
A positive radiative-dynamic feedback mechanism for the

maintenance and growth of Martian dust storms

Scot C. R. Rafkin1

Received 5 June 2008; revised 10 September 2008; accepted 5 November 2008; published 30 January 2009.

[1] Atmospheric dust disturbances ranging in size from dust devils to planet-encircling
dust storms are ubiquitous on Mars. After dust devils, the most common disturbances
are local- or regional-scale disturbances. The origin of some of these mesoscale
systems has been previously investigated and found to be linked to lifting along frontal
systems or cap edge circulations. Very little attention has been given to whether the lifted
dust in these systems result in radiative forcing that might modulate the local system
dynamics with an amplitude large enough to affect local dust-lifting processes. Idealized
numerical modeling results presented herein show that a positive feedback process
between local dynamics and radiative forcing of lifted dust can occur under some
conditions. The feedback process is distinctly different than an enhancement of the general
circulation by increasing atmospheric dust loading because the dynamical effects of this
feedback process occur locally, within the disturbance itself. Optimal conditions for
growth of initial atmospheric dust perturbations include (1) subtropical latitudes associated
with relatively large solar insolation and moderate coriolis force; (2) modest dust-lifting
thresholds and dust-lifting efficiencies; (3) relatively large initial dust perturbations;
(4) steep background lapse rates; and (5) a barotropic environment. The positive feedback
process is explained by a combination of geostrophic adjustment theory and a Carnot
engine-like mechanism related to the Wind-Induced Sensible Heat Exchange hypothesis
for tropical cyclones on Earth.
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1. Introduction

[2] Atmospheric dust plays an important role in regulat-
ing the climate of Mars and strongly influences the depo-
sition of incoming solar energy and outgoing infrared
radiation, thereby affecting atmospheric dynamics through
heating. Therefore, the atmospheric dust cycle is intrinsi-
cally a key element to understanding the weather and
climate system of Mars, including stochastic dust storms.
The lifting of dust from the surface is fundamentally a result
of atmospheric circulations, and since the lifted dust can
radiatively influence the atmospheric dynamics, there exists
the potential for feedback between atmospheric dynamics,
dust-lifting processes, and the radiative forcing perturba-
tions that ensue. The plausibility and nature of this feedback
is addressed in this paper.
[3] Dynamical atmospheric instabilities resulting from

radiatively active atmospheric dust have been previously
recognized. Gierasch et al. [1973] forwarded theoretical
arguments for dynamical instabilities arising from a hori-
zontally extensive aerosol layer under the condition that the
infrared radiative heat flux in the layer is dependent on the

height of the layer. Later, Ghan [1989] considered solar
heating of horizontally extensive aerosol layers, and pro-
vided theoretical arguments indicating that the radiative
effects of atmospheric dust could result in a kinetic energy
growth rate comparable to that of baroclinic instability. Two
modes of instability (propagating and advective) were
identified, and the condition for the instability was the
presence of a vertical gradient of aerosol mixing ratio.
Haberle et al. [1982] demonstrated that atmospheric dust
loading similar to that expected in planet-encircling dust
storms could accelerate the zonal mean flow.
[4] None of these previous studies included the process of

dust lifting from the surface into the atmosphere, and there
was no direct investigation of whether the disturbances
were capable of maintaining or enhancing the dynamically
unstable atmospheric dust distribution through the replenish-
ment of airborne dust from the surface. Furthermore, none
of these studies investigated the instabilities or feedbacks
that might result from horizontally finite dust disturbances
from which any effectively horizontally infinite or global
dust distribution must originate.
[5] Gierasch and Goody [1973] applied the theoretical

hurricane model of Carrier [1971] to a hypothetical Mars
dust storm to predict the time-dependent depth and intensity
based on diurnally varying heating. Growth of the system
was dependent on the initial depth, vertical core velocity
and swirl velocity. As in previous studies, feedback from
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additional dust lifted into the system was not considered,
although the importance of reaching a saltation threshold
was recognized.
[6] More recent general circulation modeling studies

[Kahre et al., 2006; Basu et al., 2006] have included
dust-lifting parameterizations tied directly to the atmospheric
wind stress and atmospheric lapse rate. The results of these
investigations show that the atmospheric dust loading is
sensitive to the choice of free parameters within the lifting
parameterization; the models can generate regional dust
storms and even planet-encircling dust storms with suitably
tuned parameter values. In the simulations by Basu et al.,
rapid growth of planetary-scale dust storms was linked
directly to the intensification of the Hadley Cell. Wang
[2007] also found that large dust storms strengthen the
Hadley Cell circulation while suppressing transient baro-
clinic eddies. However, these studies did not investigate the
possible interplay between atmospheric dust, local atmo-
spheric dynamics, and dust lifting. Does the lifted dust lead
to amplification of the local circulation producing the initial
dust lifting (as opposed to an amplification of the large-scale
mean circulation)? Or, is the lifted atmospheric dust pri-
marily passive, revealing only the presence of an atmo-
spheric circulation while contributing little to its dynamical
forcing? Toigo et al. [2002], in investigating dust storms
along the polar cap edge, did explore the possibility of a
modulated surface wind stress due to radiative-dynamic
feedback and found little evidence for such an effect.
[7] A number of three-dimensional numerical simulations

designed to investigate a possible radiative-dynamic dust
feedback mechanism, operating at local rather than global
scales, are presented in this study. Briefly, the potential
positive feedback mechanism works as follows: (1) wind
lifts dust from the surface into the atmosphere; (2) the
increased atmospheric dust load results in increased radiative
heating of the atmosphere during the day, or less radiative
cooling during the night, thereby producing a relatively warm
region on the scale of the lifted dust; (3) surface pressure is
hydrostatically lowered in the warm region, which leads to
an amplification of the low-level pressure gradient force;
(4) the increased pressure gradient results in stronger winds,
which lift more dust, and thus completes the positive
feedback loop. The model simulations are designed to
answer the following questions: Does a feedback exist,
and if so, under what circumstances? How sensitive is the
mechanism to various initial conditions and variations in the
dust-lifting process? Is this mechanism consistent with any
observed dust disturbances and where and when might a
feedback-driven storm be observed?

2. Approach and Numerical Experiment Design

[8] The basic approach to identify the presence and
strength of a potential feedback mechanism is to conduct
simplified numerical simulations in which the lifting of dust
is switched on and off. Simulations in which no dust lifting
is allowed represent control cases that short-circuit the
potential feedback process. Under otherwise identical con-
ditions and forcing, the ‘‘on’’ simulations can be compared
to the ‘‘off’’ simulations to see whether the ability of the
atmosphere to lift dust produces a more energetic, robust, or
dynamically stronger system than in the case where no dust

lifting is permitted. Further experimentation with dust-
lifting parameters, coriolis force, latitude, solar heating,
and initial conditions are conducted to assess the impact
on the feedback.

2.1. Model Description

[9] The Mars Regional Atmospheric Modeling System
(MRAMS) is employed for these studies, with the core of
the model as described by Rafkin et al. [2001]. However, in
this study, we couple the dynamical MRAMS model to the
Cloud Aerosol and Radiation Model for Atmospheres
(CARMA) as described byMichaels et al. [2006] to achieve
a more physically realistic representation of dust and dust
processes that are at the core of the proposed feedback
cycle.
[10] MRAMS/CARMA distributes atmospheric dust into

eight discrete mass bins. Each dust bin is carried in the
model as an individual scalar quantity that is both advected,
and diffused, and each dust bin undergoes mass-dependent
sedimentation. All atmospheric dust is radiatively active,
and heating rates are calculated on the basis of the two-
stream correlated k model of Toon et al. [1989].
[11] Dust lifting, when activated, is parameterized according

to Kahre et al. [2006]

Fdust ¼ at2 t � tcð Þ=tc; ð1Þ

where tc is the critical surface stress (lifting threshold)
above which dust lifting is allowed, and a determines the
total flux of dust lifted. The lifted dust is assumed to follow
a lognormal distribution with a mode of approximately 1 mm.

2.2. Model Domain Configuration

[12] The simulations presented in this paper are idealized.
The surface is horizontally homogeneous with an albedo of
0.2 and a thermal inertia of 385 Jm�2K�1s–1/2. The model
is started with the atmosphere at rest, but the background
dust is perturbed in the center of the model domain to
initiate a disturbance. The perturbation is of variable hori-
zontal size, but is �200 m deep with an optical depth of 1.0.
The model is integrated in time for approximately three sols.
[13] The model domain is sufficiently large (>103 km

across) such that the circulations of interest in the center of
the domain are insensitive to the boundaries or choice of
boundary conditions. Test simulations and previous studies
[e.g., Michaels and Rafkin, 2004] indicate that organized
convective structures at scales of (O)10 km are present in
the convective boundary layer. Dust-lifting variability is
expected to follow the scale of wind variability associated
with these structures, but it is not computationally possible
to have a grid with 103 points on a side. Instead, nested
grids with the following dimensions and grid spacing are
used: 40 � 40 at 64 km (grid 1); 62 � 62 at 16 km (grid 2);
50 � 50 at 4 km (grid 3); 101 � 101 at 1.33 km (grid 4).
There are 40 sigma-z vertical points that are geometrically
stretched by a factor of 1.18 from an initial spacing of 15 m
to a maximum of 3000 m, resulting in a model top at 50 km.
Grid 4 is sufficient to capture much of the convective
structure where dust lifting is occurring, while the parent
grids capture the mesoscale dynamics resulting from the
heating of the lifted dust. In most cases, the bulk of the
disturbed circulation that develops is confined to the third
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grid, although weak circulations and gravity waves do
extend out into the parent grids. The perturbations of
pressure and wind at the edge of the outermost grid are
extremely small, indicating that the effects of the disturban-
ces and circulations occurring in the center of the domain
are well contained. Test simulations with slightly smaller
domains and variable lateral boundary conditions confirmed
that the results are insensitive to the domain size and choice
of boundary condition.

2.3. Free Parameters

[14] A number of parameters that might be expected to
influence the putative feedback mechanism are explored
independently and in combination. These parameters
include (1) horizontal dimension of the initial dust distur-
bance; (2) solar flux; (3) coriolis force via changes in
latitude; (4) background thermodynamic structure of the
atmosphere; and (5) variations of the two independent
variables representing dust-lifting processes (equation 1).
It was not possible to explore the full space of parameter
combinations. However, the simulations that were under-
taken were judiciously selected and the range of results is
sufficient to reasonably characterize the response of the
atmosphere to changes in the various parameters.

3. Results

[15] Three-dimensional simulations relevant to subse-
quent discussion are shown in Table 1. In all of the studies,
a full solar cycle was imposed with the simulation starting at
sunrise at Ls = 180�. The incident solar flux depends on
latitude, and the simulations use an f plane (constant coriolis
parameter) approximation with a value corresponding to the
solar flux latitude. The coriolis force was switched off ( f = 0)
in some cases with nonzero latitudes.
[16] Quantitative measures are required to assess feedback

amplitude. Several parameters, including minimum central
pressure, domain-averaged or domain-integrated surface
wind speed, and total domain kinetic energy, were calculated
for this purpose. All of these quantities provided consistent
identification of the intensity of any feedback signal. For
example, there was a one-to-one correspondence between
surface wind speed and the central pressure deficit. In most
cases, the circulation that developed was almost entirely
contained within the third grid during the simulation, and
thus feedback parameters may be meaningfully computed on
this grid or its parents.

3.1. Effect of Coriolis Force and Solar Forcing

[17] Latitude controls both solar insolation and the cori-
olis parameter. Figure 1 displays the minimum central
pressure on grid 1 as a function of latitude and time for
the control simulation (S0). Simulation S0 does not have
active dust lifting; only the dust perturbation at initialization
is present and this dust is free to advect, diffuse, and
sediment. Therefore, the results represent the response of
the atmosphere to dust loading without the possibility of the
system producing a feedback (positive or negative), and
only the response of the atmosphere to the initial dust
perturbation is simulated. The overall downward trend for
each latitude is due to the warming of the atmosphere over
time from the initial 170 K isothermal state. The diurnal
heating cycle produces the pressure oscillations on top of
the downward trend, and the amplitude of the cycle is
approximately the same for each sol. At Ls = 180, all
latitudes receive 12 h of daylight, and thus the pressure
cycles for all latitudes are in phase. The pressure signals at
latitude 0, 15, and 30 degrees are similar, although the 15�
case has the lowest minimum pressure.
[18] Solar insolation alone should induce a monotonic

increase in minimum pressure as a function of increasing
latitude, with the magnitude of the depression tied directly
to a hydrostatic pressure decrease resulting from warming of
the atmospheric column containing dust. That S0 does not
show this trend indicates that there are dynamical forces at
play. This is not entirely unexpected, as the idealized
simulations are one manifestation of the classic geostrophic
adjustment problem.
[19] To better illustrate this, consider an infinite, homo-

geneous, incompressible shallow fluid initially at rest (this
example is based on a homework exercise assigned by
Richard Johnson at Colorado State University). The system
is rotating with nonzero angular velocity W with depth H.
The surface is displaced in the region a � x � a by a height
DH at t = 0. At t!1, the shallow water system is in steady
state geostrophic flow where the pressure (height) field is
balanced by the coriolis force. Prior to this balance, the
system undergoes a geostrophic adjustment process through
the radiation of energy via buoyancy oscillations (gravity
waves). The fraction of the initial available energy radiated
away in gravity waves at the final state is

Eg

Po

¼ lR

2a
1� e�2a=l

� �
; ð2Þ

Table 1. Summary of Simulations

Simulation
Identifier Coriolis

Initial Dust
Radius (km)

Initial Temperature
Profile (K)

Dust-Lifting
Configuration

S0 (control) f plane 10 170 lifting off
S1 f plane 10 170 t = 14 mN, a = 7 � 10�4 s3 m2

S2 f plane 10 170 t = 1 mN, a = 7 � 10�4 s3 m2

S3 f = 0 10 170 lifting off
S4 f plane 10 215 t = 1 mN, a = 7 � 10�4 s3 m2

S5 f plane 10 realistic t = 1 mN, a = 7 � 10�4 s3 m2

S6 f plane 10 170 t = 14 mN, a = 1 � 10�2 s3 m2

S7 f plane 50 170 t = 14 mN, a = 7 � 10�4 s3 m2
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where Eg = Po–Ef, Po is the initial available potential energy
(all potential energy), lR is the Rossby Radius of
Deformation given by lR =

ffiffiffiffiffiffiffi
gH

p
/f, and Ef is the total

energy (kinetic plus potential) in the final state.
[20] If a � lR then the fraction of energy radiated is

approximately one. Therefore, for disturbances that are
small compared to the Rossby Radius of Deformation,
nearly all the energy is lost from the system and very little
energy remains for a balanced geostrophic flow. The final
state of the system under this condition is a nearly flat
surface (near-zero potential energy) with little motion (near-
zero kinetic energy). In other words, the system tends to
return to its initial state; the mass (pressure) field adjusts to
the initial kinematic state. For low latitudes, lR is quite large
owing to the small coriolis parameter. Thus, the typical
response of the tropical atmosphere to a disturbance is the
emanation of gravity waves that flatten the pressure field,
with a corresponding decrease in winds.
[21] In contrast to the tropics, the Rossby Radius of

Deformation can be much smaller than the disturbance in
the subtropics andmiddle latitudes. In this situation (a� lR),
the fraction of energy radiated as gravity waves is approx-
imately zero. All the energy remains in the system, with no
adjustment of the mass (pressure) field. Instead, the winds

increase to geostrophically balance the initial pressure
disturbance.
[22] Another way to interpret this result is to consider the

time scale of gravity wave propagation and the time scale
over which the coriolis force operates: the Rossby Radius of
Deformation is the ratio of the gravity wave phase speed to
the vorticity. As gravity waves propagate outward, gravity
waves suffer a coriolis torque and are trapped at distances
less than the Rossby Radius of Deformation. Therefore, as
the coriolis parameter increases, the Rossby Radius of
Deformation decreases, and the energy generated at the
center of the disturbance is confined to a smaller region. The
result is the development of a quasi-balanced circulation
dominated by geostrophic balance (or gradient wind balance
when accounting for surface friction). Once a circulation
develops, a further local decrease in the Rossby Radius of
Deformation will occur as the relative vorticity contributes
analogously to planetary vorticity.
[23] Despite the largest solar forcing at the equator, the

equatorial S0 simulation is not the lowest pressure case
because the mass field is constantly adjusting to fill in the
pressure deficit (via gravity waves). At 15�, the solar
forcing is slightly less than at the equator, but the conver-
sion of some of the solar energy to kinetic energy as part of

Figure 1. Grid 1 domain minimum pressure as a function of time for simulation S0 (solid lines) and S1
(solid lines with circles) shows the influence of solar insolation and dynamics at the indicated latitudes.
Although dust lifting is allowed in S1, the results between the two simulations are almost
indistinguishable because the circulation that develops is generally too weak to lift dust. The pressure
deficit in the subtropical cases is greatest because of optimal juxtaposition of heating and dynamical
response. The equatorial case lacks a geostrophic adjustment process while the middle latitude case
suffers from decreased solar forcing.
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a geostrophically balanced circulation permits some of the
mass to remain in a pressure deficit configuration. The
dynamics at this latitude slightly counteract the decrease in
solar forcing and result in a slightly more intense system
than at the equator. At 15�, the Rossby Radius of Defor-
mation is still quite large (although not infinite as in the
equatorial case), so the dynamic contribution to the pressure
deficit is relatively small, but still large enough to exceed
the equatorial case. The model solution at 30� nearly
matches the equatorial case even though there has been a
further reduction in solar heating. Here, the dynamic
response is stronger than at 15�, but the solar forcing is
less. At 45� the loss of solar insolation begins to overwhelm

the increasing tendency to develop a more geostrophically
balanced system. Correspondingly, the pressure deficit is
less than at the lower latitudes.
[24] Examination of horizontal cross sections in the late

afternoon in the third sol of the control simulation further
illustrates the influence of dynamical processes at different
latitudes (Figure 2). At the equator, gravity waves perturb
both the pressure and wind field. Although the pressure
decreases toward the center of the disturbance on average,
the central pressure is actually slightly higher, as a result of
oscillating wave activity, at the instant of time shown in
Figure 2. A short time later (and prior), the pressure in the
center is at a domain minimum. The winds are convergent/

Figure 2. Horizontal cross sections of the winds and pressure field at the lowest model level of
simulation S0 illustrate the dynamical differences associated with latitudes of (a) 0�, (b) 15�, (c) 30�, and
(d) 45�. Gravity wave oscillations are most apparent in the equatorial case, including evidence of a
transient local pressure maximum at the center of the disturbance. Gravity wave energy becomes less
obvious with increasing latitude, while the balanced circulation component becomes increasingly
dominant. A 2 m s–1 reference wind vector is located in the center. The data are approximately 53 h into
the simulation.
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divergent in response to the pressure field, and there is no
rotation, as expected. Viewed in time, the equatorial simu-
lation resembles the response of the surface of a pond
disturbed by a rock. At a latitude of 15�, there is still
evidence of gravity waves in the pressure field, but much
less so than at 0�. The central pressure is at a domain
minimum and remains that way throughout the simulation.
The winds have a notable rotational (geostrophic) compo-
nent, but there are locations, particularly where the pressure
gradient is strongest, where the winds cross the isobars at
nearly right angles. By 30� latitude, rotational dynamical
processes are clearly evident. There is no obvious evidence
in either the pressure or wind field of gravity waves
propagating within the domain. The winds are clearly
rotational and the corresponding pressure field is relatively
smooth with a sharp gradient of pressure near the central
minimum. At 45� the system has become quite compact,
with pressure perturbations greatest very near the center and
a nearly flat pressure field elsewhere. Gravity wave evi-
dence is completely absent. Although the dynamic environ-
ment is conducive to maintenance of a compact and intense
circulation, the decreased solar forcing limits the intensity.
Comparing the results from all latitudes, the 15� and 30�
cases are the most intense in terms of pressure deficit, wind
speeds, and overall organization.
[25] Experiment S3 (Figure 3) isolates the influence of

solar insolation by forcing the coriolis parameter to zero for
all latitudes, but is otherwise identical to S0. Under these
conditions, no geostrophic adjustment is possible. The
equatorial case is now the deepest, followed by 15�, 30�,

and finally 45�. The differences between S0 and S3 are
strictly due to differing dynamical responses associated with
the geostrophic adjustment process. The 15� S3 case is only
slightly weaker compared to S0 because the dynamical
impact at this latitude is still relatively small. The greatest
impact is in the 30� and 45� cases where the coriolis force
would normally play a larger role.
[26] On the basis of simulations S0 and S3, the atmo-

spheric response to an initial dust loading perturbation is a
decrease in surface pressure at the location of the dust. The
decrease in pressure is maximized near 15� where the
system benefits from relatively high values of solar insola-
tion and a decreasing Rossby Radius of Deformation. At
latitudes below �15� the dynamical environment is not
favorable for the development of balanced vortical motion,
and, in the absence of solar forcing, the overall tendency is
for the tropical atmosphere to return to a motionless,
unperturbed state via the export of energy by gravity waves.
Between about 15�–30� latitude, where favorable solar
forcing and dynamical conditions are found, the most robust
systems are likely to be found. At higher latitudes, the
dynamical environment is highly favorable for the devel-
opment of an intense compact system, but the energy input
is inadequate. Therefore, with all other things being equal,
dust disturbances are most likely to produce a noticeable
atmospheric perturbation in the tropics and subtropics. This
is not to say that high-latitude dust disturbances are not
possible, but rather that they are less likely to produce a
significant feedback with the dynamics.

Figure 3. Without a geostrophic adjustment process (simulation S3), the grid 1 domain minimum
pressure decreases as a function of solar insolation.
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3.2. Effect of Dust-Lifting Parameters

[27] Three variations of the control experiment are
designed to test the effects of dust-lifting parameters. S1
and S2 allow lifting of radiatively active dust by the
atmospheric circulation. The former uses ‘‘standard’’ dust-
lifting values for both the lifting threshold and lifting
efficiency. The latter uses a highly reduced threshold that
allows the circulation to much more easily lift dust.
[28] The control case, S0, and the dust-lifting case S1 are

nearly identical (Figure 1). This is the result of wind speeds
being generally insufficient to lift dust. S0 wind speeds are
typically less than 10 m s–1. Notably, the 15� S1 simulation,
which has the greatest wind speeds, shows the most
deviation from S0. However, without much lifted dust,
S0 and S1 evolve in a similar manner.
[29] When the dust-lifting threshold is reduced, as in S2,

the situation is much different (Figure 4). At all latitudes,
except for the equator, the mean pressure in S2 is substan-
tially lower than S0 (or S1). In S2 compared to S0 or S1,
there is less of a nocturnal pressure rise to compensate for
the decrease during the day, indicating that the system is
strengthening each sol. Corresponding with the lower pres-
sure is an almost twofold increase in wind speed and a
concomitant increase in kinetic energy compared to S0
(Figure 5). Therefore, S2 exhibits a positive feedback
(except at the equator) whereby the initial dust distribution
produces a pressure depression that accelerates the winds.
These winds then lift and entrain additional dust that further

reduces the pressure and increases the wind (Figure 6). The
greatest lifting is associated with the strongest winds in
Figure 6, and the lifting is nearly collocated with the highest
opacity.
[30] The importance of developing a dynamically balanced

system distinguishes the middle latitudes and subtropics
from the tropical latitudes in the case of positive feedback
(S2). Unlike the control case where simulations at latitudes
less than 30� all showed pressure depressions, the S2
simulations show that the most rapidly deepening and
self-amplifying disturbances are most likely to be found in
the subtropics where there is an optimal juxtaposition of
solar heating and coriolis force. At the equator, energy
propagates away from the core of the disturbance and the
pure irrotational circulation is unable to focus or organize
the atmospheric dust, regardless of the ease of dust lifting
(Figure 6). Overall, there is little difference in pressure
between S0, S1, and S2 for the equatorial case, except that
the amplitude of the diurnal pressure signal is larger for S2.
With respect to dust, the dust optical depth at the equator
decays from the initial t = 1, but does so more slowly in S2.
Also, there is a net convergence of dust toward the center of
the circulation in S2.
[31] In contrast, the S2 subtropical disturbances have a

vortex that helps retain energy and keep the lifted dust
focused in the core of the system. Indeed, the low-level
circulation tends to transport dust lifted at the periphery
toward the center. The subtropical cases are much deeper

Figure 4. Grid 1 domain minimum pressure for simulation S0 (solid lines) and S2 (solid lines with
circles) shows the positive feedback when the dust-lifting threshold is lowered to a relatively small value.
The feedback is optimized in the subtropics and is almost nonexistent at the equator. The data are
approximately 53 h into the simulation.
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than in the control case. Finally, the 45� latitude case also
shows considerable feedback, with dust optical depths
comparable to the 15� case, although the kinetic energy is
less.
[32] The development of a balanced circulation is impor-

tant not only to the magnitude of the feedback process, but
also to the longevity of the disturbance after sunset, when
the source of energy is removed. A balanced circulation is
dynamically ‘‘stiffer’’ than unbalanced circulations. Simu-
lations that exhibit little to no organized vorticity by the end
of the first sol rapidly dissipate (via gravity wave propaga-
tion and frictional spin down) and are not able to redevelop
on subsequent sols (e.g., 0� latitude in S2). On the other
hand, in those simulations where a vortex is present, it may
remain through the night and provide a focus for reintensi-
fication on the next sol. Such a persistent circulation may
also continue to lift dust during the night, will have a
tendency to keep the dust aloft owing to organized upwell-

ing at the center, and will tend to keep the dust concentrated
near the center. However, wind speeds and lifting decrease
over night in even the strongest storms. In weaker systems,
dust lifting may completely cease during the night. Dis-
turbances that spin down overnight tend to have a more
diffuse and widespread dust distribution that does not
provide a good focusing mechanism at sunrise on the
following sol. Note that the pressure rises during the night
hours are much less than the pressure falls during the day
for the 15� and 30� cases in S2. This allows the system to
continue deepening on subsequent sols. In particular the 15�
case, with only a slight increase in nocturnal pressure,
seems to be on a runaway positive feedback trajectory
(Figure 4).
[33] The proper value of lifting threshold appropriate for

Mars is unknown, and almost certainly is a function of the
properties of the surface. It is also known to be a function of
model resolution, and most likely, the choice of model.

Figure 5. Corresponding to the pressure falls associated with the positive feedback in S2 (Figure 4),
there is a dramatic increase in the maximum wind speed and kinetic energy at the surface. In all plots the
solid line is 0�, long dashed line is 15�, short dashed line is 30�, and long-short dashed line is 45�. For
comparison, kinetic energy from S0 is also shown. At the equator, the system in S2 has lower wind
speeds and kinetic energy on the third sol compared to the second, indicating a lack of positive feedback.
The size of the disturbances decrease with increasing latitude, and this results in much greater energy for
the 15� and 30� latitude cases.
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Figure 6. The grid 2 dust field (color shaded) late in the afternoon of the third sol is consistent with the
pressure (contoured) and wind fields (vectors). In S0, where no lifting is permitted, the initial t = 1
perturbation decays to just under t = 0.2 at all latitudes. However, there is an increasing organizational
impact on the dust as latitude increases. In S2, the extratropical cases all show roughly a twofold increase
in dust opacity from the initial condition and are much more horizontally extensive. Note also the change
in wind vector scale for these cases. In the equatorial case, the dust opacity decays more slowly than S0,
indicating that dust lifting is active, but the radiative feedback to the dynamics is not sufficient to
maintain the disturbance.
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Qualitatively, regions with limited sand would have high
thresholds owing to limitations on the saltation process.
Locations with indurated or cemented sand and dust would
also have a high threshold. Alternatively, locations with a
small surface roughness and a broad size distribution of
sand and dust are likely to have low thresholds.
[34] The 1 mN threshold used in S2 is probably too low

for most locations on Mars, while 14 mN may be more
typical. However, there are almost certainly places where
dust is lifted relatively easily, and a comparison of S0 and
S2 show, that all other things being equal, these locations
are more likely to produce a disturbance that amplifies.
[35] The effect of changing the dust-lifting efficiency

factor is explored in S6, which is identical to S1, except
that a = 0.01. S1 was very similar to S0 because the winds
seldom exceeded the lifting threshold. However, some
lifting does occur in S1, and S6 tests whether having very
efficient lifting sporadically and at limited locations is
sufficient to initiate a positive feedback.
[36] The results from S6 (Figure 7) indicate a small

positive feedback. Pressure is slightly lower, winds are
slightly stronger (not shown), and dust optical depth is
slightly greater compared to S0 or S1 (not shown). How-
ever, the differences are very minor. The 15� case shows the
most differences because it has the strongest winds and

most often exceeds the lifting threshold. This allows the
increased efficiency to have a greater effect. It is likely that
if the dust-lifting threshold was lowered and the efficiency
factor was raised, there might have been a greater effect at
higher latitudes. The reduced impact at the equator is due to
the inability to organize a balanced circulation with strong
winds.
[37] To better understand the importance of the dust-

lifting threshold and efficiency parameters in controlling
the feedback process, over two dozen two-dimensional
simulations covering a wide range of these parameters were
conducted. This number of simulations is not practical in
three dimensions. The 2-D simulations differ from the 3-D
in a number of ways besides dimensionality. First, there is
no coriolis force, so geostrophic adjustment processes are
not possible. Second, there is no solar cycle. Solar insola-
tion is fixed at a value corresponding to noon at the equator.
Third, the simulations are only run for �12 h. Fourth, only a
single 2000 km grid with 1-km horizontal spacing is used.
The initial dust perturbation has the same optical depth (t = 1)
and has the same horizontal (10 km) and vertical dimension
(�200 m) as in the 3-D simulations. The results from these
experiments are shown in Figure 8.
[38] In the 2-D experiments, dust-lifting parameters have

a large impact on the existence and strength of the feedback

Figure 7. Increasing the dust-lifting efficiency can increase the strength of the circulation. In order for
changes in efficiency to have an effect, the dust-lifting threshold must be exceeded. At 45� there is little
difference between S6 and S1 because the winds are too weak to initiate much lifting. The 15� S1 case
had the strongest winds and shows the greatest effect when combined with the favorable solar forcing and
coriolis force. The equatorial and 30� case are similar. Both show a slight increase in strength in S6, but
the overall effect is small, especially compared to changes associated with the dust-lifting threshold. Solid
lines represent S1 and dotted lines S6. The S1 data are as in Figure 1.
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