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Abstract

We study the interannual variability of dust storms on Mars in an assimilation of thermal profiles and dust opacity observations
into a general circulation model for the Martian atmosphere. The observations have been provided by the thermal emission spec-
trometer aboard the Mars Global Surveyor spacecraft during the scientific mapping phase over more than two complete Martian
years, which include three dusty seasons in southern spring. A comparison between dust seasons which are characterized only by
regional storms and the global, planet-encircling dust storm of 2001 is performed, focusing on the meteorological conditions which
can trigger the onset and development of the global storm, and its effects on the global circulation.
� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Dust is a fundamental component of the atmosphere
on Mars and the dust heating through absorption of vis-
ible radiation has a strong impact on its thermal and
dynamical state. Atmospheric variability is strongly
influenced by the dust cycle and any model of the Mar-
tian atmospheric circulation needs a good representa-
tion of the seasonal variability of dust loading.

The dust cycle and storm occurrence on Mars, de-
scribed by, e.g., Martin and Zurek (1993), McKim
(1996), show an interannual variability which in some
years manifests itself as dramatic, planet-encircling dust
storms. These latter affect the thermal and dynamical
structure of the lower atmosphere for long times (�60
sols) compared to dust seasons in southern spring which
0273-1177/$30 � 2005 COSPAR. Published by Elsevier Ltd. All rights reser

doi:10.1016/j.asr.2005.07.047

* Corresponding author. Tel.: +44 0 1865 272902; fax: +44 0 1865
272923.

E-mail addresses: montabone@atm.ox.ac.uk, l.montabone1@
physics.ox.ac.uk (L. Montabone).
are characterized only by local and regional storms. At-
tempts to model this interannual variability of the dust
cycle on Mars have recently been made by Newman
et al. (2002a) and Basu et al. (2004), by developing a
dust transport scheme for a general circulation model
which enables the lifting, transport and deposition of
radiatively active dust, i.e., dust which produces effects
in the radiative transfer scheme. Two mechanisms for
lifting are considered: lifting by near-surface wind stress
and by convective vortices (known as dust devils).
Although realistic annual and interannual behaviours
were achieved by such parameterizations, global storms
and the full range of variability are still difficult to sim-
ulate (Newman et al., 2002b).

A new approach to the study of the Martian atmo-
sphere has been made possible by the availability of
large amounts of spacecraft observations with good spa-
tial and temporal coverage. Such an extensive atmo-
spheric data set, mostly originating from the thermal
emission spectrometer (TES, see e.g., Conrath et al.,
2000; Smith et al., 2000) aboard the Mars Global
ved.
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Surveyor (MGS), has been shown to be suitable for data
assimilation techniques in the same way as they are
implemented for weather forecasting on the Earth
(Lewis and Read, 1995; Lewis et al., 1996, 1997; Zhang
et al., 2001). Data assimilation, in fact, provides a com-
plete, balanced, four-dimensional best-fit to observa-
tions for all the atmospheric variables, including those
for which no direct measurements are available, such
as wind and surface pressure. It has already been succes-
fully adopted by Lewis and Barker (2005) to infer some
aspects of the Martian tides.

We assimilated more than two complete Martian
years of atmospheric temperature profiles and dust
opacities below about 40 km altitude into a general cir-
culation model of the atmosphere, the Oxford version of
the AOPP/LMD MGCM (Forget et al., 1999). The data
were provided by TES in nadir mode during the MGS
mapping phase which began in April 1999 and is still
ongoing. This multiannual, four-dimensional (4D) pic-
ture of the Martian meteorology, which includes the glo-
bal dust storm of 2001, is a unique opportunity to study
the interannual variability of the dust cycle and dust
storms, and their effects on the global circulation. Differ-
ences between a dust season characterized only by local
or regional storms and a global dust storm season may
help to give insight into the conditions which trigger
the onset of a planet-encircling dust storm.

In this paper, we analyze the variability of dust storms
on Mars over three dust seasons in Martian years (MY)
24–26.1We compare the occurrence of storms in the three
seasons and analyze the meteorological conditions which
differentiate them, focusing in particular on differences in
near-surface wind stress, surface to air temperature dif-
ference and thermodynamic efficiency, which are the vari-
ables that can play a significant role in dust lifting. The
effects of the global dust storm on the circulation are also
highlighted. Although it would be desirable to find a
definitive solution to the problem of which conditions
determined the explosive growth of the 2001 dust storm,
this is beyond the scope of this paper, and further, more
detailed analyses have to be performed before getting
close to a conclusive answer. The aim of this paper is,
however, to show that data assimilation can definitely
help to make further steps in this direction.
2. Method: data assimilation

The data assimilation in this study is conducted using
a modified form of the sequential Analysis Correction
1 In this convention, Martian year 1 begins at Ls = 0 on 11 April
1955; MY 24 begins on 14 July 1998. Clancy et al. (2000) propose this
nomenclature as the new period of careful and �unified� observations
on Mars which begins after the observations of the global dust storm
in 1956.
scheme (Lorenc et al., 1991) with parameters tuned for
the specific case of Mars. Although details of this assim-
ilation technique are given by Lewis et al. (1996, 1997,
2005) and Lewis and Barker (2005), we mention here
that it combines information from both present and past
observations of TES thermal profiles and dust optical
depth using a GCM to produce a time-evolving analysis
of the atmospheric state. Observations are repeatedly
introduced to the model spread over a 6 h time window
and an empirically determined horizontal correlation
scale (�340–540 km), both weighted towards the actual
observation time and location, in order to adjust the
large-scale and slowly varying components of the atmo-
spheric flow.

It is worth mentioning here that dust opacity is mea-
sured by TES at 1075 cm�1 in the infrared, so the TES
opacities are doubled as a conversion to the GCM
broadband visible opacity. Conversion factors in the
range 1.5–2.5 have not shown any significant difference
in the results of the assimilation. The nadir observations,
furthermore, do not provide any information about the
vertical distribution of dust in the lower atmosphere,
and only total opacity from ground to space can be
assimilated. The vertical distribution of the dust volume
mixing ratio at a given latitude, longitude and time in
the model has therefore to be prescribed by an analytical
equation of the form

q ¼ q0 exp a 1� ðp0=pÞ
ðb=zmaxÞ

h in o
ð1Þ

for pressure p 6 p0, where p0 is taken to be p0 = 700 Pa,
and with q = q0 for p > p0 (Forget et al., 1999). q0 is cal-
culated to give the assimilated total (visible) opacity at
the appropriate latitude and longitude, and a and b

are free parameters with values a = 0.007, b = 70 km.
zmax (the ‘‘top’’ of the dust layer) varies with areocentric
longitude Ls and latitude / according to the equation

zmax ¼ 60þ 18 sinðLs � 160�Þ � sin4/½32
þ 18 sinðLs � 160�Þ � 8 sinðLs � 160�Þ sin/�. ð2Þ

This dust distribution seems to give a reasonable sta-
tistical match to observations when used in the GCM
(Forget et al., 2001). Because of the lack of information
about the vertical distribution of dust, for the purposes
of this paper the GCM was not allowed to transport
dust actively, although this remains an objective for
future work (see also Section 5).

The assimilation we performed spans from Ls = 141�
(middle northern hemisphere summer) in MY 24 to Ls =
250� (late northern hemisphere autumn) in MY 26,
including the global dust storm in MY 25. The distribu-
tion of dust observations in latitude and time during this
period is shown in Fig. 1. Since there is a lack of dust
observations at high latitudes during the dust seasons
in southern spring, we will focus in this work on lati-
tudes between 40�N and 60�S. This is not a significant



Fig. 1. Distribution in latitude and time of assimilated dust observa-
tions from TES. The two straight lines bound the latitude band we
focus on: 40�N–60�S. The lack of dust observations at high latitudes in
autumn/winter/early spring is due to the reduced thermal contrast
between the atmosphere and the ground, covered by CO2 ice.
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limitation because most of the big dust storms occur in
this latitude band.
3. Interannual variability of dust storms

Fig. 2 shows the time and latitude variations of the zo-
nal average of the equivalent dust optical depth, normal-
ized to the reference pressure of 700 Pa to remove
topographic effects. This figure illustrates the overall var-
iability of dust loading into the atmosphere over the three
observed dust seasons, highlighting the extreme nature of
the season in MY 25 with respect to the other two. Fea-
tures with repeatable seasonal and spatial characteristics
in all three Martian years (where observations are avail-
able) are an early peak (around Ls = 180�) of dust opac-
ity limited to a narrow latitude band centered around
50�S, a late peak more spread in latitude around Ls =
340� and high values of the optical depth at high southern
latitudes, shifted later in time with respect to the main
peak (likely due to dust reservoirs which become avail-
able after the withdrawal of the southern ice cover).
The dust season in MY 25 shows both an increase in dust
Fig. 2. Zonal average of equivalent total visible dust opacity normal-
ized at the reference pressure of 700 Pa.
opacity of about three times more than the other seasons
and an earlier and more rapid growth. The overall opac-
ity starts to increase monotonically at Ls � 185� at a rate
of about 0.14 per sol until Ls � 195� (on average, over a
latitude band 40�N–60�S. See also Fig. 4, upper panel),
reaches its maximum at Ls � 214�, then decreases slowly
over a range of more than 100� of areocentric longitude.
For comparison, in the previous year the opacity started
to increase at a rate of about 0.004 per sol afterLs � 212�,
andmore substantially at a rate of about 0.03 per sol after
Ls � 222�. In MY 26, the opacity increased at a rate of
about 0.01 per sol after Ls � 207� and 0.05 after Ls �
214�. Although an abrupt increase in dust loading is a
common feature of all three MGS-observed Martian
years, as well as of all the other well-observed years from
ground-based or previous spacecraft observations, the
rate and the time of the year this increase occurred make
MY 25 unique among the other MGS-observed years.

The localization of the major dust storms which raise
the overall dust loading in the atmosphere (due to the
advection of the lifted dust) also varies with season, as
shown in Fig. 3. In MY 24, two regional dust storms
developed in the Chryse region (at Ls � 210� and Ls �
222�) and in the Amazonis region (Ls � 226�), whereas
in MY 25 the global dust storm started as a regional
storm between Hellas and Isidis Planitia and rapidly
grew to planetary scale thanks to the eastward migration
and the consequent contribution of dust from the Thar-
sis region and the plains south of the Tharsis ridge.2 This
may be due to a positive feedback of the dust cloud
which strengthens the near-surface wind stress, which
in turn enhances the lifting of more dust (Newman
et al., 2002a). MY 26 also exhibited a regional dust
storm developing between Hellas and Isidis Planitia,
although later than the previous year, but this did not
grow sufficiently to produce a global storm, and faded
out after only 12 sols.
4. Dust storms and meteorology

The onset and early development of dust storms are
connected to the intensity of surface winds, which can
be local (e.g., the anabatic and katabatic winds around
the Tharsis peaks and Hellas basin, driven by the hori-
zontal temperature gradients resulting from heating over
slopes) or, more generally, a result of the global circula-
tion (e.g., the strong westerly winds at about 30�S in
southern summer, a result of the existence of the rising
branch of a single, cross-equatorial Hadley cell at that
time of the year and at that latitude, outside any pla-
net-encircling storm which, on the contrary, would
2 Cfr. images from the Mars Orbiter Camera aboard MGS, which
are available, for instance, on http://www.msss.com/mars_images/
moc/10_11_01_dust_storm/.
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Fig. 3. Evolution of dust storms in MY 24–26. All the snapshots show the latitude–longitude distribution of the dust total optical depth normalized
to 700 Pa. Note the dramatic time scale of the growth of the regional storm between Hellas and Isidis Planitia up to planetary scale in MY 25: it only
took 18 sols to encircle the entire planet with an average dust loading three times larger than that in the other two years.
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strongly modify the meridional circulation). Since the
global circulation patterns have little intrinsic interan-
nual variability (see e.g., Newman et al., 2004), the var-
iability of dust storm occurrence is therefore determined
mostly by the interannual variability of the local meteo-
rology, enhanced or reduced by a number of positive or
negative feedbacks. Established dust storms, however,
can have a big impact on the large scale variability.



Fig. 4. The upper panel represents the average of the dust optical
depth at 700 Pa over the latitude band 40�N–60�S, smoothed in time
by using a 1-sol running mean. The middle panel is the average of the
near-surface wind magnitude (wind speed at 4.6 m) over the same
latitude band, and the lower panel is the average of the near-surface
wind stress, as defined in Eq. (4). The dashed lines highlight the time
intervals between the base and the maximum of the peaks of total
optical depth. They correspond respectively to the intervals of
areocentric longitude 210�–232� in MY 24, 185�–214� in MY 25, and
207�–219� in MY 26. The sharp spikes in wind speed and stress
correspond to the passage of fast weather systems; the one in MY 24,
for instance, is due to strong winds mainly concentrated in Chryse
Planitia, the Tharsis region and the Amazonis Planitia over three sols
around 2 p.m. local time.
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The possibility of dust devils triggering the onset of local
dust storms should also be considered, since the amount
of dust lifted by these atmospheric vortices can be con-
siderable. Their strength, and therefore their capability
to lift more dust, is determined by surface to air temper-
ature difference and thermodynamic efficiency. Never-
theless, Newman et al. (2002a) noted that a negative
feedback is produced and less dust is lifted by dust devils
as the atmospheric dust load increases.

In order to characterize and try to explain the inter-
annual variability of the onset of dust storms, it is there-
fore useful to analyze the meteorological variables which
can be somehow related to the process of dust lifting,
namely the near-surface wind stress (which depends on
the wind speed), the surface to air temperature difference
and the thermodynamic efficiency. According to New-
man et al. (2002a, 2005), a model of dust lifting by
near-surface wind stress predicts that the vertical flux
of lifted dust, VN is proportional to the horizontal salta-
tion flux of sand

V N / 1ffiffiffi
q

p f3=2 þ ff1=2t � f1=2ft � f3=2t

� �
; ð3Þ

where q is the near-surface air density, f is the near-sur-
face wind stress magnitude and ft is an empirically deter-
mined stress threshold for the lifting to occur. The wind
stress is related to the near-surface wind speed, U

through the equation

f ¼ q
kUðzÞ
lnðz=z0Þ

� �2

; ð4Þ

where k is von Kármán�s constant (here, k = 0.4), z is
height above the surface (here, z = 4.6 m, the average
height of the lowest layer in the model) and z0 is the
height at which velocities go to zero (roughness height,
taken as 0.01 m). The flux of dust lifted by the activity
of dust devils can be modeled by taking into account
the heat input to the base of the vortex (which increases
with surface to air temperature difference) and the frac-
tion of the input heat which is turned into work, which is
the thermodynamic efficiency, increasing with the depth
of the convective boundary layer:

g � 1�
pvþ1
s � pvþ1

top

ðps � ptopÞðvþ 1Þpvs
; ð5Þ

where ps is the surface pressure, ptop is the pressure at the
top of the convective boundary layer (defined in the
model as the pressure at which the turbulent kinetic en-
ergy falls below a critical value of 0.5 m2 s�2), and v is
the specific gas constant divided by the specific heat
capacity at constant pressure. The surface to air temper-
ature difference determines the energy available to drive
any dust devil which may form, whereas the thermody-
namic efficiency relates to how high (and hence how
large and strong) dust devils are able to grow.
In this section, we analyze the interannual variability
of these variables, in order to assess the relative impor-
tance of these two models of dust lifting in relation to
the onset of the dust storms, in particular the 2001 global
storm. Fig. 4 demonstrates that the interannual variabil-
ity of surface winds correlates very well in time with the
variability of dust optical depth. This picture plots the
average of near-surface wind speed and wind stress over
the latitude band 40�N–60�S, smoothed by a 1-sol run-
ning mean, and compares them to the zonal mean of dust
optical depth at 700 Pa averaged over the same latitude
band. The comparison highlights that, on average, the
dramatic increase in optical depth at Ls � 185� in MY
25 matches perfectly with the steep increase both in the
magnitude of surface wind which, over 5� of areocentric
longitude (about 8 sols), becomes about 35% larger than
the other two years at the same time, and in the surface
wind stress. Such an increase of surface wind magnitude
with respect, for instance, to the previous year is at first
concentrated around the northern and eastern slopes of
Hellas basin (high slope winds), then extends to the Thar-
sis ridge, the Syria Planum and Solis Planum, south of
Tharsis (see Fig. 5). Sometime after Ls = 195�, a narrow
band of strong surface winds strengthens between 30�S
and 60�S, which is in accordance with the enhancement



Fig. 5. These plots represent the difference of near-surface wind speed between MY 25 and MY 24, averaged over 5� of areocentric longitude, for the
period Ls=180–225. Although the average is performed over all times of the day, anomalies in MY 25 appear to be significant, both during the onset
and the further development of the global storm. Anomalies are even stronger if averaged at fixed times of the day, around noon local time (not
shown here).
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of the negative, counterclockwise Hadley circulation cell
which has its ascending and descending branches cen-
tered around these latitudes (see Fig. 7).

The anomalies in surface wind speed correlate very
well with anomalies in surface wind stress, as Fig. 6
Fig. 6. Near-surface wind stress anomalies between MY 25 and MY 24, avera
plots correlate well with the corresponding plots of surface wind speed anom
shows, even where the air density is lower (e.g., the
Tharsis region). According to the model of dust lifting
described by Eq. (3), this in turn should increase the
amount of dust which is lifted into the air, although a
preliminary study without transporting dust was not
ged over 5� of areocentric longitude, for the period Ls=180–200. These
alies in Fig. 5, even where air densities are lower.



Fig. 7. Effects of the planet-encircling dust storm in MY 25 on the global circulation, in comparison with the previous Martian year. The plots show
the temperature and mean meridional circulation averaged over 30� of areocentric longitude (Ls=195–225).
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able to reproduce the explosive increase of observed dust
optical depth in MY 25 with respect to the increase in
the previous year which is shown in the upper panel of
Fig. 4. Future work will address this issue in detail.
Although surface wind stress anomalies between MY
25 and MY 24 correlate with wind speed anomalies even
where air densities are lower, in an absolute sense wind
stress remains weak, on average, when wind speed starts
to increase before the onset of the three dust seasons
(namely, before Ls � 180� in all three years), as the mid-
dle and lower panels of Fig. 4 show. This is in very good
agreement with the low values of total optical depth out-
side the dust storm peaks. Another interesting character-
istic of all three years which can be observed in Fig. 4 is
that the total optical depth decreases roughly exponen-
tially after having reached the maximum, despite the
fact that both the wind speed and the wind stress are
at their maximum values. This is particularly evident
in the case of the global storm, when the wind stress
at Ls � 260� is still at its maximum value (averaged over
the latitude band), but the optical depth has decreased
almost by 2/3. The decay of dust storms on Mars is a
phenomenon which is not completely understood yet,
and it is clear that deposition of dust by local gravita-
tional sedimentation cannot fully explain the graphs in
Fig. 4, as deposited dust should be lifted again by strong
wind stress. Nevertheless, it is important to report here
that the start of the decay of the 2001 storm at
Ls � 214� coincided with the onset of the fully developed
counterclockwise Hadley circulation cell between 30�S
and 60�S and the strengthening of the clockwise cell be-
tween 30�S and 60�N, which could have forced some of
the atmospheric dust to move southwards and north-
wards and deposit at very high latitudes, where wind
stress is generally weaker. This hypothesis might be
investigated in future by allowing the transport and
deposition of dust between observations in the model.

The effects of the planet-encircling dust storm are evi-
dent not only in the change of the dynamics of the atmo-
sphere but also in the increase of the temperature below
60 km altitude, as shown in the upper panels in Fig. 6
for the period Ls = 195�–225�. The temperature increase
during the global dust storm (right panels) is as large as
�30 K at a height of 20 km above the equator. This ef-
fect is due to the increased absorption of visible radia-
tion by the suspended dust, which in turn has the
consequence of cooling the surface by more than 20 K
in some locations during the day (not shown here).
The combination of these two effects yields a negative
feedback on the development of dust devils during dust
storms, as described by Newman et al. (2002a). Fig. 8, in
particular, is a plot of the difference between MY 25 and



Fig. 8. Difference between MY 25 and MY 24 of the surface to air temperature difference at noon at 90�E for 4 sols before and during the
development of the dust storm around Hellas which leads to the global storm in MY 25.

L. Montabone et al. / Advances in Space Research 36 (2005) 2146–2155 2153
MY 24 of the surface to air temperature at noon at 90�E
(where the initial Hellas storm formed), for four differ-
ent sols. It demonstrates that this temperature difference
in MY 25 decreases as soon as the dust storm develops
around the northern slopes of Hellas, preventing the for-
mation of dust devils which could sustain the develop-
ment of the storm in that region. It also shows (upper
panels) that there were no anomalously large surface
to air temperature differences around Hellas before
and during the onset of the dust storm in MY 25, at a
time of the day when these differences should be large.
Neither was anomalously large thermodynamic effi-
ciency found in the sols preceding the onset of the storm
in the region of Hellas (see upper panels of Fig. 9),
Fig. 9. Difference between MY 25 and MY 24 of the thermodynamic efficienc
early development of the dust storm around Hellas.
although the presence of dust in the atmosphere subse-
quently raises the top of the convective boundary layer,
thus increasing the available thermodynamic efficiency.
Nevertheless, the lack of anomalies both in the surface
to air temperature difference and thermodynamic effi-
ciency before the onset of the 2001 storm in Hellas indi-
cates that most likely the role of dust devils in triggering
such a storm was marginal, if at all. Besides, the subse-
quent anticorrelation between these two variables sug-
gests that even the role played by convective vortices
in lifting dust during the development of the global
storm was marginal with respect to the lifting of dust
by near-surface wind stress, which seems to be the pre-
valent mechanism.
y (as defined by Eq. (5)) at noon at 90�E for 4 sols before and during the



2154 L. Montabone et al. / Advances in Space Research 36 (2005) 2146–2155
5. Conclusions

In this paper we studied the interannual variability of
the dust storms during the three Martian years for which
TES aboard MGS provided observations to date. We
assimilated temperature profiles and dust opacities be-
low about 40 km altitude into a general circulation mod-
el of the atmosphere. This technique provides a full set
of balanced fields of variables which fit the observations
and allow for an insight into the meterological condi-
tions which trigger the onset of the dust storms, giving
access to variables not directly observed. In particular,
we focused on the global dust storm of 2001 (MY 25)
and found that the early onset of such a storm can be
linked to an anomalously large near-surface wind stress
around the northern slopes of the Hellas basin, followed
by large surface wind stress anomalies in the Tharsis re-
gion (Tharsis ridge, Syria Planum and Solis Planum).
The large dust loading into the atmosphere had strong
thermal and dynamical effects which in turn created po-
sitive feedbacks for the sustenance of the storm for sev-
eral sols. On the other hand, the effect of dust lifting by
dust devils has not been found to be relevant for the on-
set and development of this planet-encircling storm.

Three questions about the 2001 dust storm remain
still open and will be addressed in future work: (1) which
conditions determine the initial anomaly of near-surface
wind stress around the Hellas basin, which leads to the
global spread of the storm; (2) why the overall dust
opacity rapidly decreases after about 50 sols despite
the wind stress remaining strong; (3) which model of
dust lifting by near-surface wind stress is able to repro-
duce the explosive character of the dust loading into the
atmosphere. The answer to the first question, in partic-
ular, seems to be related to the effect of travelling waves
along the southern cap edge, enhanced by the diurnal
thermal tide, according to an hypothesis formulated by
Gawrych et al. (2004) which arises from earlier ideas
by Leovy et al. (1973).

Data assimilation has been shown to be a uniquely
powerful means to study dust storms on Mars, provid-
ing reliable information about global winds and other
variables not directly accessible to observations. A fur-
ther application of this technique to the study of the dust
cycle is to perform a complete test of the dust lifting,
transport and deposition schemes on which GCMs rely,
in order to assess their capability to reproduce the inter-
annual variability of dust loading into the atmosphere
outside any planet-encircling dust storm. This topic will
be addressed in a forthcoming paper.

Future work would also take advantage of a better
knowledge of the vertical structure of the dust distribu-
tion or at least of its vertical extent, which at the mo-
ment are inferred from indirect considerations of
particle sedimentation and eddy mixing. The Mars Cli-
mate Sounder experiment on the 2005 Mars Reconnais-
sance orbiter should provide such an improvement
(Taylor et al., 2005). A better knowledge of such a ver-
tical distribution would also allow to transport dust be-
tween observations in the model without relying on
analytical functions which can make this process too
sensitive to the chosen parameters.
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