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Dust storms on Mars are the effect of strong and extended dust lifting by near-surface
winds. Once airborne, dust particles are transported by the atmospheric circulation, whilst
affecting it at the same time due to their being radiatively active. The dust particles can
represent a problem for surface mechanical and electrical systems as well as for the health
and ground operation of future astronauts on Mars. In this paper, we discuss the current
capabilities of forecasting dust storms on Mars, based on the existing knowledge of martian
atmospheric dynamics and the statistics of past observations. We also examine future
capabilities, including the use of advanced techniques of satellite data assimilation as well as
the collection of novel satellite observations from the vantage point of an areostationary orbit
(i.e. the martian equivalent of a terrestrial geostationary orbit).
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Solar Longitude (measured in degrees)
Martian year
Dust optical depth (or dust opacity)
Column Dust Optical Depth (i.e. τ integrated over the atmospheric column)
Infrared
Mars Global Surveyor (NASA spacecraft)
Mars Reconnaissance Orbiter (NASA spacecraft)
Mars Exploration Rover
Mars Orbiter Laser Altimeter (instrument aboard MGS)
Thermal Emission Spectrometer (instrument aboard MGS)
Thermal Emission Imaging System (instrument aboard NASA Mars Odyssey spacecraft)
Mars Climate Sounder (instrument aboard MRO)
Entry, Descending, and Landing
Extravehicular Activity
Global Climate Model

I. Introduction

T

he dust cycle (i.e. lifting of dust particles from the ground, transport in the atmosphere, and deposition back to the
ground) is currently considered to be the key process controlling the variability of the martian climate and weather,
at inter-annual, seasonal, and day-to-day time scales. Martian dust particles are radiatively active and strongly absorbs
solar radiation. The spatial and temporal distributions of dust, therefore, determine the atmospheric thermal and
dynamical structures, ultimately affecting the transport of aerosols (including dust!) and chemical species.
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This rather complicated mechanism of radiative and dynamical feedback (possibly even including electrical
effects) is likely to play a major role in the initiation of martian dust storms. According to their size and duration, dust
storms have been classified as local, regional, and planet-encircling by Cantor et al. (2001). Although the distinction
between local and regional dust storms is purely based on defined threshold values (i.e. lasting less or more than 3
sols and extending over an area smaller or larger than 1.6·106 km2), it reflects the statistical distribution of these types
of storms and allows to take easily into account the consequences of their occurrence. The distinction between regional
dust storms and what Cantor et al. (2001) call “planet-encircling” dust storms is more problematic. Indeed different
authors associate different names to the latter type of event: “great dust storm”, “global dust storm”, “global-scale dust
event”, “planetary-scale dust storm”, “planetary-scale dust event”, and so on. This variety of names is not only a
question of semantic, but reflects the past and current difficulty to understand and classify the type of dust events that
grow well beyond the regional scale to attain the planetary scale. See Forget and Montabone (2017) and Kahre et al.
(2017) for specific discussions of this type of events.
Despite the present lack of community consensus on names, it is important to refer to a common vocabulary, which
allows to identify the possible threats and consequences of the occurrence of a particular dust event. For the purpose
of this paper, therefore, we will talk about:
 Local dust storms as the events that actively lift dust particles over an area smaller that 1.6·106 km2 during
less than 3 sols. Lifted dust in a local storm does not travel long distances, and mostly sediment back in the
same area.
 Regional dust storms as the single events that actively lift dust particles over an area larger that 1.6·106 km2
during more than 3 sols (and usually less than 20). Lifted dust in a regional storm can travel long distances
(even encircling the planet in a latitudinal band), and can sediment in areas far from the origin.
 Global dust events as the combination of multiple regional dust storms that actively lift dust particles over
several, possibly connected areas (“lifting centers”), for typical durations of tens of sols. Large amounts of
lifted dust are globally distributed and encircle the planet at most latitudes. The decay phase of this type of
events towards typical background dust levels can last for more than hundred sols.
As with all classifications, the limits between two classes are often blurry, and it is possible that dust storms cross
the boundary between two classes by growing through a continuous range of spatial and temporal scales. The amount
of lifted dust and the altitude reached by the initial dust cloud are also likely to be important in defining the subsequent
dynamics of a dust storm. Unfortunately, there are not continuous observations of the initial phase of dust storms that
could help to determine which factors are most important in the development of different classes of dust storms.
Robotic missions on Mars are affected by dust (e.g. the efficiency of solar panels decreases when dust particles
deposit on them). Future human missions will obviously be affected by dust as well. Dust storms in general expose
robots or humans to increased risks, due to the larger atmospheric dust loading and the wider distribution of dust grain
sizes than the ones commonly found in normal conditions. Although it appears clear from the classification discussed
above that different types of storms may have different impacts on EDL or ground operations, providing the capability
to forecast dust storms many sols in advance could allow to put in place specific mitigation approaches (e.g. to avoid
EVAs or to save power if a regional dust storm is expected). Hence the importance of considering dust storm
forecasting on Mars, which is the focus of this paper.
In the following sections, we will mention one of the key physical parameters used to quantify the presence and
spatial distribution of mineral dust in the atmosphere: the vertically–integrated (or column) optical depth. It is a
measure of the fraction of radiation at a specific wavelength that would be removed from the vertical component of a
beam during its path through the atmosphere by absorption and scattering (extinction) due to airborne dust. The CDOD
is the retrieval product when the observations are obtained by nadir-viewing instruments, such as the TES aboard
MGS. The spatial variation of the vertical distribution of dust also plays a significant role in thermal response (see e.g.
Guzewich et al., 2013). Vertical profiles of extinction optical depth can be derived from radiances measured by limbviewing instruments, such as the MCS aboard MRO. The extension optical depth (τ) can be exactly related to the mass
of dust using Equation (1) in Forget and Montabone (2017).

II. Knowledge-based dust storm forecasting
A. Are martian dust storm predictable?
The onset and early development of dust storms are connected to the intensity of surface winds, which can be local
or, more generally, a result of the global circulation. Examples of local winds are the anabatic and katabatic winds
around the peaks and crater rims, driven by the horizontal temperature gradients resulting from differential heating
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over slopes. Examples of winds resulting from the global circulation are the strong westerly winds at about 30°S in
northern winter, a result of the presence of the rising branch of a single, cross-equatorial Hadley cell at that season
and latitude. Since the global circulation patterns have little intrinsic inter-annual variability (see e.g. Newman et al.,
2004), the variability of dust storm occurrence is determined mostly by the inter-annual variability of the local
meteorology, enhanced or reduced by a number of positive or negative feedback. Established, large-scale dust storms,
however, can have a big impact on the variability itself (see, for instance, the effects of the 2001 global dust event on
the surface albedo, and its consequences on daytime surface and atmospheric temperatures in Fenton et al., 2007).
As discussed in Forget and Montabone (2017), at the present state of knowledge on the martian dust cycle, the
accurate prediction of the onset of dust storms is not yet reliable. Several factors contribute to make this prediction
very challenging:
 The lack of deep understanding of the mechanisms of dust lifting, including the effects of dynamical
thresholds (Mulholland et al., 2013), electric fields, sand-dust interaction, vertical fluxes;
 The lack of knowledge on the time-variable reservoirs of surface dust available to be lifted (including the
possibility of differentiating between “fresh dust” and compacted layers);
 The approximate knowledge of the dust particle sizes injected in the turbulent boundary layer and beyond;
 The approximate understanding of the radiative/dynamical feedback that make a local storm transform into
a regional one, and ultimately into a global dust event, within a short time-scale (usually just a few sols).
Once dust is airborne, the transport and sedimentation processes are much better constrained than lifting and
atmospheric injection, therefore it would be easier to forecast the evolution of a mature dust storm than the initiation
of a new one.
However, the occurrence of dust storms on Mars is far from being random, and at least for what concerns regional
storms, it clusters around certain seasons and locations (see Figure 1). This is due to the seasonality of specific features
of the Martian atmospheric circulation, such as the presence –or reduction- of baroclinic waves (see the following subsections), and to the seasonality of the presence of surface carbon dioxide ice. These dynamical phenomena can
facilitate the forecasting of dust storms, because they favor the statistical repeatability of certain types of storms. This
kind of forecasting based on the knowledge of the martian atmospheric circulation and climate dynamics, though, can
only help to identify seasons and locations potentially affected by these types of (usually regional) dust storms in
general terms.

Figure 1. Multi-annual and zonal average of gridded CDOD values from Montabone et al. (2015) as a function
of latitude and solar longitude (LS). This “climatological dust year” is obtained by averaging the values in MY
24 through 313, excluding the periods of global dust events in MY 25 and 28. One can clearly identify four peaks
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of dust optical depth, corresponding to the repeatable occurrence of specific large-scale dust storms. Several
regional storms described in Section II.B and II.C contribute to the main peak and the late peak. The hiatus
between the main peak and the late peak is likely due to the “solsticial pause”, see Section II.B. The southern
high latitude peak is likely due to fresh dust becoming available for lifting after the CO2 ice has mostly
sublimated away.
B. Dust storm initiation: Baroclinic transient waves
Baroclinic transient waves are an atmospheric phenomenon occurring at high northern latitudes in the autumn and
winter seasons. These waves are generated by the conversion of available potential energy of the atmosphere into
kinetic energy of planetary-scale transient (i.e. longitudinally moving) waves. GCM simulations and observational
evidence suggest that baroclinic transient waves develop in both hemispheres of Mars, especially in the cold season,
and are particularly intense in a range of altitudes below about 50 km and at high latitudes in the northern hemisphere,
where the topography plays an important role in “guiding” the waves (see e.g. recent studies by Kavulich et al., 2013,
Mooring & Wilson, 2015, and references therein). In the diagram of Figure 2, the northern waves, which can be
detected in many atmospheric variables (e.g. temperature, meridional wind, surface pressure), are represented by
surface pressure anomalies (in white) superimposed to the MOLA topography.
The martian baroclinic waves are similar to the waves that produce alternating low and high pressure systems on
the Earth at high/mid-latitudes in winter time. Even on Mars, the effect on the surface pressure in the northern plains
can be visualised as alternating low and high pressure systems (if plotted as surface pressure anomaly with respect to
the mean), with different amplitudes, periods and wavenumbers at different seasons. Strong surface winds are
associated to these transient systems, which set the onset of intense dust storms all along the northern plain border,
particularly in Arcadia, Acidalia and Utopia Planitiae.
One important feature of the martian baroclinic transient waves is the “solsticial pause”, i.e. the decrease of
intensity (amplitude) of the low altitude waves around both solstices, although more markedly around the northern
winter solstice. Results from the Mars Analysis Correction Data Assimilation (MACDA) reanalysis (Montabone et
al., 2014), for instance, show that the intensity of the low/high surface pressure systems show a significant decrease
between LS = 230° and LS = 300° at high northern latitudes (see Lewis et al., 2015 for a study of the solsticial pause
in MACDA). This hiatus in the amplitude of the surface pressure anomalies has an effect on surface winds, which
decrease in intensity as well. The likeliness of initiating dust storms in the northern plains, therefore, decreases
accordingly in this range of solar longitudes, and so does the observation of regional-scale storms, matching the result
of data assimilation (see for instance Wang, 2007, Wang & Richardson, 2015, and Figure 1). Conversely, the intensity
of the waves peaks at each side of this solar longitude range, and so does the likeliness of dust storm onset in the
northern plains and in the southern highlands west of the Hellas basin. This phenomenon can be observed in all martian
years, making the “solsticial pause” one of the most robust and predictable event in the winter martian atmosphere.
Very recently, Mulholland et al. (2016) and others have found a possible dynamical explanation closely linked to the
radiative effects of water ice clouds (and possibly CO2 ice clouds) in the polar winter atmosphere.
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Figure 2. This diagram show the latitudes at which baroclinic waves are mostly active in northern autumn and
winter (white shades representing surface pressue anomalies in late northern winter) as well as the AcidaliaChryse, Utopia, and Arcadia storm-tracks (respectively yellow, green, and blue arrows), overlaid on the MGSMOLA color-coded topography of Mars (Credit to the MOLA team, NASA Goddard Space Flight Center).
C. Storm zones and storm tracks
As mentioned in the previous subsection, strong surface winds associated to the transient northern baroclinic wave
systems can set the onset of intense dust storms all along the northern plain border, particularly in Arcadia, Acidalia
and Utopia Planitiae. This identifies the presence of “storm zones”, a concept that was first introduced for Mars by
Hollingsworth et al., 1996 and 1997 to indicate the areas where winds associated to baroclinic transient waves are
particularly prone to lift dust and originate frontal and cross-equatorial storms. The particular configuration of the
martian topography at mid-high northern latitudes favours three main “pathways” or “routes” for the subsequent
evolution and trajectories of such storms, also called “flushing-storms” because of their fast southward displacement.
These pathways define the “storm-tracks” (Cantor 2007, Cantor et al., 2001) along which most of these regional-scale
storm develop: the Acidalia-Chryse storm-track, the Utopia one, and the Arcadia one, see diagram in Figure 2.
Wang & Richardson (2015) identifies Acidalia as the region where most dust storm sequences originate, followed
by Utopia, Arcadia and, linked to different dynamical mechanisms, Hellas. The number of sequences from Acidalia
is about three times of that from Utopia. These sequences involve multiple frontal and/or flushing dust storms during
their full development. Most of them remain and die in the northern hemisphere, but a few intense sequences go across
the equator to the southern hemisphere where they eventually dissipate or expand in the east-west direction. For the
Acidalia and Utopia sequences that travel very long distances from the north to the south, while the early stage dust
lifting activity can be clearly identified in the northern hemisphere, the major dust loading and lifting centres shift to
the southern hemisphere at later stage. The ones that exhibit longitudinal expansion in the southern hemisphere can
grow into global dust events.

III. Statistical dust storm forecasting
Although operative dust storm forecasting currently presents significant challenges, a forecast based on the
statistics of past information is more readily achievable, thanks to the plethora of dust observations available since the
Mariner era. In particular, Montabone et al. (2015) have reconstructed the atmospheric dust climatology at all locations
on the planet from MY 24 through MY 31 using observations from the MGS/TES, the Mars Odyssey/THEMIS, and
the MRO/MCS. The multiannual dataset of daily gridded maps of retrieved IR CDOD they have produced can serve
the purpose of statistically forecasting the dust loading at selected seasons and locations on the planet. Furthermore,
the MER ‘Spirit’ and ‘Opportunity’ have continuously collected near-IR CDOD observations (as retrieved by
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Lemmon et al., 2015) respectively in Gusev Crater and Meridiani Planum from MY 26, LS ~330°. Spirit stopped
making observations in MY 29, LS ~67°, while Opportunity is still active on Mars at the time of writing.
In this paper, as a test-case of statistical dust loading forecast, we have used the multiannual dust climatology
dataset of Montabone et al. (2015) to 1) estimate the CDOD expected in Meridiani Planum at the landing season of
ESA’s “Schiaparelli” Entry, descending and landing Demonstrator Module (EDM), 2) examine how much the
atmospheric dust loading can change (in statistical terms) over a given period, and then 3) compare with the observed
value at the time of Schiaparelli’s crash-landing.
The upper and lower panels of Figure 3 show that, in the particular case of Meridiani Planum, every year the dust
loading decreases with time between LS~235° and LS~264°, including MY 25 when a global dust event occurred earlier
(another global dust event occurred in MY 28 starting from LS~264°). The global decrease in dust loading after
LS~235° can be linked to the solsticial pause in baroclinic wave activity (see Section II.B), which considerably reduces
dust lifting in the northern plains. This phenomenon has the consequence of reducing the probability of large regional
cross-equatorial storms, which are one of the main sources of dust loading increase in the northern hemisphere autumn
and winter seasons.
For the sols included in Schiaparelli’s extended landing window (LS =[220°, 270°]), we want to estimate the
probability Y % that the CDOD changes by X % after n sols in the Meridiani Planum area (lon=[-21°, 9°], lat=[-15°,
10°]). First, the histogram of the CDOD signed relative difference between each sol in the considered solar longitude
range and 10 sols in the future in Meridiani clearly shows the signature of the decrease in CDOD during this period –
i.e. a significant negative bias in the mean value (Figure 4). This happens statistically within the considered time range
despite regional dust storms occurring in MY 27 and 29, and the global dust event occurring in MY 28 (see the peaks
of CDOD in the lower panel of Figure 3).
The cumulative histogram in Figure 5 allows one to estimate the probability of dust loading change in Meridiani
10 sols in the future for a sol included in the range LS =[220°, 270°], independently on the increase or decrease of
CDOD. The values are also given in the table included as inset of Figure 5. Although, strictly speaking, this histogram
is a cumulative histogram of frequencies with a limited number of occurrences (CDOD values), it can be assumed as
a measure of probability. One can “forecast” that a change of more than 30% in CDOD is very unlikely (probability
of 6%) at that season in Meridiani, and that a change of more than 20% is unlikely (probability of 14%). These values
are obviously sensitive to the chosen length of the solar longitude range as well as to the forecast period (i.e. the
number of sols in the future), as Figure 6 shows. The former sensitivity depends on the exclusions of several dust
events if the solar longitude range decreases (e.g. the MY 28 global dust event and the MY 24 and 27 regional dust
storms are excluded if the chosen range is LS =[240°, 250°]), and mainy affects larger dust loding changes. The latter
sensitivity, which mainly affects smaller dust loading changes, depends on the fact that, in general, the CDOD
variability decreases if the forecast period decreases. Both solar longitude range and forecast period should be chosen
to include enough statistics if one wants to use this method of forecasting dust loading in a rather reliable way.
Finally, we compare our forecast using MY 24 through 31 to the observation of CDOD during the crash-landing
of Schiaparelli in MY 33. As can be seen in the lower panel of Figure 3 (thick black line), the CDOD reconstructed
from MCS and THEMIS observations was pretty constant during at least the range LS =[220°, 255°], with a mean
value of 0.27 and a standard deviation of 0.03 (relative variability of 11%). The value of visible CDOD (880 nm)
observed by Opportunity on the day of the EDL was 0.815 ± 0.054 (normalized to 610 Pa), i.e. 0.313 ± 0.021 in the
IR at 9.3 μm in absorption (if we divide by a conversion factor of 2.6, see Montabone et al., 2015, Section 2.3.4). This
means that indeed the variability in the sols preceding and following Schiaparelli EDL in MY 33 was within the
forecast made using observation in MY 24 through 31, and that the “ground-thruth” value observed by Opportunity
was within the variability of the CDOD reconstructed using satellite observations, if one takes into account the fact
that the conversion factor of 2.6 is also affected by a minimum error of 10%.
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Figure 3. Time series of IR (9.3 μm) absorption CDOD from Montabone et al. (2015) at Meridiani Planum
(lon=[-21°, 9°], lat=[-15°, 10°]) over 10 Martian years (data are plotted until Ls~255° in MY 33, past ESA’s
“Schiaparelli” crash-landing, although data are currently available until the end of MY 33 and beyond). The
dashed vertical lines in the upper panel indicate the time range considered in the lower panel (i.e. Ls = [220°,
270°], including crash-landing on October 19, 2016, Ls = 244.4°, MY 33). The CDOD values are normalised to
the 610 Pa reference pressure to avoid topographic inhomogeneities. The grey shade in the lower panel
represents the overlapping of the combined precision envelopes for each time series. The data used to produce
this plot are publicly available on the Mars Climate Database website (http://wwwmars.lmd.jussieu.fr/mars/dust_climatology/). The methodology used is the following. For each grid point in the
CDOD maps that is within the target box in Meridiani, we have considered the average value, and the maximum
value between the provided RMSD and the combined uncertainty –as a measure of the precision of the grid
point average. We have filtered the data and used values at a grid point only if the recorded number of
observations is ≥ 5, the time window is ≤ 5 sols, the reliability value is ≥ 0.6 (see definitions for these dataset
variables in Appendix B of Montabone et al., 2015). If the portion of valid grid points in the Meridiani target
box was > 25%, we have then calculated the weighted average value of CDOD and the corresponding combined
precision for each sol within the Meridiani target box, using the reliability values of the grid points as weights.
We have neglected the grid box area-weighting in the calculation of the averages since the Meridiani target box
is located at low latitudes, therefore each grid box in the target box has approximately the same area.
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Figure 4. Using the Montabone et al. (2015) multiannual dust climatology dataset, we have calculated the
CDOD signed relative difference between each sol in the solar longitude range Ls =[220°, 270°] and 10 sols in
the future (τn – τn+10 where n is a specific sol in the considered solar longitude range, and τ is the CDOD), within
a box centered on Meridiani Planum (lon=[-21°, 9°], lat=[-15°, 10°]), for Martian years 24 through 31. This
figure shows the histogram of this relative difference.

Figure 5. Cumulative histogram for the absolute value of the relative difference between each sol in the solar
longitude range Ls =[220°, 270°] and 10 sols in the future (|τn – τn+10| where n is a specific sol in the considered
solar longitude range, and τ is the CDOD), within a box centered on Meridiani Planum (lon=[-21°, 9°], lat=[15°, 10°]), for Martian years 24 through 31. The inset provides the values of probability Y % that the CDOD
in Meridiani changes more than X % 10 sols in the future, for each sol in the considered solar longitude range.
8
International Conference on Environmental Systems

Figure 6. Cumulative histograms as in Figure 5 showing the sensitivity to the length of the solar longitude
range (left panel), and to different forecasting periods (7, 5, 3 sols instead of 10 sols in the future).

IV. Conclusive remarks: The future of dust storm forecasting on Mars
In this paper we have mainly discussed two present methods of forecasting dust conditions on Mars. The first one
is based on the knowledge of how Martian atmospheric dynamics works, specifically in relation to certain cyclic
phenomena such as the increase or decrease in the intensity of baroclinic wave activity, while the second is based on
a statistical analysis of past dust observations. Neither of them can predict the onset of a dust storm, particularly one
that grows in size and merge with others to originate a global dust event like the most recent ones in MY 25 and 28.
Because of the foreseeable increasing demand of dust storm forecasting for future robotic and human exploration
missions on the surface of Mars, there is the requirement for improving the current capabilities.
A promising technique for forecasting Martian dust storms is atmospheric “data assimilation”, which consists in
combining all available information from observations and from a numerical model to reconstruct a best estimate of
the state of the atmosphere. Thus, assimilation can be seen as an optimal extrapolation or interpolation of observations
in space and time using a numerical model that takes into account the dynamics and thermodynamics of the Martian
system. Based on data assimilation for the atmosphere of Earth, the current research in assimilation for the atmosphere
of Mars has focused on nudging and ensemble Kalman filtering. These schemes are not yet mature enough to be used
operatively for the purpose of forecasting dust storms. One of the main reason is that they rely on underlying models
that, generally speaking, do not have an accurate parameterization of dust lifting. The assimilation of temperature and
aerosol observations could lead to the prediction of the dust evolution days in advance, once dust has already been
lifted, injected in the boundary layer, and transported by the global circulation. This is made possible by the capability
of current numerical models to efficiently simulate the horizontal and vertical transport of dust on a global scale.
However, the complexity of dust lifting and atmospheric injection mechanisms (see e.g. Mulholland et al. 2013, Spiga
et al. 2013) and the lack of continuous synoptic observations, are the main reasons why it is quite unlikely to have
soon an assimilation tool that is fully capable to predict the occurrence of a dust storm.
It is important to mention that none of the satellites currently in orbit around Mars or planned has the orbital
characteristics required to provide dust observations that are both continuous (i.e. having high sampling rate) and
synoptic (i.e. being simultaneous over a large area), which would help to develop dust storm forecasting capabilities.
An innovative method to cover this gap would involve using a spacecraft in Mars-synchronous (areosynchronous)
orbit, with the option of also being circular and equatorial (i.e. Mars-stationary, or areostationary). Although this type
of orbit has been previously proposed for communication satellites at Mars, it has never been chosen to collect science
data in an active mission. However, a future meteorological satellite in areostationary orbit would offer a unique
opportunity to monitor continuously a large portion of the planet, and to obtain a novel set of frequent observations of
dust through the diurnal cycle. This would be an essential asset for supporting future missions operating on the surface
of Mars, as much as geostationary satellites around the Earth are currently a critical asset to produce weather
assessments in real time, and improve forecasting in specific regions.
At the time of submitting the revised version of this paper, a very large regional storm grew slowly on Mars at
LS~188° in MY 34 (early June 2018). Although the season is the same as for the development of the global dust event
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in MY 25, this storm has not achieved a global scale yet. MRO is observing the evolution of this storm with its Mars
Color Imager (MARCI) camera and MCS instrument. The MER “Opportunity” is experiencing high values of dust
optical depth in Meridiani Planum. If one or more areostationary satellites were in place, the data collected (e.g. using
visible and thermal infrared observations), combined with modeling and possibly a data assimilation pipeline, could
provide a reliable assessment of its subsequent evolution, something which is not achievable at this time.
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