wind speeds. Compare the locations labelled in panel b): 1. -28°N, 0°E
(high temperature dilerknce, high winds, high lifting), 2. -10°N, 140°E (high temperature dilerkence,
low winds, low lifting), 3. 40°N, -110°E (low temperature di [erkence, high winds, low lifting).
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